
ANALYSIS OF THE SPONTANEOUS IGNITION OF 

A TURBULENT GAS JET IN AN OXIDIZER STREAM 
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An approx imate  method is  proposed for  analyzing the spontaneous ignition of a turbulent  gas  
jet  in an oxid izer  s t r e a m .  The r e su l t s  a r e  compared  with known tes t  data .  

It  is  becoming common p rac t i ce  to burn gaseous  fuel which en te r s  the combust ion chamber  in the 
f o r m  of a pure  jet  not p r emixed  with a i r .  The stabil i ty of the combustion p r o c e s s  under  such conditions is  
mos t  often ensured by special  s t ab i l i ze r s  o r  preignit ion dev ices .  In many  ca se s ,  however ,  such devices  
become  superf luous .  At high t e m p e r a t u r e s ,  for  example ,  the fuel jet  may ignite spontaneously in the 
oxidizer  s t r e a m  and the combust ion p r o c e s s  will begin h e r e  at some dis tance f rom the nozz le .  The length 
of that d is tance is  a ve ry  impor tan t  p a r a m e t e r  which de te rmines  the overa l l  combust ion cha rac t e r i s t i c s :  
at smal l  d i s tances  the combust ion is effected by the diffusion m e c h a n i s m ,  at l a rge  d i s tances  it  becomes  
a combust ion of an a lmos t  homogeneous  m ix tu r e .  

Obviously,  a solution of this p rob lem in the genera l  formulat ion ca l l s  for  a s imul taneous  analys is  
of the equations of motion,  energy ,  and turbulence for  a turbulent  boundary l a y e r  with chemical  react ion 
taken into account [1, 2]. Because  of the p rac t i ca l  diff icult ies involved in such an ana lys i s ,  due to our  
l imi ted  knowledge about the k inet ics  of chemical  reac t ions ,  it is  p r e f e r a b l e  to explore  approximat ion m e t h -  
ods of ana lys i s .  One such method will be descr ibed  h e r e .  

Our observa t ions  as well  as the t es t  data  obtained by severa l  o ther  authors  [3] have shown that  the 
ignition of turbulent  je t s  i s  qua l i ta t ive ly  s i m i l a r  to the ignition of l amina r  je t s  [4]. In both cases  the gas 
igni tes  within the f r ee  l aye r  fo rmed  by the jet  and the confluent s t r e am,  while up to the point where  c o m -  
bustion begins the p a r a m e t e r s  of the boundary l aye r  do not change in any way.  This  c i r cums tance  is  
helpful in s impl i fying the p r o b l e m .  

We will cons ider  the p r o c e s s  of spontaneous ignition in a fuel jet  of finite d imens ions  in a confluent 
s t r e a m .  In o rde r  to analyze  this  phenomenon, we will examine the behavior  of a gaseous  volume e lement  
moving along a s t r e a m - l i n e  in the boundary l a y e r  while i ts  t e m p e r a t u r e  and concentrat ion va ry .  

We will a s s u m e  that  the chemical  r eac t ions  (pr ior  to ignition) do not affect  the bounda ry - l aye r  p a r a -  
m e t e r s  and thus ne i the r  the p a r a m e t e r s  of the inner  zone within the given volume,  and that the turbulent  
flow can be descr ibed  by averaged  p a r a m e t e r s  d i s regard ing  the effect  of f luctuations on the ra te  of r e a c -  
t ions .  As usual ly ,  we will a lso a s s u m e  a constant  p r e s s u r e  in the boundary l a y e r .  Let  the ignition of 
our  volume e lement  occur  at the point along i ts  t r a j ec to ry  where  it will r ema in  fo r  a length of t ime  equal 
to the induction per iod ,  i . e . ,  le t  the ignition occur  when the following condition is  sa t is f ied:  

( i  = 1. (1) 
.1 Ti 
0 

Calculat ions made  for  va r ious  s t r e a m l i n e s  within the boundary l a y e r  will yield a set  of points at which 
the said condition is  sa t i s f ied .  The geome t r i c  locus of these  points r e p r e s e n t s  some  sur face  which will 
be called the nominal  ignition boundary.  The point on this su r f ace  n e a r e s t  to the nozzle  will be called the 
ignition point.  This  is  the only physica l ly  meaningful  point on that boundary su r f ace .  All other  points can-  
not be identified with the f l ame  su r face ,  because  the assumpt ions  under  which they have been calculated 

Trans la ted  f rom Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol. 22, No. 3, pp.  480-487, March  1972. Original 
a r t i c l e  submit ted D e c e m b e r  28, 1970. 

1974 Consultants Bureau, a division of  Plenum Publishing Corporation, 227 West 17th Street, New York, N. Y. 10011. 
No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, 
electronic, mechanical, photocopying, microfilming, recordihg or otherwise, without written permission of the publisher. A 
copy of this article is available from the publisher for $15.00. 

337 



l 

300 

800 

I00 

\ , / 

\ v - - . 3  
o \ ~ a  o - -  4 . ,x ,  b , ,  

1200 I300 tz/O0 t500 T 2 

2 

2,t 

f 

5 t on  
I "1 

2o ~ x/ro 

Fig. 1 Fig.  2 
Fig.  1. Tested and calculated curves  of the distance f rom the ignition point l as  a function 
of the tempera ture  of the hot gas T2, for  var ious  mixture rat ios  at the same velocity (u 1 = 105 
m/ s ec ) :  ~ = 0.36 (1), 0.56 (2), 0.77 (3), 0.94 (4), 1.2 (5). Distance (1.10 -3 m), t empera ture  
T 2 {OK). Ca) Calculated curve,  {b) tested curve .  

Fig.  2. Comparison of tested and calculated values for the spontaneous ignition of a hydro -  
gen jet in a supersonic air  s t ream:  (1) hydrogen,  (2) air ,  (3) calculated nominal ignition 
boundary, (4) location of the flame front during the experiment in [3]. 

do not correspond to the conditions prevail ing at the f lame front (points on the f lame front located along the 
s t ream below the ignition point are affected by the combustion p roces s  already underway, which is not 
taken into account in the calculation).  

It is difficult to evaluate integral  (1) in the general  form and the numerica l  method will be used he re .  
For  this purpose,  the integral  is replaced by a sum whose value will be found by moving along a s t r e a m -  
l ine.  We have then 

' d _5 - = " d s .  = V xj+ --xy- + - -  YJ) , ( 2 )  

0 0 i=O 

where dS is a s t reamline  element, xj + t = xj + Ax and yj + 1 = Yj + (v/u) AX are the coordinates of a s t r e a m -  
line, and Ax is  an increment  of the independent var iable .  

If the density and the longitudinal component of velocity are  known, then the t r ansve r se  component 
of velocity is determined f rom the continuity equation: 

g 

1 
v . . . . . .  9uykdy ,  (3) 

pyk d x  . 
0 

where k -- 0 or  k = 1 for the plane case or  the axially symmet r i c  case respect ively .  

Having determined u and P, one can calculate successively all points along the t r a j ec to ry .  

Thus, in order  to evaluate the integral ,  one must  determine f i rs t  all p a r a m e t e r s  along a s t r e am-  
line within the boundary l ayer  and then how the ignition lag t ime ~'i var ies  as a function of the p re s su re ,  
the tempera ture ,  and the concentrat ion.  

In the f i rs t  step of the solution one may proceed by any method u sed fo r  calculating a f ree turbulent 
boundary l ayer  as, fo r  example, the method of the equivalent heat conduction problem [5]. In our study 
this method will be extended to the mixing of high-speed anisothermal~ jets with essential ly different 
physical  p roper t i es .  

The gist of this method is that the equations of motion, energy,  and diffusion for  a boundary l ayer  
- written in t e r m s  of excess momentum (@I = puAu), total heat content (@H = puAi*), and concentration 
(@C = puAc) of a substance - yield the following equation of heat conduction in ~, y coordinates:  

Oq~i 1 0 ( k 0r 
0~ - yk Oy [Y Oy ) 

(i = i, c," H). 

(4) 
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Fig.  3. Nominal ignition boundary for  
a cold hydrogen jet  in a supersonic  a i r  
s t r eam (p = 4 .10 a N/m2) .  

The ~-coordinate  is a t r ans fo rmed  coordinate  coupled to the longitudinal physical  coordinate  x through 
coeff icient  A, which de te rmines  the ra te  of turbulent  exchange in the boundary l ay e r :  r = Aix. For  the 
dynamic case  it has been found [6] that 

AI=0,035(~)~ uz-//P;'~ .71  (5) 

At the given initial and boundary conditions, Eqs .  (4) can be solved and the distr ibutions of excess  
fluxes can be found in x, y coordinates .  These  relat ions,  together  with the equation of s tate  and the exp re s -  
sions defining the relat ion between local  heat  capaci ty  or  between molecular  weight and concentrat ion (Cp 

-Z /z-I Z cj / /@, appa ren t ly su f f i ce  for  determining the p a r a m e t e r s  at any point in a boundary = cjCpj, = 
1 1 

l a ye r  at given ra t ios  of veloci t ies  (m = u2/ul), of t empera tu re s  (co = T2/T,) , of molecu la r  weight (5 =/,2/#,), 
and of heat capaci t ies  (e = Cp2/Op,), and at a given Math number (/3 = (k--1)M~/2) for  the jet .  

We show h e r e  the final express ions  for  calculat ing the dimensionless  flux densi ty (pu/piul), :mass 
concentra t ion (c/cl) ,  longitudinal veloci ty  (u/ul), and t empera tu re  (T /T  0 in the case  when s t r eams  with 
a r b i t r a r y  physical p roper t i e s  mix, on the assumption that the pa rame te r s  of the jet  and of the confluent 
s t r e a m remain  constant ac ross  the nozzle throat ,  

plul "= T ----- -{-, d, (6) 

where  

b = 1 / r 1 6 2  m6 -}- 2~m(1--m)r162 
co) [ 1 q - r  1) "'J 

d----1 { ~ c q - ( 1 - r  ' r I} 
s~o 1 + q~C,(6-- 1 ) r  (t - -m)6-= 

Here  m, co, 5, e, and/~ a re  the initfM values of the respec t ive  p a r am e te r s  in this problem, and ~i are  the 
solutions to Eqs .  (4) cor responding  to a uniform distr ibution of p a r am e te r s  ac ros s  the nozzle  throat :  

q~, = @ { e r [ -  y + r ~  eri Y----r~ 
2 V ~  2 1 [ ,  J 

fo r  the plane case  (k = O) or  

r  = ~  e x p \ ~ j  v -~, 2[, pdp 
0 

for  the axially symmet r i c  case  (k = 1). The sign under  the square root  in (6) is based on physical con-  
s idera t ions  as, for  example,  on an obvious es t imate  of the quantity pu/PiU 1 at ~--~ 0 or  at ~ -~ r 

~H 
T pu/pau a 
T1 

c ~c 
c~ 9u 
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U --~(1--m) (ibI '=-In, 
u z pu 
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(7) 

(8) 

(9) 
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The advantage of using this method for  analyzing the ignition c r i t e r i a  is that it r enders  it possible to 
calculate a f ree boundary l ayer  of a jet on a continuous basis ,  without the necess i ty  of dividing the la t ter  
into the initial, the transition, and the main stage (the ignition point may be located in any of these three 
stages).  

For  the appropriate  functional relation between the ignition lag t ime and the flow paramete r s ,  one 
consults  available published data.  Thus, for  calculating b e n z e n e - a i r  mixtures  we use the relat ion p ro -  
posed by B. Mullins [7]: 

�9 i ---- 1,26.10-Sexp 46000 
T 

while for a h y d r o g e n - a i r  mixture  we use the relat ion proposed by I. Momchfloff et al. [8] : 

�9 8 - 1 0  -~ 9600 
Ti = ~ e x p - -  

P T 

Inasmuch as these formulas ,  which a re  valid for a definite range of mixture  rat ios,  do not contain 
an expression relat ing ~'i to the fuel and oxidizer  concentrat ions - which is important  in the calculation 
- it becomes  n e c e s s a r y  to introduce he re  an additional cor rec t ion  fac tor  f(a) which is a function of the 
local  excess  air  a ,  so as to make r i  = T~f(a). This fac tor  �9 ensure  the satisfication of the physical 
requi rement  that r i increase  infinitely as the jet boundaries a r e  approached, where the concentrat ion of 
fuel and oxidizer tends toward zero .  One possible express ion for  f{a) is 

1 
I ( ~ )  = ~ ,  

c F Co 

where c F, c o are  the concentrat ion of fuel and of oxidizer respect ive ly  in a given mixture .  

For  composi te  react ions  between hydrocarbons  and air  it has not been possible yet to determine 
u 1 and v 2 rel iably enough, because of la rge  d iscrepancies  between their  values obtained experimental ly  by 
various authors [9, 10]. Some explanation for  this d iscrepancy is found in [11], where the author shows 
that the values of u 1 and P2 depend la rge ly  on the tes t  range of t empera tu res .  

As a f i r s t  approximation we choose p I = ~2 = 0.5 for  b e n z e n e - a i r  mix tures .  

Fo r  a thoroughly studied reaction,  such as the h y d r o g e n , a i r  reaction,  the expression for  f(a) can be 
derived by a d i rec t  fitting of tes t  data. Experience has shown [8] that in this case  r i is only weakly depen- 
dent on the mixture ratio, as long as 0.4 <~ a ~ 2.0, and that f(a) may be written as f(a) = a -~176 for  lean 
mixtures  or  f(a) = a -~ for  r ich  mixtures  (since 1/CF " a while 1/c 0 ~ 1 at l a rge  values of a) .  

Let  us now analyze the tes t  resul ts  pertaining to the ignition of b e n z e n e - a i r  jets and of hydrogen jets 
in a i r .  

In the tes t  per formed by M. T. Bortnikov a jet of b e n z e n e - a i r  mixture (jet d iameter  41 ram, mix-  
ture  t empera tu re  400~ was kindled by means  of a wide coaxial hot let (diameter 200 ram). The velocity 
of this hot jet containing products of complete combustion was maintained the same in all tes ts  (u 2 = 10 
m / s e c t .  The variables here  were the heating gas t empera tu re  (T 2 = 1213-1540~ the f u e l - a i r  jet velocity 
(u l = 30-200 m/see) ,  and the mixture  ra t io .  

The essential  resul ts  of these tes ts  are  shown in Fig.  1 in t e rms  of the distance f rom the ignition 
point l as a function of the heating gas tempera ture  T 2. Calculations were also made for  the same condi- 
tions. Despite the simplifying assumptions,  the calculated curve  seems to agree sa t i s fac tor i ly  with the 
tes t  data. The calculations have shown that the ignition point under these par t icu lar  c i r cums tances  l ies  
near  the "hot" edge of the boundary layer ,  since the mixture  t empera tu re  is still the predominant fac tor  
affecting the induction period, even though the la t te r  depends also on the mixture  rat io.  An analogous 
situation prevai ls  also at other t empera tu re  s of the heating jet. 

Calculations were  also made for  a variable velocity of the f u e l - a i r  mixture  with the other pa ra -  
me te r s  of both s t r eams  held constant  (T 2 = 1430~ T 1 = 400~ They have shown that a l a rge  increase  in 
the velocity of the cold jet (u 1 = 30-200 m/sec )  at a constant velocity of the hot s t r eam causes  the distance 
to the ignition point to increase  only 2.5 t imes ;  the tests  have also revealed a still weaker  effect of the 
jet velocity (the distance to the ignition point decreased f rom 50 to 30 mm).  

The ignition tests  with a hot hydrogen jet and a confluent supersonic air s t r eam [3] have also es tab-  
l ished that a subsonic cylindrical  jet of hot hydrogen (T~ = 1000~ M 1 = 0.15)ignites w h e n i t m e r g e s  into 
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a confluent supersonic  s t r e a m  of hot a i r  (T~ = 1300~ M 2 = 1.54, P = 105 N/m2).  At this t ime,  the ignition 
point l ies  on the jet  axis and the f l ame  f ront  t r ave l s  at a low angle to the axis .  

According to ca lcula t ions  (Fig.  2), the ignition point co r respond ing  to the t e s t  conditions l i es  on the 
jet  axis and the nominal  f l ame  boundary  moves  c l o s e r  to the jet  axis than the developing f l ame  f ront .  The 
l a t t e r  has,  apparent ly ,  to do with the fac t  that, in calculat ing the ignition boundary,  no account has  been 
taken of the t r a n s f e r  of heat  r e l e a s e d  by  the reac t ion .  I t  becomes  evident,  if one c o m p a r e s  the t e s t  data 
with the ca lcula ted  values ,  that  the d is tance  to the ignition point can be de te rmined  quite accura te ly .  

If the flow conditions a r e  changed and a cold hydrogen jet  at the ve loc i ty  of sound (T~ = 300~ and 
M 1 = 1.0) is fed into a hot supersonic  s t r e a m  (T~2 = 2000~ M 2 = 1.5), then, accord ing  to calculat ions,  
the ignition point shif ts  f r o m  the axis toward the outer  edge of the boundary l a y e r  and much f a r t h e r  away 
f r o m  the nozzle th roa t  (Fig.  3). The posit ion of the nominal ignition boundary  r e s e m b l e s  he re  the pa t te rn  
obse rved  e a r l i e r  with a jet  of b e n z e n e - a i r  mix tu re .  

One m a y  conclude f r o m  this  ana lys i s  that  the p a r a m e t e r s  which govern the spontaneous ignition of a 
jet  a r e  the t e m p e r a t u r e  and the veloci ty  of the ho t te r  s t r e a m  (whether fuel o r  oxidizer) ,  inasmuch as the 
ignition point l i e s  nea r  that  edge of the boundary l aye r  which adjoins the ho t te r  s t r e a m .  

This ana lys i s  is approx imate  and s eve ra l  f ac to r s  have been d i s r ega rded  he re  which could, under 
c i r cums t ances ,  be s ignif icant .  Fo r  example ,  the boundary l aye r  which builds up at solid sur faces  of the 
nozzle  could in some  ca se s  contr ibute  to ignition. It  m a y  be assumed,  however ,  that  the method will be  
useful  for  analyzing this effect  too, s ince a boundary  l aye r  modif ies  only the initial conditions fo r  Eqs .  (4) 
and, the re fo re ,  will cause  a change in the function ~(~i, Y) only. 
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NOTATION 

is the t ime ;  
is the induction per iod (lag t ime) ,  sec ;  
is the d is tance  to the ignition point; 
a r e  the veloci ty  components ;  
is the densi ty;  
is the p r e s s u r e ;  
zs the concent ra t ion  of fuel;  
~s the d rag  t e m p e r a t u r e ;  
~s the t e m p e r a t u r e ;  
is the excess  veloci ty;  
zs the excess  concent ra t ion;  
is the excess  d rag  enthalpy; 
is the t r a n s f o r m e d  longitudinal coordinate ;  
is the mixing f ac to r  
~re  the orthogonal  coordinates ;  
is the solution to the parabol ic  equations (4); 
is the B es s e l  function of f i r s t  kind and zero th  o rde r ;  
i s  the K r a m p  function; 
is the initial radius  of the jet;  
a r e  the r a t ios  of veloci t ies ,  of t e m p e r a t u r e s ,  of m o l e c u l a r  weights,  and of heat  capac i t i e s  

r e spec t ive ly ;  
is the excess  a i r ;  
is the Mach number .  

Subscripts : 

1 r e f e r s  to jet; 
2 r e f e r s  to confluent s t r e a m .  

I. 
2. 
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