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A s t a t i s t i c a l  mixing model incorporat ing an o v e r a l l  r a t e  equation t o  
describe t h e  fu.el oxidation process has  been developed f o r  s t u d i e s  of igni-  
t i o n  and blowout 5n a combustor primary zone. This zone is  t r e a t e d  a s  a 
p a r t i a l l y  s t i r r e d  reac to r  whose composition is described by a s t a t i s t i c a l  
ensemble of equal mass f l u i d  elements. This ensemble experiences mixing 
in te rac t ions ,  which represent  t h e  turbulent  mixing process, a t  t i m e  in te r -  
v a l s  governed by an empirical ly determined mixing frequency. Each mixing 
i n t e r a c t i o n  i s  computed by randomly s e l e c t i n g  two d i f f e r e n t  elements which 
are then allowed t o  mix completely so  t h a t  they reach a mean composition 
depending on t h e i r  thermodynamic s t a t e s  p r i o r  t o  mixing. The two elements 
then separa te ,  and t h e  chemical k i n e t i c s  proceed depending on t h e i r  new 
composition and temperature. 

Mater ia l  flows i n t o  and out  of t h e  primary zone a r e  simulated by ele- 
ment addi t ions  and removals a t  a rate governed by t h e  residence t i m e  of 
t h e  reac to r .  The randomness of t h e  flow i n  t h e  primary zone is simulated 
by randomly choosing elements t o  be  taken out  of t h e  reactor  and replacing 
them with unburnt elements a t  t h e  i n l e t  conditions. 

Imperfect premixing ( i , e .  t h e  presence of small-scale composition non- 
uni formit ies)  of t h e  fuel -a i r  mixture flow i n t o  t h e  primary zone i s  accounted 
f o r  by assuming a Gaussian d i s t r i b u t i o n  i n  t h e  f u e l  f r a c t i o n  about the  mean 
f u e l  f r ac t ion .  The nonuniformity of t h e  i n l e t  mixture i s  then quant i f ied  
by defining an unmixedness parameter, s,  equal t o  t h e  coef f i c ien t  of varia-  
t i o n  of t h e  distrZbution.  A value of s = 0 corresponds t o  complete premixing; 
increas ing s corresponds t o  increas ingly  imperfect ly premixed mixtures. 

To simulate t h e  i g n i t i o n  process,  t h e  ensemble of f l u i d  elements is  
i n i t i a l i z e d  by assuming t h a t  a l l  t h e  elements a r e  unburnt. The spark i s  
replaced by i g n i t i n g  a few elements a t  time t = 0. The ensemble p roper t i e s  
(assumed equal  t o  t h e  mean of t h e  p roper t i e s  of t h e  elements) are calcula ted  
as a funct ion of t i m e .  Non-ignition i s  character ized by t h e  ensemble burnt  
f r ac t ion ,  E, decreasing with t i m e ;  successful  i g n i t i o n  requires  a growth 
i n  B. The lean i g n i t i o n  l i m i t  i s  defined as t h e  l eanes t  mixture which can 
be  igni ted .  To simulate blowout, most (or  a l l )  of t h e  elements a r e  assumed 
f u l l y  burnt  a t  t = 0 and t h e  ensemble p roper t i e s  are allowed t o  evolve with 
t i m e .  Blowout is  characterized by B continuously decreasing with t i m e  t o  
approach zero. The lean blowout l i m i t  is  defined as t h e  r i c h e s t  mixture t h a t  
blows out .  



The procedures out l ined above were used t o  examine t h e  e f f e c t s  of 
i n l e t  temperature, pressure and ve loc i ty ,  on t h e  lean l i m i t s  of uniform 
mixtures. Comparisons w e r e  made wi th  ava i l ab le  data ,  The inf luence  of 
i n l e t  mixture nonuniformity was explored by varying s. The flameholder 
and combustor modelled f o r  t h i s  study are described by Radhakrishnan (1978). 
The length  of t h e  primary zone w a s  assumed equal  t o  t h e  length of t h e  re- 
c i r c u l a t i o n  zone. 

The r e s u l t s  of t h e  parametric study are as follows. Increases  i n  
mixture i n l e t  temperature Tu lead t o  higher temperature burnt  products 
and hence increased burning r a t e s .  Hence, a t  constant  i n l e t  ve loc i ty ,  U, 
t h e  l i m i t s  w i l l  decrease with Tu: o r  f o r  constant  fuel -a i r  equivalence 
r a t i o ,  @, U at  i g n i t i o n  and blowout w i l l  increase  with Tu. This behavior 
is displayed by t h e  model predic t ions .  The predicted blowout l i m i t s  agree 
we l l  with t h e  experimental data;  however, t h e  predic ted  l i m i t s  are r icher .  
This is a t t r i b u t e d  t o  t h e  d i f f e r e n t  f u e l s  used i n  t h e  modelling (CH4) and 
experimental work (C3H8) W e  p red ic t  t h a t  n e i t h e r  t h e  lean i g n i t i o n  nor 
blowout l i m i t  has a s t rong dependence on t h e  pressure. This is  cons i s t en t  
with t h e  f indings  of Bolt and Harrington (1967) and Roffe and Venkatramani 
(1978a). Increases i n  U lead  t o  lower residence times and f a s t e r  mixing 
r a t e s  and hence r i c h e r  lean l i m i t s .  The predic ted  blowout l i m i t s  again 
compare favorably with the  experimental f indings:  f o r  reasons given above, 
t h e  i g n i t i o n  l i m i t s  are r i cher .  

With increased mixture nonuniformity, t h e  predic ted  l ean  i g n i t i o n  l i m i t  
is leaner.  The value of s i n  a t y p i c a l  combustor primary zone is  about 0.5. 
For t h i s  value of s, t h e  model p r e d i c t s  t h e  l ean  i g n i t i o n  l i m i t  t o  b e  about 
25 percent  less than t h a t  f o r  t h e  uniform case. Although q u a n t i t a t i v e  com- 
parisons between t h e  model predic t ions  and t h e  experimental d a t a  a r e  no t  
poss ib le ,  our experimental da ta  shows a s u b s t a n t i a l  decrease i n  t h e  l ean  
limits when the  d i s t ance  over which t h e  f u e l  and air are allowed t o  m i x  i s  
decreased (thereby making t h e  fue l -a i r  mixture less uniform). 

This work was supported by NASA Grant NGR 22-009-378, 

References 

Anderson, D.N. (1975); NASA Technical Memorandum, TM X-71592, March 1975. 

Anderson, D.N. (1975a); NASA Technical Memorandum, TM X-3301, October 1975. 

Bolt,  J .A .  and Harrington, D.L. (1967) ; SAE Paper 670467. 

Marek, C . J .  and Papathakos, L.C. (1976); NASA Technical Memorandum TM X-3383. 

Radhakrishnan, K O  (1978); Ph.D. Thesis ,  M.I.T. 

Roffe, G. and Venkatramani, K.S. (1978); NASA Contractor Report CR-135424, June 197E 

Roffe, G. and Venkatramani, K,S. (1978a) ; NASA Contractor Report 3032, July 1978. 



Recirculation Zone 

Schematic o f  B l u f f  Body S t a b i l i z e d  Flame 



S imu lation of Recirculation Zone 
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Exomple : Ignition 
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Example: Lean  Ignition Limit 



Fuel -Air  Equivalence Ratio, t# 

Example: Leon Bbwout Limit 




