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Method  and  apparatus  for  burning  a  fuel. 
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A  method  for  burning  a  fuel,  containing  chemically 
bound  nitrogen,  in  a  two-stage,  rich-lean  combustion 
process,  including;  introducing  the  fuel  and  at  least  one 
stream  of  primary  air  into  a  primary  combustion  region  at 
a  fuel-air  ratio  above  the  stoichiometric  ratio  and  in  a  man- 
ner  to  intimately  mix  the  fuel  and  air  and  establish  a  sta- 
bilized  flame  adjacent  the  upstream  end  of  the  primary 
combustion  region,  maintaining  the  flame  in  the  primary 
combustion  region  for  a  period  of  time  sufficient  to  produce 
a  combustion  product  mixture  containing  less  than  a 
predetermined  amount  of  NO.  pollutants  and  abruptly  ter- 
minating  the  primary  combustion  region  while  introducing 
at  least  one  stream  of  secondary  air  into  the  secondary 
region  in  an  amount  sufficient  to  reduce  the  overall  fuel-air 
ratio  below  the  stoichiometric  ratio  and  in  a  manner  to 
prevent  backflow  of  the  secondary  air  into  the  primary  com- 
bustion  region.  A  method  for  initiating  and  maintaining  the 
combustion  process  is  described  as  well  as  apparatus  for 
carrying  out  the  combustion  process. 



The  present   invention  r e l a t es   to  a  method  for  burning  n i t r o g e n - c o n t a i n -  

ing  fuels  and  apparatus  t h e r e f o r .  

Air  p o l l u t i o n  h a s   become  a  major  problem  in  the  United  States  and 

other  highly  i n d u s t r i a l i z e d  c o u n t r i e s   of  the  world.  Consequently,  the  con t ro l  

and/or  reduction  of  said  po l l u t i on  ha s  become   the  object  of  major  research  and 

development  e f fo r t s   by  both  governmental  and non governmental  agencies.   It  has 

been  a l leged,   and  there  is  supporting  evidence,  that  automobiles   employing 



conventional  p i s ton- type   engines  which  burn hydrocarbon  fuels  are  a  major  con- 

t r ibu tor   to  said  po l lu t ion .   Vehicle  emission  standards  have  been  set  by  t he  

United  States  Environmental  Protect ion  Agency  (EPA)  which  are  s u f f i c i e n t l y  

r e s t r i c t i v e   to  cause  automobile  manufacturers  to  consider  employing  a l t e r n a t e  

engines  instead  of  the  conventional  piston  engine .  

Another  source  of  such  po l lu t ion   is  the  exhaust  gases  from  l a r g e  

s t a t ionary   i n s t a l l a t i o n s   such  as  bo i le rs   in  power  plants ,   and  large  s t a t i o n a r y  

gas  turbine  engines  employed  as  a  driving  force  in  power  plants  and  other  l a r g e  

i n s t a l l a t i o n s .   It  is  an t ic ipa ted   that  this  portion  of  the  problen  will  a lmost  

ce r t a in ly   be  aggrava ted  in   the  r e l a t i v e l y   near  future  by  the  necessi ty  to  use 

lower  qual i ty   fuels   such  as  heavy  petroleum  o i l s ,   shale  oi ls ,   coal  l i q u i d s ,  

etc.  which  contain  r e l a t i v e l y   large  amounts  of  fue l -n i t rogen ,   e .g. ,   up  to  about 

2  weight  percent  or  grea ter ,   as  compared  to  present ly   avai lable   fuels  which 

contain  very  l i t t l e ,   if  any,  fue l -n i t rogen .   For  example,  #4  and  #6  petroleum 

oils   contain  about  0.1  to  0.5  weight  percent  ni t rogen,   two  typical   crude  s h a l e  

o i l s ,   h e r e i n a f t e r   r e fe r red   to  in  the  spec i f i c   exanrles,   contain  1.85  and  1.93 

weight  percent  of  chemically  bound  nitrogen,   r e spec t ive ly ,   and  a  typical   crude,  

solvent  re f ined  coal  oil  contains  from  about  1.0  to  1.5  weight  percent  of  

chemically  bound  n i t rogen.   By  comparison,  a  typical   petroleum-derived  #2  f u e l  

oil   contains  about  0.024  weight  percent  ni t rogen.   If  al l   of  the  chemical ly  

bound  n i t rogen  in  the  fuel  is  converted  to  ni trogen  oxides,  generally  r e f e r r e d  

to  as  ' ' fuel  NOx",  1  percent  by  weight  of  nitrogen  in  a  solvent  refined  coa l  

oil ,   has  the  p o t e n t i a l   to  produce  about  1.928  pounds /n i l l ion   Btu  or  1,300  ppmv 

(parts  per  mi l l ion   by  volume  at  3  percent  excess  oxygen,  dry)  of  n i t r o g e n  

oxides  (NOx)  while  1.85  and  1.93  percent  by  weight  of  n i t rogen  in   crude  s h a l e  

o i ls ,   will   p o t e n t i a l l y   produce  about  3.288  and  3.440  pounds/million  Btu  (2595 

and  2642  ppmv),  r e spec t i ve ly .   In  addi t ion,   nitrogen  oxides,  produced  by  the 

ho t -a i r   r eac t ions   at  flame  temperatures,   and  referred  to  as  "thermal  NOX", 

also  con t r ibu te   to  the  to ta l   NOx  po l lu tan t s   in  the  flue  gases  from  a  combustion 

p r o c e s s .  



The  federal   l imit   for  the  d ischarge   of  NO  po l lu tan t s   into  the  a t -  

mosphere  from  steam  generators   burning  l iquid  foss i l   fuel  (1974  EPA  New  Source 

Performance  Standards  [NSPS])  is  0.30  pounds /n i l l ion   Btu  (about  230  to  237  ppmv 

for  typical  shale  o i l s ) .   Some  State  l im i t a t i ons   are  even  more  s t r ingent ,   f o r  

example  the  Cal i forn ia   standard  is  225  ppmv.  These  l imits   include  both  f u e l  

NOx  and  thermal  NOx.  While  these  standards  can  be  met  when  burning  low  n i t r o g e n  

(below  about  0.1%),  petroleum-derived  fuel  o i l s ,   serious  complications  a r e  

encountered  when  high  ni t rogen  fuels  such  as  heavy  petroleum-derived  fuel  o i l s ,  

crude shale  oi ls   and  crude  coal  oils  are  burned  under  conventional  u t i l i t y  

boi lers .   For  example,  since  thermal  NOx  increases  with  temperature,   modern 

u t i l i t y   bo i l e r s ,   which  preheat  the  combustion-supporting  air  to  600-800°F  f o r  

improved  e f f i c i ency ,   produce  thermal  NO  alone  which  can  approach  the  s p e c i f i e d  

emission  s tandards.   Consequently,  in  order  to  meet  these  standards,   the  

conversion  of  fuel  ni t rogen  to  NOx  emissions,  in  a  fuel  having  about  2.0  weight  

percent  bound  n i t rogen,   should  not  be  more  than  about  5  percent.  It  has  been 

reported  in  the  l i t e r a t u r e   that ,   when  shale  oils  with  about  2.0  weight  p e r c e n t  

nitrogen  are  burned  in  a  s t a t iona ry   boi le r   of  an  e l e c t r i c a l   generating  s t a t i o n ,  

NOx emissions  on  the  order  of  700  to  900  ppmv  can  be  an t ic ipa ted   and,  when 

solvent  refined  coal  o i l s ,   with  s l i g h t l y   more  than  1.0  weight  percent  n i t r o g e n ,  

are  burned,  at  l eas t   20  to  50  percent  of  the  fuel  nitrogen  is  converted  to  NOx 

emissions  (260  to  650  ppmv). 

While  it   has  been  suggested  that  high  levels  of  fuel  ni trogen  can  be 

reduced  by  severe  hyd ro - t r ea t i ng ,   such  techniques  have  not  been  commercially 

developed  and,  even  if  ava i l ab le ,   p i lo t   plant  tests   indicate   that  such  r e f i n i n g  

of  crude  shale  oi ls   and  crude  coal  oils  would  increase  costs  by  about  $3.00  to  

$5.00  per  b a r r e l .  

It  has  also  been  suggested  that  NOx  emissions  from  crude,  high  n i t r ogen  

fuels  can  be  reduced  by  blending  the  high  nitrogen  fuel  with  low  n i t r o g e n  

petroleum-derived  fuel  oi ls   or  by  burning  crude,  high  nitrogen  fuels  in  s e l e c t e d  

burners  of a  boi ler   while  burning  low  ni trogen  petroleum-derived  fuel  oils  in  



other  burners.   In  addi t ion  to  requir ing  s u b s t a n t i a l   volumes  of  p e t r e l e m -  

derived  fuel  o i l s ,   these  techniques  require  addi t iona l   equipment  for  handl ing 

and  blending  and/or  feeding  two  separate  f u e l s .  

Another  suggestion  for  reducing  NO  emissions  from  high  n i t r o g e n  

fuels  is  the  add i t ion   of  a  f u e l ' a d d i t i v e ,   such  as  an  addi t ive  con ta in ing  

manganese.  Obviously,  this  technique  adds  the  cost  of  the  additive  to  t he  

operation  and  requires   f a c i l i t i e s   for  handling  and  blending  the  a d d i t i v e .  

To  date  the  most  promising  technique  has  been  a  two-stage,  r i c h - l e a n  

combustion  process,   in  which  a  primary  combustion  zone  is  operated  f u e l - r i c h  

and  a  secondary  combustion  region  is  operated  fue l - l ean .   However,  even  w i th  

the  best  of  these  techniques  only  l imited  success  has  been  a t ta ined  and  t he  

conversion  of  f ue l -n i t rogen   to  NOx  emissions  is  s t i l l  w e l l   above  the  governmental 

l imi ts .   For  example,  it  has  been  reported  that  the  NOx  level ,   when  burning  

crude,  solvent  ref ined  coal  oil  containing  1.12  weight  percent  ni trogen,   cannot 

be  reduced  below  about  0.4  l b . / m i l l i o n   Btu  without  resor t ing   to  the  a d d i t i o n a l  

techniques  of  blending  with  low  ni trogen,   petroleum-derived  fuels  or  u s ing  

addi t ives .   S imi lar ly ,   the  best  of  the  two-stage  techniques,  here tofore   a v a i l a b l e ,  

have  fa i led  to  reduce  NOx  emissions  from  crude  shale  o i ls ,   containing  about  2.C 

weight  percent  ni trogen,   to  values  less  than  about  twice  the  governmental 

m a x i m m s .  

The  major  problems  in  past  operations  of  two-stage,  r ich- lean   com- 

bustion  processes  has  been  the  f a i l u r e   to  recognize  that  control   of  f a c t o r s  

other  than  the  r ich  f u e l - a i r   ra t io   is  necessary  in  order  to  a t t a in   minimum  NOx 

production,  and  that  the  e f f i c iency   of  fuel  u t i l i z a t i o n   and  control  of  o t h e r  

pol lu tan ts   must  also  be  taken  into  cons idera t ion .   The  almost  universal   t h ink ing  

of  those  sk i l l ed   in  the  art  has  been  that,   so  long  as  combustion  is  i n i t i a t e d   i n  

a  f u e l - a i r   mixture  having  a  f u e l - a i r   ra t io   above  the  s to ich iomet r ic   r a t i o  

(usually  r e f e r r ed   to  as  a  f u e l - a i r   equivalence  ra t io   above  1.0)  and  the  flame  i s  

the rea f t e r   d i lu ted   w i t h  a i r   to  reduce  the  overal l   f u e l - a i r   ra t io   to  below  t he  



stoichiometr ic   ra t io   (a  f u e l - a i r   equivalence  ra t io   below  1.0),  this  is  al l   t h a t  

is  necessary  in  order  to  accomplish  the  desired  r e su l t .   The  ult imate  e f f i c i e n c y  

of  fuel  u t i l i z a t i o n   and  the  volume  of  unburned  or  p a r t i a l l y   burned  fuel  ( g e n e r a l l y  

indicated  by  the  HC  and  CO  content  of  the  flue  gases)  has  also  been  g e n e r a l l y  

ignored  by  such  prior   art  i n v e s t i g a t o r s .  

Summary  of  the  I n v e n t i o n  

It  is  therefore   an  object  of  the  present  invention  to  overcome  these  

shortcomings  of  the  pr ior   a r t .  

Yet  another  object  of  the  present  invention  is  to  provide  an  Improved 

method  and  apparatus  for  burning  high  ni trogen  f u e l s .  

Another  and  fur ther   object  of  the  present  invention  is  to  provide  an 

improved  method  for  the  combustion  of  high  ni t rogen  fuels  in  which  the  NO 
x  

content  of  the  flue  gases  is  s u b s t a n t i a l l y   reduced.  

Yet  another  object  of  the  present  invention  is  to  provide  an  improved 

method  and  apparatus  for  the  combustion  of  high  nitrogen  fuels  wherein  the  NOx 

content  is  s u b s t a n t i a l l y   reduced  while  concomitantly  maintaining  high  combustion 

e f f i c i e n c y .  

A  fur ther   object  of  the  present  invention  is  to  provide  an  improved 

two-stage,  r i ch - l ean   combustion  method  and  apparatus  for  burning  high  n i t r o g e n  

f u e l s .  

S t i l l   another  object  of  the  present  invention  is  to  provide  an  improved 

method  for  i n i t i a t i n g   and  maintaining  an  e f f ec t ive   and  e f f i c i e n t ,   two- s t age ,  

r ich- lean   combustion  process  for  burning  high  nitrogen  f u e l s .  

As  used  herein  and  in  the  claims,  unless  otherwise  spec i f ied ,   t h e  

terms  " f u e l - n i t r o g e n " ,   "chemically  bound  n i t rogen",   "organic  n i t rogen",   and 

similar  terms  are  employed  to  refer  to  ni trogen  which  is  chemically  bound  i n t o  

the  fue l   molecule.  Also,  as  used  herein  and  in  the  claims,  unless  o the rwise  

specif ied,   the  terms  " f u e l - a i r   equivalence  r a t io" ,   "equivalence  ra t io"   and  the 

symbol  "0"  are  employed  t o  r e f e r   to  the  ra t io   of  the  fuel  flow  (fuel  a v a i l a b l e )  



to  the  fuel  required  for  s to ich iomet r ic   combustion  with  the  air  a v a i l a b l e .  

Stated  another  way,  said  equivalence  ra t io   is  the  ra t io   of  the  actual  f u e l - a i r  

mixture  to  the  s to ich iomet r i c   f u e l - a i r   mixture.  For  example,  an  equivalence 

rat io  of  1.5  means  the  f u e l - a i r   mixture  in  the  zone-is  f ue l - r i ch   and  conta ins  

1.5  times  as  much  fuel  as  a  s to ich iomet r i c   mix ture .  

In  accordance  with  the  present  invention,  fuels  containing  chemical ly 

bound  nitrogen  are  burned,  in  a  two-stage,  r i ch - l ean   combustion  process,  by 

introducing  the  fuel  and  at  l eas t   one  stream  of  primary  air  into  a  primary  com- 

bustion  region  at  a  f u e l - a i r   ra t io   above  the  s to ich iomet r ic   rat io  and  in  a  

manner'to  in t imate ly   mix the  fuel  and  air  and  e s tab l i sh   a  s t ab i l i zed   flame  a d j a -  

cent  the  upstream  end  of  the  primary  combustion  region;  maintaining  the  flame  i n  

the  primary  combustion  region  for  a  period  of  time  s u f f i c i e n t   to  produce  a  com- 

bustion  product  mixture  containing  less  than  a  predetermined  amount  of  NO 

pol lu tan ts   and  abruptly  terminat ing  the  primary  combustion  region  while  i n t r o -  

ducing  at  leas t   one  stream  of  secondary  air  into  a  secondary  combustion  r eg ion  

in  an  amount  s u f f i c i e n t   to  reduce  the  overal l   f u e l - a i r   ra t io   below  the  s t o i c h i o -  

metric  ra t io   and  in  a  manner  to  prevent  backflow  of  the  secondary  air  into  the  

primary  combustion  r eg ion .  

Brief  Descript ion  of  the  Drawings 

FIGURE  1  is  a  view,  p a r t i a l l y   in  cross  sect ion,   of  a  combustor,  e . g . ,  

Combustor  A,  in  accordance  with  the  i nven t ion .  

FIGURE  2  is  an  enlarged  view  of  the  upstream  end  portion  of  the  com- 

bustor  of  FIGURE  1.  

FIGURE  3  is  an  enlarged  view,  in  e levat ion,   taken  along  the  l ine  3-3 

of  FIGURE  2  and  i l l u s t r a t i n g   one  set  of  t angent ia l   entry  ports  or  s l o t s .  

FIGURE  4  is  an  enlarged  view,  in  e levat ion,   taken  along  the  l ine  4-4 

of  FIGURE 2  and  i l l u s t r a t i n g   another  set  of  t angent ia l   entry  ports  or  s l o t s .  

FIGURE  5  is  a  view,  in  e levat ion,   taken  along  the  l ine  5-5  of  FIGURE  1. 

FIGURE  6  is  a  view  looking  at  the  upstream  side  of  a  var iable   dome 

member,  as  shown  in  FIGURE  2,  and  which  can  be  employed  in  the  combustors  o f  

the  i n v e n t i o n .  



FIGURE  7  is  an  enlarged  view  in  elevation  of  an  element  of  the  dome 

member  shown  in  FIGURE  6.  

FIGURE  8  is  an  enlarged  view  in  elevation  of  another  element  of  t he  

dome  member  shown  in  FIGURE  6. 

FIGURE  9  is  a  schematic  r ep re sen ta t ion   of  the  combustor  of  FIGURE  I  

and  sets  forth  ce r ta in   design  c h a r a c t e r i s t i c s   of  said  combustor.  

FIGURE  10  is  an  enlarged  view,  p a r t i a l l y   in  cross  sec t ion,   of  a  modi- 

f icat ion  of  the  upstream  end  portion  of  the  combustor  of  FIGURES  1  and  2. 

FIGURE  14  is  a  perspect ive   view,  p a r t i a l l y   in  cross  sect ion,   of  the 

variable  dome  of  FIGURES  11,  12  and  13,  mounted  in  the  combustor  of  FIGURE  10. 

FIGURE  15  is  an  enlarged  view,  p a r t i a l l y   in  cross  sect ion,   of  the  

upstream  end  portion  of  another  combustor,  in  accordance  with  the  i n v e n t i o n .  

FIGURE  16  is  an  enlarged  view,  p a r t i a l l y   in  cross  sect ion,   of  the  

upstream  end  port ion  of  yet  another  combustor,  in  accordance  with  the  i n v e n t i o n .  

FIGURE  17  is  a  c r o s s - s e c t i o n a l   view  of  the  upstream  end  portion  of  t h e  

combustor  of  FIGURE  15  together  with  a  p a r t i a l   view  of  a  modified  central   p o r t i o n  

of  a  combustor  which  can  be  u t i l i zed   with  any  of  the  previously  i l l u s t r a t e d  

upstream  portions  of  combustors  in  accordance  with  the  i n v e n t i o n .  

FIGURES  18  and  19  are  p a r t i a l   c ro s s - s ec t i ona l   views  of  two  modified 

central   portions  of  combustors  useful  in  accordance  with  the  i n v e n t i o n .  

FIGURE  20  is  a  p a r t i a l   c r o s s - s e c t i o n a l   view  of  a  nozzle  useful  in  the  

combustors  of  the  i n v e n t i o n .  

FIGURES  21  and  22  are  c r o s s - s e c t i o n a l   views,  taken  along  the  l i n e s  

21-21  and  22-22,  r e spec t ive ly ,   of  FIGURE  20. 

FIGURE  23  is  a  diagrammatic  i l l u s t r a t i o n   of  a  combustor  test   i n s t a l l a -  

tion  and  includes  Combustor  X,  another  combustor  in  accordance  with  the  inven t ion .  

FIGURE  24  is  a  diagrammatic  i l l u s t r a t i o n   in  cross  section  of  s a id  

Combustor  X,  shown  above  in  FIGURE  23. 

FIGURES  25-29  are  c r o s s - s e c t i o n a l ,   schematic  i l l u s t r a t i o n s   of  a  s e r i e s  

of  burners  of  the  present  invention  adapted  for  use  in  or  as  process  h e a t e r s ,  

indus t r i a l   furnaces,   b o i l e r s .  



FIGURE  30  is  a  diagrammatic  view  in  e levat ion  i l l u s t r a t i n g   a  combus- 

tor(s)  of  the  invention  i n s t a l l ed   in  the  wall  of  a  power  plant  boiler  and 

employed  in  combination  with  said  b o i l e r .  

FIGURES  31  and  32  are  e leva t iona l   and  top  c ros s - sec t iona l   schematic 

views  of  a  process  heater   u t i l i z i n g   burners  of  the  character  shown  in  FIGURES 

25-29. 

FIGURE  33  is  a  c ro s s - sec t i ona l   schematic  view  of  a  t e s t   furnace  

incorporat ing  a  burner  as  i l l u s t r a t e d   in  FIGURES  27  and  28. 

FIGURES  34  and  35  are  schematic plan  and  e leva t iona l   views,  r e s p e c -  

t ive ly ,   p a r t i a l l y   in  sect ion,   of  the  air  supply  system  u t i l i zed   for  the  t e s t  

urnace  of  FIGURE  33. 

FIGURE  36  is  a  c ro s s - s ec t i ona l ,   schematic  view  of  a  tes t   furnace 

incorporat ing  a  burner  as  i l l u s t r a t e d   in  FIGURES  27  and  28. 

FIGURE  37  is  a  schematic  plan  view,  p a r t i a l l y   in  sect ion,   of  the  a i r  

supply  system  for  the  tes t   furnace  of  FIGURE  36. 

FIGURES  38-47,  inc lus ive ,   are  data  curves  se t t ing  forth  the  r e s u l t s  

obtained  in  the  tes t   runs  of  the  working  examples  given  h e r e i n a f t e r .  

FIGURES  48-61,  inclus ive ,   are  data  curves  se t t ing   forth  the  r e s u l t s  

obtained  in  other  tes t   runs  of  the  working  examples  given  h e r e i n a f t e r .  

FIGURES  62-69,  inclus ive ,   are  data  curves  se t t ing   forth  the  r e s u l t s  

obtained  in  add i t iona l   working  examples  of  the  i n v e n t i o n .  

FIGURES  70-77  are  data  curves  se t t ing  forth  the  resu l t s   of  p ro to type  

tes ts   conducted  in  the  tes t   furnaces  of  FIGURES  33  and  36. 

Descr ip t ion   of  the  Preferred  Embodiments 

In  i ts   more  spec i f ic   aspects  the  present  invention  re la tes   to  an 

improved  method  of  operat ing  a  two-stage,  r i ch- lean   process  for  the  burning  o f  

fuels ,   containing  a  high  concentrat ion  of  chemically  bound  ni t rogen,   p a r t i c u -  

la r ly   heavy  fuels ,   such  as  shale  oils  and  coal-derived  oi ls ,   improved  methods 

of  i n i t i a t i n g   and  maintaining  such  combustion  and  improved  apparatus  t h e r e f o r .  



In  a  s t i l l   more  specif ic   aspect,   the  improved  method  includes  the  con- 

t rol led  mixing  of  a  predetermined  fue l - r i ch   ra t io   of  fuel  and  primary  air  i n  

the  upstream  end  of  a  primary  combustion  region  to  in t imate ly   mix  the  fuel  and 

air  and  e s tab l i sh   a  s t ab i l i zed   flame  adjacent  the  upstream  end  of  the  primary 

combustion  region  and  maintenance  of  the  flame  in  the  primary  combustion  reg ion  

for  a  predetermined  minimum  residence  time  su f f i c i en t   to  produce  a  primary 

region  combustion  product  mixture  containing  a  preselected  maximum  amount  of 

NO  po l lu tan t s ;   and  abrupt  terminat ion  of  the  primary  combustion  region  along 

with  the  in t roduc t ion   of  secondary  a i r  i n t o   a  secondary  combustion  region  in  an 

amount  su f f i c i en t   to  produce  an  overall   fue l - lean   ra t io   of  fuel  and  air  and  i n  

a  manner  to  prevent  backflow  of  the  secondary  air  from  the  secondary  combustion 

region  into  the  primary  combustion  r e g i o n .  

Various  means  may  be  u t i l i z ed   to  i n i t i a l l y   mix  the  fuel  and  the  a i r  

and  es tabl i sh   a  s t ab i l i zed   flame  in  the  upstream  end  of  the  primary  combustion 



r e g i o n   Preferably,   a  general ly  axial  flow  component  is  es tabl ished  and  a 

generally  rad ia l   flow  component  is  es tabl i shed  at  a  selected  c r i t i c a l   r a t i o .  

The  axial   flow  component  comprises  the  fuel  or  a  nixture  of  the  f u e l  

and  a  port ion  of  the  primary  air,   introduced  in  a  general ly  axial  d i rec t ion ,   o r  

one  of  these  in  combination  wi th  a t   least   one  separa te   stream  of  primary  a i r ,  

introduced  in  a  general ly   radia l   d i rec t ion .   The  fuel  or  f ue l - a i r   mixture  i s  

preferably  introduced  as  an  open  cone  having  a  90°  apex  angle.  When  an  a d d i -  

t ional  air   stream  is  introduced  axia l ly   the  air   is  preferably  introduced  about 

the  fuel  or  f u e l - a i r   mixture  so  as  to  contact  the  fuel  adjacent  i ts   point  of  

in t roduct ion.   The  l a t t e r   is  preferably  accomplished  by  introducing  the  fuel  o r  

f u e l - a i r   mixture  as  an  open  cone.  The  separate  air  stream  may  be  introduced  i n  

a  s t r i c t   axial   d i r ec t ion   or  as  a  swirling  stream  in a  generally  axial   d i r e c t i o n .  

Finally,   the  separate  stream  of  air  may  be  introduced  through  fixed  area  openings 

or  through  var iable   area  openings  to  thus  introduce  a  fixed  or  a  v a r i a b l e  

amount  of  air   in  the  axial   d i r e c t i o n .  

The  rad ia l   flow  component  comprises  the  remainder  of  the  primary  a i r  

introduced  from  a  pe r iphera l   location  about  the  fuel  and  in  a  d i rec t ion   g e n e r a l l y  

inwardly  toward  the  axis  of  the  combustion  zone  to  contact  the  axial  flow 

component  and  produce  a  combustible  mixture  of  fuel  and  air .   The  r a d i a l l y  

introduced  primary  air   may  be  introduced  in  a  s t r i c t   radia l   d i rec t ion   or  in  a  

generally  rad ia l   d i r ec t ion   as  a  swirling  strean  and  can  comprise  a  p l u r a l i t y   o f  

separate  streams  spaced  along  the  upstream  end  of  the  primary  combustion  r eg ion  

and  any  combination  of  s t r i c t   radia l   or  swirl ing  streams.  For  example,  a  

single  swirl ing  stream,  p lu ra l   swirl ing  streams,  such  as  two  swirl ing  s t reams 

ro ta t ing   in  opposite  d i r e c t i o n s ,   a  s ingle  s t r i c t   r ad ia l   stream,  plural   s t r i c t  

rad ia l   s t reams,  a   s ingle  s t r i c t   radia l   stream  and  one  or  more  swirl ing  s t reams,  

etc.  In  the  event  that  no  axial  air  stream  is  introduced  or  the  axial   a i r  -  

stream  is  not  var iable ,   it  is  preferred  that  one  of  the  radia l   air  streams  be 

variable .   Best  r e s u l t s   are  obtained  if  the  most  upstream  rad ia l   air  stream  i s  



v a r i a b l e .   In  any  case,  the  most  upstream  radial   a i r s t r e a n   should  contact  the 
fuel  s u b s t a n t i a l l y   immediately  following  the  point  of  in t roduct ion   of  the  f u e l .  

As  indica ted ,   the  manner  of  introducing  the  fuel  and  primary  air  can 

assume  various  forms  so  long  as  an  axial  flow  component  and  a  radial   flow  com- 

ponent  is  e s t ab l i shed .   The  ra t io   of  the  axial  flow  component  and  the  r a d i a l  

flow  component  is  also  a  s i g n i f i c a n t   factor  in  obtaining  minimum  NOx  p o l l u t a n t  

production.  While  the  ra t io   of  the  axial  flow  component  and  the  radial   flow 

component  can  be  a t ta ined   and  maintained  by  ex te rna l ly   adjus t ing  the  r e l a t i v e  

volumes  of  fuel  and/or  air  introduced  in  the  axial  and  rad ia l   d i rec t ions ,   it  i s  

most  e f fec t ive   and  convenient  to  have  e i the r   a  var iable   axial   or  radia l   a i r  

stream  and  adjust   the  volume  of  the  var iable   air  s t ream.  

Also,  i r r e s p e c t i v e   of  the  manner  of  introducing  the  fuel  arid  pr imary 

air  and  i r r e s p e c t i v e   of  the  adjustment  of  the  var iable   air  stream,  it  is  p r e -  

ferred  that  the  r e l a t i v e   volumes  of  fuel  and  total   primary  air ,   introduced  i n t o  

the  primary  combustion  region,  be  s u f f i c i e n t   to  es tab l i sh   and  maintain  a  s e l e c t e d  

c r i t i c a l   primary  region  f u e l - a i r   equivalence  ra t io   between  1.0  and  about  1 .8 ,  

preferably  between  about  1.2  and  about  1.7.  The  selected  primary  region  f u e l -  

air  equivalence  ra t io   should  be  corre la ted   with  the  ra t io   of  the  axial  f low 

component  and  the  rad ia l   flow  component.  This  is  best  accomplished  by  va ry ing  

the  ra t io   of  the  axial   flow  component  and  the  radial   flow  component  at  a  p l u r a l -  

ity  of  primary  region  f u e l - a i r   equivalence  ra t ios   within  the  stated  range  u n t i l  

a  minimum  value  of  NOx  po l lu t an t s   is  a t t a i n e d .  

In  one  aspect  of  the  invention  the  r ix ture   of  fuel  and  air  is  con- 

s t r ic ted   to  an  ax ia l   stream  having  a  diameter  smaller  than  the  dianeter   of  the  

primary  region  and  is  then  expanded,  e i ther   gradually  or  abruptly,   to  the  f u l l  

diameter  of  the  primary  region.  Preferably,   such  c o n s t r i c t i o n   occurs  immediately 

af ter   the  i n t roduc t ion   of  the  most  upstream  radial   air  stream.  More  downstream 

ones  of  the  streams  of  air  may  be  introduced  e i ther   into  the  thus  c o n s t r i c t e d  

stream  or  during  the  expansion  t h e r e o f .  



In  connection  with  one  embodiment:  of  the  invention,  where  prinary  a i r  

is  introduced  in  a  swirl ing  or  tangent ia l   nanner,  the  percent  swirl  or  t a n g e n t i a l  

air  (of  the  to ta l   primary  air)  introduced  downstream  from  the  var iable   air  i s  

desirably  maintained  between  about  35  and  100  percent  by  volume  of  the  t o t a l  

primary  a i r .   It  is  also  des i rable   where  two  swirl  air  streams  are  u t i l i z e d ,  

that  the  more  downstream  one  of  the  two  be  larger  than  the  o t h e r .  

The  flame  thus  es tab l i shed   and  s t ab i l i z ed   ad jacen t . the   upstream  end  of  

the  primary  combustion  region  is  maintained  in  the  primary  combustion  region  f o r  

a  period  of  time  s u f f i c i e n t   to  prevent  the  conversion  of  fue l -n i t rogen   to  NO 

pol lu tan ts   from  exceeding  a  predetermined  maximum  amount.  The  p r e s e l e c t e d  

amount  of  fuel  NOx  po l lu tan t s   produced  by  fue l -n i t rogen   conversion  is  less  than 

about  10  percent .   In  terms  of  lbs.  NO  /mil l ion  Btu,  this  amounts  to  less  than 
x 

about  0.350  lb.  fuel  NO  /mil l ion  Btu  for  most  fuels  and  a  to ta l   fuel  and  thermal  

NO  of  about  0.450  1b./MM  Btu.  The  residence  time  necessary  to  accomplish  t h i s  

is  usually  at  least   about  35  mi l l i seconds .   Preferably,   the  conversion  of  f u e l -  

nitrogen  to  fuel  NOx  po l lu tan t s   is  less  than  about  7.5  percent  and  ideal ly  below 

about  5  percent  (about  0.270  and  0.180  lb.  fuel  NOx  or  0.365  and  0.275  lb.  t o t a l  

NOx/M  Btu,  r e s p e c t i v e l y ) .   It  has  been  found,  in  accordance  with  the  p r e s e n t  

invention,  that  no  s i g n i f i c a n t   decrease  in  the  NOx  pol lu tan t   content  of  the  f l u e  

gas  is  a t ta ined  when  the  residence  time  in  the  primary  combustion  region  i s  

above  about  100  mi l l i seconds .   Therefore,  as  a  p rac t i ca l   matter,   in  order  to  

maintain  the  overa l l   length  of  the  combustor  within  reasonable  l imits  and  main- 

tain  heat  losses  at  a  minimum,  the  residence  time  in  the  primary  combustion 

region  should  not  exceed  about  140  mil l iseconds  and  preferably  about  120  m i l l i -  

seconds. 

It  has  also  been  found,  however,  that  once  maximum  NOx  p o l l u t a n t  

reduction  has  been  a t t a ined ,   the  primary  combustion  region  must  be  immediately 

and  abruptly  terminated.  This  also  may  be  accomplished  in  several  d i f f e r e n t  

ways.  In  general,   at  l eas t   one  stream  of  secondary  air  is  introduced  into  the  

secondary  combustion  region  in  an  amount  s u f f i c i e n t   to reduce  the  overall   f u e l -  

air  equivalence  ra t io   of  the  combustion  zone  below  the  s to ichiometr ic   r a t i o  



(preferably  about  0.87)  and  in  a  manner  such  that  backflow  of  secondary  air  i n t o  
the  primary combustion  zone  is  prevented.  The  l a t t e r   may  be  accomplished  by 
reducing  the  diameter  of  the  flame  path  by  mechanical  means,  such  as  by  l o c a t i n g  
at  least   one  annular  ba f f l e   or  a  nozzle- type  c o n s t r i c t i o n   immediately  a d j a c e n t  
and,  p re fe rab ly ,   downstream  fron  the  point  of  i n t roduc t ion   of  the  secondary  a i r .  
The  flame,  thus  d i lu ted   with  secondary  a i r ,   is  then  rapidly  expanded  into  t h e  
secondary  combustion  region  to  a t t a in   int imate  f ix ing   of  the.combustion  p r o d u c t s  
of  the  primary  combustion  region  and  the  secondary  a i r .  

It  has  been  found  that ,   if  the  primary  region  is  not  abruptly  t e rmina ted ,  
the  secondary  air   will   tend  to  backflow  into  the  primary  region,  thus  c o u n t e r -  
acting  the  advantage  of  the  primary  region  and  upse t t ing   the  c r i t i c a l   r a t io   o f  
the  axial  flow  component  and  the  rad ia l   flow  component,  the  c r i t i c a l   p r imary  
region  f u e l - a i r   equivalence  ra t io   and  the  c r i t i c a l   primary  region  r e s i d e n c e  

time,  and/or  a  gradual  t r a n s i t i o n   from  the  primary  region  to  the  secondary 

region  r e s u l t s .   Such  backflow  of  secondary  a i r ,   gradual  t r an s i t i on   from  the  

primary  to  the  secondary  region  and/or  extension  of  the  primary  region  r e s i d e n c e  

time  beyond  the  l imi t s   previously   discussed  wil l   r esu l t   in  s i gn i f i can t   i n c r e a s e s  

in  the  NOx  po l lu t an t   level ,   i no rd ina te ly   large  volumes  of  CO  in  the  flue  gas 
and/or  incomplete  and  i n e f f i c i e n t   burning  of  the  f u e l .  

It  has  also  been  found,  in  accordance  with  the  present  invention,   t h a t  

the  residence  t ine  in  the  secondary  combustion  region  should  be  greater   t han  

about  15  mi l l i s econds .   This  minimum  secondary  region  residence  time  and  t he  

intimate  mixing  of  the  combustion  products  of  the  primary  combustion  region  and 

secondary  a i r   are  necessary  in  order  to  complete  combustion  of  unburned  fuel  and 

p a r t i a l l y   burned  fuel  which  r e su l t   from  the  f u e l - r i c h   combustion  in  the  pr imary  

combustion  region.  It  has  been  found  that  a  res idence  time  of  15  m i l l i s e c o n d s  

o r  g rea te r   wil l   r e s u l t   in  a  carbon  monoxide  content  in  the  flue  gas  of  less  than 

about  300  ppm  by  volume.  Such  a  level  of  CO  in  the  flue  gas  indicates   t h a t  

combustion  has  been  e s s e n t i a l l y   complete  and  e f f i c i e n t   and  ef fec t ive   use  of  t h e  

fuel  has  been  a t t a i n e d .  



In  add i t ion   to  con t ro l l i ng   the  previous ly-ment ioned  process  v a r i a b l e s ,  

it  has  fu r the r   been  discovered  that  such  v a r i a b l e s  a r e   in te rdependent   and  should 

be  co r re la ted   with  one  another  in  p r a c t i c i n g   the  present   invention.   S p e c i f i c a l l y ,  

the  manner  of  i n t roduc ing   and  contac t ing   the  fuel  and  p r ina ry   air   in  the  p r imary  

combustion  region,   the  f u e l - a i r   equivalence  r a t i o   in  the  primary  c o m b u s t i o n  

region,  the  flame  res idence   time  in  the  primary  combustion  region  and  the  nanner  

of  te rminat ing   the  primary  combustion  region,   inc luding  the volume  and  manner  o f  

int roducing  secondary  a i r ,   must  a l l   be  con t ro l l ed   and  coordinated  with  one 

another.   As  wi l l   be  shown  by  the  examples  h e r e i n a f t e r   set  fo r th ,   the  nature  o f  

the  fuel ,   p a r t i c u l a r l y   i t s   v o l a t i l i t y   and  n i t rogen  content ,   and  the  burner  t ype  

and  conf igu ra t ion   cause  the  optimum  values  of  these  va r i ab l e s   to  change,  both  a s  

to  absolute  values  as  well  as  in  the i r   r e l a t i o n   to  one  another ,   thereby  f u r t h e r  

emphasizing  the  n e c e s s i t y   of  proper  con t ro l   of  such  va r i ab l e s   and  the i r   r e l a t i o n -  

ship  to  o n e  a n o t h e r .  

This  in te rdependence   of  the  opera t ing   v a r i a b l e s   and the  proper  c o r r e l a -  

tion  of  each  with  the  other  wi l l   be  apparent   from  the  fol lowing  desc r ip t ion   o f  

the  method  of  i n i t i a t i n g   and  mainta ining  combustion  of  a  fuel ,   c o n t a i n i n g  

chemically  bound  n i t rogen ,   in  a  two-stage,   r i c h - l e a n   combustor,  in  accordance 

with  the  p resen t   i n v e n t i o n .  

T b e   combustion  process  is  i n i t i a t e d   by  de te rmin ing  the   primary  com- 

bustion  region  r e s idence   time  at  which  minimum  NOx  p o l l u t a n t s   are  produced,  

determining  the  primary  combustion  region  f u e l - a i r   equivalence  r a t i o   at  which 

minimum  NOx  p o l l u t a n t s   are  produced  and  determining  the  r a t i o   of  the  axia l   f low 

component  and  the  r a d i a l   flow  component  at  which  minimum  NO  p o l l u t a n t s  a r e  

produced.  In  c e r t a i n   i n s t ances ,   the  secondary  combustion  region  f u e l - a i r   equ iv -  

alence  r a t i o   and  r e s idence   time  at  which  predetermined  maximum  amounts  of  CO 

a n d / o r   unburned  and  p a r t i a l l y   burned  fuel  are  produced  should  also  be  determined.  

The  order  of  making  the  spec i f i ed   de te rmina t ions   may  be  varied  and  any  two  o r  

more  of  said  de t e rmina t ions   may  be  made  s imul taneously   without  depar t ing  from 



the  invention.  Once  the  c o m b u s t i o n   process is  i n i t i a t e d ,   such  combustion  may  be 

maintεined  by  making  one  or  more  of  the  specif ied  determinations  and  a d j u s t i n g  

the  corresponding  process  var iab le   to  a  value  at  which  minimum  NO  p o l l u t a n t s  

are  produced  and/or  the  predetermined  maximum  amounts  of  CO  and/or  unburned  and 

p a r t i a l l y   burned  fuel  are  produced.  

The  primary  combustion region  residence  time  is  dependent  upon  two 

major  fac tors ,   namely;  the  length  of  the  primary  combustion  region  and  the  

primary  combustion  region  flow  ve loc i ty .   While  the  primary  combustion  reg ion  

length,  that  is  the  dis tance  between  the  tip  of  the  fuel  i n j ec t ion   nozzle  and 

the  midpoint  of  the  means  for  introducing  secondary  air ,   will   generally  be 

fixed,  there  are  ce r ta in   minimal  requirements  in  accordance  with  the  p r e s e n t  

invention.  S p e c i f i c a l l y ,   the  primary  combustion  region  length  should  be  s e l e c t e d  

such  that  a  minimum  primary  combustion  region  residence  time  of  a t   least   about  

35  mil l iseconds  can  be  a t ta ined   at  p r a c t i c a l   primary  combustion  region  flow 

v e l o c i t i e s .   As  a  p r a c t i c e l   matter,   the  maximum  length  of  the  primary  combustion 

region  will  be  l imited  to  some  extent  by  the  p a r t i c u l a r   environment  in  which  the  

burner  is  to  be  u t i l i z e d   and  the  energy  (heat)  loss  r e su l t ing   from  the  u t i l i z a -  

tion  of  the  primary  combustion  region.  Accordingly,  the  length  of  the  primary 

combustion  region  should  be  as  short  as  poss ible .   The  maximum  length  should 

therefore  be  such  that  a  maximum  residence  time  of  about  140  mi l l i seconds ,   and 

preferably  a  maximum  residence  time  of  120  mil l iseconds  will   be  a t ta ined.   For 

example,  in  a  combustor  having  an  i n t e rna l   diameter  of  6  inches,  a  length  o f  

about  58  inches  is  considered  adequate.  For  combustors  of  larger  or  sma l l e r  

diameter  the  length  would  be  determined  by  u t i l i z i n g   approximately  the  same 

rat io   of  length  to  diameter.   Having  thus  set  the  length  of  the  primary  com- 

bustion  region,  the  primary  combustion  region  residence  time  at  which  minimum 

NO.  po l lu tan ts   are  produced  is  determined  by  varying  the  flow  veloci ty   at  each 

of  a  p l u r a l i t y   of  primary  combustion  region  f u e l - a i r   equivalence  ra t ios   between 

1.0  and  about  1.8.  The  veloci ty   should  be  varied  within  p r ac t i ca l   l i m i t s .  



OLviously,  if  the  ve loc i ty   is  too  low,  mixing  of  the  fuel  and  air  will  be  poor,  

thus  producing  a  nonhomogeneous  or  heterogeneous  mixture,  and,  if  the  v e l o c i t y  

is  too  high,  the  flame  wil l   go  out  or  wil l   not  s t a b i l i z e   adjacent  the  upstream 

end  of  the  primary  zone.  While  such  ve loc i ty   may  be  varied  between  about  I  and 

500  feet /second,   p r a c t i c a l   flow  v e l o c i t i e s   are  between  about  5  and  100  f e e t / -  

second,  and  p re fe rab ly   between  about  5  and  50  f e e t / s e c o n d .  -  

It  is  apparent  that  the  primary  combustion  region  f u e l - a i r   equivalence  

rat io  at  which  ninimum  NOx  po l lu tan t s   wil l   be  produced  will  be  determined  t o  

some  extent  s imultaneously  with  the  determination  of  the  primary  combustion 

region  residence  time.  However,  this  equivalence  rat io  is  generally  a  rough 

approximation.  Therefore,  the  primary  region  equivalence  rat io  at  which  minimum 

NO  po l lu t an t s   are  produced  is  preferably   determined  by  varying  the  equiva lence  

rat io  between  1.0  and  about  1.8  at  the  deternined  primary  combustion  r eg ion  

residence  t ime.  

The  ra t io   of  the  axial  flow  component  and  the  radia l   flow  component  can 

then  be  determined  by  varying  said  ra t io   at  the  determined  primary  r eg ion  

residence  time  and  the  determined  primary  region  f u e l - a i r   equivalence  r a t i o .  

However,  i t   is  preferred  that  the  ra t io   of  the  axial   flow  component  and  t h e  

rad ia l   flow  component  be  varied  at  each  of  a  p l u r a l i t y   of  d i f f e ren t   primary 

region  f u e l - a i r   equivalence  ra t ios   between  1.0  and  about  1.8,  to  thereby  s imul-  

taneously  determine  the  ra t io   of  the  axial   flow  component  and  the  rad ia l   f low 

component  and  the  primary  region  f u e l - a i r   equivalence  ra t io   at  which  minimum  NOx 

pol lu tants   are  produced.  As  a  p r ac t i ca l   na t t e r ,   the  preferred  combustor,  i n  

accordance  with  the  present  invention,   includes  a  var iable   done  surrounding  the 

fuel  i n j ec t ion   nozzle  and  having  ax ia l ly   or  r a d i a l l y   directed  openings  which  may 

be-adjusted.   Accordingly,  by  simply  varying  the  size  of  the  dome  openings,  the  

ra t io   of  the  axial   flow  component  and  the  radial   flow  component  can  be  v a r i e d .  

I n   those  ins tances   where  primary  air  is  introduced  at  one  or  more  points  down- 

stream  from  the  var iab le   primary  air  in t roduct ion   point,  var ia t ion   of  the  dome 



openings  will   also  vary  the  r e l a t i v e   volumes  of  primary  air  introduced  at  the 

two  points,   since  a l l   of  the  primary  air  is  introduced  from  a  single  source,  the  

primary  combustion  region  f u e l - a i r   equivalence  ra t io   is  set  and  the  sizes  of  the  

primary  air  in t roduc t ion   ports  downstream  of  the  var iable   primary  air  i n t r o -  

duction  point  are  fixed.  This  is  an  important  factor ,   since  it  has  also  been 

found  that,   when  the  primary  air  introduced  downstream  f ron the   variable  primary 

air  in t roduct ion   point  is  introduced  in  a  swir l ing  or  tangent ia l   manner,  the  

volume  of  air  introduced  through  the  swirl  ports  should  be  maintained  between 

about  35  and  100  percent  of  the  to ta l   air  introduced  in  the  primary  combustion 

r eg ion .  

The  secondary  combustion  region  residence  time  can  be  determined  in  

the  same  manner  as  the  primary  region  residence  t ine.  Spec i f ica l ly ,   the  l eng th  

of  the  secondary  combustion  region  should  be  selected  to  produce  a  r e s idence  

time  of  at  least   about  15  mil l iseconds  at  p r a c t i c a l   secondary  combustion  r eg ion  

flow  v e l o c i t i e s .   At  this  equivalence  ra t io   s u b s t a n t i a l l y   complete  combustion 

of  unburned  and  p a r t i a l l y   burned  fuel  from  the  primary  combustion  region  will  be 

a t ta ined .   This  c r i t e r i o n   will   general ly  be  met  if  the  flue  gas  contains  l e s s  

than  about  300  ppmv  of  CO  emissions.  For  a  6-inch  in ternal   diameter  combustor, 

a  secondary  combustion  region  length  of  about  33  inches  will   be  adequate  at  t h e  

determined  primary  combustion  region  flow  ve loc i ty .   Since  no  s ign i f i can t   r e -  

duction  in  CO  emissions  occurs  at  residence  times  beyond  about  30  m i l l i s e c o n d s ,  

and  preferably  beyond  about  25  mi l l i seconds ,   the  length  of  the  secondary  com- 

bustion  region  need  not  be  greater  than  a  value  necessary  to  a t ta in   this  r e s idence  

time.  Where  the  combustor  is  u t i l i z ed   in  a  boi le r   of  an  e l e c t r i c a l   penera t ing  

plant  or  a  like  i n s t a l l a t i o n ,   the  flame  will   be  expanded  d i rec t ly   into  the  

heated  region  of  the  boi le r   af ter   c o n s t r i c t i o n   and  d i lu t ion   with  secondary  a i r ,  

a s - spec i f i ed   herein.  In  this  case,  the  minimum  secondary  combustion  reg ion  

residence  time  will   be  readi ly   met  by  the  volume  of  the  heated  region  and  the  

tota l   combustion zone  can  be  shortened  to  a  length  just  s u f f i c i en t   to  include 



the  means  for  c o n s t r i c t i n g   the  flame  and  introducing  secondary  air.  P r e f e r ab ly ,  
the  secondary  combustion  region,  in  this  case,  should  also  include  a  s h o r t  

section  of  the  flame  tube  to  assure  intimate  mixing  of  the secondary  air  w i th  

the  combustion  products  from  the  primary  combustion  r e g i o n .  

The  secondary  combustion  region  f u e l - a i r   equivalence  rat io  is  d e t e r -  

mined  by  varying  the  equivalence  ra t io   between  about  1.0  and  0.5  while  ma in ta in -  

ing  the  previously  determined  var iab les   constant,   and  se lec t ing   the  equivalence  

ra t io   at  which  the  CO  emissions  are  below  about  300  ppmv.  As  a  p r ac t i ca l   ma t t e r ,  

a  secondary  combustion  region  equivalence  ra t io   of  about  0.87  will  be  used,  

since  this  r epresen ts   a  value  of  3  percent  excess  oxygen  (dry  basis)  in  the  f l u e  

gas,  NO  emission  l im i t a t i ons   are  general ly  measured  at  this  level  and  t h i s  

rat io  has  been  found  to  produce  CO  emissions  below  the  specif ied  maximum. 

To  the  extent  that  more  de f in i t i ve   values  of  the  various  var iables   a r e  

desired,   a  curve  of  the  var iab le   versus  minimum  NOx,  IIC  or  CO  emissions  can  be  

plotted  and  the  c r i t i c a l   value  of  the  var iable   may  be  selected  as  the  minimum 

NO ,  HC  or  CO  point  on  the  cu rve .  

Once  the  combustion  process  has  been  i n i t i a t e d ,   as  previously  d i s -  

cussed,  there  should  be  no  need  to make  fur ther   changes,  so  long  as  the  same 

fuel  is  u t i l i z e d .   However,  should  the  measured  NO  emissions  and/or  CO  emissions 

increase  s i g n i f i c a n t l y   from  those  i n i t i a l l y   determined,  appropria te   ad jus tments  

of  the  previously   discussed  va r iab les   should  be  made.  While  any  one  or  more  o f  

the  primary  combustion  region  var iab les   may  be  adjusted,   it  will   usually  be 

adequate  to  adjust   the  va r iab le   primary  air ,   since  the  v o l a t i l i t y   of  the  fuel  i s  

most  l ikely   to  vary  and  such  adjustment  of  the  var iable   primary  air  will   a l t e r  

the  f u e l - a i r   mixing  and  compensate  for  va r i a t ions   in  fuel  v o l a t i l i t y .   However, 

should  the  bound  ni t rogen  content  of  the  fuel  change,  the  primary  combustion 

region  f u e l - a i r   equivalence  r a t io   should  also  be  adjusted  and  possibly  t he  

primary  zone  residence  t ime .  

Adjustments  of  the  primary  region  f u e l - a i r   equivalence  ra t io   and  the  

ra t io   of  the  axial   flow  component  and  the  rad ia l   flow  component  can  be  s imul -  

taneously  made  by  adjust ing  the  dome  openings  at  each  of  a  p l u r a l i t y   of  d i f f e r e n t  



primary  combustion  region  f u e l - a i r   equivalence  ra t ios   on  ei ther  side  of  t he  

or iginal   r a t io .   If  it  is  known,  by  test ,   that  the  nitrogen  content  is  h igher  

than  the  i n i t i a l   value,  it  will  general ly  be  su f f i c i en t   to  adjust  the  done 

openings  at  each  of  a  ser ies   of  equivalence  ra t ios   above  the  or iginal   ra t io .   On 

the  other  hand,  if  it  is  known,  by  tes t ,   that  the  nitrogen  content  is  lower  than 

the  i n i t i a l   value,  it  will   usual ly  be  su f f i c i en t   to  adjust  the  dome  openings  a t  

a  p lu ra l i t y   of  d i f f e r en t   equivalence  ra t ios   below  the  o r i g i n a l .  

Referring  now  to  the  drawings,  wherein  like  or  similar  r e f e r ence  

numerals  are  employed  to  denote  like  or  similar  elements,  the  invention  will  be 

more  fully  exp la ined .  

FIGURES  1-5,  inc lus ive ,   i l l u s t r a t e   a  combustor  in  accordance  with  t h e  

invention.  Preferably ,   said  combustor  comprises  a  flame  tube  having  an  upstream 

fue l - a i r   mixing  sect ion  11,  an  intermediate   primary  combustion  section  or  r e g i o n  

13  located  downstream  from  and  in  communication  with  said  mixing  section  11,  and 

a  secondary  combustion  sect ion  or  region  15  located  downstream  from  and  i n  

communication  with  said  primary  combustion  section  13.  Said  flame  tube  i s  

provided  at  i ts   upstream  end  with  a  dome  member  17.  A  fuel  in le t   means  24  i s  

provided  for  in t roducing  a  stream  of  fuel  into  the  upstream  end  portion  of  s a i d  

mixing  section  11.  As  i l l u s t r a t e d   in  FIGURES  1  and  2,  said  fuel  inlet   means 

comprises  a  fuel  conduit  19  leading  from  a  source  of  fuel  and  extending  through 

fuel  flange  21  into  communication  with  the  central   cavity  formed  in  the  down- 

stream  side  of  dome  member  17  and  which  is  adapted  to  receive  fuel  nozzle  24 

mounted  therein.   An  annular  o r i f i ce   means  is  disposed  on  the  downstream  side  o f  

said  dome  member  17.  Said  o r i f i c e   means  can  be  formed  i n t eg ra l ly   with  said  dome 

member  or,  as  here  i l l u s t r a t e d ,   can  preferably  comprise  an  annular  adapter  26 

disposed  between  the  downstream  end  of  said  done  member  17  and  the  upstream  end 

of said  flame  tube.  An  o r i f i c e   formed  in  said  o r i f i ce   means  or  adapter  26  can 

be  considered  to  define  the  out le t   from  said  dome  member  17  and  the  inlet   i n t o  

said  mixing  section  11.  



A  f i r s t   air  in le t   means  is  disposed  in  the  wal l  of   said  flame  tube  f o r  
admitting  a  f i r s t   stream  of  air   into  said  mixing  sect ion  11  in  a  c i r c u l a r - l i k e  
direct ion  adjacent   the  inner  wall  thereof .   Said  f i r s t   air  inlet   means  p r e f e r a b l y  
comprises  a  p l u r a l i t y   of  t angent ia l   s lo ts   28  extending  through  the  wall  of  the  
upstream  end  port ion  of  said  mixing  section  11  at  a  f i r s t   s t a t ion   in  the  flame 
tube  adjacent  said  out le t   from  said  dome  member  17  and  upstream  from  a  f i r s t  
o r i f i ce   29.  In  a  preferred  embodiment  a  second  air  in le t   means  is  disposed  i n  
the  wall  of  said  flame  tube  downstream  from  said  f i r s t   air  in le t   means  f o r  

admitting  a  second  stream  of  air  into  said  mixing  section  11  in  a  c i r c u l a r - l i k e  
d i rec t ion   adjacent  the  inner  wall  thereof.   Said  second  air   in le t   means  p r e f e r a b l y  
comprises  a  p l u r a l i t y   of  t angent ia l   s lots   30  extending  through  the  wall  of  t he  
downstream  end  port ion  of  said  mixing  sect ion  11  at  a  second  s ta t ion  in  t he  
flame  tube  adjacent  and  downstream  from  said  f i r s t   o r i f i ce   29.  A  second  o r i f i c e  
32  is  disposed  in  said  flame  tube  adjacent  and  downstream  from  said  t a n g e n t i a l  
slots   30.  A  third  air   in le t   means,  comprising  at  least   one  opening  34,  i s  

provided  in  the  wall  of  said  flame  tube  at  a  third  s t a t ion   downstream  from  s a i d  

second  air  i n l e t   means  30  and  said  second  o r i f i ce   32  for  admitting  a  stream  o f  

air  comprising  secondary  air  into  said  secondary  combustion  section  15.  I f  

desired  or  necessary  di luent   air   can  be  admitted  through  ports  40. 

A  fourth  air  in le t   means,  preferably   var iable ,   is  provided  in  s a i d  

dome  member  for  admitting  a  var iable   volume  of  a  third  stream  of  air  through 

said  dome  member,  around  said  fuel  in le t   nozzle  24,  and  into  said  mixing  s e c t i o n  

11  of  said  flame  tube.  As  described  fur ther   he r e ina f t e r ,   said  var iable   a i r  

inlet   means  comprises  at  l eas t   one  air  passage  means  of  var iab le   c r o s s - s e c t i o n a l  

area  provided  in  and  extending  through  said  dome  member  17  into  communication 

with  said  mixing  sect ion  11,  and  means  for  varying  the  c ro s s - sec t i ona l   area  of  

said  air  passage  means  and  thus  cont ro l l ing   the  volume  of  said  stream  of  a i r  

admitted  through  said  dome  member  and  into  said  mixing  s e c t i o n .  

In  some  embodiments  of  the  invention  wherein  a  said  second  air   i n l e t  

means,  e .g . ,   t angen t i a l   s lots   30,  is  not  provided,  said  f i r s t   o r i f i ce   29  can  be  



considered  to  define  the  out le t   from  said  mixing  section  11  and  the  inlet   to  

said  primary  combustion  section  or  region  13.  In  those  preferred  embodiments 

wherein  a  said  second  air  in le t   means,  e .g . ,   t angen t ia l   s lots   30,  is  provided,  

said  second  o r i f i c e   32  can  be  considered  to  define  the  out let   from  said  mixing 

section  11  and  the  in le t   to  said  primary  combustion  section  or  region  13. 

Said  flame  tube  can  be  fabr ica ted   i n t e g r a l l y   if  desired.  However,  f o r  

convenience  in  f ab r i c a t i on ,   said  flame  tube  can  preferably   be  formed  with  the  

wall  portion  thereof  which  comprises  said  mixing  section  11  divided  into  s e p a r a t e  

sections  s imi la r ly   as  here  i l l u s t r a t e d .   Thus,  in  one  preferreu  embodiment  s a id  

tangent ia l   s lo ts   28  can  be  formed  in  an  upstream  f i r s t   wall  section  36  of  sa id  

flame  tube,  preferably   in  the  upstrean  end  portion  of  said  f i r s t   wall  s e c t i o n  

with  the  downstream  vai l   of  said  adapter  26  forming  the  upstream  walls  of  s a i d  

slots   28.  In  this  preferred  embodiment  said  f i r s t   o r i f i ce   29  is  formed  in  t h e  

downstream  end  port ion  of  said  f i r s t   wall  section  36.  In  said  preferred  embodi- 

ment  said  t angen t i a l   s lots   30  can  be  formed  in  an  intermediate   second  w a l l  

section  38  located  adjacent  and  downstream  from  said  f i r s t   wall  section  36. 

Preferably,   said  second  wall  section  38  is  disposed  with  its  upstream  edge 

contiguous  to  the  downstream  edge  of  said  f i r s t   wall  section  36,  and  sa id  

tangent ia l   s lo ts   30  are  formed  in  the  upstream  end  portion  of  said  second  w a l l  

section  38  with  the  downstream  edge  of  said  f i r s t   wall  section  36  forming  the  

upstream  walls  of  said  slots   30.  In  this  preferred  enbodiment  said  second 

o r i f i ce   32  is  formed  in  said  second  wall  section  38  and  adjoins  said  slots   30 

formed  there in .   Preferably ,   the  inner  wall  surface  of  said  f i r s t   wall  s e c t i o n  

36  tapers  inwardly  from  the  downstream  edge  of  said  t angent ia l   s lots   28  to  the  

upstream  edge  of  said  f i r s t   o r i f i ce   29  to  form  an  inwardly  tapered  passageway 

from  said  s lots   to  said  o r i f i c e .   Preferably ,   the  inner  wall  surface  of  s a i d  

second  wall  sect ion  38  extends  r ad i a l ly   outwardly  from  the  downstream  edge  of 

said  second  o r i f i c e   32.  Tne  remainder  of  said  flame  tube  can  convenien t ly  

comprise  the  flanged  spools  or  sections  10,  12,  14,  16,  18,  20,  and  22  as  i l -  

lus t ra ted   in  FIGURE  1.  For  convenience,  said  spools  14  and  13  were  provided 



with  jackets  for  c i r c u l a t i o n   of  water  or  other  coolant  therethrough.  Such 

cooling  permitted  operat ion  of  the  combustor  through  a  wide  range  of  opera t ing  

conditions  including  s to ich iomet r ic   f u e l - a i r   mixtures  without  heat  damage.  A 

small  amount  of  wall  cooling  air ,   admitted  through  ports  42,  was  used  to  cool 

the  unjacketed  spool  12. 

In  one  p resent ly   preferred  embodiment  a  third  o r i f i c e   means  46  i s  

disposed  at  an  in termediate   locat ion  in  said  primary  combustion  section  and 

downstream  of  said  second  air   in le t   means.  Preferably,   a  fourth  o r i f i ce   means 

48  is  disposed  in  said  primary  combustion  section  upstream  from  and  ad j acen t  

said  third  air   in le t   means.  A  f i f th   o r i f i ce   means  50  is  disposed  in  the  up-  

stream  end  port ion  of  said  secondary  combustion  section  downstream  from  and 

adjacent  said  third  air   in le t   means.  Said  th i rd ,   fourth,  and  f i f t h   o r i f i c e  

means  aid  in  the  mixing  of  the  gases  flowing  through  the  flame tube  and  promote 

the  homogeneity  t h e r e o f .  

It  will   be  understood  that  the  combustors  described  herein  can  be  p ro-  

vided  with  any  su i t ab le   type  o f  i g n i t i o n   means  and,  if  desired,   means  for  i n -  

troducing  a  p i lo t   fuel  to  i n i t i a t e   combustion.  For  example,  a  sparkplug  (not  

shown)  can  be  mounted  to  extend  into  f i r s t   combustion  region  13. 

Referr ing  to  FIGURE  1,  for  example,  for  the  purpose  of  c a l c u l a t i n g  

residence  time  in  connection  with  the  method  of  the  invention,   the  primary 

combustion  region  can  be  considered  to  be  the  region  from  the  downstream  tip  o f  

fuel  nozzle  24  to  the  midpoint  of  the  air  in le t   ports  34,  and  the  secondary 

combustion  region  can  be  considered  to  be  the  region  from  the  midpoint  of  s a i d  

ports  34  to  the  midpoint  of  the  openings  40. 

Said  f i r s t   o r i f i c e   29  and  said  second  o r i f i ce   32  have  been  i l l u s t r a t e d  

as  being  c i r cu l a r   in  shape  and  this  is  usually  preferred.   However,  it  is  w i th in  

the  scope  of  the  invention  for  e i ther   or  both  of  said  o r i f i ces   to  have  o t h e r  

shapes,  e .g . ,   t r i angu l a r .   Said  flame  tube  has  been  i l l u s t r a t e d   as  being  c y l i n -  

dr ica l   in  shape  and  this   is  usual ly  prefer red .   However,  it  is  within  the  scope 

of  the  invention  for  said  flame  tube  to  have  any  other  su i tab le   shape. 



Referring  to  FIGURES  6,  7,  and  8,  a  variable  dome  member  17  comprises 

a  fixed  c i rcu la r   back  plate  128  cen t ra l ly   mounted  in  an  opening  138  provided  in  

fuel  flange  21  by  means  of  a  pair  of  mounting  bars  132.  A  p lu ra l i t y   of  spaced 

apart  openings  134,  arranged  in  a  c i r c l e ,   are  provided  in  said  plate  128.  A  stop 

pin  136  projects   perpendicular ly   from  one  of  said  bars  132.  Said  opening  138  i n  

fuel  flange  21  is  in  communication  with  air  supply  conduit  44  (see  FIGURE  2) .  

A  cent ra l ly   disposed  c i rcu la r   boss  member  140  projects   outwardly  from  the  

upstream  face  of  said  fixed  plate  128  for  receiving  and  mounting  a  front  a d j u s t -  

able  plate  142  t he reon .  

Said  front  plate  142  is  c i r c u l a r - l i k e ,   and  of  the  same  size  as,  sa id  

fixed  plate  128.  A  p l u r a l i t y   of  spaced  apart  openings  144  are  proivided  in  sa id  

front  plate  142  and  correspond  in  size  and  c i rcu la r   arrangement  to  that  of  s a id  

openings  134  in  backplate  128.  A  pair  of  spaced  apar t  s top   pins  146  p r o j e c t  

perpendicular ly   from  the  side  of  said  front  plate  142.  An  actuator  tab  148 

projects   perpendicular ly   from  one  side  of  said  front  plate  at  a  location  spaced 

from  said  stop  pins  146.  Push  rod  150  is  p ivo ta l ly   connected  to  said  a c t u a t o r  

tab  148  in  any  su i table   manner  as  shown.  Said  push  rod  150  can  be  actuated  i n  

a  back  and  forth  manner  by  means  of  ro l l e r   mechanism  152  mounted  on  the  o u t s i d e  

of  fuel  flange  21  in  any  sui table   manner.  Flexible  shaft  154  extends  through  a 

control  panel  (not  shown)  and  is  connected  to  a  ro ta tab le   knot  (not  shown)  f o r  

movement  of  said  shaft  154,  said  ro l l e r   mechanism  152,  and  said  rod  150  f o r  

ro ta t ing   said  front  plate  142  within  the  l imits   imposed  by  stop  pins  146  a c t i n g  

against  stop  pin  136. 

In  assembly,  said  fuel  flange  21  is  mounted  between  adjacent  f l anges  

as  shown  in  FIGURE  2.  The  upstream  end  of  the  flame  tube  f i t s   to  adapter  26 

which  in  turn  is  secured  to  the  downstream  face  of  dome  member  17.  Fuel  con- 

duit  19  extends  through  said  flange  21  and  communicates  with  a  central   c av i t y  

formed  in  the  downstream  side  of  dome  member  17  which  is  adapted  to  receive  f u e l  

nozzle  24  mounted  there in .   The  central   opening  156  in  front  plate  142  f i t s   i n t o  

boss  member  140  on  backplate  128  and  said  front  plate  is  held  in  s l iding  engage- 

ment  with  backplate  128  by  Leans  of  cap  screw  158  and  washer  160.  Said  push 



rod  150,  by  v i r tue   of  the  back  and  forth  movement  d e s c r i b e d  a b o v e ,  r o t a t e s  s a i d  

front  plate  142  to  bring  openings  144  therein  into  and  out  of  r eg i s te r   with 

openings  134  in  said  backplate  128  to  thus  vary  the  e f f ec t i ve   size  of  opening 

provided  in  va r iab le   dome  17  and  vary  the  amount  of-  air   passed  through  said  dome 
into  mixing  sect ion  11  and  then  into  primary  combustion  region  13.  As  shown  in  

FIGURE  2,  said  openings  144  and  134  are  in  fu l l   r e g i s t e r   and  the  dome  member  i s  

completely  open.  As  shown  in  FIGURE  6,  said  openings  are  out  of  r eg i s t e r   and  the  

dome  member  is  completely  c l o s e d .  

In  the  p r ac t i ce   of  the  invention,   i t   is  sometimes  desirable   to  c o n t r o l  

the  e f fec t ive   size  of  the  openings  in  the  va r iab le   dome  17  of  the  combustors  of  

the  invention  in  accordance  with  fuel  flow  to  the  combustor.  This  can  be  accom- 

plished  manually  by  means  of  the  push  rod  150  and  associa ted   elements.  However, 

in  continuously  operat ing  combustors  which  operate  over  a  varied  range  of  o p e r -  

ating  condi t ions ,   i t   is  sometimes  des i rable   that  the  e f f ec t ive   size  of  the  dome 

openings  be  con t ro l l ed   au tomat ica l ly .   Any  su i t ab le   control   means  can  be  provided 

for  this  purpose,  for  example,  the  control   means  diagrammatical ly  i l l u s t r a t e d   i n  

FIGURE  6.  Said  control   means  can  be  adapted  to  the  combustor  of  FIGURE  1  by 

providing  an  o r i f i c e   in  fuel  conduit  19,  opera t ive ly   connecting  said  o r i f ice   t o  

a  con t ro l l e r   unit   109,  and  operat ively   connecting  said  con t ro l l e r   unit  by  a 

sui table   l inkage  110,  to  shaft   154  of  rack  and  r o l l e r   mechanism  152  which  moves 

push  rod  150  back  and  fo r th .   Thus,  con t ro l l e r   109  responds  to  the  flow  of  f u e l  

through  the  o r i f i c e   in  conduit  19,  actuates   linkage  110,  which  is  o p e r a t i v e l y  

connected  to  shaft   154,  and  programs  the  back  and  forth  movement  of  rod  150.  The 

speci f ic   control   means  comprising  the  o r i f i ce   in  fuel  conduit  19,  con t ro l l e r   109, 

and  linkage  110  forms  no  par t ,   per  se,  of  the  present  invent ion.   Said  c o n t r o l  

means  can  be  modified  or  subs t i tu ted   for  by  any  means  known  in  the  art .   An 

automatic  control   means  such  as  described  above  can  be employed  on  the  combustors 

of  the  invent ion  when  said  combustors  are  employed,  for  example,  in  a  gas  t u rb ine  

engine,  e i the r   s t a t i ona ry   or  mobile.  In  a mobile  i n s t a l l a t i o n   such  as  a  v e h i c l e ,  

such  a  control   means  can  be  employed  to  vary  the  amount  of  air  admitted  through 

the  dome  member  in  accordance  with  fuel  flow  as  said  fuel  flow  changes  wi th  



c h a r g e d  a  speed  of  the  vehic le .   In  a  s ta t ionary   i n s t a l l a t i o n   such  as  a  l a rge  

gas  turbine  engine  driving  a  standby  generator  in  a  power  plant,   such  a  con t ro l  

means  can  be  employed  to  vary  the  amount  of  air  admitted  through  the  dome  member 

in  accordance  with  fuel  flow  when  the  generator  must  be  put  on  the  line  r a p i d l y .  

FIGURE  10  shows  a  modified  dome  member  17,  mixing  zone  11  and  primary 

combustion  region  13  for  the  combustor  of  FIGURES  1  through  5.  In  this  mod i f i -  

cation,  various  elements  have  been  s implif ied  to  make  the  combustor  p a r t i c u l a r l y  

sui table  for  the  combustion  of  heavy  o i ls ,   such  as  shale  o i l .  

Spec i f i ca l ly ,   the  nozzle  24  (referred  to  in  de ta i l   he re ina f t e r )   i s  

adapted to  thoroughly  mix  the  fuel  i n  a i r   for  improved  atomization  of  the  f u e l .  

The  remainder  of  the  primary  air  to  the  primary  region  13  of  the  combustor  i s  

introduced  through  conduit  162.  Conduit  162  thus  supplies  primary  air  through 

tangent ia l   slot  means  28  and  30  and  through  var iable   air  in le t   means  164. 

FIGURE  40  also  i l l u s t r a t e s   a  su i table   igni t ion  means  166.  Igni t ion  means  166 

is  mounted  to  communicate  with  mixing  region  11  through  a  passage  through  dome 

member  17.  Igni t ion   means  166  includes  a sparkplug  168,  a  fuel  in le t   170  ( fo r  

a  fuel  such  as  propane)  and  an  air  in le t   172. 

Referring  to  FIGURES  11,  12  and  13,  the  dome  member  can  comprise  a 

fixed  generally  cy l i nd r i ca l   member  80  (see  FIGURE  12)  closed  at  one  end  and  open 

at  the  other  end.  A  p l u r a l i t y   of  openings  82  are  provided  at  spaced  a p a r t  

locat ions  around  the  circumference  of  said  cy l indr ica l   member  80  adjacent  t he  

closed  end  thereof.   An  opening  84  is  provided  in  said  closed  end  for  r e c e i v i n g  

a  fuel  nozzle.  The  out le t   of  said  fuel  nozzle  would  be  posi t ioned  s imi lar ly   as 

shown  for  nozzle  24  in  FIGURE  2.  Another  opening  88  is  provided  in  said  closed 

end  for  receiving  an  ign i t e r   means  (not  shown)  which  would  also  extend  to  a 

posi t ion  adjacent  the  out let   of  the  fuel  nozzle.  Openings  92  are  provided  for  

receiving  mounting  bolts   (not  shown)  for  mounting  the  dome  member  onto  the  

central   portion  of  a  fuel  flange  such  as  fuel  flange  21.  Said  central   po r t ion  

of  the  fuel  flange  would  be  adapted  to  accommodate  the  fuel  nozzle  s imilar ly  as 



s h o w n   in  FIGURE  2,  and  also  the  igni ter   means.  A  mounting  flange  94 is  con- 

nected  to  and  provided  around  the  open  end  of  said  cy l indr ica l   member  80  f o r  

mounting  said  member  80  on  the  upstream  end  of  a  combustor  flame  tube,  s i m i -  

lar ly  as  shown  in  FIGURE  2.  A  groove  96  is  provided  in  said  flange  94  around 

the  open  base  of  said  cy l ind r i ca l   member  80.  A  pair   of  spaced  apart  stop  pins  98 

project   from  said  flange  94  perpendicular   thereto  and  adjacent  said  c y l i n d r i c a l  

member  80.  An  o r i f i ce   95,  preferably  tapered  inwardly,  is  provided  in  s a id  

flange  94  adjacent  and  in  communication  with  the  open  end  of  said  c y l i n d r i c a l  

member  80. 

The  ad jus tab le   t h r o t t l e   ring,100  of  FIGURE  11  is  mounted  around  sa id  

cy l ind r i ca l   member  80  and  is  provided  with  a  p l u r a l i t y   of  spaced  apart  openings 

102  therein  of  a  size,  number,  and  shape  and  at  spaced  apart  loca t ions ,   c o r r e s -  

ponding  to  said  openings  82  in  cy l indr ica l   member  80.  Said  t h r o t t l e   ring  f i t s  

into  groove  96  in  flange  94.  An  actuator  pin  104  projec ts   outwardly  from  the  

outer  surface  of  said  t h r o t t l e   ring  100  and  coacts  with  said  stop  pins  98  t o  

l imit   the  movement  of  said  ring  100.  Fr ic t ion   lugs  106  are  provided  on  the  top 

and  the  bottom  of  said  ring  100  for  movably  bearing  against  the  surface  on  which 

cy l ind r i ca l   member  80  is  mounted,  and  the  bottom  of  groove  96,  r e s p e c t i v e l y .  

FIGURE  13  is  a  cross  section  of  ring  100  mounted  on  member  80. 

Any  su i tab le   means  can  be  provided  for  actuating  actuator  pin  104. 

Such  actuat ing  means  can  comprise  a  Y-shaped  yoke  which  f i t s   around  actuator  p i n  

104,  with  the  bottom  leg  of  the  Y  connected  to  a  ro ta tab le   control  rod  which 

extends  through  the  outer  housing  or  casing  of  the  combustor.  Rotation  of  sa id  

control  rod  wil l   pivot  the  Y-shaped  yoke  and  coact  with  said  pin  104  to  cause 

ro ta t ion   of  t h r o t t l e   ring  100  within  the  l imit   of  the  space  between  stop  pins  98 

and  thus  adjust   the  r e g i s t e r   and  e f fec t ive   size  of  the  opening  provided  by  open- 

ings  82  and  102.  As  shown  in  FIGURE  13,  said  openings  82  and  102  are  in  d i r e c t  

r eg i s t e r   with  each  other  to  provide  the  maximum  opening  into  the  dome.  When 

flange  94  is  mounted  on  the  upstream  end  of  a  flame  tube,  such  as  the  flame  tube 

in  FIGURE  1,  air  introduced  through  openings  82  and  102  will  be  in t roduced 



r a d i a   e .g . ,   around  and  generally  perpendicular   to  the  d i rec t ion   of  i n t r o -  

duction  o f - fue l .   Said  openings  82  and  102  have  been  i l l u s t r a t e d   as  being 

c i rcu la r ,   and  this  is  usually  prefer red .   However,  said  openings  can  be  r e c t a n -  

gular,  e .g . ,   square,  if  d e s i r e d .  

FIGURE  14  shows  the  var iable   a i r  i n l e t   means  of  FIGURES  11,  12  and  13 

mounted  in  the  dome  17  of  the  combustor  shown  in  FIGURES  1  through  5  or  that  of 

FIGURE  10.  FIGURE  14  also  shows  a  sui table   operating  mechanism  including  p ivo t  

arm  174,  control   shaft  176  and  dome  ro t a t ion   indicator   178.  This  p a r t i c u l a r  

variable  dome  member  is  preferred  when  burning  heavy  f u e l s .  

FIGURE  15  of  the  drawings  shows  an  a l t e r n a t i v e   mixing-primary  combus- 

tion  region  11-13  which  can  be  u t i l i z ed   in  the  pract ice   of  the  present  i n v e n t i o n .  

The  s t ructure   of  FIGURE  15,  in  an  overall   sense,  is  similar  to  that  of  FIGURE  10 

and,  therefore ,   is  also  well  suited  for  the  combustion  of  heavy  o i ls ,   such  as 

shale  o i l .  

The  apparatus  of  FIGURE  15  d i f fe r s   from  that  of  FIGURE  10  in  the  manner 

of  introducing  primary  air  and  mixing  the  fue l   and  air .   Spec i f i ca l ly ,   a  neck 

section  180  is  formed  downstream  of  nozzle  24  to  form  an  annular  primary  a i r  

chamber  182.  Neck  means  180  diverges  outwardly,  in  the  downstream  d i rec t ion ,   t o  

subs t an t i a l l y   the  ful l   diameter  of  the  flame  tube,  thus  forming  f lared  or 

diverging  section  184.  All  of  the  primary  air ,   beyond  that  u t i l i z ed   in  nozzle  

24,  is  introduced  through  var iable   dome  164  and  slots  186.  This  means  of  i n t r o -  

duction  of  primary  air  causes  the  air  to  r ad ia l ly   impinge  against  the  stream  of 

a i r - fue l   from  nozzle  24,  thus  bringing  about  intimate  mixing  and  s t a b i l i z a t i o n  

of  the  flame  adjacent  the  upstream  end  of  the  primary  combustion  zone. 

FIGURE  16  shows  s t i l l   another  mixing-primary  combustion,region  11-13 

which  is  adapted  to  a t t a in   intimate  mixing  of  a  heavy  fuel,  such  as  shale  o i l ,  

and  air  and  s t a b i l i z e   the  flame  adjacent  the  upstream  end  of  the  primary  r eg ion .  

The  combustor  of  FIGURE  16  is  similar  to  the  previous  embodiment  of 

FIGURE  15,  except  that  a  single  primary  air  in t roduct ion   means  188  (in  add i t i on  

to  the  air  introduced  through  nozzle  24)  is  provided  which  combines  the  f e a t u r e s  



of  a  var iable   air  in le t   and  tangent ia l   air  in t roduc t ion .   More  spec i f i ca l ly ,   p r i -  

mary  air  in t roduc t ion   means  188  includes  fins  190,  disposed  at  45°  angles  such 

that  the  air  entering  through  the  var iable   in le t   enters  the  mixing  region  11 

t angen t i a l ly   or  in  a  c i r cu la r   manner,  as  through  the  air  in le t   means  28  and  30  of 

FIGURES  1  through  5,  9  and  10.  The  s t ruc ture   of  FIGURE  16  also  includes  a 

f lared  or  diverging  sect ion  192,  s imilar   to  section  184  of  FIGURE  15,  bu t  

shortens  the  neck  section  180  of  FIGURE  15. 

In  al l   of  the  embodiments  of  the  mixing-primary  combustion  regions  11- 

13,  previously  discussed,   int imate  mixing  is  a t ta ined  in  the  mixing  region  l I  

and  the  flame  is  s t ab i l i z ed   adjacent  the  upstream  end  of  primary  combustion 

region  13.  However,  i t   should  be  recognized  that  there  is  no  sharp  line  of 

demarcation  separa t ing  the  mixing  region  11  and  the  primary  region  13,  s i n c e ,  

as  previously  s ta ted ,   the  upstream  end  of  the  primary  combustion  region  13  i s  

considered  to  begin  at  the  tip  of  the  fuel  nozzle  24  and  the  primary  combustion 

region  flame  is  es tab l i shed   and  s t ab i l i zed   at  s l i gh t ly   d i f f e ren t   points  in  the  

upstream  end  of  the  primary  combustion  region  in  the  several  embodiments  des -  

cribed.  Hence,  the  mixing  region  11  and  the  primary  combustion  region  a c t u a l l y  

merge  into  a  single  mul t i - func t ion   mixing-primary  combustion  region,  but,  in  a l l  

cases,  the  flame  is  s t ab i l i zed   "adjacent  the  upstream  end  of  the  primary  com- 

bustion  region".   Viewed  in  another  way,  the  upstream  end  of  the  primary  com- 

bustion  region  can  be  said  to  d i f fe r   in  locat ion  for  d i f f e r ing   embodiments  and, 

in  essence,  be  located  approximately  at  the  point  along  the  mixing  r e g i o n -  

primary  combustion  region  11-13  where  the  primary  combustion  region  flame  i s  

s t ab i l i z ed .   In  this  case,  i t   is  then  most  accurate  to  say  that  the  flame  i s  

s t ab i l i zed   "adjacent   the  point  where  the  mixing  region  11  and  the  primary  com- 

bustion  region  13  merge."  

By  cont ras t   to  the  mixing-primary  combustion  region  11-13,  there  i s ,  

in  fact ,   a  d e f i n i t e ,   sharp  line  of  demarcation  between  the  primary  combustion 

region  13  and  the  secondary  combustion  region  15.  This  line  of  demarcation  i s  

"adjacent  the  point  of  in t roduct ion   of  secondary  a i r . "   Previously  d i scussed  



FIGURES  1  and  10  and  FIGURES  17,  18  and  19,  i l l u s t r a t e   several  embodiments  of 

combustors  adapted  to  e s t ab l i sh   an  abrupt  change  from  the  fue l -a i r   rat io  of  the 

primary  combustion  region  13  to  that  of  the  secondary  combustion  region  15, 

while  at  the  same  time  preventing  back-flow  of  secondary  air  into  the  primary 

combustion  region  13  and  c rea t ing   intimate  mixing  in  the  secondary  combustion 

region  15. 

In  the  embodiment  of  FIGURES  1  and  10,  the  above  is  accomplished  by 

converging  and  then  expanding  the  flame  front  by  vir tue  of  o r i f i ces   48  and  50 

and  the  radial   in t roduc t ion   of  secondary  air  through  radial   air  in le t   ports  34 

located  between  the  two  o r i f i c e s .  

FIGURE  17  shows  a  combustor  with  the  speci f ic   mixing-primary  combus- 

tion  region  11-13  of  FIGURE  15  but  a  modified  means  for  terminating  the  primary 

combustion  region.  In  this  embodiment,  the  flame  front  is converged  and  then 

expanded  by  locat ing  a  nozzle  in  the  combustor  while  simultaneously  in t roduc ing  

secondary  air  in  a  radia l   fashion  into  the  vena-contracta   of  the  nozzle.  Speci-  

f i ca l l y ,   an  annular,  angular  ring  194  converges,  in  a  downstream  d i rec t ion ,   from 

the  full   diameter  of  the  primary  combustion  region  13  to  a  reduced  d iameter .  

.  Secondary  air  is  then  introduced  r ad ia l ly   downstream  of  ring  194  through  con- 

duit  196  and  air  in le t   ports  198.  S t i l l   further  downstream,  an  annular  ring  or  

flange  200,  having  an  inside  diameter  equal  to  the  inside  diameter  of  ring  194, 

is  located.  The  embodiment  of  FIGURE  17  accomplishes  the  same  resu l t s   as  t h a t  

of  FIGURES  1  and  10;  namely,  an  abrupt  change  from  the  fue l - a i r   rat io  of  the  

primary  combustion  region  13  to  that  of  the  secondary  combustion  region  15, 

prevention  of  back-flow  of  secondary  air  into  the  primary  combustion  region  13 

and  intimate  mixing  in  the  secondary  combustion  region  15,  but  has  the  advantage 

that  sharp  corners,   where  carbon  can  co l l ec t ,   are  e l i m i n a t e d .  

FIGURE  18  shows  s t i l l   another  means  of  introducing  secondary  air  to  

provide  an  abrupt  change  from  the  fue l -a i r   ra t io   of  the  primary  combustion 

region  13  to  that  of  the  secondary  combustion  region  15,  prevent  back-flow  of 

secondary  air  into  the  primary  combustion  region  15  and  provide  intimate  mixing 



in  the  secondary  combustion  region  15.  This  is  accomplisbed  by  providing 

secondary  air  in le t   ports  202  which  introduce  secondary  air  rad ia l ly   and  at  an 

angle  toward  the  downstream  end  of  the  combustor .  An  or i f ice   means  50  s i m i l a r  

to  that  of  FIGURE  1  is  p rov ided .  

FIGURE  19  i l l u s t r a t e s   yet  another  means  of  introducing  secondary  a i r ,  

in  which  r a d i a l l y - d i s p o s e d   secondary  air  in le t   tubes  204  extend  into  the  flame 

tube  to  form  a  reduced  diameter  cent ra l   d i lu t ion   region.  Orifice  means  50  i s  

located  as  in  previously  discussed  FIGURE  1.  

FIGURES  20,  21  and  22  show  in  greater  de ta i l   the  fuel  nozzle  24. 

In  accordance  with  FIGURES  20,  21  and  22,  fuel  is  introduced  through 

passage  206  and  thence  into  mixing  chamber  208.  Air  is  introduced  through 

passage  210  and  thence  t a n g e n t i a l l y   into  mixing  chamber  208  through  air  i n l e t  

means  212.  The  fuel  and  air  are  in t imate ly   mixed  in  chamber  208  and  then 

impinge  or  b las t   against   impingement  or  blast   plate  214.  This  pa r t i cu la r   type 

of  fuel  nozzle  is  p a r t i c u l a r l y   advantageous  for  use  with  heavy  fuels ,   such  as 



shale  oil ,   since  impingement  of  the  f u e l - a i r   mixture  a g a i n s t  p l a t e   214  serves  to  

break  up  droplets   of  the  fuel.   The  p a r t i c u l a r   nozzle  i l l u s t r a t e d   is  a v a i l a b l e  

from  Delavan  Manufacturing  Co.,  West  Des  Moines,  Iowa  as  an  "Air  blast  nozzle"  

and  is  avai lable   for  d i f f e r en t   flow  capac i t i e s   and  f u e l - a i r   ra t ios .   The  p l a t e  

214  is  also  ad jus tab le   so  as  t o  a l t e r   the  exit  angle  from  the  nozzle.  As  used 

in  the  present  invention,   the  exit  angle  of  the  f u e l - a i r   mixture  was  selected  to  

be  about  90°.  

In  one  method  of  operating  the  combustor  of  FIGURES  1-8,  a  stream  of 

fuel  is  introduced  into  the  upstream  end  portion  of  mixing  section  11  via  f u e l  

nozzle  24.  Said  fuel  nozzle  can  be  any  su i tab le   type  of  nozzle,  e .g . ,   a  spray 

nozzle,  an  air  a s s i s t   nozzle,  etc.  The  type  of  nozzle  employed  will  depend  to 

some  extent  at  l eas t ,   upon  the  type  and  proper t ies   of  the  fuel  being  used.  A 

f i r s t   stream  of  air  is  introduced  into  said  mixing  region  11  in  a  swirl ing  o r  

c i r c u l a r - l i k e   d i r ec t i on   around  said  stream  of  fuel.  Preferably,   said  f i r s t  

stream  of  air  is  introduced  in  a  c i r cumferen t i a l   d i r ec t ion ,   around  said  f u e l ,  

and  t angent ia l   the  inner  wall  of  said  mixing  sect ion,   as  by  means  of  t a n g e n t i a l  

slots  28. 

Preferably ,   a  second  stream  of  air  is  introduced  into  said  mixing 

region  11  in  a  swir l ing  or  c i r c u l a r - l i k e   d i rec t ion   around  said  stream  of  f u e l .  

Said  second  stream  of  air   will   also  preferably   be  introduced  in  a  c i r c u m f e r e n t i a l  

d i rec t ion ,   around  said  fuel,  and  t angent ia l   the  inner  wall  of  said  mixing  s e c t i o n ,  

as  by  means  of  t angen t i a l   s lo ts   30.  Said  f i r s t   stream  of  air ,   and  said  second 

stream  of  air  when  used,  can  have  the  same  d i rec t ion   of  swirl  or  a  d i f f e r e n t  

d i rec t ion   of  swirl ,   e.g,  both  clockwise,  both  counterclockwise,   or  one  clockwise 

and  one  counterclockwise.   Preferably,   the  d i rec t ions   of  swirl  will  be  opposi te  

as  i l l u s t r a t e d   in  FIGURES  3  and 4.  When  employing  the  s lots   28  i l l u s t r a t e d   in  

FIGURE  3  the  d i r ec t ion   of  swirl  will  be  clockwise,  looking  downstream.  When 

employing  the  s lots   30  i l l u s t r a t e d   in  FIGURE  4  the  d i r ec t ion   of  swirl  will  be 



counterclockwise,  looking  downstream.  a l s o   preferred  that  the  volume  of  

said  second  stream  of  air  be  greater   than  the  volume  of  said  f i r s t   stream.  This 

is  preferred  so  as  to  more  e f f ec t i ve ly   counteract  or  neu t ra l i ze   the  swirl  of  the  

f i r s t   stream  of  air ,   as  well  as  the  axial  component  of  the  stream  f lowing 

axia l ly   in  the  mixing  sect ion,   and  thus  provide  a  more  homogenous  mixture  o f  

fuel  and  air  flowing  from  said  mixing  region  into  the  primary  combustion  r eg ion .  

Said  f i r s t   and  second  streams  of  air  thus  comprise  primary  combustion  a i r .  

Said  f i r s t   stream  of  a ir ,   and/or  said  second  stream  of  air  when  used, 

and  said  stream  of  fuel  form  a  fue l - r i ch   combustible  mixture  which  is  passed 

from  said  mixing  region  11  into  the  primary  combustion  region  13.  In  sa id  

primary  combustion  region  only  p a r t i a l   combustion  of  said  fue l - r i ch   combustible 

mixture  is  caused  to  occur  and  a  mixture  comprising  hot  combustion  products  and 

p a r t i a l l y   combusted  fuel  is  formed.  Said  combustible  mixture  is  maintained  i n  

said  primary  combustion  region  for  a  period  of  time  which  is  s u f f i c i en t   to  

provide  a  t o t a l   res idence  time  in  said  mixing  region  and  said  primary  combustion 

region  which  is  s u f f i c i e n t   to  reduce  the  conversion  of  fue l -n i t rogen   to  NOx 

emiss ions .  

Said  combustion  products  and  p a r t i a l l y   combusted  fuel  mixture  is  then 

passed  into  the  secondary  combustion  region  which  is  located  downstream  from  and 

in  communication  with  said  primary  combustion  region.  A  stream  of  secondary  a i r  

is  introduced  into  said  secondary  combustion  region  via  ports  34,  located  at  t he  

upstream  end  thereof .   In  said  secondary  combustion  region  the  combustion  i s  

completed  under  f ue l - l e an   condit ions  with  the  r e su l t an t   burnout  of  CO  to  C02. 

Thus,  the  combustors  discussed  can  be  operated  in  a  manner  and  t he  

methods  of  the  invention  comprise  an  operation,   wherein  no  axial  air  is  i n t r o -  

duced  into  the  upstream  end  port ion  of  mixing  region  11.  As  shown  by  t h e  

examples  given  h e r e i n a f t e r   such  a  method  of  operation  gives  good  r e su l t s   and  i s  

one  preferred  method  of  operat ion,   depending  upon  c i rcumstances .  

However,  generally  speaking,  there  will   be  more  s i tua t ions   where  i t  

wi l l  be   preferred  to  introduce  a  third  stream  of  air  into  the  upstream  end  o f ,  



and  generally  axia l ly   with  respect   to,  said  mixing  region,  e.g.,  through  dome 
member  17.  Thus,  generally  speaking,  such  a  method  of  operation  can  be  said  to 
be  a  more  preferred  method,  again  depending  upon  the  circumstances  or  s i t u a t i o n .  
When  said  third  stream  of  air  is  used,  e i ther   one  or  both  of  said  f i r s t   and 
second  streams  of  air  can  be  used  in  combination  therewith.   When  only  one  of  
said  f i r s t   and  second  streams  of  air   is  used,  the  above-referred  to  third  s tream 
of  air  will   become  the  second  stream  of  air  introduced  into  said  mixing  r eg ion .  

When  introducing  said  third  stream  of  air  through  a  variable  dome 
member  such  as  dome  member  17,  or  through  a  nonvariable  dome  menber,  one 
presently  preferred  method  of  introducing  said  stream  of  fuel  is  to  i n t roduce  

same  in  the  form  of  a  hollow  cone  which  diverges  from  Its  point  of  or igin.   Said 
third  stream  of  air  is  then  introduced  around  the  stream  of  fuel,  i n t e r c e p t s  
said  cone,  and  mixes  with  said  f u e l .  

Another  preferred  method  of  operation,   p a r t i c u l a r l y   when  using  a  heavy 
fuel,  comprises  introducing  said  third  stream  of  air  through  a  var iable   dome 

member  such  as  that  i l l u s t r a t e d   in  FIGURES  11,  12  and  13.  In  such  i n s t a n c e s  
said  third  stream  of  air   is  introduced  around  said  fuel  in  a  g e n e r a l l y  

radial   d i rec t ion   which  is  general ly   perpendicular   to  the  d i rec t ion   of  i n t r o -  

duction  of  said  f u e l .  

Referring  now  to  FIGURES  23  and  24  there  is  i l l u s t r a t e d   another  com- 

bustor  (designated  herein  as  Combustor  X)  in  accordance  with  the  i n v e n t i o n .  

Said  Combustor  X  comprises  an  upstream  fue l - a i r   mixing  section  11',  an  i n t e r -  

mediate  primary  combustion  sect ion  13'  located  downstream  from  and  in  cormuni- 

cation  with  said  mixing  sect ion,   and  a  secondary  combustion  section  15'  l oca ted  

downstream  from  and  in  communication  with  said  primary  combustion  sect ion.   Said 

mixing  sect ion  11'  is  defined  at  i ts   downstream  end  by  an  o r i f i ce   plate  or  means 

having  an  o r i f i ce   29'  formed  therein .   A  f i r s t   air  inlet   means  comprising 

tangent ia l   entry  ports  28'  is  provided  for  introducing  a  f i r s t   stream  of  a i r  

into  said  mixing  section  11',  s imi la r ly   as  in  the  combustor  i l l u s t r a t e d   i n  



FIGURES  I  and  2.  Although  only  one  t angent ia l   air  entry  means  is  i l l u s t r a t e d   i n  

FIGURE  24,  it  is  within  the  scope  of  the  invention  to  provide  said  Combustor  X 

with  a  second  t angen t i a l   air  entry  means,  s imi la r ly   as  in  the  combustor  i l l u s -  

t ra ted  in  FIGURES  1  and  2. 

As  i l l u s t r a t e d   in  FIGURE  24,  said  Conbustor  X  is  provided  with  means 

for  in t roducing  a  second  stream  of  air   into  mixing  section  11'  in  admixture  w i th  

the  stream  of  fuel.  Said  second  stream  of  air  is  introduced  into  said  stream  o f  

fuel  via  r ad ia l   por t (s)   52  supplied  from  the  same  plenum  chamber  supplying 

tangent ia l   entry  ports  28'.  As  i l l u s t r a t e d   in  FIGURE  24,  said  Combustor  X  i s  

not  provided  with  a  var iab le   dome  member.  However,  it  is  within  the  scope  o f  

the  invention  to  do  so.  It  is  also  within  the  scope  of  the  invention  for  f u e l  

nozzle  24'  in  FIGURE  24  to  be  any  su i tab le   type  of  fuel  nozzle,  including  an 

a i r - a s s i s t   fuel  nozzle.  Preferably ,   said  secondary  air  in le t   means  can  comprise 

a  p l u r a l i t y   of  f ingers  extending  into  the  flame  tube .  

The  operat ion  of  said  Combustor  X  is  s u b s t a n t i a l l y   l ike  that  descr ibed  

above  and  elsewhere  herein  for  the  operat ion  of  the  combustors  represented  by 

FIGURES  1  and  2.  Said  operat ion  will   be  clear  to  those  sk i l led   in  the  art  i n  

view  of  the  d i sc losu re   h e r e i n .  

In  the  above-described  methods  of  operating  the  combustors,  or  com- 

bustion  zones,  of  the  invention,  which  introduce  air  t angen t i a l ly ,   in  accordance 

with  one  embodiment  of  the  invention,   the  amount  of  swirl  air  introduced  i n t o  

the  mixing  region  11  or  11'  will   be  within  the  range  of  from  about  35  to  100 

percent  of  the  t o t a l   air  introduced  into  said  mixing  region  and  then  into  the  

primary  combustion  region.  Stated  another  way,  the  amount  of  air  in t roduced 

through  the  dome  member  and/or  with  the  fuel  and  into  said  mixing  region  can  be 

an  amount  of  up  to  65  percent  of  said  to ta l   a i r .  

-  As  shown  by. the  examples  given  h e r e i n a f t e r ,   which  u t i l i z e   a  l ight   f u e l  

with  high  n i t rogen  content,   i t   has  been  found  that  the  to ta l   amount  of  a i r  

introduced  into  said  mixing  region  and  then  into  the  primary  combustion  reg ion  



should  be  an  amount  ( r e l a t ive   to  the  amount  of  fuel)  which  is  only  su f f i c i en t   to  

form  a  fue l - r i ch   combustible  mixture  of  fuel  and  air  having  a  fue l - a i r   equiva-  

lence  ra t io   within  the  range  of  from  1.05  to  about  1.7,  if  One  is  to  obtain  a 

s ign i f i can t   reduction  in  the  amount  of  fue l -n i t rogen   which  is  converted  to  NO 

emissions,  e .g . ,   to  10  percent  o r  l e s s .   When  it  is  desired  to  obtain  a  f u r t h e r  

reduction  in  said  c o n v e r s i o n ,  e . g . ,   to  7.5  percent  or  less ,   said  f u e l - a i r  

equivalence  ra t io   should  be  maintained  in  the  range  of  from  about  1.14  to  about 

1 .56 .  

As  shown  by  said  examples  given  h e r e i n a f t e r ,   it  has  been  s u r p r i s i n g l y  

discovered  that  there  is  a  de f in i t e   r e l a t ionsh ip   between  said  f ue l - a i r   equivalence 

rat io  (0)  and  the  to ta l   residence  time  in  said  mixing  region  and  said  primary 

combustion  region.  It  has  been  found  that ,   for  r e l a t i v e l y   l ight   fuels ,   s a id  

residence  time  should  be  maintained  within  the  range  of  from  about  30  to  about 

120  mil l iseconds,   preferably   45  to  75  mil l iseconds  in  many  instances,   and  should 

be  s u f f i c i e n t ,   when  cor re la ted   with  said  f u e l - a i r   equivalence  r a t io ,   to  s i g n i f i -  

cantly  reduce  the  conversion  of  fue l -n i t rogen   to  NOx  emissions,  e .g . ,   to  l e s s  

than  10  percent.   The  co r re l a t ion   or  r e l a t i onsh ip   between  said  fue l -a i r   equiva-  

lence  ra t io   and  said  residence  time  is  discussed  fur ther   he re ina f t e r   in  con- 

nection  with  the  examples.  

It  has  also  been  su rpr i s ing ly   discovered  that  for  the  best  r e s u l t s ,  

e .g . ,   the  minimum  conversion  of  fue l -n i t rogen   to  NOx  emissions,  when  t a n g e n t i a l l y  

introduced  air  is  used,  the  amount  of  swirl  air  used  should  also  be  c o r r e l a t e d  

with  said  f u e l - a i r   equivalence  ra t io   and  said  residence  time.  This  c o r r e l a t i o n  

is  discussed  fur ther   h e r e i n a f t e r   in  connection  with  the  examples. 

FIGURES  25,  26,  27  and  28  schematical ly   i l l u s t r a t e   burners,  in  accord-  

ance  with  the  present  invention,   which  are  s p e c i f i c a l l y   designed  for  use  in  

furnaces,  bo i l e r s ,   process  heaters  and  the  l ike.   These  bu rne r s  a l l   have  in  

common  the  fact  that  the  heated  zone  of  the  furnace,  heater  or  boiler  becomes 

the  downstream  portion  of  the  secondary  combustion  zone  and,  accordingly,  the 

portion  of  the  secondary  combustion  zone  forming  an  in tegra l   part  with  the  



mary  combustion  zone  is  extremely  short,   generally  just  of  suf f ic ien t   l ength  

to  permit  the  in t roduct ion   of  secondary  air  in  accordance  with  the  present  

inven t ion .  

The  combustor  of  FIGURE  25,  referred  to  herein  as  combustor  J,  accom- 

plishes  int imate  mixing  of  the  fuel  and  a  f i r s t   volume  of  air  or  primary  air  by 

means  of  a  conf igura t ion   of  the  type  shown  in  FIGURE  10  hereinabove  descr ibed 

and  the  primary  combustion  zone  is  abruptly  terminated  and  the"secondary  com- 

bustion  zone  i n i t i a t e d   by  a  s tep- type,   abrupt  expansion  as  set  forth  in  U.S. 

Patent  4,205,524.  S p e c i f i c a l l y ,   the  main  body  section  214  of  the  burner  i s  

comprised  of  ceramic  sect ions  and  is  attached  to  the  main  heating  section  216  of 

a  furnace  general ly  constructed  of  f i re   brick.  The  burner  214  is  surrounded  by 

air  plenum  218  which  supplies  most  of  the  primary  air  to  the  burner  as  well  as 

all   of  the  secondary  air .   Fuel  is  supplied  at  a  central   location  and  in  an 

axial   d i rec t ion   by  an  air  b las t   atomizer,  u t i l i z i n g   a  part  of  the  f i r s t   volume 

of  air  or  primary  air .   The  fuel  nozzle  extends  into  the  air  plenum  and  i s  

surrounded  by  a  wall  222  defining  an  air  in t roduct ion   or  mixing  zone.  A  second 

portion  of  the  primary  air  is  introduced  through  air  slots  224,  the  size  of 

which  are  adjus table   by  means  of  damper  226.  While  the  second  portion  of  primary 

air  entering  through  s lots   224  enters  in  a  rad ia l   d i rec t ion ,   this  d i rect ion  i s  

changed  to  axial   as  the  air  exits  the  zone  222  through  reduced  diameter  throat  228. 

Thus,  the  fuel  and  f i r s t   port ion  of  the  pr imary  a i r   and  the  second  portion  of  

the  primary  air  form  the  axial  flow  component  referred  to  herein.  A  t h i r d  

port ion  of  the  primary  air   is  introduced  through  t angen t ia l ,   counterclockwise  

primary  air  s lo ts   230.  This  air   thus  introduced  in  a  generally  radia l   d i r e c t i o n  

then  mixes  with  the  fuel  and  air  from  the  air  b last   nozzle  and  slots  224  in  

zone  232.  Final ly   a  fourth  portion  of  the  primary  air  is  introduced  through 

t angen t ia l ,   clockwise  air  s lots   234.  Accordingly,  the  air  entering  through 

slots   230  and  234  form  the  general ly  rad ia l   flow  component  referred  to  h e r e i n .  

While  section  232  is  re fer red   to  as  a  mixing  zone,  in  actual  pract ice   when  the  

burner  is  operating  at  peak  performance  the  flame  will  be  seated  ad jacen t  



throat  228  of  the  burner.  Fuel  rich  combustion  thus  takes  place  in  sections  232 

and  214  of  the  burner,  r e su l t ing   in  the  production  of  an  eff luent   conta in ing  

unburned  fuel  CO  and  carbon  dioxide  and  most  of  the  nitrogen  in  the  form  of 

elemental  n i t rogen.   The  flame  front  leaving  section  214  of  the  burner  is  then 

abruptly  expanded  into  section  238.  Section  238  is  provided  with  air  slots  240 

through  which  the  secondary  a i r  o r   the  remainder  of  the  air  is  introduced  so  as 

to  produce  a  fuel  lean  mixture.  A  damper  242  is  also  provided  to  adjust  the  

volume  of  this  air .   The  air  through  slots  240  enters  r ad ia l ly   and  is  of  s u f f i -  

cient  veloci ty  to  e s s e n t i a l l y   penetra te   the  flame  front  to  its  axis  and  mix  with 

the  moving  front  and  e f f luent   from  the  primary  combustion  region.  The  add i t i on  

of  air  through  the  secondary  air  alots  240  thus  produces  an  overall   fuel  lean 

fuel  air  mixture.  This  mixture  is  then  again  expanded  into  the  heating  zone  216 

of  the  furnace.  This  expansion  completes  the  mixing  of  the  primary  zone  e f f l u e n t  

or  flame  front  and  the  secondary  air .   By  way  of  example,  section  232  has  a 

length  to  diameter  r a t io   of  about  1.  A  f u e l - a i r   mixing  zone  forming  a  part  of 

zone  236  also  has  a  length  diameter  ra t io   of  1  and,  what  may  be  termed  the  NO 

reduction  portion  of  zone  236,  is  about  4  feet  long  at  a  flow  veloci ty  of  about 

50  feet  per  secondd.  In  the  operation  of  this  burner  the  air  introduced  would 

be  approximately  2.8  percent  to  the  air  blast   nozzle,  26.6  percent  through 

slots  224,  14.1  percent  through  slots  230  and  21  percent  through  slots  234,  thus 

introducing  a  f i r s t   volume  of  air  or  primary  air  equal  to  64.5  percent  of  the  

to ta l   air  to  combustion  system.  The  remaining  35.5  percent  of  the  total   air  i s  

introduced  through  secondary  air  s lots   240  to  produce  an  overall   f u e l / a i r   r a t i o  

having  3  percent  excess  oxygen  or  a  f u e l / a i r   equivalence  ra t io   of  0.87.  Thus, 

under  these  designed  condi t ions ,   the  f u e l / a i r   equivalence  rat io  in  the  primary 

combustion  region  or  f u e l - r i c h   region  would  be  1.35.  As  in  previous  conf igura -  

tions  the  flame  is  seated  adjacent  the  cons t r i c t ion   228  (the  end  of  nozzle  220 

and-the  primary  combustion  as  fue l - r i ch   combustion  extends  from  this  point  to 

the  secondary  air  in t roduc t ion   slots   240. 

FIGURE  26  shows  yet  another  embodiment  of  the  present  invention  s p e c i -  

f i ca l ly   designed  for  use  with  a  process  heater ,   boi ler   or  the  l ike.   The  burner  



of  FIGURE  26  u t i l i z e s   a  fuel-primary  air  mixing  configurat ion  similar  to  that  of 

FIGURE  15  here tofore   described  and  an  abrupt  termination  means  for  the  i n t roduc -  

tion  of  secondary  air  and  mixing  of  the  secondary  air  with  the  flame  front  of 

the  character   set  forth  in  U.S.  Patent  4 ,205 ,524 .  

Spec i f i ca l l y ,   the  burner  242  is  connected  to  heated  section  244  of  a 

furnace,  bo i le r   or  the  l ike.   As  in  the  previous  embodiment, the  heated  reg ion  

242  comprises  the  downstream  port ion  of  the  fuel  lean  or  secondary  region  of  the 

combustion  system.  Burner  242  is  surrounded  by  air  plenum  246  which  supp l i e s  

most  of  the  primary  air  and  all   of  the  secondary  air  to  the  burner  system.  Fuel 

is  supplied  by  air   b las t   atomizer  248  which  u t i l i z e s   a  f i r s t   part  of  the  f i r s t  

volume  of  air  or  primary  air .   Atomizer  248  extends  into  mixing  section  250  which 

is  supplied  with  air  through  air  in t roduct ion   slots  252.  A  second  portion  of  t he  

f i r s t   volume  of  air  or  the  primary  air   is  introduced  through  slots  252  and  t h i s  

volume  is  control led   by  a  damper  254.  As  in  the  previous  embodiment,  the  a i r  

enters  through  s lots   252  in  a  generally  radia l   d i rec t ion .   However,  in  mixing 

section  250  and  passage  through  r e s t r i c t e d   neck  portion  256  the  second  po r t i on  

of  primary  air  becomes  an  axial  flow  component  along  with  the  fuel  and.  air  from 

air  b las t   atomizer  248.  A  third  volume  of  primary  air  is  introduced  through 

air   s lots   258  which  are  control led  by  damper  260.  The  air  introduced  through 

slots   258  is  introduced  in  a  true  rad ia l   d i rec t ion   and  becomes  the  sole  r a d i a l  

flow  component.  Simplified  mixing  occurs  in  this  p a r t i c u l a r   arrangement,  both 

due  to  the  sudden  expansions  of  the  a i r - f u e l   mixture  from  o r i f i ce   256  and  by 

the  air  pene t ra t ing   toward  the  core  of  the  mixture  in  the  axial   d i rec t ion   from 

slots  258.  The  a i r - f u e l   mixture  is  igni ted  and  the  flame  seated  adjacent  the 

o r i f i c e   256  and  the  flame  front  passes  through  the  primary  combustion  region  262 

as  a  f u e l - r i c h   mixture.  Eff luent   from  section  262  comprises  flue  gases  con ta in -  

ing unbumed  and  p a r t i a l l y   burned  fuels .   This  e f f luent   is  then  expanded  abrupt ly  

into  section  264  where  it   is  di luted  to  a  fuel  lean  overal l   mixture  by  the  i n t r o -  

duction  of  s u f f i c i e n t   secondary  air  through  s lots   266.  The  size  of  slots  266  i s  

control led   by  damper  268  and  the  mixture  is  then  fur ther   expanded  into  the  



heating  section  244  of  the  furnace  or  the  l ike.   As  in  the  previous  embodiment, 

abrupt  terminat ion  of  the  primary  combustion  zone  occurs  as  a  resul t   of  the 

expansion  of  the  flame  front  in  section  264  the  radial   or  axial  in t roduct ion  of 

the  secondary  air  through  slots   266  and  the  further  expansion  into  the  furnace  

proper  244.  In  this  p a r t i c u l a r   burner  a  typical   arrangement  would  have  a  f u e l -  

air  mixing  sect ion  downstream  from  slots  258  and  having  a  length/diameter   r a t i o  

of  about  1  in  sect ion  262  of  the  burner  followed  by  a  NO  reduction  zone  about 

4  feet  long  at  a  flow  ve loc i ty   of  50  feet  per  second.  To  achieve  a  f u e l / a i r  

equivalence  ra t io   in  the  primary  combustion  section  or  zone  of  about  1.55,  a i r  

d i s t r i b u t i o n   would  be  approximately  2.4  percent  to  air  blast   atomizer  248,  23.3 

percent  through  s lots   252,  30.6  percent  through  slots  258  and  the  remainder  of 

43.7  percent  through  s lots   266,  thus  providing  an  overall   fuel  air  equivalence 

ratio  of  0.87  at  3  percent  excess  oxygen. 

Yet  another  embodiment  of  the  present  invention,   spec i f i c a l l y   designed 

for  use  as  a  burner  with  a  combustion  system  in  which  the  heated  zone  of  a  f u r -  

nace,  boi ler   or  other  heater   comprises  a  secondary  combustion  zone,  is  shown  i n  

FIGURE  27.  The  embodiment  of  FIGURE  27  includes  a  fuel  and  primary  air  mixing 

configurat ion  of  the  character   shown  in  de ta i l   in  FIGURE  16  and  a  means  f o r  

abruptly  terminat ing  the  primary  combustion  zone  of  the  character   p rev ious ly  

described  in  connection  with  FIGURES  1,  9,  17,  18  and  19.  As  previously  shown 

in  FIGURES  25  and  26,  a  ra ther   long  primary  combustion  zone  was  i l l u s t r a t e d .  

However,  in  many  ins tances   where  the  burner  is  to  be  u t i l i z ed   in  a  combustion 

system  for  a  heater ,   boi ler   or  the  l ike,   space  l imi ta t ions   are  a  de termining 

factor  and  thus  a  long  burner  is  not  acceptable.   Consequently,  the  burner  of 

FIGURE  27  is  designed  to  f i t   into  a  shorter  space  than  the  two  previous  burners  

and  for  this  purpose  has  a  s u b s t a n t i a l l y   larger  diameter  than  the  burners  of 

FIGURES  25  and  26  so  as  to  provide  e s sen t i a l l y   the  same  residence  time  in  the 

primary  combustion  zone.  Since  the  primary combustion  region,  and  thus  the  

flame  front  passing  through  the  primary  combustion  zone,  is  larger  in  cross  sec-  

tion  in  this  p a r t i c u l a r   conf igurat ion  it  is  helpful  to  have  the  improved  abrupt  



termination  means  for  the  termination  of  the  primary  zone  and  the  i n i t i a t i o n  

of  the  secondary  zone,  wherein  improved  mixing  is  at tained  by  reducing  the 

per ipheral   dimensions  of  the  flame  front  and  introducing  the  secondary  a i r  

e i ther   immediately  prior   to  the  reduction  of  the  dimensions  of  the  flame  f r o n t  

or  into  the  reduced  dimension  sect ion  of  the  flame  front  and  then  abrupt ly  

expanding,  in  this   case  into  the  heated  zone  of  the  furnace  or  the  l ike.   The 

burner  270  of  FIGURE  27  was  designed  as  an  actual  prototype  burner  for  burning 

shale  oil  with  a  heat  output  of  10  mil l ion  BTU.  The  burner  270  is  provided 

with  fuel  nozzle  272  having  a  gas  in le t   274,  for  introducing  gas  to  ignite  the  

burner,  and  a  fuel  i n l e t   278,  in  t h i s  c a se   a  shale  oil  i n l e t ,   and  a  steam  i n l e t  

280.  It  is  well  known  that  the  sensible  heat  of  the  steam  makes  steam  supe r io r  

atomizing  medium  for  extremely  heavy  mater ia l   such  as  shale  oil ,   as  opposed  t o  

air  as  an  atomizing  means.  However,  an  air  b las t   atomizer  or  the  like  as  shown 

in  the  previous  embodiments  could  just   as  readi ly   be  u t i l i z e d .   All  of  the  p r i -  

mary  air  is  introduced  to  the  burner  270  through  a  primary  air  plenum  282.  A l l  

of  this  primary  air   passes  through  spin  vanes  284  which  provide  a  sw i r l i ng  

motion  to  the  air  introduced  a  general ly  radial   d i rec t ion .   Consequently,  in  the  

conf igura t ion   i l l u s t r a t e d   herein,  fuel  is  the  sole  axial  flow  component  and  the  

air  through  spin  vanes  284  is  the  sole  rad ia l   flow  component.  These  two  flow 

components  mix  in  the  cent ra l   region  of  the  air  plenum  282  and  are  passed  through 

necked  down  o r i f i ce   port ion  286  and  abruptly  expanded  into  the  primary  combustion 

zone  288.  The  volume  of  air  passing  through  the  spin  vanes  284  could  be  a d j u s t -  

able  by  means  of  a  damper,  as  s p e c i f i c a l l y   i l l u s t r a t e d   in  FIGURE  16,  but  none  i s  

used  in  the  present   app l i ca t ion ,   control  of  the  volume  of  air  being  made  upstream 

of  i t s   i n t roduc t ion   into  the  plenum  282  by  appropriate   damper  means.  The  flame 

front  passing  through  primary  combustion  region  288  is  then  gradually  reduced 

in  diameter  to  the  diameter  of  o r i f i ce   290.  Thus,  the  abrupt  primary  zone 

terminat ion  means  shown  s p e c i f i c a l l y   is  that  i l l u s t r a t e d   in  FIGURE  17  as  opposed 

to  that  of  FIGURES  I  and  9.  The  reason  for  this  is  that  this  p a r t i c u l a r   con- 

f igura t ion   is  be t t e r   for  a  heavy  oil  or  the  like  which  has  a  tendency  to  produce 



carbon  deposi ts .   By  gradually  reducing  the  diameter  of  che  flame  front  the 

pockets  which  would  be  formed  by  abrupt  reduction  to  the  or i f ice   size  are  

eliminated,  thus  reducing  the  p r o b a b i l i t i e s   of  carbon  deposit  and  the  l ike.   In  

this  pa r t i cu l a r   instance,   secondary  air  is  introduced  through  a  secondary  a i r  

plenum  292,  separate  from  the  primary  air  plenum.  However,  as  is  obvious  to  

anyone  ski l led   in  the  art  and  as  was  done  in  the  previous  embodiments,  a  s i ng l e  

air  plenum  may  supply  both  primary  or  secondary  air  or  they  may  be  separate  as 

in  the  present  case  and  control led  by  external   valves  or  one  or  both  may  be  con- 

t ro l led   by  dampers  such  as  the  damper  294  on  the  secondary  air  slots  296  of  the  

present  embodiment.  Secondary  air  is  introduced  rad ia l ly   into  the  reduced 

diameter  port ion  of  the  flame  front ,   thus  increasing  penet ra t ion   of  the  second- 

ary  air  to  the  cent ra l   axis  of  the  flame  front  and  enhancing  mixing  and  r ap id  

conversion  from  a  fuel  rich  conf igura t ion   to  a  fuel  lean  conf igura t ion.   The 

mixture  is  then  fur ther   mixed  by  abrupt  expansion  into  the  heated  region  of  the  

furnace  proper  298.  This  p a r t i c u l a r   conf igurat ion  had  a  6-inch  diameter  t h r o a t  

286,  a  primary  zone  diameter  of  28  inches,  and  a  diameter  of  20.5  inches  f o r  

o r i f i ce   290.  The  length  of  the  primary  combustion  region  from  the  upstream 

edge  of  the  secondary  air  in le t   296  to  the  throat  286  was  44  inches  and  the  

portion  of  the  secondary  combustion  region  from  the  upstream  edge  of  secondary 

air  slots  296  to  the  heated  zone  298  of  the  furnace  proper  was  7  inches.  As 

previously  indica ted ,   damper  294  adjusts   the  size  of  secondary  air  openings  296 

which,  in  the  spec i f ic   case  shown,  comprise  twelve  2-inch  diameter  h o l e s .  

Yet  another  embodiment,  designed  as  a  prototype  of  a  process  burner  

having  a  10  mil l ion  BTU  output,  is  i l l u s t r a t e d   in  FIGURE  28.  The  c o n f i g u r a t i o n  

of  the  primary  air  and  fuel  mixing  mechanism  is  of  the  general  character   shown 

in  de ta i l   in  FIGURE  15  of  the  drawings,  while  the  means  for  abruptly  t e rmina t ing  

the primary  combustion  region  and  i n i t i a t i n g   the  secondary  combustion  region  or  

going  from  the  fuel  rich  combustion  region  to  the  fuel  lean  combustion  region  i s  

s p e c i f i c a l l y   the  type  shown  in  the  previous  example  and  described  with  r e spec t  

to  FIGURE  17  of  the  drawings.  Spec i f i c a l l y ,   the  burner  300  is  provided  with  a 



fuel  nozzle  302  having  an  ign i t ion   gas  in le t   304,  a  fuel  oil  inlet   306  and  a 

steam  in le t   308.  This  nozzle  extends  into  a  primary  air  plenum  310.  In  t h i s  

pa r t i cu l a r   embodiment  a  f i r s t   portion  of  primary  air   is  introduced  through  a i r  

slots  312,  which  are  cont ro l led   in  size  by  damper  314,  and  a  second  portion  of 

the primary  air   is  introduced  through  air  s lots   316,  control led  by  damper  318. 

As  is  obvious  from  the  i l l u s t r a t i o n   of  FIGURE  28  the  air  introduced  through  a i r  

s lo ts   312  is  introduced  in  an  i n i t i a l   radia l   d i rec t ion   but  becomes  a  portion  of 

the  axial  flow  component  by  passing  through  reduced  diameter  throat  320  surround- 

ing  the  downstream  end  of  nozzle  302.  The  air  introduced  through  air  slots  316 

then  in te rcep t s   and  mixes  with  the  axial  flow  component  by  passage  r a d i a l l y  

through  s lots   316.  The  a i r - f u e l   mixture  then  expands  into  the  primary  combustion 

region  322,  i n i t i a l l y   gradually  and  then  abrupt ly .   The  i n i t i a l   gradual  conf igura -  

tion  is  simply  designed  to  produce  a  smooth  t r a n s i t i o n   from  the  mixing  region  to  

the  burner  proper  and  is  general ly  d ic ta ted   by  the  thickness  of  the  walls  of  the  

burner,  the  design  being,  of  course,  adapted  to  prevent  formation  of  carbon,  

etc.  in  this  t r a n s i t i o n   zone.  However,  as  in  the  previous  embodiments,  the  

expansion  in to - the   large  diameter  primary  combustion  zone  also  a ids  in   the  

mixing  of  the  fuel  and  a i r .   The  flame  front  which  is  generally  seated  ad jacen t  

the  entry  to  the  primary  combustion  zone  then  passes  through  the  primary  combus- 

tion  zone,  is  gradually  reduced  in  diameter  and  passes  through  reduced  diameter  

o r i f i ce   324.  All  of  the  secondary  air  is  introduced  into  secondary  air  plenum 

326  and  thence  through  rad ia l   air  in le t s   328,  which  are  control led  by  damper  330. 

Final ly ,   the  flame  f ron t ,   mixed  with  s u f f i c i e n t   secondary  air  to  provide  a  l ean  

overal l   f u e l - a i r   mixture,   is  abruptly  expanded  into  the  furnace  proper  332. 

The  embodiments  of  FIGURES  27  and  28,  referred  to  as  combustors  L and  M, 

r e spec t ive ly ,   were  success fu l ly   tested  for  the  burning  of  shale  oi l ,   as  will  be 

he re ina f t e r   i l l u s t r a t e d   by  the  examples.  

FIGURE  29  i l l u s t r a t e s   a  schematic  arrangement  of  the  burner  of 

FIGURE  28  adapted  for  commercial  use  with  r e l a t i ve   dimensions  referred  to  thereon.  

Spec i f i ca l ly ,   burner  334  is  provided  with  a  fuel  nozzle  336,  supplied  with  fue l  



through  line  338  and  steam  through  '_ine  340.  All  of  the  primary  and  secondary 

air  is  supplied  to  common  air  plenum  342.  In  contrast   to  the  embodiment  of 

FIGURE  28,  burner  N  of  FIGURE  29  does  not  have  dampers  con t ro l l ing   the  volume  of 

primary  and/or  secondary  air  introduced  into  the  burner.  This  would  be  the  u s u a l ,  

most  s implif ied  version  of  the  burner  for  use  in  i n d u s t r i a l   operat ions.   S p e c i f i -  

cally,   the  r e l a t i ve   volumes  of  primary  and  secondary  air  would  be  controlled  by 

properly  se lec t ing   the  size  of  openings  through  which  the  various  streams  of  a i r  

are  introduced  into  the  furnace,  thus  one  would  control  only  the  volume  of  air  to 

the  air  plenum  so  as  to  produce  an  overall   f u e l / a i r   ra t io   of  a  predetermined 

amount, in  most  cases  3  percent  excess  air  or  a  f u e l / a i r   equivalence  rat io  of 

0.87.  Primary  air  is  introduced  through  air  in le ts   344  and  346,  r e s p e c t i v e l y .  

The  air  through  in l e t s   344  becomes  a  part  of  the  axial  flow  component  by  flow 

through  o r i f i ce   348  around  fuel  nozzle  336.  The  primary  air  introduced  through 

in le ts   346  is  the  sole  rad ia l   flow  component  in  this  pa r t i cu l a r   c o n f i g u r a t i o n .  

The  mixture  of  air  and  fuel  is  then  expanded  into  the  primary  combustion  reg ion  

350,  as  in  the  previous  embodiment,  and  the  flame  front  is  then  gradually  reduced 

in  diameter  to  the  diameter  of  o r i f i ce   352.  Secondary  air  is  then  in t roduced 

through  air  i n l e t s   354  into  the  reduced  diameter  flame  front  and,  f ina l ly ,   the  

mixture  is  expanded  abruptly  into  the  furnace  proper  or  heated  section  of  an 

i n d u s t r i a l   f a c i l i t y   356. 

The  following  table  i l l u s t r a t e s   the  r e l a t i ve   dimensions  of  burners  of 

the  character   i l l u s t r a t e d   in  FIGURE  29,  designed  for  heat  outputs  from  10  m i l l i o n  

to  100  mil l ion  BTU,  r e s p e c t i v e l y .  



The  burner  schematical ly   shown  in  FIGURE  29  is  shown  in  a  h o r i z o n t a l  

posi t ion  as  opposed  to  the  v e r t i c a l   pos i t ion   shown  in  FIGURES  25  through  28. 

Thus,  it  is  obvious  that  the  burners  may  be  mounted  on  a  furnace  or  the  like  in  

e i ther   d i rec t ion   without,   in  any  way,  a f fec t ing   the  operation  thereof.   In  

addit ion,   the  burner  of  FIGURE  29  is  a  forced  draft   conf igurat ion  with  an 

in tegra l   windbox  and  is  operable  on  e i ther   a  gaseous  or  a  l iquid  fuel.  Thus,  an 

extremely  simple  yet  highly  e f f ec t i ve   burner,  for  use  on  a  wide  variety  of  f u e l s ,  

is  provided  herein  which  has  the  capab i l i ty   of  reducing  NO  pol lu tants   below  EPA 

standards  i r r e s p e c t i v e   of  the  type  of  fuel  or  the  amounts  of  fuel  bound  n i t r o g e n .  

Referring  to  FIGURE  30,  there  is  i l l u s t r a t e d   a  combustor  of  the  inven-  

ion  employed  in  combination  with  a  furnace  such  as  the  furnace  of  a  boi ler .   Any 

of  the  combustors  of  the  invention  can  be  so  employed.  Said  combustor  can  be 

employed  with  any  type  furnace  comprising  a  shell   54  which  encloses  a  heated 

region  56.  In  the  p rac t i ce   of  this  combination  of  the  invention,   the  flame  tube 

of  at  least   one  said  combustor  would  be  mounted  on  said  shell   54  so  as  to  d i s -  

charge  into  said  heated  region  56.  Said  combustors  can  be  mounted  on  said  s h e l l  

in  any  su i t ab le   manner.  Preferably ,   said  combustor  will   be  mounted  with  a  

shortened  secondary  combustion  sect ion  on  the  outside  of  said  shell   in  windbox 

or  plenum  chamber  58,  as  indicated  in  FIGURE  30,  for  supply  of  the  primary  a i r  

in le t s   28  and/or  30,  and  secondary  air  in le t   34.  If  desired,   said  combustor 

can  be  provided  with  a  var iab le   dome  as  described  above  for  the  admission  of  a 

var iable ,   pe r iphera l   stream  of  primary  air   into  the  mixing  region.  If  de s i r ed  

said  var iable   dome  can  also  be  supplied  with  air  from  windbox  58,  or  can  be 

supplied  from  a  separate   source  of  a i r .  

By  so  mounting  the  combustor  with  a  shortened  secondary  combustion 

section  outside  shel l   54,  and  with  the  combustor  discharging  combustion  products  

60  into  the  heated  region  56,  said  heated  region  becomes  the  downstream  po r t i on  

of  the  secondary  combustion  region.  There  is  thus  provided  a  unitary  combustion 

zone  in  which  the  above-described  methods  of  the  invention  can  be  carried  out 

under  the  operating  condit ions  described  h e r e i n .  



FIGURES  31  and  32  of  the  drawings  i l l u s t r a t e   schematically  an  a r range-  

ment  for  u t i l i z i n g   a  p l u r a l i t y   of  burners  in  accordance  with  the  present  inven- 

tion  in  an  i n d u s t r i a l   process  heater .   Spec i f i ca l ly ,   the  i l l u s t r a t e d   arrangement 

could  be  u t i l i z ed   as  a  crude  oil  heater  for  a  crude  oil  cracking  unit  in  a 

re f inery .   In  accordance  with  FIGURES  31  and  32,  the  process  heater  or  furnace 

is  designated  general ly  as  358.  The  furnace  358  comprises  a  primary  heated 

section  360  which  discharges  flue  gases  through  stack  3 6 2 .  D i s c h a r g i n g   i n t o  

the  heated  section  of  the  furnace  360  are  a  p l u r a l i t y   of  burners  of  the  cha rac t e r  

i l l u s t r a t e d   in  FIGURES  25  through  29,  r e spec t ive ly ,   in  this  case  comprising  12 

such  burners  364.  As  in  the  previous  embodiments  described,   the  burners  a re  

each  provided  with  primary  and  secondary  air  and  fuel  and  discharge  into  the  

main  heating  section  of  the  furnace  360  which  becomes  the  downstream  portion  of 

the  secondary  combustion  region  of  the  burners.   Both  primary  and  secondary  a i r  

is  provided  to  the  burners  through  common  air  plenums  366  and  368,  r e s p e c t i v e l y .  

Air  is  supplied  to  plenums  366  and  368  by  appropria te   blowers  370  and  372, 

r espec t ive ly .   Air  to  blowers  370  and  372  is  drawn  in  from  the  atmosphere  by 

appropriate  means  control led  by  dampers  374  and  376,  r e spec t ive ly .   The  dampers 

are  in  turn  control led  by  continuously  or  i n t e r m i t t e n t l y   sampling  the  exhaust  

gas  through  stack  362  by  means  of  sampling  means  378,  passing  the  sample  through 

oxygen  analyzer  380  and  u t i l i z i n g   the  signal  from  analyzer  380  for  the  c o n t r o l  

of  dampers  374  and  376  through  r e c o r d e r - c o n t r o l l e r s   382  and  384.  In  the  p a r t i -  

cular  instance  shown,  the  crude  oil  to  the  crude  oil  cracking  unit  passes  

through  heat  exchange  tubes  386  mounted  in  heated  section  360  of  the  furnace  or 

heater.   In  a  typical   operat ion  of  such  a  unit ,   the  size  of  the  primary  and 

secondary  air  in le t s   can  be  predesigned  to  obtain  the  desired  sp l i t   between  the 

volume  of  primary  and  secondary  air  as  in  FIGURE  29,  or  the  primary  and  second- 

a ry  a i r   in le ts   can  be  provided  with  appropriate   dampers.  In  the  l a t t e r   case 

the  dampers  in  the  primary  and  secondary  air  in le ts   would  be  adjusted  to  obta in  

the  desired  sp l i t   of  the  to ta l   air  flow  to  the  burners.   The  fuel  flow  would  be 

es tabl ished  for  the  level   of  heat  release  desired  from  the  burner.  Then  the  



to ta l   air  flow  would  be  adjusted  to  reach  a  level   o r   example,  3  pe rcen t  

excess  air  in  the  exhaust  gas.  While  3  percent  is  typ ica l ,   more  or  less  can  be 

to lera ted   with  the  lower  l imit   es tabl ished  by  exhaust  smoke  or  excessive  carbon 

monoxide  emissions  and  the  higher  levels  carrying  with  them  a  heat  loss  to  the  

excess  air  flowing  through  the  f u rnace .  

Another  type  of  i n s t a l l a t i o n   would  be  to  place  an  individual   a i r  

plenum  around  a l l   of  the  burners ,   doing  away  with  the  separate  air  l ines  to  the 

primary  and  secondary  air  i n l e t s   or  the  two  individual   plenums.  With  more  than 

one  burner,  the  individual   plenums  would  be  manifolded  to  the  central   air  blower,  

or  blowers,  with  dampers  to  control   the  air   sp l i t   between  burners  and  assure  a 

balance  in  the  quant i ty   of  air   flow  to  each  burner.  While  air  flow  to  the  i n d i -  

vidual  burners  could  be  judged  by  u t i l i z i n g   the  pressure  drop  across  the  dampers 

and  pressure  in  the  plenum  chambers,  primary  control   of  the  furnace  would  s t i l l  

rest   upon  analysis   of  the  exhaust  gas  to  maintain  a  desired  level  of  excess 

oxygen,  usually  3  percent  as  indica ted .   The  design  i l l u s t r a t e d   in  FIGURES  30 

and  31  shows  two  major  banks  of  burners  f i r ing   across  the  heat  exchange  t ubes .  

Separate  blowers  would  supply  air  to  each  plenum  as  indicated  to  balance  a i r  

flows.  However,  this  could  be  done  using  one  larger  blower  with  the  air  f low 

sp l i t   by  dampers.  While  not  shown,  heat  exchangers  may  be  u t i l i z ed   to  p r ehea t  

the  in le t   air   using  the  exhaust  gas  from  the  heater  stack.  Primary  and  second- 

ary  air  flows  will   be  sp l i t   by  se lec t ive   sizing  of  the  openings  to  the  bu rne r s  

and  fuel  flow  would  be  adjusted  using  fuel  pressure  to  balance  flows  in  the  

d i f f e ren t   burners .   As  before,  the  overal l   control  of  the  stoichiometry  in  t h e  

furnace  will   be  u l t imate ly   by  maintaining  the  oxygen  level  in  the  exhaust  gas 

at  a  fixed  level ,   for  example,  about  3  p e r c e n t .  

FIGURE  33  of  the  drawings  shows,  schematical ly ,   a  test   fu rnace  

arrangement  u t i l i z e d   to  tes t   the  10  mil l ion  BTU  burners  i l l u s t r a t e d   in  FIGURES 

27  and  28.  In  accordance  with  FIGURE  33,  the  burner  386  f i r es   v e r t i c a l l y  

into  the  furnace  proper  388.  Thus,  the  furnace  388  becomes  the  downstream 

portion  of  the  secondary  combustion  region.  The  furnace  has  a  6-inch  i n t e r n a l  



l iner  of  f i re   brick  with  an  outer  s teel   shel l .   The  burner  was  provided  with  a 

window  390  designed  to  observe  the  character   of  the  flame  in  the  furnace.  The 

furnace  had  an  i n t e rna l   diameter  of  about  6  feet  and  a  to ta l   length  of  about 

16  feet.   The  furnace  discharged  into  an  exhaust  stack  392,  provided  with  an 

appropriate  damper  394.  Probes  for  gas  samples,  temperature  and  pressure  meas- 

urements  extended  into  the  stack  at  point  396. 

FIGURES  34  and  35  show,  schematical ly,   air  supply  systems  for  the  

furnace  of  FIGURE  33.  All  air  was  supplied  from  an  air  blower  and  preheater  398 

through  conduit  400.  Conduit  400  was  provided  with  a  16-inch  Venturi  402  and 

terminated  in  an  air  header  404.  From  air  header  404  the  air  was  spl i t   between 

a  primary  air  conduit  406  and  a  secondary  air  conduit  408.  Primary  and  second- 

ary  air  conduits  406  and  408  were  provided  with  appropria te   control  dampers  410 

and  412,  r e spec t ive ly .   In  addi t ion,   primary  air  supply  line  406  was  provided 

with  an  8-inch  diameter  Venturi  414. 

The  schematic  of  FIGURE  36  shows  the  i n s t a l l a t i o n   of  the  test   burners  

of  FIGURES  27  and  28  to  f i re   hor i zon ta l ly   into  another  test   furnace  a r r a n g e m e n t .  

In  this  p a r t i c u l a r   instance,   the  burner  416  was  designed  to  f i re   h o r i z o n t a l l y  

into  the  furnace  so  as  to  provide  be t te r   access  to  the  controls  of  the  bu rne r ,  

etc.  The  furnace  also  d i f fered   from  that  of  FIGURE  33  to  the  extent  that  the  

furnace  of  FIGURE  33  was  what  could  be  termed  a  "hot  wall"  furnace  in  that  the  

furnace  shell  tended  to  maintain  the  temperatures  within  the  furnace  and  to  a 

great  extent  have  exhaust  gases  exi t ing  the  furnace  at  higher  than  des i r ed  

temperatures,  thus  reconver t ing  some  of  the  thermal  ni trogen  into  thermal  NO . 

By  con t r a s t , ,   furnace  418  is  referred  to  as  a  "cold  wall"  furnace,  to  the  

extent  that  it  is  provided  a  s teel   shell   with  a  water  wall  for  coo l ing .  

Furnace  418  discharges  exhaust  gases  through  stack  420.  The  furnace  was  pro-  

vided  with  an  observation  window  322.  The  wall  thickness  of  the  furnace  was 

approximately  9  inches  and  the  diameter  of  the  furnace  about  12  feet .   Stack  420 

was  4  feet  in  diameter  and  was  provided  with  an  appropriate   damper  424  and  samples 

of  the  gas  and  the  temperature  and  pressure  of  the  exhaust  gas  were  taken  a t  

point  426  in  the  s t a c k .  



FIGURE  37  i l l u s t r a t e s   schematical ly  the  air  supply  system  for  the  f u r -  

nace  of  FIGURE  36.  In  FIGURE  37,  air  was  supplied  for  both  primary  and  secondary 

air  to  the  burner  by  air  blower  and  preheater   428.  This  air  was  discharged 

through  a  main  air  conduit  430,  provided  with  a  16-inch  Venturi  432  and  t e rmi -  

nated  in  an  air  header  434.  The  air  from  air  header  434  was  then  spl i t   into  a 

primary  air  conduit  436  and  a  secondary  air  conduit  438.  The  primary  air  conduit  

is  provided  with  a  primary  air  damper  440  and  secondary  air  conduit  was  provided 

with  an  air  damper  442.  The  primary  air  conduit  436  is  also  provided  with  an 

8-inch  Venturi  444. 

In  any  of  the  above-described  methods  of  operation,  the  r e la t ive   v o l -  

umes  of  the  various  streams  of  air  can  be  control led  by  varying  the  sizes  of  the  

in le t   openings  the re for ,   r e l a t i v e   to  each  other.   The  above-described  v a r i a b l e  

domes  can  be  employed  for  con t ro l l ing   the  axia l ly   or  r ad ia l ly   introduced  a i r .  

Flow  meters  or  ca l ib ra ted   o r i f i ces   can  be  employed  in  the  conduits  supplying 

the  other  streams,  if  d e s i r e d .  

As  to  general  operating  condi t ions ,   i t   is  within  the  scope  of  t he  

invention  to  operate  the  combustors  or  combustion  zones  employed  in  the  p r a c t i c e  

of  the  invention  under  any  conditions  which  will   give  the  improved  resul t s   of 

the  invention.  For  example,  i t   is  within  the  scope  of  the  invention  to  opera te  

said  combustors  or  combustion  zones  at  su i tab le   in le t   air  temperatures  of  up  to  

about  1500°F,  or  higher;  at  pressures  within  the  range  of  from  about  1  to  about 

40  atmospheres,  or  higher;   at  flow  v e l o c i t i e s   within  the  range  of  from  about  1 



to  about  500  feet  per second,  or  higher;  and  at  heat  input  rates  within  the  

range  of  from  about  30  to  about  1200  Btu  per  pound  of  air.  Generally  speaking,  

the  upper  l imit  of  the  temperature  of  the  air  streams  will  be  determined  by  t he  

means  employed  to  heat  sane,  e .g . ,   the  capacity  of  the  regenerator  or  o the r  

heating  means,  and  mater ia ls   of  cons t ruc t ion   in  the  combustor  or  combustion 

zone,  and/or  the  turbine  u t i l i z i n g   the  hot  gases  from  the  combustor.  For  a  

furnace  type  i n s t a l l a t i o n ,   preheating  should  be  l imited  to  600°  to  800°F. 

Generally  speaking,  operat ing  condit ions  in  the  combustors  of  the  invention  w i l l  

depend  upon  where  the  combustor  is  employed.  For  example,  when  the  combustor  i s  

employed  with  a  high  pressure  turbine,   higher  pressures  and  higher  inlet   a i r  

temperatures  will   be  employed  in  the  combustor.  Thus,  the  invention  is  no t  

limited  to  any  p a r t i c u l a r   operating  condi t ions.   As  a  further  guide  to  those  

ski l led  in  the  ar t ,   but  not  to  be  considered  as  l imit ing  on  the  i n v e n t i o n ,  

presently  preferred  operating  ranges  for  other  var iables   or  parameters  are:  h e a t  

input ,  f rom  30  to  500  Btu/lb.  of  to ta l   air  to  the  combustor;  combustor  p r e s s u r e ,  

from  3  to  10  atmospheres;  and  reference  air  ve loc i ty ,   from  50  to  250  feet  p e r  

second. 

The  following  examples  will   serve  to  fur ther   i l l u s t r a t e   the  i n v e n t i o n .  

EXAMPLE  I  

A  test   program  was  carried  out  to  inves t iga te   the  effect   of  the  

equivalence  ra t io  Ø  in  the  primary  combustion  region  on  the  conversion  of 

fue l -n i t rogen   to  NO  emissions.  Said  test   program  was  carried  out  employing 

Combustor  A,  a  combustor  in  accordance  with  the  invention.   Said  Combustor  A 

had  a  conf igura t ion   e s s e n t i a l l y   like  that  i l l u s t r a t e d   in  FIGURE  1,  and  i t s  

design  c h a r a c t e r i s t i c s   are  set  forth  in  the  schematic  represen ta t ion   t h e r e o f  

set  forth  in  FIGURE  9.  Said  test   program  comprised  operating  the  combustor 

over  a  program  comprising  the  10  d i f f e ren t   sets  of  test  or  operating  cond i t ions  

set  forth  in  Table  I  below. 

As  set  forth  above,  said  Combustor  A  was  provided  with  a  v a r i a b l e  

dome  whereby  the  amount  of  air  (axial  air)  introduced  through  said  dome  i n t o  



the  mixing  region  and  then  into  the  primary  combustion  region  could  be  va r i ed .  

As  shown  in  a  subsequent  example  herein,  the  amount  of  the  swirl  air  ( i n t r o -  

duced  via  the  t angen t i a l   openings),   r e l a t i v e   to  the  amount  of  said  axial  a i r ,  

introduced  into  the  mixing  region  and  then  into  the  primary  combustion  reg ion ,  

has  an  e f fec t   on  the  conversion  of  fue l -n i t rogen   to  NOx.  Thus,  in  each  o f  

said  10  sets  of  operat ing  conditions  set  forth  in  Table  I,  the  amount  of  s w i r l  

air  is  the  optimum  amount  for  obtaining  minimum  conversion  of  fue l -n i t rogen   to 

NOx.  Said  optimum  amount  was  determined  by  carrying  out  a  ser ies   of  t e s t  

rune,  at  each  of  said  10  test   condi t ions,   wherein  the  amount  of  axial  air  was 

varied  by  r o t a t i n g   the  dome  in  five  degree  increments  over  i ts  ent i re   range  (0 

to  45  degrees),   i . e . ,   from  fu l ly   closed  to  fully  open. 

In  said  runs  a  f i r s t   s t rean  of  t angent ia l   air  was  introduced  through 

tangent ia l   s lo ts   28,  a  second  stream  of  t angent ia l   air  was  introduced  through 

tangent ia l   s lo ts   30,  a  third  stream  of  air  (axial-when  admitted)  was  i n t r o -  

duced  through  the  openings  in  the  dome  17,  and  a  stream  of  fuel  was  in t roduced 

via  fuel  nozzle  24,  with  a l l   of  said  streams  being  introduced  into  the  mixing 

region  11  located  in  the  upstream  end  portion  of  the  combustor.  A  stream  o f  

secondary  air   was  introduced  via  ports  34,  and  a  stream  of  d i lu t ion   or  quench 

air   was  introduced  via  ports  40.  The  to ta l   amounts  of  said  streams  of  air  and 

fuel  are  set  for th  in  said  Table  I.  Flow  veloci ty   in  the  primary  combustion 

region  was  held  constant   at  50  feet  per  second  so  as  to  maintain  the  r e s i d e n c e  

time  therein  constant   at  60  mi l l i seconds .   The  equivalence  r a t i e  φ   in  t h e  

secondary  combustion  region  was  held  constant  at  0.87  so  as  to  achieve  t h r e e  

percent  excess  oxygen  (dry  basis)  in  the  exhaust  gases.  Test  conditions  9  and 

10  were  included  in  the  program  so  as  to  extend  the  range  of  the  primary 

combustion  region  equivalence  ra t io   0  to  0.87  in  order  to  simulate  the  opera-  

tion  of  a  s i n g l e - s t a g e   combustor.  

The  tes t   program  included  two  groups  of  runs  I  and  II  carr ied  ou t  

under  the  sane  condi t ions  as  described  above.  In  the  Group  I  runs  a  base  



fucl,  Ph i l j e t   A-50  (a  kerosine) ,   was  used.  Said  base  fuel   contained  zero 

percent  f ue l -n i t rogen .   In  the  Group  II  runs  the  fuel  used  was  a  s y n t h e t i c  

fuel  consis t ing  of  said  base  fuel  to  which  there  had  been  added  s u f f i c i e n t  

pyridine  to  r esu l t   in  said  base  fuel  containing  2.000  weight  percent  of  f u e l -  

n i t r o g e n .  

During  each  of  said  runs  the  exhaust  gas  from  the  combustor  was  ana-  

lyzed  under  s p e c i f i c a l l y   control led  conditions  to  determiner the  concen t r a t i on  

of  NO ,  C0,  and  unburned  hydrocarbon  (HC).  Since  the  base  fuel  contained  no 

fue l -n i t rogen ,   the  NOx values  from  the  Group  I  runs  were  due  to  thermal  NO x 

and  said  Group  I  runs  es tabl ished  a  base  for  thermal  NOx  produced  at  each  t e s t  

condition.  Then,  since  the  Group  II  runs  were  carried  out  at  the  same  t e s t  

condit ions,   the  NOx  values  therefrom  es tabl ished  the  total   NOx  produced  a t  

each  said  test   condit ion.   The  t h e o r e t i c a l   amount  of  NO  which  would  have  been x 
produced  from  the  fue l -n i t rogen   in  the  synthet ic   fuel  used  in  said  Group  I I  

runs,  if  all  of  said  ni trogen  had  been  converted  to  NOx,  was  calculated  to  

es tabl ish   the  t h e o r e t i c a l   NO  (t  NOx).  Subtraction  of  the  NO  values  in  the  

Group  I  runs  from  the  NOx  values  in  the  corresponding  Group  II  runs  e s t a b l i s h e d  

the  increment of  NO  (i  NOx)  produced  from  the  fue l -n i t rogen   at  each  t e s t  

condition.  Then,  iNOx/NOx X  100.=  percent  conversion  of  fue l -n i t rogen   to  NOx 

at  each  test   c o n d i t i o n .  

FIGURES  38,  39,  40  and  41  of  the  drawings  set  forth  the  resu l t s   of  

said  runs.  Referring  to  said  FIGURE  38,  the  resu l t s   there  set  forth  show  t h a t  

when  it  is  desired  to  maintain  the  conversion  of  fue l -n i t rogen  to  NOx  emissions 

at  10  percent  or  less,   the  equivalence  ra t io   in  the  primary  combustion  r e g i o n  

should  be  maintained  within  the  range  of  from  about  1.04  to  about  1.6;  and 

wi thin  the   range  of  from  about  1.14  to  about  1.51  when  it  is  desired  to  

maintain  said  conversion  at  less  than  7.5  percent.   It  will  be  noted  that  the 

minimum  conversion  of  about  6  percent  was  obtained  over  the  range  of  1.3  to  

1.4  equivalence  r a t io ,   and  that  above  1.4  the  percent  conversion  i nc reased  



rapidly.   Referring  to  FIGURE  39,  the  curve  for  the  Group  II  runs  (2.0  weight 

percent  ni t rogen  in  the  fuel)  shows  that  over  the  equivalence  rat io  range  of 

about  1.24  to  about  1.44  the  to ta l   NO  produced  was  less  than  the  C a l i f o r n i a  

maximum  of  225  parts   per  mi l l ion  by  volume.  FIGURE  40  shows  the  level  of 

unburned  hydrocarbons,  or  HC  emissions,  in  the  flue  gas  and  FIGURE  41  the  

level  of  CO  emissions  in  the  flue  gas .  





EXAMPLE  I I  

Another  t e s t   program  was  carr ied  out  to  fur ther   inves t iga te   the  e f f e c t  

of  the  equivalence  r a t i o  ø   in  the  primary  combustion  region  on  the  convers ion  

of  f ue l -n i t rogen   to  NO  emissions.   This  t e s t   prgram  was  carried  out  in  e s sen -  

t i a l l y   the  same  manner  as  that  described  above  in  Example  I  except  that  Combus- 

tor  B,  another  combustor  in  accordance  with  the  invention  was  employed.  Said 

Combustor  B  was  l ike   Combustor  A  except  that  the  length  of  spool  14  (see  FIGURE  9) 

was  increased  from  18  inches  to  24  inches  to  provide  a  primary  combustion  region 

having  a  length  of  42  inches  instead  of  36  inches;  and  the  length  of  spool  18 

(see FIGURE  9)  was  increased  from  12  inches  to  30  inches  to  provide  a  secondary 

combustion  region  having  a  length  of  36  inches  instead  of  18  inches.  Said 

increase  in  the  length  of  the  primary  combustion  region  increased  the  r e s i d e n c e  

time  therein   from  60  to  70  mi l l i s econds .   Said  increase  in  the  length  of  t h e  

secondary  combustion  sect ion  increased  the  res idence  time  therein   from  18  to  

36  mi l l i seconds .   All  other  operat ing  condi t ions  were  the  same  as  in  the  runs  

of  Example  I.  See  Table  I .  

FIGURES  42,  43,  44,  45,  46  and  47  of  the  drawings  set  forth  t h e  

resu l t s   obtained.   FIGURES  14  and  15  are  r e p r e s e n t a t i v e   of  the  r e su l t s   ob t a ined  

when  the  combustor  was  operated  at  a  given  tes t   condition  and  the  amount  o f  

axial   air  was  v a r i e d  t o   determine  the  optimum  amount  of  swirl  air  to  use  f o r  

obtaining  minimum  conversion  of  f u e l - n i t r o g e n   to  NO  emissions  at  said  t e s t  

condition  (Test  Condition  No. 5  in  Table  I).  The  r e su l t s   set  forth  in  FIGURE  44 

show  that  when  i t   is  desired  to  maintain  the  conversion  of  f ue l -n i t rogen   t o  

NOx  emissions  at  10  percent  or  less ,   tha  equivalence  ra t io   in  the  pr imary  

combustion  region  should  be  maintained  within  the  range  of  from  about  1.08  t o  

about  1.65;  and  within  the  range  of  from  about  1.18  to  about  1.56  when  it  i s  

desired  to  maintain  said  conversion  at  less  than  7.5  percent .   It  wil l   be 

noted  that  the  minimum  conversion  of  about  5.7  percent  was  obtained  over  the  

range  of  1.34  to  1.42  equivalence  r a t i o ,   and  that  above  1.42  the  p e r c e n t  



conversion  increased  rapidly.   Referring  FICURE 45,  the  curve  for  the  Group 

II  runs  (2.0  weight  percent  nitrogen  in  the  fuel)  shows  that  over  the  equiv-  

alence  rat io  range  of  about  1.28  to  about  1.51  the  to ta l   NOx  produced  was  l e s s  

than  the  Cal i forn ia   maximum  of  225  parts  per  mill ion  by  volume.  FIGURE  47  shows 

that  the  increased  residence  time  in  the  secondary  combustion  region  was  very 

ef fec t ive   in  reducing  the  CO  emissions  and,  together  with  FIGURES  44  and  45, 

that  this  was done  without  any  detr imental   effect   on  the  NO  emiss ions .  

EXAMPLE  I I I  

In  another  ser ies   of  runs  carried  out  in  Combustor  A  under  condi t ions  

similar  to  those  used  in  Example  I  above  (see  Table  I  above),  and  at  an  equiva-  

lence  rat io  of  1.4  in  the  primary  combustion  region,  it  was  found  that  the  CO 

emissions  could  be  reduced  to  about  160  ppmv  by  using  su f f i c i en t   excess  air  i n  

the  secondary  combustion  region  to  achieve  an  equivalence  rat io  therein  of 

0.87.  This  was  at  3  percent  excess  oxygen,  dry  basis,   in  the  exhaust  ga ses .  

Further  increases  in  excess  air  reduced  the  CO  emissions  to  about  100  ppmv  a t  

an  equivalence  ra t io   of  about  0.75.  Again,  this  reduction  in  CO  emissions  was 

accomplished  without  detr imental   ef fect   on  the  NO  emiss ions .  

EXAMPLE  IV 

Another  tes t   program  was  carried  out  to  further  inves t iga te   the  

effect   of  the  equivalence  r a t i o  0   in  the  primary  combustion  region  on  the  con- 

version  of  f u e l - n i t r o g e n   to  NO  x  emiss ions ,   and  to  evaluate  the  performance  of  

Combustor  X  when  operated  in  a  r i ch- lean   combustion  process  in  accordance  wi th  

the  invention.   Said  Combustor  X  had  a  conf igurat ion  e s sen t i a l l y   like  t h a t  

i l l u s t r a t e d   in  FIGURES  23  and  24.  Said  test   program  comprised  operating  the  

combustor  over  a  program  comprising  the  13  d i f fe ren t   sets  of  test  or  ope ra t ing  

conditions  set  forth  in  Table  II  below. 

Said  Combustor  X,  unlike  Combustors  A  and  B,  was  not  provided  wi th  

a  var iable   dome.  In  carrying  out  said  test   runs  a  f i r s t   stream  of  air  was 

introduced  via  t angen t i a l   openings  28'  into  the  mixing  region  11'  located  i n  



the  upstream  end  port ion  of  the  combustor.  Said  f i r s t   stream  of  air  was 

introduced  in  a  swir l ing  d i rec t ion   around  an  admixture  of  fuel  and a  second 

stream  of  air  which  was  introduced  via  nozzle  24'  into  the  upstream  end  o f  

said  mixing  region  in  an  axial  d i rec t ion   with  respect   thereto.   A  stream  of  

secondary  air  was  introduced  into  the  flame  tube  via  finger  ports  34'.  The 

total   amounts  of  said  streams  of  air  and  fuel  are  set  f o r t h  i n   said  Table  I I  

below.  Flow  ve loc i ty   in  the  primary  combustion  region  was  held  constant  at  25 

feet  per  second  so  as  to  maintain  the  residence  time  therein  constant  at  47 

mil l i seconds .   The  equivalent   ra t io   (0)  in   the  secondary  combustion  region  was 

held  constant  at  0.5  so  as  to  achieve  three  percent  excess  oxygen  (dry  b a s i s )  

in  the  exhaust  gases.  In  said  Combustor  X  the  amount  of  said  f i r s t   stream  of  

air  (swirl  air)   was  fixed  at  74  percent,   and  the  amount  of  said  second  s t ream 

of  air   (axial  air)   was  fixed  at  26  p e r c e n t .  





The  tes t   program  included  two  groups  of  runs,  Group  I  and  Group  I I ,  

carried  out  with  the  base  fuel  and  synthet ic   fuel  r e spec t ive ly ,   as  descr ibed  

above  in  Example  I,  for  determining  the  percent  conversion  of  fue l -n i t rogen   to  

NO  emiss ions .  

FIGURES  48,  49,  50  and  51  of  the  drawings  set  forth  the  resul ts   of 

said  runs.  Said  FIGURE  48  shows  that  when  it  is  desired  to  maintain  the  con- 

version  of  f ue l -n i t rogen   to  NOx  emissions  at  10  percent  or  less,   the  equivalence 

ra t io  0   in  the  primary  combustion  region  should  be  maintained  in  the  range  of 

from  about  1.04  to  about  1.12;  and  within  the  range  of  from  abou  to  about  1 .1  

percent  when  it   is  desired  to  maintain  said  conversion  at  7.5  percent  or  l e s s .  

Based  on  the  r e su l t s   obtained  in  the  above  Examples  I,  II,  III  and 

IV,  the  data  shown  in  FIGURES  38,  43  and  48,  and  other  r e s u l t s  o b t a i n e d   i n  

subsequent  examples  herein,   it  is  concluded  that  in  the  combustion  of  f u e l s  

containing  f u e l - n i t r o g e n ,   by  two-stage  combustion  in  a  combustor  having  a 

primary  combustion  region  and  a  secondary  combustion  region,  the  equivalence  

ra t io   in  the  primary  combustion  region  should  be  maintained  within  the  range  o f  

1.05  to  1.7  when  it   is  desired  to  maintain  the  conversion  of  fue l -n i t rogen  t o  

NOx  emissions  at  10  percent  or  less ,   and  that  said  equivalence  rat io  should  b e  

maintained  within  the  range  of  from  1.14  to  1.56  when  it   is  desired  to  main ta in  

said  conversion  at  7.5  percent  or  l e s s .  

EXAMPLE  V 

Another  t es t   program  was  carr ied  out  to  i nves t i ga t e   the  effect   o f  

residence  time  in  the  primary  combustion  region  on  the  conversion  of  f u e l -  

ni trogen  to  NO  emissions.  Said  tes t   program  was  carried  out  employing  add i -  

t ional   combustors  in  accordance  with  the  invention,   i . e . ,   Combustors  C,  D,  E, 

and  F. 

Said  Combustor  C  was  like  Combustor  A  except  that  the  length  o f  

spool  14  (see  FIGURE  9)  was  decreased  from  18  inches  to  12  inches  to  provide  a 



primary  combustion  region  having  a  length  of  30  inches  instead  of  36  inches 

the  length  of  spool  18  (see  FIGURE  9)  was  increased  from  12  inches  to  54 

inchesto  provide  a  secondary  combustion  region  having  a  length  of  60  inches 

instead  of  18  i n c h e s .  

Said  Combustor  E  was  like  Combustor  A  except  that  the  length  of  

spool  18  (see  FIGURE  9)  was  increased  from  12  inches  to  36  inches  to  provide  a 

secondary  combustion  region  having  a  length  of  42  inches  instead  of  18  inches .  

Said  Combustor  F  was  like  Combustor  A  except  that  the  length  of  

spool  14  (see  FIGURE  9)  was  increased  from  18  inches  to  42  inches  to  provide  a 

primary combustion  region  having  a  length  of  60  inches  instead  of  36  inches .  

A  f i r s t   port ion  of  said  i nves t iga t ion   of  the  e f fec t   of  r e s i d e n c e  

time  comprised  changing  the  length  of  the  primary  combustion  region  as  i n d i c a t e d  

above.  A  second  por t ion  of  said  i nves t iga t ion   comprised  decreasing  the  flow 

veloci ty   in  the  primary  combustion  region  from  50  feet  per  second  to  25  f e e t  

per  second.  In  both  of  said  port ions  of  said  i nves t iga t ion   the  test   runs  

carried  out  included  two  groups  of  runs  (Group  I  and  Group  I I ) ,   carried  ou t  

with  the  base  fuel  and  synthet ic   fuel  r e spec t ive ly ,   as  described  above  i n  

Example  I,  for  determining  the  percent  conversion  of  fue l -n i t rogen   to  NO 

emissions.  The  tes t   runs  wherein  the  flow  veloci ty   in  the  primary  combustion 

region  was  maintained  at  25  feet  per  second  were  carr ied  out  at  the  t e s t  

conditions  set  for th  in  Table  III  below.  In  analyzing  and  compiling  the  d a t a  

obtained,  pe r t i nen t   data  from  previous  test   runs  carried  out  in  Combustors  A, 

B,  and  X  were  included.  This  compilation  of  data  is  set  forth  in  Table  IV- 

Part  1  and  Table  IV-Part  2,  given  below,  which  summarizes  the  operating  con- 

dit ions  and  r e s u l t s   ob t a ined .  









The  runs  set  forth  in  Part  I  of  Table  IV  were  carried  out  with  an 

equivalence  r a t i o  0   of  0.87  in  the  "primary  combustion  region".  With  the 

fuels  used,  this  gives  3  percent  excess  oxygen  (dry  basis)  in  the  exhaust 

gases.  Such  an  operation  simulates  a  one-stage,   fue l - l ean ,   combustion  process  

which  is  common  to  s ta t ionary   power  plants  and  thus  serves  as  a  b a s e - l i n e  

performance  r ep re sen t a t i ve   of  the  prior  ar t .   The  fact  that  the  conversion  of 

fue l -n i t rogen   to  NO  emissions  was  only  20  to  30  percent,   depending  upon  the  

amount  of  organic  or  fue l -n i t rogen   in  the  fuel,   r e f l ec t s   the  superior  f u e l - a i r  

mixing  c h a r a c t e r i s t i c s   of  the  combustors  of  the  invention.   Such  supe r io r  

mixing  is  e s s en t i a l   for  a  "low-NOx  combustor".  The  residence  time  in  the  

"primary  combustion  region"  has  been  designated  as  zero  for  data  purposes 

because  the  combustors  were  operated  as  one-stage  combustors  in  these  runs  and 

there  is  thus,  in  e f fec t ,   no  fue l - r i ch   primary  combustion  region  as  such,  as 

there  is  in  a  two-stage,  r i ch- lean   p r o c e s s .  

The  runs  set  forth  in  Part  2  of  Table  IV  were  carried  out  in  acco rd -  

ance  with  the  two-stage,  r i ch- lean   combustion  method  of  the  i n v e n t i o n .  

FIGURES  52,  53,  54  and  55  of  the  drawings  set  forth  the  r e s u l t s  

obtained.  FIGURE  52  sets  forth  the  r e l a t i onsh ip   between  the  Total  Minimum  N O  

Emissions  (at  the  optimum  φ  in  the  primary  combustion  region)  and  Primary 

Region  Residence  Time,  and  includes  all   pe r t inen t   such  data  set  forth  in  

Table  IV -  Parts  1  and  2,  including  the  runs  at  both  25  and  50  feet  per  second 

flow  v e l o c i t i e s .   FIGURE  53  sets  forth  the  r e l a t ionsh ip   between  Minimum  Fue l -  

Nitrogen  Conversion  To  NOx  Emissions  (at  the  optimum  Ø  in  the  primary  com- 

bustion  region)  and  Primary  Region  Residence  Time,  and  includes  all  p e r t i n e n t  

such  data  set  forth  in  Table  IV -  Parts  1  and  2,  including  the  runs  at  both  25 

and  50  feet  per  second  flow  v e l o c i t i e s .   FIGURE  54  sets  forth  the  r e l a t i o n s h i p  

between  the  optimum  Primary  Region  Equivalence  Ratio  For  Minimum  Fuel-Ni t rogen 

Conversion  to  NOx  emissions  and  Primary  Region  Residence  Time,  and  i n c l u d e s .  

all   per t inent   such  data  from  Table  IV -  Parts  1  and  2. 



FIGURE  55  is  a  replot   of  the  data  in  FIGURE  53  to  which  there  has 

been  added  the  resu l t s   of  a  careful   sampling  of  NO  x  concentrat ion  by  quar tz  

probes  inser ted   through  the  wall  of  Combustor  E  at  the  locat ions  indicated  i n  

FIGURE  56.  During  the  run  in  which  said  probe  tests   were  made  said  Combustor 

E  was  operated  at  tes t   condit ion  No. 5  in  Table  I  above.  It  is  considered 

noteworthy  that  the  r e s u l t s   obtained  by  probing  the  combustor  are  in  complete 

agreement  with  the  r e s u l t s   obtained  by  varying  the  length  of  the  primary  com- 

bustion  region  and  the  r e su l t s   obtained  by  changing  flow  veloci ty   in  sa id  

primary  region.  Said  probe  r e su l t s   c lear ly   i l l u s t r a t e   the  formation  of  N O  

from  fue l -n i t rogen   and  i ts   subsequent  des t ruc t ion   in  the  fue l - r i ch   primary 

combustion  r e g i o n .  

EXAMPLE  VI 

This  example  sets  forth  a  cont inuat ion  of  the  tes t   programs  ou t l i ned  

above  in  Examples  I,  II,  IV,  and  V,  and  completes  and  es tabl i shes   the  c o r r e l a -  

tion  between:  (a)  the  equivalence  ra t io   (0)  in  the  primary  combustion  r eg ion ;  

(b)  the  residence  time  in  said  primary  combustion  region;  and  (c)  the  pe r cen t  

swirl  air  (of  the  to ta l   air)   introduced  into  the  mixing  region  and  then  i n t o  

said  primary  combustion  region  of  a  combustor,  having  downstream  t a n g e n t i a l  

primary  air  in t roduc t ion   means,  when  said  combustor  is  operated  in  accordance 

with  the  two-stage,   r i ch - l ean   combustion  method  of  this  i n v e n t i o n .  

The  r e su l t s   of  the  tes t   runs  of  this  example  are  i l l u s t r a t e d   i n  

FIGURES  57  and  58  of  the  drawings.  Said  runs  were  carried  out  in  the  manner 

described  in  Example  V  above,  and  employing  the  combustors  there  de sc r ibed .  

Said  FIGURES  57  and  58  were  p lot ted  from  data  set  forth  in  the  above  Table  IV -  

Part  2.  Said  FIGURE  57  sets  forth  the  r e l a t i o n s h i p   between  residence  t ime 

in  the  primary  combustion  region  and  the  percent  swirl  air  (of  the  to ta l   a i r )  

introduced  into  the  mixing  region  and  then  into  said  primary  combustion 

region,  for  minimum  conversion  of  fue l -n i t rogen   to  NO  emissions.  FIGURE  58 

sets  forth  the  r e l a t i o n s h i p   between  the  equivalence  ra t io   in  the  primary  com- 

bustion  region  and  the  percent  swirl  air  (of  the  to ta l   air)  introduced  i n t o  



the  mixing  region  and  then  into  said  primary  combustion  region,  for  minimum 

conversion  of  f ue l -n i t rogen   to  NOx  emissions.  Referring  to  said  FIGURES  57 

and  58,  it  will  be  noted  that  in  al l   instances  the  percent  swirl  air  is  always 

at  least  about  37  p e r c e n t .  

EXAMPLE  VII 

A  tes t   program  was  carried  out  to  inves t iga te   the  effect   of  the  

concentrat ion  of  f ue l -n i t rogen   in  the  previously  described  base  fuel .   Said 

test   program  was  carr ied   out  employing  the  above-described  Combustor  E.  Said 

test   program  comprised  operating  said  combustor  over  a  program  comprising  the  

10  d i f f e ren t   sets  of  tes t   or  operating  conditions  set  forth  in  Table  I  above. 

Two  groups  of  runs,  I  and  II,  were  carried  out  using  a  base  fuel  and a  s y n t h e t i c  

test   fuel,  r e spec t i ve ly ,   as  described  in  Example  I  above.  FIGURES  59,  60  and 

61  of  the  drawings  set  forth  the  r e su l t s   obtained.  The  data  are  summarized  in  

Table  IV-Parts  1  and  2,  above. 

Referr ing  to  FIGURE  59,  it  will   be  noted  that  with  al l   c o n c e n t r a t i o n s  .  

of  fue l -n i t rogen   the  minimum  tota l   NO  emissions  was  obtained  at  an  equiva lence  

ra t io   of  about  1.4  in  the  primary  combustion  r e g i o n .  

FIGURE  60  shows  that ,   with  the  exception  of  the  fuel  containing  only 

0.1  percent  f u e l - n i t r o g e n ,   the  minimum  conversion  of  fue l -n i t rogen   to  NOx 

emissions  was  obtained  at  an  equivalence  ra t io   of  about  1.4  in  the  primary 

combustion  r e g i o n .  

FIGURE  61  shows  that  the  advantage  of  the  two-stage,   r i c h - l e a n ,  

combustion  process  becomes  greater  as  the  concentrat ion  of  fue l -n i t rogen   i n  

the  fuel  increases .   This  is  advantageous  in  that  it  is  an t i c ipa ted   that  many 

fuels  in  the  future  will   typ ica l ly   contain  in  the  order  of  2.0  weight  percent  

fue l -n i t rogen ,   e .g . ,   fuels  from  shale  oi l ,   l i que fac t ion   of  coal,  e t c .  

Referring  to  the  above  Table  IV,  Parts  1  and  2,  it  will   be  noted 

that  the  NO  emissions  concentra t ion  in  the  exhaust  gases  when  using  the  f u e l s  
x  

of  varying  f u e l - n i t r o g e n   content  levels  off  at  about  224  ppmv  when  using  the  



two-stage,  r i ch- lean   combustion  process.  It  is  concluded  that  this  i n d i c a t e s  

an  equilibrium  exis ts   between  the  NO  foma t ion   and  the  NO  des t ruct ion  r e -  

actions  in  the  f u e l - r i c h   primary  combustion  region.  No  such  l eve l -o f f   was 

evident  in  the  one-stage,   fue l - lean   operat ion  wherein  the  NO  emissions 

reached  644  ppmv  when  the  test   fuel  contained  2.000  weight  percent  fuel  n i t rogen .  

EXAMPLE  VI I I  

A  ser ies   of  runs  was  carr ied  out  to  inves t iga te   the  effect   of  the  

o r i f i ce   46  located  downstream  from  and  adjacent  the  second  air  inlet   means  30 

and  the  e f fec t   of  the  o r i f i c e   48  located  in  the  downstream  end  portion  of  the  

primary  combustion  sect ion  and  adjacent  the  downstream  end  thereof,   and  a l s o  

the  effect   of  the  o r i f i c e   50  located  downstream  from  the  secondary  air  i n l e t  

34  and  in  the  upstream  end  port ion  of  the  secondary  combustion  section.  See 

FIGURE  1. 

The  runs  of  this  example  were  carr ied  out  in  Combustor  A  (see  FIGURE 

1)  and  s u b s t a n t i a l l y   dupl ica te   combustors  in  which  o r i f i ces   46  and  48  were 

removed  and  in  which  o r i f i c e s   46,  48  and  50  were  removed.  In  said  runs  t h e  

combustors  were  compared  at  tes t   condit ion  5  of  Table  I  above,  for  the  purposes 

of  this  example. 

Based  on  a  comparison  at  a  0 of  1.4  in  the  primary  combustion  r e g i o n  

and  a 0  of  0.87  in  the  secondary  combustion  region,  the  data  indica te   t h a t  

removal  of  the  o r i f i c e s   46  and  48  from  the  primary  combustion  section  o f  

Combustor  A  increased  the  thermal NOx  from  about  50  to  about  85  ppmv.  It  a l s o  

decreased  the  fuel-NO  from  about  160  to  about  150  ppmv.  The  net  r e su l t   was 
x 

that  the  t o t a l   NO  emissions  increased  from  about  210  to  about  235  ppmv. 

Thus,  based  on  said  data  it  is  present ly   preferred  that  the  combustors  u t i l i z e d  

be  provided  with  o r i f i c e s   such  as  said  o r i f i ce s   46  and  48.  However,  in  view 

of  the  small  e f fec t s   involved,  it  is  within  the  scope  of  the  invention  to  omit  

said  o r i f i c e s .  

Said  data  also  indicated  that  when  said  o r i f i ce   50  in  the  secondary 

combustion  section  was  also removed,  there  was  a  marked  increase  in  t he  



amount  of  CO  emissions,  e .g. ,   from  about  220  to  about  860  ppmv  at  said  0.87  0 

in  the  secondary  combustion  section.   Thus,  based  on  said  data  it  is  concluded 

that  the  combustors  of  the  invention  should  be  provided  with  a  said  or i f ice   50 

when  it  is  desired  to  abruptly  terminate  the  primary  combustion  region  and 

achieve  adequate  mixing  in  the  secondary  combustion  section  for  control  of  C0 

emissions  without  r e so r t ing   to  excessive  air  d i l u t i o n .  

Based  on  the  data  given  in  al l   the  above  examples  it  is  concluded 

that  in  p rac t ic ing   the  method  of  the  invention,   using  l ight  fuels  and  the  swi r l  

air  combustors,  there  is  a  de f in i t e   r e l a t i onsh ip   and/or  cor re la t ion   between: 

(a)  the  f ue l - a i r   equivalence  r a t io  0   in  the  primary  combustion  region;  (b)  the  

residence  time  in  said  primary  combustion  region;  and  (c)  the  percent  swirl  a i r  

(of  the  to ta l   air)  introduced  into  the  mixing  region  and  then  into  said  primary 

combustion  region  of  a  combustion  zone  when  said  combustion  zone  is  operated  i n  

a  two-stage,  r i ch - l ean   manner,  e .g . ,   with  a  f ue l - r i ch   primary  combustion  r eg ion  

and  a  fue l - lean   secondary  combustion  r e g i o n .  

FIGURES  38  and  44  show  that  there  is  an  optimum  fue l - a i r   equivalence 

rat io  (0)  for  the  primary  combustion  region  which  must  be  maintained  in  o rder  

to  obtain  minimum  conversion  of  fue l -n i t rogen   to  NOx.  FIGURES  38  and  45  show 

that  the  same  is  true  with  respect  to  to ta l   NOx  emissions.  Thus,  if  it  i s  

desired  to  hold  the  conversion  of  fue l -n i t rogen   below  a  given  level ,   e .g . ,   10 

percent,   one  must  operate  the  fue l - r i ch   primary  combustion  region  within  a 

r e l a t i v e l y   narrow  range  of  Ø.  One  cannot  just   maintain  the  primary  combustion 

region  f u e l - r i c h ,   as  has  been  suggested  by  some  of  the  prior  ar t .   Also,  one 

cannot  merely  maintain  the  value  of  Ø  above  a  cer ta in   value,  e .g . ,   above  about 

1.43  as  has  been  suggested  by  some  of  the  prior  a r t .   This  is  true  because,  as 

shown  in  FIGURES  38  and  44,  as 0  increases  above  the  optimum  minimum  value,  the 

conversion  of  f ue l -n i t rogen   to  NOx  emissions  also  increases .   Thus,  based  on 

the  data  set  forth  in  said  FIGURES  38  and  44,  it  is  concluded  that  if  the  f u e l -  

rich  primary  combustion  region  is  operated  with  too  high  a  value  for  Ø,  i . e . ,  



too  rich,  the  p a r t i a l   combustion  in  said  primary  region  is  too  incomplete  and 
too  much  p a r t i a l l y   combusted  fuel  is  carried  over  into  the  secondary  combustion 

region  where  thermal  NOx  can  form.  Also,  fue l -n i t rogen   will  be  carried  over 
into  the  secondary  combustion  region  where  it  wil l   be  converted  to  NOx  emissions.  
Under  these  circumstances  one  is .  losing  the  advantage  of  a  two-stage,  f u e l -  

rich,  fue l - l ean ,   p r o c e s s .  

However,  the  data  of  the  above  examples  show  that  one  cannot  merely 
consider  only  the  value  of 0  in  the  primary  combustion  region.  It  was  s u r p r i s -  
ing  to  discover  that   one  must  also  co r re la t e   the  residence  time  in  the  primary 
combustion  region  with  the 0  in  said  primary  region.  The  data  herein  show  t h a t  

the  optimun 0  in  the  primary  combustion  region  for  minimum  conversion  of  f u e l -  

nitrogen  to  NOx  increases   with  increasing  residence  tine  in  said  primary  com- 

bustion  region.  FIGURE  54  herein  shows  that  said  optimum 0  is  only  s l i g h t l y  

f u e l - r i c h   (Ø =  1.05  to  1.1)  at  a  residence  time  of  30  mil l iseconds  and  i n c r e a s e s  

to  very  f u e l - r i c h   (0 =  1.7)  at  a  residence  time  of  120  mi l l i seconds .   Thus, 

based  on  the  data  herein,   e .g . ,   said  FIGURES  38,  44,  and  54,  i t   is  concluded 

that  one  must  consider,   and  co r r e l a t e ,   both  the  value  of 0  and  the  r e s i d e n c e  

time  in  the  primary  combustion  region  in  order  to  operate  a  two-stage,  r i c h -  

lean  combustion  process  so  as  to  obtain  reduced  conversion  of  fue l -n i t rogen   t o  

NO  emiss ions .  

It  is  p resen t ly   believed  that  said  var iab les   of 0  and  residence  time 

in  the  primary  combustion  region  are  two  of  the  most  important  var iab les   in  the  

operation  of  a  two-stage,   r i ch- lean   combustion  process,  because  when  s a i d  

var iab les   are  properly  cor re la ted   one  will   obtain  markedly  reduced  convers ion 

of  f u e l - n i t r o g e n   to  NO  emissions.  However,  when  introducing  swirl  air   at  a  

downstream  loca t ion ,   the  data  in  the  above  examples  also  show  that  there  is  a 

third  itaportant  va r i ab le   which  should  be  considered  if  one  is  to  obtain  t he  

best  r e s u l t s ,   e .g . ,   to  i n s u r e  t h a t   one  obtains  the  minimum  conversion  of  f u e l -  

nitrogen  to  NO emiss ions .   Said  third  va r iab le   is  the  percent  swirl  air  (of  



the  total   air)  introduced  into  the  mixing  region  and  then  into  the  primary 

combustion  region  of  the  combustion  zone. 

FIGURE  57  shows  that  the  percent  swirl  air  to  obtain  minimum  conver-  

sion  of  fue l -n i t rogen   to  NO  emissions  decreases  with  increasing  residence  time 

in  the  primary  combustion  region.  FIGURE  58  shows  that  the  percent  swirl  a i r  

to  obtain  minimum  conversion  of  f ue l -n i t rogen   to  NOx  emissions  decreases  w i th  

increasing  equivalence  ra t io   in  the  primary  combustion  region.  These  were 

surpr is ing  and  unexpected  r e su l t s   when  one  also  considers:  (a)  the  showing  i n  

FIGURES  38  and  44  that  there  is  an  optimum  f u e l - a i r   equivalence  ra t io   in  t h e  

primary  combustion  region  for  minimum  conversion  of  fue l -n i t rogen   to  NOx 

emissions;  and  (b)  the  showing  in  FIGURE  28  that  the  optimum  fue l - a i r   equiva-  

lence  ra t io   in  the  primary  combustion  region  increases  with  increasing  r e s i d e n c e  

time  in  said  primary  region.  Thus,  it  was  surpr i s ing   and  unexpected  to  d i s -  

cover  that  one  should  co r re l a t e   the  percent  swirl  air  introduced  into  t he  

mixing  region  with  both  the  equivalence  ra t io   and  the  residence  time  in  t h e  

primary  combustion  region,  if  one  is  to  obtain  the  best  r e su l t s ,   i . e . ,   t h e  

minimum  conversion  of  f ue l -n i t rogen   to  NOx  emiss ions .  

It  is  concluded  from  the  r e su l t s   i l l u s t r a t e d   in  the  above  examples 

that  the  percent  swirl  air   should  be  used  in  the  prac t ice   of  the  invention  t o  

complement  both  of  said  other  operating  var iab les   (a)  the  f u e l - a i r   equ iva lence  

rat io  in  the  primary  combustion  region  and  (b)  the  residence  time  in  s a id  

primary  combustion  region,  so  as  to  obtain  the  minimum  conversion  of  f u e l -  

nitrogen  to  NOx  emiss ions .  

In  this  manner  al l   three  of  said  i n t e r ac t i ng   operating  var iables   can 

be  correlated  to  provide  a  f l ex ib l e ,   e f f i c i e n t   method  which  can be  used  with  a 

wide  var ie ty   of  high  ni t rogen  content  fuels  over  a  wide  range  of  ope ra t i ng  

conditions  to  obtain  the  minimum  conversion  of  fue l -n i t rogen   to  NO  emiss ions .  



EXAMPLE  LX 

In  an  add i t iona l   series  of  tes ts   a  crude  shale  oil ,   designated  he re in  

as  shale  oil  A,  was  used  as  a  fuel.  The  c h a r a c t e r i s t i c s   of  this  pa r t i cu la r   o i l  

are  set  forth  in  Table  V  below: 

In  this  se r ies   of  t e s t s ,   in  addi t ion  to  t es t ing   an  actual  crude  s h a l e  

oi l ,   as  opposed  to  a  l igh t   fuel  oil  doped  with  pyridine  to  provide  a  h igh  

n i t rogen  content,   three  d i f f e ren t   burner  conf igura t ions   were  also  tested  and 

compared.  The  combustor  re fer red   to  herein  as  Combustor  G  is  similar  to  t h a t  

i l l u s t r a t e d   in  FIGURES  1  and  2  of  the  drawings  but  was  modified  in  order  to  



adapt  the  same  to  the  heavy  s h a l e  o i l .   The  specif ic   s t ruc ture   of  the  f u e l - a i r  

mixing  means  is  shown  at  FIGURE  10  of  the  drawings.  The  fuel  oil  nozzle  24  was 

that  shown  in  FIGURES  20  through  22.  This  type  nozzle  was  selected  in  order  to  

a t ta in   as  great  an  a tomizat ion  of  the  heavy  oil  as  possible  prior  to  the  i n t r o -  

duction  of  the  fuel  into  the  flame  tube.  Combustor  G  also  included  a  v a r i a b l e  

dome  primary  air   in le t   164  which  is  i l l u s t r a t e d   in  greater   de ta i l   in  FIGURES 

11,  12,  13  and  14  of  the  drawings.  The  means  for  introducing  the  air  in  a 

swirling  d i rec t ion   through  air  in le ts   28  and  30  was  the  same  as  that  p rev ious ly  

i l l u s t r a t e d   and  described  in  connection  with  FIGURES  3,  4  and  5.  The  combustor 

also  included  the  nozzle-type  means  for  introducing  secondary  air  and  t e r m i -  

nating  the  primary  combustion  region  shown  in  FIGURE  17  of  the  drawings.  

The  combustor  referred  to  herein  as  combustor  H  is  shown  in'FIGURE  15 

of  the  drawings.  In  this  case,  the  same  fuel  nozzle  and  var iable   primary  a i r  

in le t   of  Combustor  G  were  u t i l i z e d   as  well  as  the  nozzle-type  means  for  t e r m i -  

nating  the  primary  zone. 

The  combustor  refer red   to  herein  as  Combustor  I  (FIGURE  16)  included 

the  same  fuel  nozzle  of  Combustor  G  and  the  same  general  configurat ion  of 

variable  primary  air  in le t   except  that  the  var iable   air  in le t   was  the  s o l e  

primary  air  in le t   (in  addi t ion  to  the  fuel  nozzle)  and  included  angular  f i n s  

190  designed  to  introduce  the  air  in  a  tangent ia l   or  swirling  manner. 

In  all   ins tances ,   the  nominal  length  of  the  portion  of  primary  combus- 

tion  region  measured  from  the  midpoint  of  the  primary  air  conduit  162  to  the  mid- 

point  of  the  secondary  air  o r i f i ces   was  58  inches  and  the  nominal  length  of  the  

secondary  combustion  region  measured  from  the  midpoint  of  the  secondary  a i r  

in le t   ports  to  the  midpoint  of  the  d i lu t ion   air  in le t   ports  as  shown  in  FIGURE  1 

of  the  drawings  was  33  inches.  The  maximum  in te rna l   diameter  of  the  flame  tube 

including  the  major  port ion  of  the  primary  combustion  region  and  the  major 

portion  of  the  secondary  combustion  region  was  6  inches.  Obviously,  in  an 

actual  commercial  burner  the  flame  tube  would  be  larger  but  it  would  be  scaled 



up  in  accordance  with  e s s e n t i a l l y   the  same  rat io  of  in te rna l   diameter  to  l eng th  

in  order  to  a t t a i n   the  desired  conf igura t ion   necessary  for  a t t a in ing   proper  

residence  times,  proper  mixing  and  optimun  reduction  of  NO.  In  this  ser ies   o f  

tests ,   the  f u e l - a i r   equivalence  ra t io   in  the  primary  combustion  zone  was  v a r i e d  

from  0.87  to  1.7.  Air  pressure  to  the  fuel  atomizer  was  100  psig,  the  a i r  

temperature  to  the  fuel  atomizer  was  650°F  and  the  fuel  temperature  to  the  f u e l  

atomizer  was  250°F.  The  average  heat  input  rate  for  the  single  stage  combustion 

( fue l - a i r   equivalence  r a t io   of  0.87  throughout)  was  757,000  BTU  per  hour  wh i l e  

that  for  the  two-stage  combustion  was  744,000  BTU  per  hour.  The  average  h e a t  

release  ra te   was  498,000  BTU per  hour  per  cubic  foot  for  the  single  s t age  

combustion  and  489,000  BUT  per  hour  per  cubic  foot  for  the  two-stage  combustion. 

The  primary  zone  residence  time  was  estimated  to  be  110  mil l iseconds.   The 

remaining  tes t   condit ions  are  set  forth  in  the  following  Table  VI,  in  which  t he  

primary  zone  temperature,   the  primary  zone  flow  ve loc i ty   and  the  secondary  zone 

temperature  are  estimated  values.   The  base  data  for  thermal  NOx  was  ob t a ined  

on  fl  fuel  oi l   with  0%  n i t r o g e n .  

The  r e s u l t s   of  this  ser ies   of  tes ts   are  set  forth  in  FIGURE  62  of  t h e  

drawings  in  which  the  curve  for  Combustor  G  represents   an  average  of  e i g h t  

runs,  the  curve  for  Combustor  E  represents   an  average  of  ten  runs  and  that  f o r  

Combustor  I  is  an  average  of  two  runs.  Obviously,  runs  made  at  a  f u e l - a i r  

equivalence  r a t io   of  0.87  were  single  stage  runs,  since  the  en t i re   burner  was 

operated  in  a  conventional   fue l - l ean   manner. 





Several  s i g n i f i c a n t   observations  can  be  made  by  reference  to  FIGURE  62 

of  the  drawings.  F i r s t ,   it  can  be  seen  that,   for  the  pa r t i cu la r   high  n i t r ogen ,  

heavy  shale  oil  t es ted ,   thermal  NO  alone  is  subs t an t i a l l y   higher  than  the 

Federal  l imits   when  a  combustor  is  operated  as  a  single  stage  combustor.  Even 

when  operating  the  combustors  in  a  two-stage,  r ich- lean   manner,  and  under 

indicated  operat ing  condi t ions ,   the  thermal  NO  represented  nearly  one - th i rd  

of  the  to ta l   NOx  level   permitted  by  Federal  r egu la t ions .   However,  with  each 

of  the  three  burners  it   was  possible  to  reduce  the  to ta l   NO  content  of  the 

flue  gases  to  values  which  e s s e n t i a l l y   meet  the  Federal  l i m i t a t i o n s .  

By  comparing  FIGURE  62  with  FIGURES  39,  45,  49  and  59  of  the  drawings, 

it  is  obvious  that  the  minimum  NO  emissions  were  obtained  at  higher  f u e l - a i r  

equivalence  r a t io s   in  the  primary  combustion  region  while  operating  with  the 

heavy  shale  o i l ,   as  opposed  to  the  previously  tested  l ight   oil  containing  essen-  

t i a l l y   the  same  amount  of  ni t rogen.   Thus,  this  sh i f t   in  the  f u e l - a i r   equiva-  

lence  ra t io   for  the  primary  combustion  region  can  be  a t t r i bu t ed   to  the  h e a v i e r  

character   of  the  shale  o i l .  

It  is  also  i n t e r e s t i n g   to  note  that  minimum  NO  emissions  were 

obtained  at  s l i g h t l y   d i f f e r e n t   equivalence  ra t ios   for  the  three  d i f f e r e n t  

combustors.  Thus,  since  the  three  combustors  differed  primari ly  in  the  means 

for  introducing  primary  combustion  air  and  mixing  the  same  with  the  fuel,   t h e  

necessary  equivalence  ra t io   for  minimum  NO  emissions  is  obviously  dependent 

upon  the  nature  of  the  f u e l - a i r   mixing  and  the  intimacy  of  contact  a t t a i n e d .  

FIGURE  63  of  the  drawings  is  a  plot  of  residence  time  in  the  primary 

combustion  region  versus  minimum  NOx  emissions  from  the  data  obtained  at  a 

primary  combustion  region  equivalence  ra t io   of  1.6  ( test   condition  36).  This 

was  considered  to  be  the  optimum  equivalence  rat io  for  Combustor  H  in  the  

present ly  discussed  ser ies   of  runs.  It  is  i n t e r e s t i n g   to  note  from  FIGURE  63 

that  minimum  NOx  emissions  are  obtained  when  u t i l i z i n g   a  primary  combustion 

region  residence  time  above  about  35  mi l l i seconds .   However,  s t i l l   b e t t e r  



resul ts   are  obtained  at  a  residence  time  above  about  100  mil l iseconds.   From 

100  mill iseconds  to  140  mil l iseconds  residence  time  no  noticeable  reduction  in  

NO emissions  occurs.  Accordingly,  for  optimum  r e su l t s ,   in  this  p a r t i c u l a r  

combustor  operating  on  this  p a r t i c u l a r   shale  oil ,   a  preferred  residence  time  i s  

at  least   about  100  mil l iseconds  and  there  is  no  reason  to  extend  the  r es idence  

time  beyond  about  140  mi l l i seconds .   Thus,  in  a  commercial  burner,  there  is  no 

advantage  in  extending  the  length  of  the  primary  combustion  region  beyond  t h a t  

necessary  to  a t t a in   residence  times  between  140  and  100  mil l iseconds  at  accep t -  

able  primary  combustion  region  flow  v e l o c i t i e s .  

Comparing  FIGURE  63  with  FIGURES  52  and  53  of  the  drawings,  it  is  to  

be  seen  that  the  minimum  primary  region  residence  times  are  somewhat  higher  f o r  

the  heavy  shale  oil ,   as  compared  with  the  l ighter   oil  doped  with  p y r i d i n e .  

EXAMPLE  X 

The  r e l a t i o n s h i p   of  the  primary zone  equivalence  rat io  and  the  

primary  zone  residence  time  is  i l l u s t r a t e d   by  FIGURE  64  of  the  drawings.  The 

data  plotted  in  FIGURE  64  are  for  shale  oil  A  and  combustor  H.  Table  VII  below 

sets  forth  the  condit ions  employed  in  conducting  the  series  of  tes ts   summarized 

in  FIGURE  64.  The  tes ts   were  run  by  se lec t ing  d i f fe ren t   lengths  for  the  

primary  combustion  region  from  zero  through  seven  feet  ( fue l -a i r   equivalence  

ra t ios   from  0  to  140  mi l l i seconds ) ,   maintaining  a  constant  primary  region  flow 

veloci ty  of  50  feet  per  second  and  varying  the  primary  zone  equivalence  r a t i o  

to  obtain  minimum  NO  emissions  at  the  pa r t i cu l a r   primary  zone  residence  t ime.  



It  is  to  be  observed  that  the  curve  of  FIGURE  64  is  quite  comparable 

in  character   to  that  of  FIGURE  54.  At  a  residence  time  of  about  35  m i l l i -  

seconds,  there  is  a  break  in  the  curve  which  c lear ly   indicates   that  the  minimum 

residence  time  set  forth  herein  of  35  mil l iseconds  represents   a  change  i n  

character .   From  35  mil l iseconds  to  about  100  mi l l i seconds ,   the  curve  fol lows 

a  gradually  increas ing  path  and  above  100  mil l iseconds  the  curve  tends  to  

f l a t t e n   out.  Thus,  the  heavier  shale  oil  tends  to  sh i f t   the  curve  toward 

higher  residence  times  when  both  the  equivalence  ra t io   and  residence  time  a r e  

considered.  By  the  same  token,  FIGURE  64  shows  that ,   for  the  heavier  shale  o i l ,  

there  is  also  a  sh i f t   in  the  equivalence  ra t io   to  higher  equivalence  r a t i o s .  

EXAMPLE  XI 

FIGURE  65  of  the  drawings  shows  the  importance  of  adjusting  the  r a t i o  

of  the  axial   flow  component  and  the  rad ia l   flow  component  by  u t i l i z i n g   a 

var iable   dome  air   in le t   when  operating  with  heavy  o i l s .   The  data  plot ted  in  

FIGURE  65  was  obtained  u t i l i z i n g   combustor  H  and  shale  oil  A.  In  this  p a r t i c u -  

lar  instance,   the  dome  opening  was  varied  from  15  percent  open  to  97  percent  



open  at  each  of  the  designated  primary  combustion  region  equivalence  r a t i o s .  

The  data  plotted  are  averages  of  minimum  NOx  emissions  obtained  in  a  p l u r a l i t y  

of  tests  under  test   condit ions  34,  3G,  38,  40,  42  and  44,  as  previously  s e t  

forth  in  Table  VI. 

It  is  to  be  observed  by  a  study  of  FIGURE  65  that  at  low  equivalence 

ra t ios ,   which  are  too  low  to  obtain  optimum  NOx  emissions,  the  minimum  NO 

emission  is  obtained  with  the  dome  e s s e n t i a l l y   100  percent  open.  However,  as 

the  optimum  equivalence  ra t io   is  approached  in  this  p a r t i c u l a r   case,  the  curve 

begins  to  f l a t t e n   out  and  reverse  as  shown  at  an  equivalence  ra t io   of  1.5.  At 

an  equivalence  ra t io   of  1.5,  minimum  NO  emissions  are  obtained  at  a  done 
x 

opening  of  about  15  percent  open.  However,  the  dome  opening  becomes  q u i t e  

s ign i f i can t   at  the  optimum  equivalence  ra t io   of  1.6  (lowest  NOx  emiss ions ) .  

This  obviously  i l l u s t r a t e s   the  necess i ty   of  not  only  co r re la t ing   the  ope ra t ing  

variables   of  primary  zone  residence,   equivalence  ra t io   and  dome  opening,  but  o f  

ajust ing  these  va r iab les   for  each  p a r t i c u l a r   fuel  oi l .   Thus,  at  the  optimum 

equivalence  ra t io ,   there  is  also  a  dome  opening  which  a t ta ins   minimum  NOx 

emissions.  In  this  p a r t i c u l a r   instance,   this  opening  occurs  at  about  47 

percent  open.  Therefore,  it  is  quite  obvious  that  when  operating  on  t h i s  

pa r t i cu la r   heavy  shale  oil ,   the  adjustment  of  the  var iable   primary  air  i n l e t  

is  most  s i g n i f i c a n t   and,  in  fact ,   is  necessary  to  the  proper  operation  of  the  

combustor.  Obviously,  when  a  fuel  which  has  not  been  previously  burned  in  a  

given  two-stage  combustor  is  to  be  u t i l i z e d ,   in  addit ion  to  determining  t he  

optimum  residence  time  and  the  optimum  fuel  air  equivalence  ra t io ,   it  i s  

necessary  to  determine  the  optimum  dome  opening  for  the  var iable   air  in le t   i n  

order  to  a t t a in   optimum  mixing  of  the  fuel  and  air  in  the  primary  combustion 

region  and  s t a b i l i z e   the  flame  adjacent  the  upstream  end  of  the  primary  com- 

bustion  region.  It  is  also  important  that  the  var iab le   opening  dome  be  employed 

in  commercial  operat ions  so  that  adjustments  can  be  made  for  changes  in  the  

character  of  fuel  to  be  burned  as  well  as  changes  in  the  proper t ies   of  a 



par t i cu la r   fuel.   Obviously,  any  given  fuel  supplied  over  a  long  period  of  time 

will  vary  to  some  extent,   p a r t i c u l a r l y   with  respect  to  v o l a t i l i t y .   Accordingly,  

should  the  NO  emission  level  increase  at  any time,  it  can  normally  be  brought  

back  to  the  desired  minimum  level  by  simply  adjust ing  the  adjustable   dome. 

While,  as  previously  indicated,   the  combustors  of  the  present  inven-  

tion  will  operate  to  produce  minimum  NO  emissions  without  a  var iable   dome, 

i t   is  necessary  in  such  cases  to  design  a  burner  for  a  pa r t i cu l a r   fuel  and  no 

adjustments  can  be  made  should  the  fuel  be  changed  or  should  the  propert ies   of 

a  pa r t i cu la r   fuel  vary  during  use  of  the  combustor.  While  adjustments  can  be 

made  in  the  primary  region  flow  veloci ty   and  equivalence  ra t io ,   i t   is  much 

simpler  to  be  able  to  adjust   the  var iable   air  in t roduct ion  means  to  a t ta in   the  

desired  degree  of  mixing  when  only  the  v o l a t i l i t y   of  the  fuel  d i f f e r s . -  

FIGURE  66  of  the  drawings  is  a  replot   of  the  data  of  FIGURE  65  on  an 

expanded  scale  at  the  optimum  equ iva lence  r a t io   of  1 .6 ,  so   as  to  emphasize  the  

importance  of  adjust ing  the  dome  opening,  once  the  optimum  residence  time  and 

optimum  equivalence  ra t io   have  been  s e t .  

The  adjustment  of  the  var iable   air  can  be  carried  out  manually  or  

automat ical ly .   In  the  l a t t e r   instance  an  appropria te   cont ro l le r   unit ,   such  as  

cont ro l le r   unit   109  of  FIGURE  6,  would  be  actuated  by  a  signal  from  an  appro-  

pr ia te   means  for  measuring  the  NO  content  of  the  flue  gas .  

EAMPLE  XII 

Another  ser ies   of  t es t s   was  conducted  in  which  a  d i f f e ren t   shale  o i l ,  

having  a  lower  concent ra t ion   of  bound  ni t rogen,   was  burned  in  Combustor  H.  The 

conditions  of  this   ser ies   of  t es t s   are  set  forth  in  the  Table  VIII  below  and 

the  c h a r a c t e r i s t i c s   of  this   shale  o i l ,   referred  to  herein  as  shale  oil  B,  a re  

set  forth  in  Table  IX.  In  order  to  compare  the  r e su l t s   obtained  with  those  

obtained  in  the  same  combustor  (H)  and  u t i l i z i n g   shale  oil  A,  the  plot  o f  

equivalence  ra t io   versus  NO  emiss ions  for   combustor  H  and  shale  oil  A  of 

FIGURE  62  was  rep lo t ted   in  FIGURE  67  along  with  the  data  obtained  when  o p e r a t -  

ing  on  shale  oil  B. 



It  is  to  be  observed  that  while  the  two  shale  oils  have  e s s e n t i a l l y  

the  same  c h a r a c t e r i s t i c s ,   including  v o l a t i l i t i e s ,   the  d i f ference  in  the  l e v e l  

of  bound  ni t rogen  has  a  tendency  to  shif t   the  optimum  equivalence  ra t io .   For 

the  shale  oil  containing  the  lesser   amount  of  bound  ni trogen,   the  optimum 

equivalence  ra t io   occurs  at  about  1.5,  while,  as  previously  indicated,   the 

higher  ni trogen  fuel  exhibi ts   optimum  resu l t s   at  an  equivalence  rat io  of 

about  1 .6 .  

FIGURE  68  of  the  drawings  i l l u s t r a t e s   the  conversion  of  f u e l - n i t r o g e n  

to  NO  emissions  at  various  equivalence  ra t ios   from  the  data  obtained  on  sha le  

oil  B.  It  can  be  seen  that  the  conversion  of  fue l -n i t rogen   to  NOx  can  be 

reduced  to  the  desired  5  percent  when  operating  in  accordance  with  the  p r e s e n t  

i nven t ion .  





EXAMPLE  XIII  

In  order  to  i l l u s t r a t e   the  necessi ty  of  also  maintaining  a  minimum 

residence  time  in  the  secondary  combustion  region  to  a t ta in   s u b s t a n t i a l l y  

complete  and  e f f i c i e n t   combustion  of  the  fuel,  data  has  been  plot ted  as  FIGURE 

69  for  a  #4  fuel  oi l ,   doped  with  pyridine  to  obtain  a  2.0%  nitrogen  con ten t .  

The  test   condit ions  are  set  forth  in  Table  X. 

As  previously  indicated,   by  maintaining  carbon  monoxide  emissions 

below  about  300  parts  per  mil l ion,   e f f i c i en t   u t i l i z a t i o n   of  the  fuel  can  be 





A  ser ies   of  t e s t s   was  conducted  u t i l i z i n g   prototype  burner  L  of 

FIGURE  28.  This  burner  had  4-inch  thick  ceramic  walls  and  was  designed  to  have 

a  maximum  pressure  drop  of  6  inches  of  water  at  i ts  rated  heat  release  of  10  MM 

BTU/Hr  when  operated  with  an  air  in le t   temperature  of  800°F.  This  burner  was 

ins ta l led   in  the  furnace  shown  IN  FIGURE  33,  u t i l i z i n g   the  air  supply  shown  in 

FIGURES  34  and  35.  This  air  supply  allowed  preheating  of  the  air ,   without  

v i t i a t i o n ,   to  600°F.  Be  metering  the  total   air  flow  to  the  burner  and  the  a i r  

flow  to  the  primary  combustion  zone  it  was  possible  to  e s tab l i sh   the  des i r ed  

stoichiometry  in  both  the  primary  and  secondary  combustion  zones .  

The  performance  of  this  prototype  burner  during  the  i n i t i a l   t e s t i n g  

period  was  found  to  be  acceptable .   The  burner  l i t   easi ly  and  the  a i r - j e t   mixing 

configurat ion  displayed  a  stable  flame  without  audible  resonance.  The  p r e s s u r e  

drop  across  the  burner  was  less  than  the  target  of  6  inches  of  water,  maximum, 

at  the  rated  heat  re lease  (10  MM  BTU/Hr).  Combustion  e f f ic iency  was  100  pe rcen t  

with  excess  oxygen  levels  in  the  exhaust  gas  down  to  1  percent  and  with  no 

v is ib le   exhaust  smoke.  The  fue l - r i ch   primary  zone  was  free  of  deposits  a f t e r  

extended  operat ion  on  No.  6  fuel   oi l .   The  burner  response  to  changing  pr imary-  

zone  s toichiometry  is  shown  in  FIGURE  70,  i . e . ,   NO  emissions  were  high  when 

operated  as  a  one-stage  burner  (0  =  0.87)  and  decreased  markedly  with  two-s tage 

operation,  reaching  a  minimum  with  a  primary  zone  equivalence  ra t io   of  about  1 .5 .  

The  performance  of  prototype  burner  L  of  FIGURE  27,  in  the  same  furnace 

and  u t i l i z i n g   the  same  air  system,  is  also  shown  in  FIGURE  70.  This  approximates 

a  high  i n t ens i t y   vortex  mixing  system.  While  the  level  of  NO  emissions  dropped 

below  that  achieved  with  the  burner  of  FIGURE  28,  a  high  level  of  combustion 

i n s t a b i l i t y   was  encountered  which  was  evidenced  by  i n to le rab le   resonance.  It  i s  

well  known  that  resonance,  or  screeching  combustion,  can  acce le ra te   heat  and 

mass  t rans fe r   to  improve  f u e l - a i r   mixing. 

The  u t i l i z a t i o n   of  the  test   furnace  of  FIGURE  33  proved  to  be  an 

unfortunate  choice  because  of  the  r e l a t i ve ly   high  temperatures  achieved  in  the 



furnace  which,  in  turn,  resul ted   in    high  levels  of  "thermal  NOx".  As 

a  resu l t ,   t e s t i n g   of  the  prototype  burners  in  this  furnace  was  terminated  a t  

this  p o i n t .  

EXAMPLE  XV 

Prototype  burners  L and  M  of  FIGURES  27  and  28,  respec t ive ly ,   were 

also  i n s t a l l ed   in  a  furnace  conf igura t ion   shown  in  FIGURE  36,  u t i l i z i n g   the  a i r  

supply  system  of  FIGURE  37.  As  indicated,   the  test   furnace  of  FIGURE  36  had  a 

s teel   wall  that  was  water  cooled.  As  a  r e su l t ,   the  stack  gas  temperatures  were 

reduced  s i g n i f i c a n t l y ,   and  this  decreased  the  level  of  thermal  NO  to  a  t o l e r -  

able  level,   as  i l l u s t r a t e d   by  the  data  presented  in  FIGURE  71.  The  lower  f u r -  

nace  temperature  achieved  in  this  environment  is  c h a r a c t e r i s t i c   of  that  e x i s t i n g  

in  process  heaters   which  is  the  duty  which  was  sought  to  be  simulated  in  the  

tes t   program.  The  performance  of  the  prototype  burners  during  this  f i n a l  

period  of  t e s t ing   continued  to  be  acceptable ,   i . e . ,   the  burners  were  easy  to  

l ight ,   the  flame  was  compact,  the  exhaust  gas  was  clean,  there  were  no  problems 

with  d i s t o r t i o n   of  the  air  r e g i s t e r s   or  other  hardware,  and  the  burners  proved 

to  be  d u r a b l e .  

With  the  burner  of  FIGURE  28  (burner  M)  the  data  obtained  burning  No.  6 

fuel  oil  are  presented  in  FIGURE  72.  Similarly,   the  data  obtained  burning  raw 

shale  oil  are  presented  in  FIGURE  73.  A  s t a t i s t i c a l   analysis   of  these  data  was 

made  to  determine  the  95  percent  confidence  in te rva l   on  the  true  mean  value  of  

NOx  emissions  at  the  minimum  levels  for  each  mixture-response  curve,  and  t h e  

resu l t s   were  very  acceptable .   As  an  example,  for  No.  6  fuel   oil  at  an  inlet   a i r  

temperature  of  90°F,  the  minimum  level  of  NO  emissions  was  observed  to  be 

145  ppmv  at  an  equivalence  ra t io   of  1.47,  and  the  95  percent  confidence  i n t e r v a l  

on  the  true  mean  value  is  149+  8  ppmv  NOx.  Similar  levels  of  the  experimental  

air  were  found  in  other  tes t   conditions  and  with  other  fuels .   It  should  be 

noted  that  no  attempt  was  made  during  this  i nves t iga t ion   to  optimize  f u e l - a i r  

mixing  by  varying  the  axial   and  rad ia l   components  of  the  primary  air  flow,  nor 

was  any  attempt  made  to  optimize  burner  length  (residence  time)  for  minimum  NO 



emissions.  Based  upon  previous  operating  experience  with  smaller  burners,  it  i s  

ant ic ipated   that  fur ther   reductions  in  NO  emissions  could  be  made  if  the  f u e l -  

air  mixing  and  the  residence  time  were  optimized  in  the  prototype  burner .  

Burner  L  of  FIGURE  27  was  also  tested  and  comparable  levels  of  NO 

emissions  were  obtained,  as  shown  in  FIGURE  74  for  No.  6 fuel   oil  and  FIGURE  75 

for  raw  shale  oil .   Unfor tunate ly ,   the  operation  of  this  burner  was  accompanied 

by  resonant  combustion,  which  varied  in  in tens i ty   from  a  moderate  buzz  to  an 

intense  screech.  Therefore  this  burner  would  be  considered  unacceptable  fo r  

commercial  operat ion.   However,  modif icat ion  to  el iminate  the  problem  of 

resonance  is  within  the  sk i l l   of  one  ski l led  in  the  a r t .  

Final ly ,   the  performance  of  the  prototype  burners  is  summarized  in  

FIGURE  76  for  operation  on  No.  6 fuel   oil  and  FIGURE  77  for  operation  on  raw 

shale  o i l .  

By  way  of  summary,  in  accordance  with  the  present  invention,  for  most 

fuels  and  the  various  combustors  hereof,   the  operating  var iables   are  within  the  

l imits  set  forth  below. 

The  primary  region  f u e l - a i r   equivalence  rat io  should  be  between  1.0 

and  1.8.  Preferably ,   for  a  l ight   fuel  with  high  concentrat ions  of  nitrogen  the  

equivalence  ra t io   is  between  about  1.05  and  about  1.7  and  ideal ly  about  1.14  t o  

about  1.56.  For  a  heavier  oi l ,   such  as  shale  oil ,   the  preferred  range  is  about 

1.3  to  about  1.7  and  ideal ly   about  1.4  to  about  1 .65 .  

The  residence  time  within  the  primary  combustion  region  should  be 

between  about  30  mil l iseconds  and  about  140  mi l l i seconds .   For  a  l ight   fuel  the  

preferred  range  is  about  30  to  about  120  mill iseconds  and  ideal ly   between  about 

45  and  about  75  mi l l i seconds .   For  heavy  fuels  the  preferred  range  is  about  35 

to  about  140  mi l l i seconds  and  ideal ly   about  100  to  140  m i l l i s e c o n d s .  

-  When  primary  air  is  also  introduced  in  a  swirling  fashion  at  a  po in t ,  

downstream  from  the  point  of  in t roduct ion  of  primary  air  immediately  ad jacent  

the  fuel  i n l e t ,   the  volume  of  swirl  air  should  be  about  35  to  about  100%  of  the 

total   primary  air  u t i l i z e d .  



The  f u e l - a i r   equivalence  ra t io   in  the  secondary  combustion  region 

should  be  such  as  to  produce  an  overall   fue l -a i r   equivalence  rat io  between 

about  0.50  and  1.0,  preferably  between  0.75  and  0.87  and  most  preferably  0.87.  

The  residence  time  in  the  secondary  combustion  region  should  be  a t  

leas t   about  15  mi l l i seconds  and  preferably  at  least   about  30  mi l l i s econds .  

Stated  in  terms  of  the  resu l t s   to  be  obtained,  the  fue l   nitrogen  of 

the  fuel  should  be  converted  to  not  more  than  10%  NO ,  preferably  not  more  than 

7.5%  and  ideal ly   not  more  than  5.0%  and  the  CO  content  of  the  flue  gas  should  be 

less  than  about  300  ppmv.  For  a  powdered  fuel,  such  as  a  typical   Western  Kentucky 

coal,  these  fuel  NOx  l imits   of  10%,  7.5%  and  5.0%  represent   about  0.350,  0.262 

and  0.175  lb.  fuel  NOx/Million  Btu,  r espec t ive ly .   Corresponding  values  for  a 

typical   crude  solvent  refined  coal  oil  are  0.216,  0.162  and  0.108,  r e s p e c t i v e l y ;  

for  shale  oil  A,  exemplified  herein,   0.344,  0.258  and  0.172,  r espec t ive ly ;   for  

shale  oil  B,  exemplified  herein,   0.329,  0.247,  and  0.164,  respec t ive ly ;   and  f o r  

the  l ight   fuel  with  2.0%  bound  ni trogen,   exemplified  herein,   0.322,  0.242  and 

0.161,  r e spec t ive ly .   Accordingly,  the  operating  variables  should  be  s e l e c t e d  

and  cor re la ted   to  reduce  the  fuel  NO  emissions  to  less  than  about  0.350  l b . /  

Million  Btu,  preferably   to  less  than  about  0.290  and  ideal ly   to  less  than  0.180 

and  the  to ta l   NOx  in  the  flue  gas  to  less  than  0.450,  0.365  and  0.275  lb.  t o t a l  

NOx/MM  Btu,  r e s p e c t i v e l y .  

The  term  "air"  is  employed  gener ica l ly   herein  and  in  the  claims  t o  

include  air  and  other  combustion-supporting  gases .  

While  the  invention  has  been  described  above  in  terms  of  using  a 

l iquid  fuel,   the  invention  is  not  limited  to  the  use  of  l iquid  fuels .   I t  i s  

within  the  scope  of  the  invention  to  use  vaporous  or  gaseous  fuels ,   inc lud ing  

prevaporized  l iquid  fuels .   It  is  also  within  the  scope  of  the  invention  to  use 

f inely  divided  solid  fuels ,   e .g . ,   powdered  c o a l .  

While  cer ta in   embodiments  of  the  invention  have  been  described  f o r  

i l l u s t r a t i v e   purposes,  the  invention  is  not  limited  thereto .   Various  other  modi- 

f i ca t ions   or  embodiments  of  the  invention  will  be  apparent  to  those  skilled  in  

the  art  in  view  of  this  d i sc losure .   Such  modifications  or  embodiments  a re  

within  the  s p i r i t   and  scope  of  the  d i s c l o s u r e .  



1.  A  method  for  burning  a  fuel ,   i n c l u d i n g :  

(1)  i n t ima te ly   mixing  said  fuel  and  a  f i r s t   volume  of  a i r  

to  obtain  a  homogeneous  mixture  of  fuel  and  air   having  a  f u e l / a i r  

equivalence  ra t io   above  the  s t o i c h i o m e t r i c   ra t io   by  i n t r o d u c i n g  

all   of  said  fuel  as  at  l eas t   a  par t   of  a  cen t r a l ,   axial   f low 

component  and  in t roducing   at  l e a s t   one  stream  of  said  f i r s t  

volume  of  a i r   as  a  rad ia l   flow  component; 

(2)  burning  a  s u b s t a n t i a l   por t ion ,   but  less  than  a l l ,   o f  

said  fuel  under  f u e l - r i c h  c o m b u s t i o n   condi t ions  and  without  t h e  

addi t ion   o f  a i r   other  than  said  f i r s t   volume  of  air  to  produce 

a  f u e l - r i c h   flame  f r o n t ;  

(3)  t e rmina t ing   said  f u e l - r i c h   combustion  condi t ions ,   a t  

l eas t   in  pa r t ,   by  in t roduc ing   a  s u f f i c i e n t   amount  of  a  second 

volume  of  air   to  produce  an  overa l l   f u e l / a i r   equivalence  r a t i o  

below  the  s t o i c h i o m e t r i c  r a t i o   and  a  f ue l - l e an   flame  f ront ;   and 

(4)  cont inuing  the  burning  of  said  fuel  under  f u e l - l e a n  

combustion  c o n d i t i o n s .  

2.  A  method  in  accordance  with  claim  1  wherein  the  f u e l - r i c h  

combustion  condi t ions   are  terminated  and  the  fue l - l ean   flame  f ront   i s  

produced  a b r u p t l y  .  

3.  A  method  in  accordance  with  claim  1  wherein  the  f u e l - r i c h  

combustion  condi t ions   are  terminated  and  the  fue l - l ean   flame  front  i s  

produced  abrupt ly   by  in t roducing   the  second  volume  of  air   into  t h e  



fue l - r i ch   flame  f ron t   from  a  pe r iphe ra l   l oca t i on   smaller   than  t h e  

periphery  of  the  f u e l - r i c h   flame  f r o n t .  

4.  A  method  in  accordance  with  claim  1  wherein  the  f u e l - r i c h  

combustion  cond i t i ons   are  terminated  and  the  f u e l - l e a n   f l ame  f ron t   i s  

produced  a b r u p t l y   by  reducing  the  pe r iphe ra l   dimensions  of  the  f u e l - r i c h  

flame  f r o n t ,  i n t r o d u c i n g   the  second  volume  o f  a i r   at  at  l e a s t   one  o f  

(a) a  point   immediately  p r io r   to  said  reduct ion   of  the  p e r i p h e r a l  

dimensions  of  said  f u e l - r i c h   flame  front   and  (b)  a  point   within  t h e  

region  of  reduced  p e r i p h e r a l   dimensions  of  said  f u e l - r i c h   flame  f r o n t  

and  then  expanding  the  f u e l - l e a n   flame  front   thus  p r o d u c e d .  

5.  A  method  in  accordance  with  at  l e a s t   one  of  claims  1  to  4  wherein  the  f u e l / f i r s t  

volume  of  a i r   r a t i o   is  above  a  f u e l / a i r   e q u i v a l e n c e  r a t i o   at  which  t h e  

N O  p o l l u t a n t   content   of  the  e f f l u e n t   from  the  burning  method  is  be low a  

predetermined  c o n c e n t r a t i o n   but  below  a  f u e l / a i r   equivalence  ra t io   a t  

which  the  NO  p o l l u t a n t   content   of  said  e f f l u e n t   from  said  bu rn ing  

method  is  below  said  predetermined  v a l u e .  

6.  A  method  in  accordance  with  at  l e a s t   one  of  claims  1  to  5  wherein  the  p e r i p h e r a l  

dimensions  of  the  mixture  of  fuel  and  the  f i r s t   volume  of  air  a r e  

reduced  at  a  po in t   immediately  a f t e r   contact   of  the  axia l   flow  component 

with  the  r a d i a l   flow  component  and  is  then  expanded  to  the  f u l l  

pe r iphera l   dimensions  of  the  f u e l - r i c h   flame  f r o n t .  

7.  Apparatus  for  burning  a  fuel ,   i n c l u d i n g :  

(1)  mixing  means  for  i n t ima te ly   mixing  said  fuel  and  a 

f i r s t   volume  of  a i r   to  obtain  a  homogeneous  mixture  of  fuel  and  a i r  

having  a  f u e l / a i r  e q u i v a l e n c e   ra t io   above  the  s t o i c h i o m e t r i c   ra t io   by 



in t roducing  all   of  said  fuel  as  at  least   a  part  of  a  c en t r a l ,   a x i a l  

flow  component  and  in t roducing   at  leas t   one  stream  of  said  f i r s t  

volume  o f  a i r   as  a  r ad ia l   flow  component; 

(2)  an  elongated  f u e l - r i c h   combustion  means  adapted  t o  

burn  a  s u b s t a n t i a l   po r t ion ,   but  l e s s  t h a n   a l l ,   of  said  fuel  under  

f u e l - r i c h   combustion  condi t ions   to  produce  a  f u e l - r i c h   flame  f r o n t  

and  s u b s t a n t i a l l y   impervious  to  the  ingress  of  a d d i t i o n a l   air  o t h e r  

than  said  f i r s t   volume  of  a i r ;  

(3)  air   i n t r o d u c t i o n   means  adapted  to  in t roduce  a  second 

volume  of  air   into  said  f u e l - r i c h   flame  front  in  an  amount 

s u f f i c i e n t   to  produce  an  overa l l   f u e l / a i r   equivalence  ra t io   below 

the  s t o i c h i o m e t r i c   r a t io   and  a  fue l - l ean   flame  f ront ;   and 

(4)  f u e l - l e a n   combustion  means  adapted  to  continue  t h e  

burning  of  said  fuel  under  fue l - l ean   combustion  c o n d i t i o n s .  

8.  Apparatus  in  accordance  with  claim  7  wherein  the  means  f o r  

introducing  the  at  l e a s t   one  stream  of  the  f i r s t   volume  of  air  as  a 

radial   flow  component  includes  means  for  in t roducing  said  air   from  a 

p l u r a l i t y   a  p e r i p h e r a l   openings  inwardly  toward  the  axial  flow  component. 

9 .  A p p a r a t u s   in  accordance  with  claim  7  wherein  the  means  f o r  

introducing  the  at  l eas t   one  stream  of  the  f i r s t   volume  of  air  i n c l u d e s  

means  for  in t roduc ing   said  air   from  a  pe r iphera l   loca t ion   in  a  s w i r l i n g  

manner  and  inwardly  toward  the  axis  of  the  axial   flow  component. 

10.  Apparatus  in  accordance  with  claim  9 wherein  the  means  f o r  

introducing  the  at  l eas t   one  stream  of  the  f i r s t   volume  of  air   in  a 



swirl ing  manner  includes  two,  spaced  means  adapted  to  introduce  two 

streams  of  said  f i r s t   volume  of  a i r   in  swi r l ing ,   opposite  d i r e c t i o n s .  

11.  Apparatus  in  accordance  with  at  l e a s t   one  of  claims  7  to  10  wherein  the  means 
f o r  

in t imate ly   mixing  the  fuel  and the  f i r s t   volume  o f  a i r   includes  means  f o r  

reducing  the  p e r i p h e r a l   dimensions  of  said  f u e l - a i r   mixture  immedia te ly  

af ter   contact   of  the  axial   flow  component  with  t h e  r a d i a l   flow  component 

and  then  expanding  said  f u e l - a i r   mixture  to  the  fu l l   p e r i p h e r a l  

dimensions  of  the  f u e l - r i c h   combustion  means. 

12.  Apparatus  in  accordance  with  at  l e a s t   one  of  claims  7  to  11  wherein  the  means for 

int roducing  the  second  volume  of  air   includes  means  for  a b r u p t l y  

,  te rminat ing  t h e  f u e l - r i c h   combustion  means  and  i n i t i a t i n g   the  f u e l - l e a n  

combustion  m e a n s .  

13.  Apparatus  in  accordance  with  claim  12  wherein  the  means 

for  abrupt ly   t e rmina t ing   the  f u e l - r i c h   combustion  means  and  i n i t i a t i n g  

the  f u e l - l e a n   combustion  means  includes  means  for  reducing  the  p e r i p h e r a l  

dimensions  of  the  f u e l - r i c h   combustion  means  and  t h e r e a f t e r   expanding  t h e  

pe r iphera l   dimensions  to  the  p e r i p h e r a l   dimensions  of  the  f u e l - l e a n  

combustion  means  and  means  for  in t roducing   the  second  volume  of  air   at  a t  

l eas t   one  of  (a)  a  point   immediately  preceding  said  means  for  r e d u c i n g  

the  pe r iphe ra l   dimensions  of  t h e  f u e l - r i c h   combustion  means  and  (b)  a 

point  within  the  means  for  reducing  the  pe r iphe ra l   dimensions  of  t h e  

f u e l - r i c h   combustion  means  i t s e l f .  

14. Apparatus  in  accordance  with  at  l e a s t   one  of  claims  7  to  13  wherein  the  means  f o r  

in t ima te ly   mixing  the  fuel  and  the  f i r s t   volume  of  air  includes  means  f o r  

adjus t ing  the  ra t io   of  the  axial   flow  component  and  the  rad ia l   f low 

component. 



15.  Apparatus  for burring  a  fuel,   p a r t i c u l a r y   for  f u e l - r i c h   combustion  of  a  fuel  and 

production  of  a  f ue l - l ean   flame  front ,   i n c l u d i n g :  

(1)  mixing  means  f o r  i n t i m a t e l y   mixing  said  fuel  and 

a  f i r s t   volume  of  air   to  obtain  a  homogeneous  mixture  of  fuel  and 

air  having  a  f u e l / a i r   equivalence  ra t io   above  the  s t o i ch iome t r i c   r a t i o ;  

(2)  f u e l - r i c h   combustion  means  adapted  to  burn  a  p o r t i o n ,  

but  less  than  a l l ,   of  said  fuel  under  f ue l - r i ch   combustion 

condi t ions   to  produce  a  f u e l - r i c h   flame  front  and  s u b s t a n t i a l l y   im- 

pervious  to  the  ingress  of  add i t iona l   air   other  than  said  f i r s t   volume 

of  a i r ;  

(3)  t e rminat ion   means  for  te rminat ing   said  f u e l - r i c h  

combustion  condi t ions ,   at  l eas t   in  par t ,   by  in t roducing  a  s u f f i c i e n t  

amount  of  a  second  volume  of  air  to  produce  an  overal l   f u e l / a i r  

equivalence  ra t io   below  the  s tochiomet r ic   ra t io   and  a  f u e l - l e a n  

flame  f ront ;   and 

(4)  discharge  means  for  d ischarging  said  fue l - l ean   flame 

front  into  the  heated  section  of  a  f u r n a c e .  

16.  Apparatus  in  accordance  with  claim  15  wherein  the  means 

for  in t roducing  and  mixing  the  fuel  and  the  f i r s t   volume  of  air  i n c l u d e s  

means  for  in t roducing   said  fuel  as  at  l eas t   a  part   of  a  cen t ra l ,   a x i a l  

flow  component  and  means  for  in t roducing  at  l eas t   a  f i r s t   stream  of  s a i d  

f i r s t   volume  of  a i r   as  a  radial   flow  component. 

17.  Apparatus  in  accordance  with  claim  16  wherein  the  r a d i a l  

flow  component  includes  a  p l u r a l i t y   of  air   i n l e t s   spaced  about  t h e  

periphery  of  said  apparatus  and  adapted  to  introduce  said  air  inward ly  

toward  the  axial   flow  component. 



18.  Apparatus  in  accordance  with  claim  16  wherein  the  means 

for  in t roducing  the  rad ia l   flow  component  includes  means  for  i n t r o d u c i n g  

the  air   from  a  p e r i p h a r e l   l o c a t i o n  i n   a  swirl ing  manner  inwardly  toward 

the  axial   flow  component. 

19.  Apparatus  in  accordance  with  claim  18  wherein  the  means 

for  in t roduc ing   the  r ad ia l   flow  component  includes  two  spaced  means  f o r  

introducing  two  streams  of  the  at  l eas t   one  stream  of  the  f i r s t  

volume  of  a i r   from  a  pe r iphe ra l   loca t ion   in  a  swirl ing  manner  and  i n  

opposite  d i r e c t i o n s .  

20  Apparatus  in  accordance  with  at  l e a s t   one  of  claims  15  to  19  wherein  the  means 

for  in t roducing   the  second  volume  of  air  includes  means  for  reducing  t h e  

per iphera l   dimensions  of  the  f u e l - r i c h   combustion  means  and  i n t r o d u c i n g  

said  second  volume  of  a i r   at  at  l eas t   one  of  (a)  a  point  immedia te ly  

preceeding  said  means  for  reducing  the  per iphera l   dimensions  of  s a i d  

fuel  rich  combustion  means;  and  (b)  a  point  within  the  means  f o r  

reducing  t h e  p e r i p h e r a l   dimensions  of  the  f u e l - r i c h   combustion  means 

i t s e l f .  
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