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A method is described for calculating the qualtiy of mixing in the 
embrasure of a boiler burner. Results based on experimental data on 
the mixing of gas and air are presented. 

P r e l i m i n a r y  mix ing  of a gas  with a i r  is  a n e c e s s a r y  
condi t ion  fo r  f o r c e d  burning.  The des ign  of p o w e r -  
ful b o i l e r  b u r n e r s  p r e s u p p o s e s  tha t  mix ing  is  a c c o m -  
p l i s h e d  ins ide  the  e m b r a s u r e  when a gas  b r o k e n  up 
into j e t s  is  in jec ted  into the a i r  s t r e a m  (Fig.  1). In 
p r a c t i c e  the  technique  of b u r n e r  des ign  [1] c o n s i s t s  
in d e t e r m i n i n g  the t r a j e c t o r i e s  of the gas  j e t s  and in 
e f f i c ien t  f i l l ing  of the  e m b r a s u r e  s ec t ion  with gas .  
The e f f ic iency  of a chosen  b u r n e r  s c h e m e  cannot  be 
e s t a b l i s h e d  without  a p p r o p r i a t e  i n d u s t r i a l  o r  bench  
t e s t s .  A n a l y s i s  of the  da ta  of a n u m b e r  of  p a p e r s  [ 1 -  
3] shows that  the qua l i ty  of m ix ing  in the e m b r a s u r e  
i s  d e t e r m i n e d  m a i n l y  by the r ange  of the  gas  j e t s ,  the 
c h a r a c t e r  of the m a s s  t r a n s f e r ,  and the mix ing  path  
length.  

In t hese  condi t ions  an ana ly t i c  so lu t ion  of  the p r o -  
b l e m  is  p o s s i b l e  under  c e r t a i n  a s s u m p t i o n s .  L e t  us  
examine  the m a s s  t r a n s f e r  equat ion a s  app l i ed  to a 
c i r c u l a r  e m b r a s u r e ,  a s s u m i n g  tha t  the  flow ve loc i ty  
is  cons tan t  a long i t s  s ec t ion ,  that  t r a n s p o r t  of m a -  
t e r i a l  in the  r a d i a l  d i r e c t i o n  is  a c c o m p l i s h e d  by  
m e a n s  of tu rbu len t  t r a n s f e r ,  and tha t  the  mix ing  p r o -  
c e s s  r e s u l t s  in the f o r m a t i o n  of a homogeneous  m i x -  
t u r e .  

Tak ing  account  of the r e s t r i c t i o n s  i n t roduced ,  the  
m a s s  t r a n s f e r  equat ion ,  w r i t t e n  in d i m e n s i o n l e s s  
f o r m ,  is  

When in jec ted  into the s t r e a m ,  the gas  j e t s  i n t e r a c t  
with i t ,  t h e i r  r ange  being d e t e r m i n e d  as  

- - - - 2  

while  the  d i a m e t e r  of a gas  j e t  at  d i s t a n c e  h f r o m  the 
d i s c h a r g e  o r i f i c e  is  

= 0.75h. 

We sha l l  suppose  that  the gas  (with added  m a s s  of 
a i r )  is  d i s t r i b u t e d  in the e m b r a s u r e  s e c t i on  at  ~ = 0 
in the  f o r m  of a r i ng  whose m e a n  r a d i u s ,  with p e r i p h -  
e r a l  gas  supply ,  _is ~p = 1 - h ,  and,  with c e n t r a l  
supply ,  -rc = ~ + a / 2  (Fig.  1). The a r e a  of the  r ing  is  

;~r = J -  aS ~- 
4 

The r a d i i  of the  l i m i t s  of  the r i n g ,  in the  c a s e  of 
a p e r i p h e r a l  b u r n e r ,  a r e  d e t e r m i n e d  by 

bh2 
~ = 1 - - h  ~ 0 . 0 3 5 2 - -  (3) 

(, -hS. 

The f i r s t  of the  b o u n d a r y  condi t ions  (2) t h e r e f o r e  
t a k e s  the  f o r m  

c (7) -- Cg when r-~ ~ r -4 r~, 

c ( r ) = 0  when 0 ~ r - ~ q ,  1"2< r ~ l .  (4) 

1 0 - Oc l O=c I Oc 
_ r - - =  + (1 )  

r Or Or 4 Ox 2 2 D Ox 

and is  sub j ec t  to the bounda ry  condi t ions  

x=O,  C=C(7); 

X ~-  ~ ,  C = C m ;  

r =  1, Oc 
Or 

(2) 

The  funct ion e (7 )  r e f l e c t s  the  n a t u r e  of the gas  
c o n c e n t r a t i o n  d i s t r i b u t i o n  in the  i n i t i a l  s ec t i on  of the 
e m b r a s u r e ,  which conven t iona l ly  c o i n c i d e s  with the  
p l ane  conta in ing  the a p e r t u r e s  d i s c h a r g i n g  the gas .  

Making  use  of the r e c o m m e n d a t i o n s  of [1], we 
sha l l  d e t e r m i n e  the va lue  of  c (r) fo r  a gas  b u r n e r  
wi th  gas  i n j ec t ed  in j e t  f o r m  into a c a r r i e r  a i r  s t r e a m .  

We note tha t ,  a cco rd ing  to (2), when x = ~ ,  Cg = 
= Cm/(r- ~ - Y ~). Solut ion of (1) by  the method  of s e p a -  
r a t i o n  of v a r i a b l e s ,  a l lowing fo r  bounda ry  condi t ions  
(2) and (4), p e r m i t s  the change in gas  c onc e n t r a t i on  
in the  vo lume  to be  r e p r e s e n t e d  as  

-- ,)  -- ,)  

. . . . . .  [(. + 2 V  17"I'(~"r')--rlh(~"71)l&(Fn'3 exp 1 
,,=, ~,, ,'~ (~.)  O 

(5) 

H e r e  I0 and I l a r e  B e s s e l  funct ions  of  z e r o t h  and f i r s t  

o r d e r ,  and Pn a r e  r o o t s  of the  equat ion I i (#n)  = 0 
(# l  = 3 .83 ;  p2 = 7 .01 ;  #3 = 10 .17;  P,t = 13.32). 
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The mix ing  qual i ty  in the b u r n e r  e m b r a s u r e  m a y  be 
convenien t ly  a s s e s s e d  by the quant i ty  ~ ,  in t roduced  by 
[2, 3], and def ined by the e x p r e s s i o n  

I 

x = .i' -<: - <" mV 4 m " 
o 

F o r  a homogeneous  m i x t u r e  ~ = 0. I t  is  not. d i f f i -  
cul t  to show tha t ,  when t h e r e  is  s e p a r a t e  mo t ion  of 
gas and air, 

• = • = 2 a L " ( a L  -7- 1). 

I n s t e a d  of ~ ,  the ana logous  quant i ty  % = ~/'~'o m a y  
be  u s e d ,  the  l i m i t s  of v a r i a t i o n  of which a r e  i nde -  
pendent  of  the  c o m p o s i t i o n  of the  gas  and the f u e l - a i r  
r a t i o  0 <- ~ ~ 1 (~ = 0 - -homogeneous  m i x t u r e ,  % = 
= 1 - - c o m p l e t e  l a ck  of mixing) .  

F o r  a tube with w~ = WmTm 

I 

.=j'-W-? 
0 

4 ,,=~o i ~ l , ( ~ j 2 ) _ r q S , ( l ~ . U O  I 
-- 2 ~2 Z 

r ,2--r i  .=~ ~nI'~(F.) 
(6) 

,'4exp ~ ) ~ - "  4 p n  x ] l o ( F ~ r ) i r d r .  

0 

Computation of the integral 

1 

T,~ = S Ii0(F~r)! r d r  
0 

r e q u i r e s  c l a r i f i c a t i o n .  As  the a r g u m e n t  z i n c r e a s e s  
f r o m  0 to ~o the z e r o t h - o r d e r  B e s s e l  funct ion I 0 (z) 
changes  s ign  to the oppos i t e  of that  when z = C k,  
w h e r e  ~ k a r e  r o o t s  of the  equat ion  I0 (~ k) = 0. 

~"\C \ I " ' "  

! 

Fig .  1. S c h e m a t i c  gas  d i s t r i b u t i o n  
in e m b r a s u r e s  with a) c e n t r a l  and 

b) p e r i p h e r a l  b u r n e r s .  

C a r r y i n g  out the subs t i tu t ion ,  we w r i t e  T n in the 
f o r m  of a n u m b e r  of abso lu te  va lues  of def in i te  i n t e -  
g r a l s :  

!~n u i T ,  = ~ I Io (z,,)l z,, t t--i- ~ lo (z,,) z~ dz,~ -~ 

o [ 

i 7 J . . .  ' so(2,,) z ,  ~z,, = - ~  f ~  (r~b- § Io (z,d z,~ dz n --  -:- 1 

"% ~'k 

D 
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2. The  dependence  D = D (~p) in a c y l i n -  
d r i c a l  e m b r a s u r e .  

Pu t t ing  Bn(# n) = 4 F n (# n)/# ~ I0 ~ (# x n), we have 

n==o 

14 --- - 2  - 2  
/- 2 - -  r I #l~ [ 

1 

The s e r i e s  (7) c o n v e r g e s  s a t i s f a c t o r i l y ,  the  n u m -  
b e r  of t e r m s  a pp l i c a b l e  to the  ca l cu l a t i on  be ing  d e -  
t e r m i n e d  by the two p a r a m e t e r s  D and H, and not  
exceed ing  fou r  in any e a s e  of p r a c t i c a l  i n t e r e s t ,  when 
x > 0 . 2 .  

The  v a l u e s  of Bn a r e  equa l ,  r e s p e c t i v e l y ,  to 1. 105; 
0. 864; 0. 678; 0. 588 fo r  n = 1; 2; 3; 4. 

The  da ta  in the  l i t e r a t u z e  on t u r b u l e n t  t r a n s f e r  
coe f f i c i en t s  in t u b e s ,  which  a r e ,  m o r e o v e r ,  v e r y  
l i m i t e d ,  cannot  be  u s e d  fo r  p r a c t i c a l  c a l c u l a t i o n  of 
m i x t u r e  qual i ty .  

The  p r e s e n c e  and v a r i a t i o n  of f low s w i r l ,  the  e m -  
b r a s u r e  con f igu ra t i on ,  and the t u r b u l e n c e - p r o m o t i n g  
inf luence  of the  gas  j e t s  m a y  be  t aken  into account  
by  in t roduc ing  an e f fec t ive  m a s s  t r a n s f e r  coe f f i c i en t  
I ) ,  ob ta ined  by  r educ ing  the  e x p e r i m e n t a l  da ta  a c c o r d -  
ing to (7) and a l lowing  fo r  the  p e c u l i a r i t i e s  of e m b r a -  
s u r e  a e r o d y n a m i c s .  

The r e d u c t i o n  of t e s t  da ta  on m i x i n g  in c y l i n d r i c a l  
e m b r a s u r e  m o d e l s  [2, 3] has  a l l owed  eva lua t ion  of  

fo r  t h e s e  c a s e s  a s  a funct ion of flow s w i r l .  The 
g r a p h  ofT) = T) (~) shown in F ig .  2 m a y  be  u s e d  with  
l e a s t  r e l i a b i l i t y  w h e n h  -< 0 .4  and ~ = 0 . 4 - 0 . 6 ,  i. e . ,  
in the  m o s t  i n t e r e s t i n g  p r a c t i c a l  c a s e s .  

F i g u r e  3 shows the c u r v e  ~ = ~ (x) ,  ob ta ined  by  
c a l c u l a t i o n  when D = 0 .05 .  The  s a t i s f a c t o r y  a g r e e -  
men t  be tween  the c a l c u l a t e d  cu rved  and the t e s t  po in t s  
is  ev idence  that  (7) qui te  a c c u r a t e l y  d e s c r i b e s  the 
b e h a v i o r  of the  p r o c e s s  in the  e m b r a s u r e .  
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I n c r e a s e  of I) in the las t  case  proves  to have a 
subs tan t i a l  inf luence on m a s s  t r a n s f e r  in the tube of 
the channel  configurat ion.  

RF 

oa 

06 - --~-- 

o.~ - - -  

~2 

0 

Fig. 
~2 ~ ~6 Q8 lg z2 

f.3R 

o ! 

t . o .  ~ 
3. Cons t ruc t ion  of the p e r i p h e r a l  b u r n e r  

e m b r a s u r e  of the BKZ-160-100 GM bo i l e r ,  and 
a graph of the va r i a t ion  of ~ along i ts  length 

(~ = 45~ 1) tes t ;  2) theory.  

Eva lua t ion  of the mix ing  qual i ty for  a p e r i p h e r a l  
b u r n e r  r educes ,  accord ing  to [1], a f te r  de t e rm i na t i on  
of the range  of the gas j e t s ,  to computa t ion  of the 
quant i ty  ~ f rom (7), us ing  (3) and the graph of Fig.  2. 
With a c e n t r a l  gas supply to the b u r n e r ,  it  is suff i -  
c ien t  to rep lace  the d i f fe rence  1 -- h in (3) by ' h  + ~/2,  
the method of ca lcu la t ion  o therwise  r e m a i n i n g  as  
before .  

The effect of having m u l t i - r o w  and m u l t i - c a l i b e r  
gas o r i f i ces  could be ca lcu la ted ,  by compl ica t ing  con-  
di t ion (4) with the in t roduc t ion  of a group of r i n g s ,  
each of which would co r r e spond  to the range  of a de-  
f ini te  n u m b e r  of o r i f ices .  It  is  m o r e  convenient  in  
that  case  to in t roduce  effective va lues  of r ange ,  d ia -  
m e t e r ,  and n u m b e r  of o r i f i ces  accord ing  to the f o r m -  
u las  

i=/ / i=i 
heft ~ ?~ bi~2 -~ - 2  - = ~,  b i d i  ; def f = ,='7, / - ' - '  

i = l  

'=' ( E l ' .  / l e f  t = ~ b i 
�9 " ~ deft} 
i - - I  

~eff 
t 

1 '-' k I/Tg~g 

F r o m  tes t  data on two bo i l e r s  equipped with b u r n e r s  
s i m i l a r  in cons t ruc t ion  to those cons ide red  in Fig. 
3, the quanti ty % should not exceed 0 .2  in a case 
where  it is  n e c e s s a r y  to compres s  the gas at t h e r m a l  
s t r e s s e s  of the furnace  volume on the o rde r  of 300 • 
x 103 W/m 3 and a i r - f u e l  ra t ios  a ~ 1.05. Use of the 
method of ca lcu la t ing  mixing  quali ty in b u r n e r  i n s t a l -  
l a t ions ,  but ,  when tes t  data have been  accumula ted ,  
also allows the re la t ion  between the degree  of p r e -  
pa ra t ion  of the f u e l - a i r  mix tu re  and the d i rec t  out-  
put of the f lame to be explained.  

NOTATION 

R-embrasure radius; ~ = x/R-relative length; }" = r/R-relative 
radius; c - g a s  concentration; c m - m e a n  gas concentration over sec- 
tion; D = D/wR-relative turbulent transfer coefficient; w-f low 
velocity in embrasure; ~ = h/R-relat ive range of gas jets; ~ = d /R-  
relative diameter of gas orifices; k-coefficient,  taking account of 
orifice pitch; 7gw~-rat{o of velocity heads of gas and air; b-num- 
ber of gas orifices; cg-gas concentration in conventional ring; a = 
= a/R-diameter of central gas supply robe; ~-~-ratio of local mass 
flow velocity in embrasure to mean mass velocity over section; 
f = f/F-relative area; F--cross-sectional area of embrasure; a -a i r  - 
fuel ratio; L-stoichiometric coefficient; c-axial  register blade angle 
setting; j-number of rows of gas orifices; hi, di, bi-range, diameter, 
and number of orifices in i-th row. 
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