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The authors  have made a compara t ive  investigation of var ia t ion in diffusion coefficient in 
a f ree  turbulent f lare  in a jet of methane. An analysis  is made of the reason for  the dif-  
fe rences  and their  relat ionship with the speed of  the mixing p rocess  as a whole. 

In the analys is  of different kinds of flows in which combustion p roces se s  occur ,  one of the mos t  
important  quest ions is the determinat ion of the turbulent-diffusion coefficient. F r o m  the papers  dealing 
with mixture  of gases  of var ious  densit ies [1, 2], one can expect that local variat ions in density, for ex-  
ample,  in a diffusive f lare ,  can generate  pecul iar i t ies  in the distr ibution of t ranspor t  coefficients.  

In this paper  exper imenta l  measu remen t s  are  used as a basis  for analysis  of the behavior  of the 
diffusion coefficient  in a cold jet  and in a free diffusing flare of methane. 

The equation for  the diffusion coefficient  (D) can be obtained by integrat ing the conservat ion equa-  
tions for  an iner t  mixture  and the continuity equation. If, following [3], we introduce the concept of a 
s t r eam tube of radius r s, so that ffSpuydy = const,  then the express ion for the diffusion coefficient takes 
the form 

0 J puc 
D _ ~, Ox (~uc)o  y @  

, ( 1 )  

where  p,  u, c are the density,  velocity,  and concentra t ion of the iner t  mixture,  and y = y / d ,  x = x / d ,  

r s = r / d .  

On the jet axis this express ion  t r ans fo rms  into the s impler  express ion 

0 
D~ tzm/u o ~ ( c , , J c . )  

_ ( 2 )  

uod 2 [ ~-y~ (C/Co) ]y~o 

The authors  have investigated two situations, a diffusing turbulent f lare and a free jet of methane. 
In both cases  flow of pure methane (99%) passed through a conical  nozzle of d iamete r  5 mm,  at a speed 
of 20.5 m / s e c  (Re = 6.6.10~), into a rec tangular  chamber  in which a paral le l  jet (or flare) moved with 
the jet with smal l  velocity (0.6 m / s e e } .  This effect was used to insure stability with regard  to external 
per turbat ions  in combust ion of the diffusing flare.  However,  the speed of the secondary  a i r  flow remained 
so smal l  that the flow of the jet and a i r  can be regarded in prac t ice  as f ree ,  par t icu lar ly  because the r e -  
s t r ic t ion  of the flow by the chamber  walls  had no appreciable  influence (the total excess  air  coefficient in 

the chamber  is ~35). 

In the jet and f lare measuremen t s  were  made of tempera ture ,  concentrat ion of mat te r ,  dynamic 
p r e s su re ,  and, in a number  of cases ,  turbulent intensity. 

The tempera ture  was measured  with a platinum - p l a t i n u m / r h o d i u m  thermocoupie of wire  d iameter  
0.12 mm,  coated with a film of si l ica [4] to avoid catalytic effects. 
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Fig. 1. Variat ion of: a) mixture  concentrat ion c m/Co;  b) dynamic head (pU2)m/(Pu2)o; and c) velocity u m 
/u 0 along the axis of a jet and of a diffusion f lare of methane:  1) jet; 2) f lare;  3) approximate curves .  

Removal  of gaseous samples ,  and also measuremen t s  of dynamic p r e s su re ,  were  performed using 
a quartz probe [5], connected ei ther  to a m ic romanome te r ,  or  to a gas chromatograph,  to determine the 
content of CO, C02, H2, CH4, N2, 0 2 in the sample. The superc r i t i ca l  p re s su re  drop at the probe nose 
insured rapid "freezing" of chemical  react ions  in the sample withdrawn. In the tests two methods were  
used to determine the concentrat ion of inert  mixture.  In the f i rs t  case the mixture concentrat io~ of the 
jet was calculated from the nitrogen content of the sample,  and in the second case from the carbon dioxide 
contained in the CO, CH 4, C02 components.  Compar ison of the methods showed that they gave the same 
resul ts  to within an accuracy  of ~10%. 

In a number  of exper iments  the diffusion method was used to measu re  the turbulent intensity in t r a n s -  
ve r se  sections and along the f lare axis. The use of the diffusion method ordinar i ly  p resumes  the presence  
of a homogeneous turbulent field [6], and therefore  its use in unmodified form for  jet flows requi res  c o m -  
ment. The fact  is that any point of an ax i symmetr ic  jet flow car~ be regarded in a plane normal  to the 
ambient radius as a point of an a lmost  isotropic  flow [6], since in this plane, at the point of intersect ion 
of the plane and the radius,  the shear  s t r e s s  is zero ,  because of symmet ry  of the wake behind the source.  
On this basis one can use the ordinary relat ions of the diffusion method in a small  neighborhood near  the 
point considered,  to determine the turbulent intensity. It should be noted that there have been at tempts to 
use the diffusion method to determine the diffusion coefficients in jets [7]. 

In the experiments  with the diffusion measuremen t s  the source  used was a steel tube of d iamete r  
0.7 ram, through which carbon dioxide was supplied with a speed of 2 m / s e c .  The sampling sect ion was 
located at a distance of 2 mm above the source  exit. The cor rec t ions  to the mean square  deviation due to 
the source not being a point, were  determined following cal ibrat ion of the source  - s a m p l e r  sys tem along 
the axis of an immersed  a i r  jet, where the  turbulent intensity (for x / d  = 20 e = 20%) and, therefore ,  the 
mean square deviation were known [6]. 

We now turn to the exper imental  resul ts ,  taken to determine the concentrat ion fields of the inert  
mixture ,  the velocity and density, thus determining the diffusion coefficient,  in a jet and flare of methane. 
Examples of the distr ibution of inert  mixture ,  dynamic head, and velocity along the axis of a f lare and a 
jet are given in Fig. la ,  b, and c. A compar ison  of the distr ibution shown indicates that the mixing process  
in a cold jet proceeds more  rapidly in compar i son  with the p rocess  in a diffusion flare.  In this respec t  the 
drop in inert  mixture concentrat ion along the axis of the jet or  f lare is par t icular ly  convincing, and the 
combustion p rocess  should not affect the distribution. A s imi la r  tendency is seen in the distr ibution of 
dynamic head and of velocity along the jet  axis. 

The example of distr ibution of velocity, mixture  concentrat ion,  and tempera ture  in the radial  d i r e c -  
tion for  two t r ansver se  c r o s s  sections of a f lare ( x / d  = 20 and 30) is shown in Fig. 2. The data presented,  
besides giving information required to calculate the diffusion coefficient,  determine the location of the flame 
front  and again s t r e ss  the well-known fact that in the region of the front the combustion tempera ture  is 
considerably  lower than the adiabatic t empera ture ,  which is T c / T  o = 7.15 for  the given conditions. The 
tempera ture  fluctuations near  the flame front,  as recorded by the thermocouple,  turn out to be very sub-  
stantial ( A T / T  = 150~ and the t empera tu res  presented in Fig. 2 are  mean values. 

Reduction of the measured  resul ts  y ie lds  the following approximate  relat ions for  variat ion of velocity 
and mixture  concentra t ion along the axis and for  concentra t ion profile in a region of developed flow for  the 
f lare and jet: 
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:Fig. 2. Distribution of pa r ame te r s  in t r ansve r se  
c ros s  sections o f  a f lare:  a) x / d  = 20; b) 30; 1) T 

/T0;  2) u / u r n ;  3) c / c  0 . 

fo r  the f lare 

u~ _ 4,9 c,= __ 9.4 c _ e x p  f 96/  y ]21 
u o (x /d)  ~ ' c o x / d '  cm I ~ ] ! ~ -  ' 

(3) 

for  the jet  

. = _  4.0 c = _  a.9 c _ e x p i _ 5 4 ( y _ _ ) : t ,  
uo (x/d)' Co (x/d)' c= t I x J J" 

(4) 

The corresponding  curves  a re  shown as broken lines in Fig. 1. 

These" approximat ions ,  Eqs. (3) and (4), were  used to calculate dimensionless  fusion coefficients 
along the axis of the jet and f lare  at cer ta in  distance from distance D m / u 0 d  from the nozzle exit. The 
resu l t s  a re  shown in Table 1. It can be seen f rom the data presented that, f i rs t ly ,  the diffusion coefficient 
on the jet axis in the flow region examined (for x / d  > 10) is less  than the value in the flare.  Secondly, the 
diffusion coefficient  on the f lare axis inc reases  slightly along the length, while that in the jet remains  
pract ica l ly  constant.  It should be noted that a s imi l a r  resul t  was obtained in [8] in analysis  of mixing 
p r o c e s s e s  in a jet  and f lare  of municipal  gas. 

The diffusion coefficient  does not i tself  de termine the speed of the mixing process .  F r o m  this v iew-  
point it is evidently more  c o r r e c t  to deal with the value of the group D m / umd, which is the rat io p ropo r -  
tional to the product  of the diffusion coefficient and the dwell t ime, and, for  instance, uniquely determines  
the speed of the mixing p rocess  for  the case  of isotropic turbulence. In fact,  as calculation shows, the 
value of D m / u m d  for  a f lare and jet inc reases  l inearly along the length, but the absolute value of this ratio 

*The shape of the concentra t ion profile in the cold jet is remin iscen t  of that in [8]. 

TABLE 1. Variat ion of Diffusion Coefficient and Turbulence Scale 
along Axis of Je t  or  F l a r e  

Jeg flare 
x/d 

I0 20 30 

Dtn 
- -  - -  jet 
uod 

Dm - - - -  flare 
Uod 
Dm 

- -  -- jet ,ma 

Dm 
- - - -  flare 

umd 

" l,= 
- - - -  jet 
d 

lm 
- -  -- flare d 

0,0173 

0,0255 

0,031 

0,025 

0,235 

0,22 

0,0176 

0,0303 

0,092 

0,05 

0,41 

0,386 

0,0!78 

0,0340 

0,153 

0,075 

0,88 

0,37 

0,0178 

0,0373 

0,093 

1566 



D__ !~ 
uod u 

~:u_. 
t l  o LI 

] 

o,2o 

qI5 

/ e , - ' - - -  d 
�9 i 

" I ~ o  "/  A.-3 

q~ 

~z 

Fig. 3 

/ B O ~ 3  

z 3 y/d 

Fig. 4 

o,1 

Fig. 3. Distribution of turbulent intensity and velocity fluctuations along 
the axis of a f lare and jet of methane: 1) e = v ' / u ;  2) v ' /u0;  3) jet; 4) flare.  

Fig. 4. Radial distr ibution of diffusion coefficient  and turbulence intensity 
in a f lare:  1) D/u0d;  2) e = v ' / u ;  3) x / d  = 20; 4) 30. 

in a jet is e v e ~ h e r e  la rger  than in a f lare (see Table 1), in accordance  with the genera l  picture of mixing. 
Thus, the combustion process  does not violate the general  laws of mixing in a hot f lare.  The numer ica l  
di f ferences  in the diffusion coefficients a r i se  evidently from the differences in the density fields, which 
resul ts  in a f lare and jet fo rmer ly  s imi la r  in initial pa r ame te r s  not in fact being s imilar .  One can con-  
s ider  the dynamic analog of a f lare in [9] to be a jet of gas propagating in a medium of combustion products.  

Analysis  of the physical  reasons  for the difference in diffusion-coefficient  values in a jet and f lare 
is r a the r  a complex problem,  associa ted,  f i rs t ly ,  with the need for  measu remen t  of turbulence c h a r a c t e r -  
is t ics  in react ing flows. Fo r  the basic section of a jet and flare flow such measuremen t s  have been a t -  
tempted using the diffusion method. Figure 3 shows resul ts  of measu remen t  of turbulence intensity and 
velocity fluctuations along the axis of a f ree  jet and flare.  We can see that the turbulence intensity is 
g r ea t e r  in the free jet, while the dimensionless  velocity fluctuations are  at least l a rger  in the f lare ,  at 
least  for  x / d  > t0. 

We note that s imi l a r  data on turbulence intensity were  obtained using a static p re s su re  probe [10] 
in a flame of municipal gas. 

If the diffusion coefficient takes the form of the product  of the velocity fluctuations v T and the scale l, 
then D/u0d = (v ' /v0) ( l /d ) ,  and from measu remen t  of D and v'  one can determine the scale (see Table 1). 

F r o m  compar i son  of the data presented and the data of Fig. 3 one can see that, at least  for  the region 
x / d  = 10-20, the scale  values for the f lare and jet remain  roughly the same,  while the diffusion coeff i -  
cients are  different. Therefore ,  the conclusion can evidently be drawn that the diffusion coefficient on the 
axis in a developed flow region is determined to a large extent by the level of velocity fluctuations. 

The diffusion coefficient and the turbulence intensity were  measured  in two t r ansve r se  c ros s  sections 
of a gas f lare (x /d  = 20, 30). Results  of these measu remen t s  a re  shown in Fig. 4, where it can be seen 
that the diffusion coefficient in a t r ansve r se  section is not constant  and dec reases  strongly towards the 
edge of the flare.  We note a lso that the presence  of a f lame front located at the point y / d  = 2.5 for the 
c r o s s  section x / d  = 20 and y / d  = 2.9 for the sect ion x / d  = 30 (see Fig. 2), does not show a visible in-  
fluence on the radial  distr ibution of diffusion coefficient  in a turbulent flare. The presence  of a weak 
maximum in the distr ibution of turbulence intensity at section x / d  = 20 evidently demons t ra tes  the non-  
s imi la r  nature of the flow at these lengths. An es t imate  of the turbulence scale  f rom the data presented 
indicates that in the g r ea t e r  par t  of the jet (0 < y / d  < 3) it remains  pract ica l ly  constant  ( l / d  = 0.355-0.38) 
and increases  sharply only at the edge of the jet for y / d  > 4.0. Thus, the nature of the radial  distr ibution 
of diffusion coefficient  is evidently a fur ther  indication again connected to a large extent with the d i s t r ibu-  
tion of velocity fluctuations. 

F r o m  the measured  resul ts  presented one can evidently cons ider  that the distr ibution of diffusion 
coefficient  in a f lare is mainly determined by the distr ibution of local veloci ty fluctuations and to a l e s se r  
extent by the scale.  
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u, v a r e  the veloci ty  components~ 
p is the density;  
c is  the concentra t ion;  
D is  the diffusion coefficient ;  
d is  the nozzle  d iameter ;  
x,  y a r e  the rec tangula r  coordinates ;  
r s is the radius  of s t r e a m  tube; 
l is the scale  of turbulence;  
v'  is the fluctuating velocity;  

is the turbulence intensity; 
Re is  the Reynolds number .  

N O T A T I O N  

S u b s c r i p t s  

m denotes the p a r a m e t e r s  on the f la re  axis; 
0 denotes the p a r a m e t e r s  at the nozzle exit. 
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