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The turbulent diffusion combustion of a gas jet in a surrounding air  flow bounded by the 
walls of a cyl indrical  chamber  is studied theoret ical ly  and experimentally.  A general ized 
universal  equation is obtained for the coefficient of completeness of burning in the chamber 
as a function of the pa ramete r s  of the geometry  and modes of operation 

In many types of combustion chamber  and industrial  furnace the gaseous fuel and the gaseous oxidant 
a re  introduced separate ly  so that turbulent diffusion combustion takes place in the chamber.  Whereas the 
fundamental laws of turbulent diffusion jets developing in a volume full of fluid or in a surrounding flow 
have been studied in considerable detail [1-6], the problem of turbulent combustion in a chamber remains  

essential ly open. 

In this paper we make an attempt to discuss  the s implest  case - a single diffusion turbulent jet in a 
cyl indrical  combustion chamber.  

1. It is assumed that combustion begins immediate ly  at the end of the pipe, i e., that the diffusion 
jet is safely stabilized. We shall also assume that in turbulent diffusion combustion also, the chemical  
react ions  take place in an infinitely thin front separat ing the combustion chamber into two regions,  in each 
of which the fuel concentration or the oxidant concentrat ion is zero. Thus, we consider a scheme which is 
analogous to that of Burke and Schumann [7] for laminar  diffusion combustion. 

Calculation of the diffusion jet can be reduced to the determination of the field of concentrations,  
t empera tures ,  and veloci t ies  inside and outside the f lame front and to the subsequent determination of the 
jet surface f rom the s toichiometr ic  relat ion between the fuel and oxidant flows for which we have to solve 
the equations for the boundary layer  (momentum, diffusion, and energy) under appropria te  boundary con- 

ditions. 

For  an isobar ic  turbulent boundary layer  the momentum, diffusion, and energy equation for pu 2, 
puAC, and puAT* can be t r ans fo rmed  by the introduction of new var iables  to equations of parabolic type 

[6, 8]. 

It is easy to show that in the case of a nonisobaric flow (when there  is mixing or combustion in the 
chamber) we can s imi la r ly  obtain equations of a parabolic type for p + pu 2, puAC, and puAT*. The usual 
assumptions are  made that the p r e s s u r e  depends only on the longitudinal coordinate and the wall fr ict ion 
can be neglected. Thus, for flow in a cyl indricaI  chamber  we have 

aqS~ _ 1 a (R aq~k / (1) 
a~ R aR. ~ ] ,  k = i , o , t .  

Here ~i = P + pu2, Oc = puAC, ~t = puAT*, while ~k is a new variable  whose relat ion to the coordinate 
x is determined experimentally.  For  i sobar ic  flows ~f~k = Ckx, where the coefficient of proport ionali ty de- 
te rmines  the intensity of mixing and depends on the pa ramete r s  of the intermingling flows [8]. 

The solution of these equations in the coordinates ~k and R, for given boundary conditions, is easily 
obtained explicitly by known methods. Subsequent a lgebraic  t ransformat ions  (using the equation of state) 
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F i g .  1. The n o n d i m e n -  
s i o n a l  f l a m e  l eng th  as  a 
func t ion  of R 1 / R  2 fo r  
v a r i o u s  v a l u e s  of the c o -  
e f f i c i e n t  of a i r  e x c e s s :  1) 
~X = 0.75; 2) 1.1; 3) 1.5; 
4) 2.0; 5) 3 . 0 ; 6 )  5.0; 7) 
10.0.  

Z =  

m a k e  i t  p o s s i b l e  to p a s s  f r o m  the  ~ k  to the  v a l u e s  of the  v e l o c i t y ,  c o n c e n -  
t r a t i o n ,  and t e m p e r a t u r e  and thus  c o m p l e t e  the  c a l c u l a t i o n .  

But i f  we a r e  i n t e r e s t e d  not  in  the  c o m p l e t e  p a t t e r n  of the  d i s t r i b u t i o n  
of t he  p a r a m e t e r s  in the  je t ,  but  only  in the  shape  of the  je t  s u r f a c e  and 
the  coe f f i c i en t  of c o m p l e t e n e s s  of c o m b u s t i o n ,  t h e r e  i s  a s i m p l e r  w a y  of 
so lv ing  the  p r o b l e m .  In fac t  c o m b u s t i o n  i n t r o d u c e s  no c ha nge s  in the  d y n a m -  
i c a l  and d i f fus ion  equa t ion  of the  b o u n d a r y  l a y e r  i f  the  l a t t e r  i s  w r i t t e n  not  in  
the  t r u e  c o n c e n t r a t i o n s ,  but  in  t he  a t o m i c  [9] o r  r e d u c e d  c o n c e n t r a t i o n s  [1]. 
The  a t o m i c  o r  r e d u c e d  c o n c e n t r a t i o n  i s  a c o n s e r v a t i v e  ( c o n s e r v a b l e )  q u a n -  
t i t y  which  i s  not  a f f ec t ed  by  c o m b u s t i o n  and so the  d i f fus ion  equa t ion  fo r  f lows 
of r e d u c e d  c o n c e n t r a t i o n s  (or l i n e a r  c o m b i n a t i o n s  the reo f )  have the s a m e  
f o r m  when t h e r e  is  c o m b u s t i o n  a s  when t h e r e  i s  p u r e  m i x i n g  and a r e  v a l i d  
fo r  the  whole  v o l u m e  of the  c h a m b e r .  

If we i n t r o d u c e  a l i n e a r  c o m b i n a t i o n  of f lows of r e d u c e d  c o n c e n t r a t i o n  
of fuel  Cf and ox idan t  Co, def ined  thus:  Z = pu(Cf - ( C o / L ) ) ,  then  f r o m  (1) 
we obta in  a s i m i l a r  equa t ion  fo r  Z 

c)Z 1 0  ( R a Z )  
a~ c - /? oR  ~ _  . (2) 

F o r  the  c a s e  of a s i n g l e  c o a x i a l  j e t  in a c y l i n d r i c a l  c h a m b e r  the  b o u n d -  
a r y  cond i t i ons  have  the f o r m  

0 ~-. /? .< /? ~ O Z R = 0  9ittiCfl for " - -  = 0 for (3) 
P2usC~ /71 ~ /? "</?2 OR R = R2 " 

L 

Not ing  (3), the  s o l u t i o n  of equa t ion  (2) has  the  f o r m  

Z = ( 1 - - % ) [ + ( l + a z  lYl~--~f)F(~c.R ). (4) 

H e r e  a x = P2u2C02(1 - f ) / p l u l C f l f L  i s  the  c o e f f i c i e n t  of a i r  e x c e s s  and 

]i /?i 
Y(~o,/?)= 2 /?:,. , (5) 

w h e r e  the  Pi a r e  the  r o o t s  of the  equa t ion  Jl (Pi) = 0. 

Us ing  (1) i t  i s  e a s y  to de f ine  the  shape  of the  s u r f a c e  and the  f l a m e  l eng th  (Z = 0 on the f l a m e  f ron t ) ,  
and a l s o  the  fuel  b u r n - u p  c u r v e  in the  c o o r d i n a t e s  ~, R. Thus ,  the  equa t ion  fo r  the  s u r f a c e  of the  f l a m e  
f r o n t  i s  g iven  by the  i m p l i c i t  equa t ion  

P (~o,/?f) - 
:(I --ax) 

l + a x ~  / 
1-- [  

(s)  

and the  e x p r e s s i o n  fo r  the  c o e f f i c i e n t  of c o m p l e t e n e s s  of c o m b u s t i o n  has  the  f o r m  

_ 2 S puc f  
112 = i /?2 plL/1Cft  

0 

+ l + % l - - f  pi 
i= l  

- - - / ? d R  = - -  ( / ? f  (1 

(7) 

It  f o l l ows  f r o m  (6) tha t  the  s h a p e  and n o n d i m e n s i o n a l  l ength  of the  je t  a r e  def ined  p r i m a r i l y  by the  
coe f f i c i en t  of a i r  e x c e s s  a E. A s  c~ E t ends  to un i ty  the  je t  l ength  t e n d s  to infinity.  
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Fig. 2. Profiles of the relative excess impulse at various dis- 

tances from the pipe [I, i) x/d = 0.7; 2) 6.0] and the static pres- 

sure distribution along the chamber (II) for combustion (a) and 

for pure mixing (b): 

m/sec I ue' m/sec T~, ~ T2*, ~ aZ m' I11 , 

120 26,0 1073 425 1,15 0,34 
120 25,5 I073 441 oo 0,345 

The resul ts  of the calculations,  shown on Fig. 1, show that for c~2 _ 3 the nondimensional jet length 
is prac t ica l ly  independent of the rat io of the radius of the chamber to that of the pipe f rom which the gaseous 
fuel flows (in the range 0.05 _< H~/R 2 _< 0.95). In fact because of this, in what follows we can take not the 
d iameter  of the pipe, but the d iameter  of the combustion chamber as the defining dimension. 

Analysis  of (7) leads to the important  conclusion that the coefficient of completeness of combustion 
~?E is vir tual ly a universal  function of ( ~(~--E2)( ~]~ee)/D for all values of c~ E and R1/R 2. Thus, for an a i r  
closed turbulent diffusion f lame ~E depends on the length of the chamber,  the coefficient of a ir  excess aZ,  
and the conditions for turbulent mixing, which determine the form of the functional equation ~cc = ~ee(X) �9 

These theoret ical  conclusions natural ly have to be verified experimentally.  However, for the ease of 
combustion in a cyl indrical  chamber we should f i r s t  determine the form of the relat ion between the non- 
dimensional coordinate ~ and the physical coordinate x. As our experiments  showed, when we studied the 
mixing of turbulent nonisothermal  coaxial flows in a cyl indrical  chamber for moderat.e longitudinal p r e s -  
sure  drops,  the function ((x) has the same fo rms  as for i sobar ic  flows, i.e., ~ k  = CkX" As for isobaric  
flOWS, 

~o(x) = ~ t (x)  - ~i  (x) , (s) 
(J 

where u is the analog of the Prandtl  number (for the basic region, cr -~ 0.75). 

F r o m  an analysis  of the resul ts  of these experiments  in a chamber  of diameter  150 ram, in which 
the following were varied:  veloci ty and tempera tu re  of the central  jet (u i = 100-530 m / s e c ,  T~ = 873- 
1473~ the velocity of the surrounding flow (u 2 = 10-140 m / s e c ,  T~ = 400~ the dimensions of the pipe 
(R 1 = 20-32 mm), and the initial intensity of the turbulence of the central  jet (el = 3.5-7.2~c), and also an 
analysis  of the resu l t s  of other investigations [11-14], the following equation for C i can be proposed: 

[ p ~0.15 
(l-m.). 

Pl 

which holds for 0 -< m' _< 0.7. " 

But (8) and (9) cannot automatically be extended to a flow with combustion. This is because when 

combustion takes place in the chamber a longitudinal pressure drop ensues of considerably greater magni- 

tude than that in the case of pure mixing. 

Under the action of the pressure drop and the combustion the fuel and air flows accelerate at different 

rates which can affect the intensity of their mixing and so change the form of Eqs. (8) and (9). 

Hence, in the experimental investigation we have to determine the equation ~ (x) for a flow with com- 

bustion and verify the theoretical relations obtained above. 

That the length of the jet is independent of the rat io R i / R  2 has also been established for enclosed laminar  
diffusion f lames [10]. 
$ To determine the function we can, for example, compare  the experimental ly measured  change in the im-  
pulse along the axis of the chamber  e lm  = f(x) with that computed theoret ical ly e lm = f(~i)- 
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Fig. 3. The shape of the jet as a function of the coefficient 
of excess  a i r  [1, 2) experimental  and theoretical  surface 
of the flame front;  3) the surface where the local value of 
the completeness  of combustion reaches  95%]: 

J uz, m/sec TL m~ c c~ 2 [ul, m/sec Tf, K ~ m' 

0,71 230 1I t183 395 
1,12 230 I8,5 1183 403 
2,62 235 40 1183 406 

0,08 
0,14 
0,20 

0,09 
0,25 
0,44 

2. The experiments  were made with two appara tuses  which basical ly  differed in the diameter  of the 
combustion chamber.  In the large  apparatus a combustion chamber  of diameter  150 mm was tested, while 
in the smal l  apparatus interchangeable chambers  of d iameters  30, 40, and 60 mm were  tested. In both 
cases  the gaseous fuel was supplied through a central  interchangeable pipe and a i r  was supplied through 
anannular  gapto the cylindrical  chamber.  In the fundamental ser ies  of experiments the p res su re  in the 
chamber  was close to a tmospher ic .  In the large  apparatus the gaseous fuel was the products of the in- 
complete combustion of a b e n z i n e - a i r  mixture (L = 1.8-2.4), while in the small  apparatus it was a mix-  
ture  of hydrogen and nitrogen (L = 4-34.5). A special  p ipe-burner  with a pilot annular p ropane -oxygen  
f lame (pipe diameters :  40, 56, and 68 mm) was used to stabilize the diffusion jet in the large apparatus;  
in the small  apparatus,  because the flow veloci t ies  were re la t ively small  the jet was stabilized at the r ims  
of the central  pipe (pipe d iameters  5, 10, and 15 ram). 

In addition to the gaseous fuel and air  consumptions and their  pa ramete r s  in the combustion chamber,  
we measured  in the experiments  not only the local but also the total coefficients of a ir  excess and complete-  
ness of combustion of the fuel (by gas analysis) ,  and also the field of total p res su res  and t empera tu res  at 
var ious sect ions of the chamber  and the distribution of static p r e s su re  along its length. 

3. It is shown in Fig. 2 that the initial nonuniformity in the impulse field becomes smoothed out in the 
case of diffusion combustion and for pure mixing when the values of the pa ramete r s  of the intermingling 
flows a re  the same at the entrance to the chamber.  Comparison of these resul ts  shows that in the case 
of diffusion combustion the smoothing out of the impulse field is protracted,  i.e., the intensity of turbulent 
mixing is reduced when there  is combustion. But the form of the function ~ic(X) when there  is combustion 
is the same as for pure mixing, i.e., 

r ~ic = Cicx, (10) 

and so the reduction in the intensity of turbulent mixing when there is combustion is sufficient to reduce the 
value of the coefficient Cic. 

A possible explanation of this effect is that the negative p ressu re  gradient which occurs  as a resul t  
of combustion acce le ra tes  the gaseous fuel and air  flows to different degrees  because these flows have dif- 
ferent  velocity heads (a low velocity head flow is acce lera ted  to a g rea te r  degree than a high velocity head 
one). Also the relat ion between the veloci ty heads of the intermingli.ng flows, which defines the intensity of 
turbulent mixing (of. (9)), changes. 

Analysis  of the experimental  resul ts  showed that the above divergence in the values of the coefficient 
C i depends on the static p re s su re  drop in the chamber.  The coefficient Cic , defining the intensity of mixing 
when there  is combustion, in the f i rs t  approximation can be determined f rom (9) by replacing m '  with m~ 
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Fig. 4. The general ized universal  relation be-  
tween the completeness  of combustion in the 
chamber  and Cicr [1) theoret ical ;  2) 
experimental] :  

CCy~ 
L 

0,71 I 1,12--4,46 
2,37--2,46 

1,0--4,6 
4,0 

1,I ] 1,0--4,5 
7,4 35,0 

mc = 2-1 {m,+ ~ / /  (m')Z § 2Ap/plu~2Ap/plu~ } , (11) 

where Ap/plu~ is the nondimensional p ressu re  drop 
in the chamber;  for the one-dimensional  flow of an in- 
compress ib le  gas 

Ap Pl --  P 
2 2 

p~Ul piul 

__f{(l+n)(14-nO+A)(l--f) 1 n20f I. (12) 
~ (i --hl 

Thus, Eqs. (8)-(12) make possible the transi t ion 
f rom the (~, R)-plane to the physical (x, R)-plane both 
in the case when there  is combustion and when there  
is pure mixing. 

In the experimental  investigation the front of the 
diffusion flame was determined as the surface on which 

the local values of the coefficient of excess a i r  were equal to unity (c~ = 1.0). The experiments  showed (cf. 
Fig. 3) that, in accordance  with theoret ical  considerat ions,  for ~y. < 1.0 the f lame front is fixed at the 
wall of the combustion chamber,  while for c~y~ > 1.0 it is fixed at its axis; for c~. ~ 1.0 the jet is sharply 
lengthened. But combustion is not complete at the f lame front;  it takes place in a quite extended zone the 
width of which increases  with distance f rom the jet root  (to i l lus t ra te  this Fig. 3 shows the surface  c o r -  
responding to ~? = 0.95). In the region external to the surface of the front we find fuel, while in the in te r -  
val region we find oxygen. 

Thus, the accepted quas i laminar  model of a turbulent diffusion jet is an approximate one. The 
reasons  for the divergence between the model and the actual pattern of the process  of combustion can ap-  
parently be connected either with the effect of turbulent pulsations causing oscillations of the f lame front 
about a mean position [1] or with a finite ra te  for the chemical  react ions  [9]. As a resul t  of special  ex- 
periments  it was established that changes in the absolute velocit ies of both flows (from u E -- 140 to 280 m 
/ s e c  for c~ E = 1.7) or in the p r e s s u r e  in the chamber  (from 1 to 2 bar) had no effect on the distribution of 
the local values of c~ and ~ at var ious c ross  sections of the chamber,  i.e., had no effect on the burn-upof  
the fuel. F r o m  this resul t  we can assume that the appearance of an extended combustion zone when the 
diffusion jet is safely stabilized is determined not by the finite ra te  of the chemical  react ions,  but by the 
charac te r i s t i cs  of turbulent mixing, which, in the analogous regions of the flow, does not depend on the 
absolute values of the pa ramete r s  of the flows. 

In spite of the approximate  nature of the scheme under discussion, it can explain, to an adequately 
good approximation with the resul ts  of the experiments ,  the relat ion between the coefficient of complete-  
ness of combustion of the fuel and the var ious  parameters .  For  example, the reduction in ~E at constant 
c~y, when the t empera tu re  of the air  entering the chamber  r i se s  or when the diameter  of the central  pipe is 
increased is explained in the f i rs t  case by an increase  in the rat io u2/u ~ and a reduction in the rat io P2/Pl, 
and in the second case by an inc rease  in u2/ul,  i.e.,  is due to a deter iorat ion in the mixing process .*  

At the same t ime if the rat io of the veloci t ies  of the intermingling flows is kept constant, the com-  
pleteness of combustion of the fuel in the chamber  r i s e s  as c~ E increases ,  since the length of the diffusion 
jet dec reases  (cf. Fig. 1). In these experiments  with the small  apparatus c~y. was varied by changing the 
diameter  of the combustion chamber.  

In order  to explain the effect of the s to ichiometr ic  coefficient on the diffusion combustion process ,  
experiments  were  made with the small  apparatus  using a mixture  of hydrogen and nitrogen. As was to be 
expected, at constant c~y, and with identical mixing conditions, the completeness of combustion of the fuel 
was vir tual ly  independent of the s to ichiometr ic  coefficient. 

A general izat ion of the experimental  resu l t s  of the experiments  with both apparatuses  is given in Fig. 
4 in the fo rm of a re lat ion between the coefficient of the completeness  of combustion of the fuel and 

*An increase  in the a i r  t empera tu re  f rom 287 to 493~ leads to a reduction in ~?E by 5% for  x / D  = 8 and ~E 
= 1.7; an inc rease  in the diameter  of the central  pipe f rom 40 to 68 mm leads to a reduction in V E f rom 0.97 
to 0.77 for  x / D  = 1 l a n d  o~ E =1.7.  
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C i c ~ - ~ .  We recal l  that it follows f rom theoret ical  considerat ions,  taking note of (10), that this r e l a -  
tion is universal .  As we see, the experimental  points a re  indeed grouped about a single curve which is 
s imi lar  to the theoret ical  curve,  but lies somewhat below the latter.  The reason for the difference between 
the curves  is c lear  f rom the foregoing and is connected with the approximate nature of the quasi laminar  
model of the turbulent diffusion f lame assumed in the theoret ical  analysis.  

The general ized universal  equation we have obtained ~y, = f(CicV~-aEx/D) makes it possible to de- 
te rmine  the completeness  of combustion of the fuel in a chamber  of given geometry  if we know the coeffi-  
cient of excess air  and the pa ramete r s  of the flows at the inlet to the chamber.  

It should be emphasized that the above relat ion is valid only for conditions in which the diffusion 
f lame is safely stabilized right at the end of the pipe through which the gaseous fuel enters  the combustion 
chamber.  

A = Huge / CpTl* 
C 

Ci 
D - 2R I 
f = R~/R[ 

J0, Ji 
m' : Yau /au  
L 
X 

R 

6 = P2/Pl 

?? 

0 * * = T 2 / T i  
= P2U2(1 -- f) 

/Plulf 

AT*, AC* 
p, u, p, T 

N O T A T I O N  

is the relative heat generation in the chamber; 
is the concentration by weight; 
is the coefficient determining the intensity of the turbulent exchange; 
is the diameter of the chamber; 
is the relative area of the central pipe; 
are the Bessel functions of the first kind; 
is the square root of the ratio of the velocity heads; 
IS 

IS 

iS 

iS 

IS 

iS 

iS 

the stoichiometric coefficient; 
the longitudinal coordinate; 
the radius; 
the coefficient of excess air; 
the ratio of the molecular weights; 
the coefficient of completeness of combustion; 
the stagnation temperature ratio; 

is the flow-rate ratio; 
is the nondimensional longitudinal coordinate; 
are the stagnation temperature and concentration differences, respectively; 
are the current density, velocity, pressure, and temperature. 

Subscripts 

I, 2 denote the parameters of the central and surrounding flows at the entrance to the chamber; 
c denotes the combustion case; 
fr denotes the flame front; 
E denotes all the parameters. 
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