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BACKGROUND  AND  OBJECTS 

N02  is  an  impor tan t   a i r   p o l l u t a n t .   N02  is  tox ic   i t s e l f   and  en t e r s   i n t o  

the  complex  of  chemical  r e a c t i o n s   which  produce  pho tochemica l   smog.  N i t r o g e n  

oxides  also  combine  with  water  to  form  n i t r i c   ac id ,   and  c o n t r i b u t e  

s i g n i f i c a n t l y   to  the  n a t i o n a l  p r o b l e m   of  "acid  r a i n . "   NOx  is  formed  a t  

e l e v a t e d   t empera tu re   by  endothermic   chemical  r e a c t i o n s   which  combine  n i t r o g e n  

with  oxygen.  Equ i l i b r i um  c o n c e n t r a t i o n s   of  NO,  which  forms  before   N02, 

i n c r e a s e   r a p i d l y   with  t e m p e r a t u r e ,   and  the  k i n e t i c s   of  NO  fo rmat ion   is  an 

ex t remely   s e n s i t i v e   i n c r e a s i n g   f u n c t i o n   of  t e m p e r a t u r e .   The  bas ic   k i n e t i c s   o f  

NOx  fo rma t ion   is  f undamen ta l l y   the  same  for  a l l   combust ion  p r o c e s s e s ,   w h e t h e r  

they  occur  in  r e c i p r o c a t i n g   p i s t o n   e n g i n e s ,   t u r b i n e   combus tors ,   or  l a r g e  

burners   of  one  or  another   kind.   In  every  case ,   the  s u p r e s s i o n   of  peak  f l a m e  

t e m p e r a t u r e   can  r a d i c a l l y   reduce  NOx  ou tpu ts   in  the  combustion  p r o d u c t s .  

Total   NOx  outputs   in  the  United  S ta tes   were  e s t i m a t e d   to  be  as  fol lows  i n  

1975  (Source:   Air  P o l l u t i o n ,   by  Henry  C.  P e r k i n s ,   McGraw-Hill  Book  Company, 

1974,  page  292 ) :  

On  a  world-wide  bas i s   human  NOx  g e n e r a t i o n   is  even  more  dominated  by 

l a rge   burners   and  other   n o n - a u t o m o t i v e   sou rce s ,   with  coal  combus t ion  

c o n s t i t u t i n g   50  percent   of  wor ld-wide   NO  g e n e r a t i o n ,   pe t ro leum  r e f i n i n g   and 

o ther   o i l   burning  c o n s t i t u t i n g   28  pe rcen t   of  NO  e m i s s i o n s ,   and  g a s o l i n e  



combust ion  only  accoun t ing   for  14  pe rcen t   of  t o t a l   wor ld -wide   NOx.  ( S o u r c e :  

Perk ins   op  c i t ,   page  2 9 3 . )  

NOx  from  ga so l i ne   a u t o m o b i l e s ,   which  are  the  dominant  mobile  NO  s o u r c e ,  

can  be  g r e a t l y   reduced.   For  example,   the  engine  des ign   of  Automotive  Eng ine  

A s s o c i a t e s   d e s c r i b e d   in  Pa t en t   # 4 , 3 4 4 , 3 9 4 ,   "High  Swirl  Very  Low  P o l l u t i o n  

P i s ton   Engine  Employing  O p t i m i z a b l e   V o r t i c i t y " ,   pe rmi t s   NO  emis s ions   f rom 

g a s o l i n e   au tomobi l e s   to  be  reduced  by  more  than  a  f a c t o r   of  ten.   N O  

e m i s s i o n s   from  other   sou rces   have  not  been  reduced  by  a n y t h i n g   l i k e   the  same 

p r o p o r t i o n ,   so  in  the  f u t u r e   i t   is  l i k e l y   tha t   the  NOx  emi s s ions   r e p r e s e n t e d  

by  e l e c t r i c   u t i l i t i e s ,   p i p e l i n e s   and  gas  p l a n t s ,   and  i n d u s t r i a l   bu rne r s   w i l l  

become  an  i n c r e a s i n g   p e r c e n t a g e   of  t o t a l   NOx  e m i s s i o n s .   In  r e c o g n i t i o n   o f  

t h i s ,   c o n t r o l   agenc ies   are  t i g h t e n i n g   NOx  c o n t r o l   r e q u i r e m e n t s   for  these   n o n -  

au tomo t ive   s o u r c e s .   The  c o n t r o l   t e chno logy   which  p r e s e n t l y   e x i s t s   for  NOx 

c o n t r o l   from  power  p l a n t s   and  the  o the r   l a rge   NOx  sources   is  expens ive   and  

u n s a t i s f a c t o r y .   It  is  the  purpose  of  the  p re sen t   i n v e n t i o n   to  produce  an  

i n e x p e n s i v e   and  very  e f f e c t i v e   means  of  c o n t r o l l i n g   NOx  from  these  l a r g e  

s o u r c e s .  

The  NO  fo rma t ion   p roce s s   in  f lames  and  p o s t - f l a m e   gases   depends  

i n t i m a t e l y   on  the  t e m p e r a t u r e - p r e s s u r e - t i m e   h i s t o r y   of  the  i n d i v i d u a l   p r o d u c t  

of  combus t ion   e l e m e n t s .   To ta l   NO  ou tpu t   from  a  burner   is  the  i n t e g r a t e d   NO 

ou tpu t   from  the  i n d i v i d u a l   e l e m e n t s .   In  h e t e r o g e n e o u s   combus t ion   s y s t e m s ,  

c o n c e n t r a t i o n   of  NO  may  vary  from  element   to  element  w i t h i n   a  burner   by  a s  

much  as  a  f a c t o r   of  1,000  because   NO  k i n e t i c s   is  such  a  s t r ong   f u n c t i o n   o f  

chemica l   s p e c i e s   c o n c e n t r a t i o n s .   Al though  the  k i n e t i c s   of  NO  fo rma t ion   i s  

c o n c e p t u a l l y   c l e a r ,   the  c o m p u t a t i o n a l   d i f f i c u l t i e s   of  a n a l y z i n g   NO  f o r m a t i o n  

in  h e t e r o g e n e o u s   combus t ion   systems  are  g r e a t .   C o n c e p t u a l l y ,   i t   is  much 

e a s i e r   to  t h ink   about  NO  f o r m a t i o n   in  homogeneous  combus t ion   s y s t e m s .  

A  good  d e s c r i p t i o n   of  the  k i n e t i c s   of  the  NOx  f o r m a t i o n   process   in  f l a m e s  



is  de sc r ibed   in  Pe rk in s ,   op  c i t ,   pages  302-308.  The  k i n e t i c s   there   d e s c r i b e d  

is  w e l l - e s t a b l i s h e d   in  the  s c i e n t i f i c   sense ,   and  i t   is  c l ea r   that   r a t e s   of  NO 

format ion   and  e q u i l i b r i u m   NOx  c o n c e n t r a t i o n s   i n c r e a s e   very  r ap id ly   a s  

t empera tu re   i n c r e a s e s .   Table  12.9  from  page  306  of  Perkins   shows  t h i s  

r e l a t i o n ,   and  is  reproduced   b e l o w .  

Time  to  form  500  p a r t s   per  m i l l i o n   NO  is  very  t empera tu re   s e n s i t i v e .  

Reducing  t empera tu re   from  3600°F  to  2800°F  cuts  the  r a t e   of  NO  fo rma t ion   1 3 8 -  

f o l d .   A  400°F  drop  from  3600°F  to  3200°F  cuts  r a t e s   by  a  f ac to r   of  9.4.   A 

400°F  drop  from  3200°F  to  2800°F  cuts  r a t e s   1 4 . 7 - f o l d .   A  f u r t h e r   400°F  d r o p  

from  2800°F  cuts  r a t e s   by  a  f a c t o r   of  84.6.   For  d i f f e r e n t   oxygen  p e r c e n t a g e s  

( d i f f e r e n t   a i r / f u e l   r a t i o s )   the  t rends   of  NO  f o r m a t i o n   with  t empera tu re   a r e  

s i m i l a r .   Formation  r a t e s   a l so   go  as  the  square  of  spec i e s   c o n c e n t r a t i o n s ,   and  

chemical   e q u i l i b r i a   vary  with  c o n c e n t r a t i o n   ( p r e s s u r e )   in  a  way  which  s h o u l d  

be  f a m i l i a r   to  those  who  have  s t u d i e d   chemical   k i n e t i c s .  

As  the  f u e l / a i r   r a t i o   of  a  combus t i b l e   element  changes,   the  NOx  fo rmed  

from  i t s   combustion  p r o d u c t s   w i l l   change  because   changing  a i r / f u e l   r a t i o  

v a r i e s   peak  flame  t e m p e r a t u r e   ( s ince   i t   v a r i e s   the  energy  of  the  f u e l  

a v a i l a b l e   to  r a i s e   the  t e m p e r a t u r e   of  the  fuel   and  a i r   atoms'  mass)  and 

because   changing  a i r / f u e l   r a t i o   changes  oxygen  a v a i l a b l e   to  combine  w i t h  

n i t r o g e n .   As  w i l l   be  made  c l e a r   in  the  d rawings ,   the  tempera ture   e f f e c t   i s  



t y p i c a l l y   more  i m p o r t a n t   than  the  oxygen  a v a i l a b i l i t y   e f f e c t .   So  long  as  an  

element  of  combus t ib l e   mixture   is  l o c a l l y   homogeneous,  i t s   NO  f o r m a t i o n  

behavior  w i l l   be  s t r a i g h t f o r w a r d l y   d e s c r i b e d   by  chemical   k i n e t i c s  

c a l c u l a t i o n s .   If  a  mix ture   of  fuel   and  a i r   is  h e t e r o g e n e o u s ,   with  many 

elements  at  many  d i f f e r e n t   a i r / f u e l   r a t i o s ,   the  concep tua l   process   of  N O  

format ion  is  the  same  but  the  a r i t h m e t i c   d i f f i c u l t i e s   of  i n t e g r a t i n g   NOx 

e f f e c t s   which  d i f f e r   from  element  to  element  are  f o r m i d a b l e .  

Complete  mixing  to  molecular   s ca les   of  f l u i d s   is  qu i te   d i f f i c u l t ,   and  t h e  

d i f f i c u l t y   of  mixing  becomes  g r e a t e r   as  the  geomet r i c   sca le   of  the  mixer  o r  

burner  i n c r e a s e s .   For  t h i s   reason ,   the  i n d u s t r i a l   des igns   which  p r o d u c e  

combustion  on  a  l a r g e   sca le   are  h e t e r o g e n e o u s .   Combustion  in  e l e c t r i c a l   power 

p lan t s   is  h e t e r o g e n e o u s   when  n a t u r a l   gas  is  burned,   yet  more  he t e rogeneous   f o r  

o i l - f i r e d   p l a n t s ,   and  more  he t e rogeneous   s t i l l   for  c o a l - b u r n i n g   p l a n t s .   The 

same  can  be  sa id   for  l a rge   i n d u s t r i a l   b u r n e r s .  

Both  power  p l a n t s   and  la rge   i n d u s t r i a l   bu rne r s   are  a p p l i c a t i o n s   where  

fuel   economy  is  i m p o r t a n t ,   and  the  need  to  minimize  s tack  heat  l o s ses   [ s t a c k  

loss  equals  M.CP(T-Tambient) ]   c o n s t r a i n s   the  o v e r a l l   o p e r a t i o n   of  the  b u r n e r s  

to  a i r / f u e l   r a t i o s   having  j u s t   enough  excess   a i r   to  complete  combustion  u n d e r  

the  mixing  c o n d i t i o n s   in  the  bu rne r .   Minimum  excess  a i r   is  r equ i r ed   t o  

minimize  massf low,   M,  up  the  s t a c k .   NO  c o n t r o l   from  these  la rge   b u r n e r s  

cannot ,   t h e r e f o r e ,   i nvo lve   v a r i a t i o n s   in  a i r / f u e l   r a t i o   wi thout   s i g n i f i c a n t  

fue l   p e n a l t i e s .  

The  o ther   l a r g e   sources   of  NOx  also  do  not  permit   v a r i a t i o n   of  a i r / f u e l  

r a t i o   for  NOx  c o n t r o l .   N i t r i c   oxide  g e n e r a t e d   in  p i p e l i n e s   is  gene ra t ed   i n  

the  h e t e r o g e n e o u s   can  combustors  of  s t a t i o n a r y   t u r b i n e   engines  or  in  t h e  

h e t e r o g e n e o u s   combus t ion   p roces se s   happening  in  the  very  l a rge   and  badly   mixed  

n a t u r a l   gas  r e c i p r o c a t i n g   engines   used  to  d r i ve   pumps.  For  both  the  t u r b i n e  



and  r e c i p r o c a t i n g   pump  e n g i n e s ,   load  c o n t r o l   is  l a r g e l y   ach ieved   by  v a r i a t i o n s  

in  a i r / f u e l   r a t i o .   These  systems  are  both  so  h e t e r o g e n e o u s   in  t h e i r   m i x i n g  

p roces se s   that   they  would-  have  many  zones  producing  NO  at  a  maximum  r a t e  

r e g a r d l e s s   of  the  o v e r a l l   a i r / f u e l   r a t i o   of  o p e r a t i o n   which  might  be  c h o s e n .  

Diese l   eng ine s ,   some  of  which  are  mobile  and  some  of  which  a r e  

s t a t i o n a r y ,   a l so   achieve  load  c o n t r o l   by  v a r i a t i o n   in  fue l   i n p u t ,   and  are  a l s o  

i n e s c a p a b l y   he t e rogeneous   because   fue l   is  sprayed  into  combust ion  a i r   only  a  

few  m i l l i s e c o n d s   before  combust ion  i n i t i a t e s ,   making  homogenei ty   at  the  l e v e l  

r e l e v a n t   to  chemical   k i n e t i c s   i m p o s s i b l e .  

The  i n v e n t o r   has  spent  the  l a s t   decade  working  to  c o n t r o l   mixing  and 

chemical   c o n c e n t r a t i o n s   to  r a d i c a l l y   reduce  NO  fo rmat ion   in  the  flames  which  

occur  in  s p a r k - f i r e d ,   i n t e r n a l   combust ion   eng ine s .   The  work  done  by  t h e  

i n v e n t o r ,   ( l a r g e l y   d e s c r i b e d   in  Pa ten t   # 4 , 3 4 4 , 9 3 4 ) ,   shows  that   complete  m i c r o -  

sca le   and  l a r g e - s c a l e   homogenei ty   of  f u e l ,   a i r   and  r e s i d u a l   gas  p r o d u c e s  

r a d i c a l   (as  much  as  1 , 0 0 0 - f o l d )   r e d u c t i o n s   in  NOR.  These  NO  r e d u c t i o n s   f i t  

c l o s e l y   the  t h e o r e t i c a l   p r e d i c t i o n s   of  chemical   k i n e t i c s .   It  should  be  

emphasized  tha t   the  p h y s i c a l   sca le   on  which  combustion  and  the  NO  fo rming  

chemical   r e a c t i o n s   occur  is  of  the  o rder   of  molecu la r   mean  f ree   paths  or  a t  

most  l o c a l i t i e s   in  the  s ize   range  of  a  few  cubic  microns .   The  c h e m i s t r y  

occur ing   in  these   t iny  v o l u m e s  s h o u l d   not  vary  with  the  c o n t a i n e r   in  wh ich  

these   t iny   volumes  occur .   There  is  every  reason  to  b e l i e v e   that   the  c h e m i c a l  

k i n e t i c s   of  NO  fo rma t ion   is  as  v a l i d   in  a  hundred  megawatt  power  p lant   as  in  a  

small  r e c i p r o c a t i n g   p i s t o n   eng ine .   If  the  mixing  s t a t e   of  the  i n d i v i d u a l  

e lements   which  burn  can  be  w e l l - d e s c r i b e d ,   k i n e t i c s   should  a c c u r a t e l y   p r e d i c t  

NO  fo rmat ion   r a t e s .  

NO  f o r m a t i o n   from  non-mobi le   sources   is  dominated  by  h e t e r o g e n e o u s  

combustion  p r o c e s s e s .   F u e l / a i r   r a t i o   v a r i e s   r a d i c a l l y   from  place  to  p l a c e  



wi th in   the  burner ,   and  t e m p e r a t u r e - p r e s s u r e - t i m e   t r a j e c t o r i e s   which  d e t e r m i n e  

NO  fo rmat ion   vary  a c c o r d i n g l y .   However,  i t   is  s t i l l   p o s s i b l e   to  r a d i c a l l y  

c o n t r o l   NO  format ion   in  these   he t e rogeneous   combust ion  p r o c e s s e s .  

The  approach  is  s imply  s t a t e d .   If  some  of  the  p r o d u c t s   of  c o m b u s t i o n ,  

a f t e r   doing  work  on  t u r b i n e s   or  pass ing   through  heat   exchanger   tubes ,   a r e  

r e c i r c u l a t e d   in to   the  i n t a k e   a i r   and  p e r f e c t l y   mixed  wi th   th i s   a i r   p r i o r   t o  

i n t r o d u c t i o n   of  the  EGR-air  mix ture   to   the  bu rne r ,   peak  flame  t e m p e r a t u r e s   i n  

the  burner   wi l l   be  lowered  for  every  element  of  f u e l / a i r   mixture   b u r n e d  

because  every  element  of  f u e l / a i r   mixture   w i l l   have  the  same  r a t i o   of  d i l u e n t  

to  a i r ,   and  th is   EGR  d i l u e n t ,   because  of  i t s   s p e c i f i c   hea t   and  mass,  w i l l  

suppress   peak  flame  t e m p e r a t u r e s .   This  lower ing   of  peak  c o m b u s t i o n  

t e m p e r a t u r e s   w i l l   occur  in  every  element  to  be  burned  r e g a r d l e s s   of  t h e  

d e t a i l s   of  the  f u e l - o x i d i z e r   mixing  process   in  the  b u r n e r .   Because  NO 

f o r m a t i o n   r a t e s   are  t e m p e r a t u r e   s e n s i t i v e ,   t h i s   l ower ing   of  c o m b u s t i o n  

t e m p e r a t u r e s   wi l l   reduce  NO  o u t p u t .   The  magni tude  of  the  NO  r e d u c t i o n   can  be  

very  l a r g e .  

It  should  be  noted  t h a t   exhaus t   gas  r e c i r c u l a t i o n   p e r c e n t a g e   does  n o t  

change  the  s tack   l o s s e s   and  e f f i c i e n c y   of  a  powerp lan t   or  l a rge   burner   so  l o n g  

as  s t a ck   gas  t e m p e r a t u r e   does  not  change,  s ince   EGR  does  not  change  mass  f l o w  

M  out  the  s t a c k .   EGR  is  a l so   compa t ib le   with  the  o p e r a t i o n   of  l a r g e  

r e c i p r o c a t i n g   p i s t o n   n a t u r a l   gas  eng ines ,   t u r b i n e   combus to r s ,   and  d i e s e l s .  

From  a  combust ion   po in t   of  view,  the  b e t t e r   mixed  the  EGR  is  with  the  r e s t   o f  

the  a i r ,   the  more  EGR  can  be  t o l e r a t e d .  

The  idea  of  exhaus t   gas  r e c i r c u l a t i o n   for  NO  c o n t r o l   is  not  new.  EGR 

equipment   h a s  b e e n   i n s t a l l e d   in  power  p l a n t s ,   s t a t i o n a r y   b u r n e r s ,   s t a t i o n a r y  

t u r b i n e s   and  l a rge   r e c i p r o c a t i n g   n a t u r a l   gas  engines   pumping  for  n a t u r a l   g a s  

p i p e l i n e s ,   and  d i e s e l   eng ines   for  many  yea r s .   However,  the  NO  s u p p r e s s i o n  
, 



r e s u l t s   achieved  with  these  devices   have  been  r a d i c a l l y   less   than  those  which  

could  have  been  achieved  with  the  same  exhaus t   r ecyc le   p e r c e n t a g e s   if   the  EGR 

was  homogeneously  mixed  with  the  r e s t   of  the  a i r .  

The  t h e o r e t i c a l   advantages  of  EGR  have  been  long  known.  In  the  f i g u r e s ,  

k i n e t i c s   c a l c u l a t i o n   r e s u l t s   from  Bartok  (Exxon  Research)  are  shown  i n d i c a t i n g  

a  90  percent   NO  r e d u c t i o n ,   with  10  pe rcen t   exhaust   gas  r e c i r c u l a t i o n ,   for  a 

homogeneous  combustor  case.   The  same  so r t   of  c a l c u l a t i o n   would  i n d i c a t e   a  98 

percent   r e d u c t i o n   for  20  percent   exhaus t   r e c i r c u l a t i o n .   However,  20  p e r c e n t  

exhaust   gas  r e c i r c u l a t i o n ,   mixed  c o n v e n t i o n a l l y ,   has  been  used  in  many  power 

p lant   b u r n e r s .   In  these  bu rne r s ,   the  EGR  only  cuts  NOx  output   in  h a l f .  

The  d i s p a r i t y   between  NO  r e d u c t i o n s   a v a i l a b l e   in  theory   and  t h o s e  

obta ined   in  l a rge   sca le   burners  is  due  to  bad  EGR-air  mixing.   However,  

e f f o r t s   to  c o n t r o l   NOx  with  EGR  have  taken  low  p r i o r i t y   in  i n d u s t r y ,   and 

ext remely   expens ive   schemes  for  c a t a l y t i c   r e d u c t i o n   of  NOx,  some  of  them 

invo lv ing   c a p i t a l   expend i tu r e s   of  b i l l i o n s   of  d o l l a r s ,   are  being  a c t i v e l y  

pursued.   This  is  happening  because  the  v i t a l   importance  of  EGR-air  mixing  t o  

the  NOx  r e d u c t i o n s   ob ta ined   has  not  been  u n d e r s t o o d .  

In  a d d i t i o n ,   mixing  f l u id   mechanics   is  a  d i f f i c u l t   b u s i n e s s ,   and  m i x i n g  

s e c t i o n s   capable   of  producing  the  r e q u i r e d   l a r g e - s c a l e ,   m i d d l e - s c a l e   and 

m i c r o - s c a l e   homogenei ty  of  a i r   and  EGR  have  not  been  a v a i l a b l e .   The  e f f o r t s  

of  the  i n v e n t o r   to  produce  p r a c t i c a l   and  rap id   mixing  using  c o n t r o l l e d   f l o w  

s t r u c t u r e s   make  i t   p o s s i b l e   now  to  bu i ld   such  mixing  s e c t i o n s   p r a c t i c a l l y .  

The  bas ic   s t r u c t u r e d   t u r b u l e n t   flow  mixing  process   has  been  worked  out  and 

t e s t ed   on  r e c i p r o c a t i n g   s p a r k - f i r e d   e n g i n e s ,   but  can  be  sca led -up   r e a d i l y   t o  

the  s izes   r e q u i r e d   for  la rge   s t a t i o n a r y   b u r n e r s .  

It  is  i m p o r t a n t   to  r e a l i z e   how  d i f f i c u l t   complete  mixing  i s ,   and  how 

u n s a t i s f a c t o r y   c o n v e n t i o n a l   mixing  t e c h n i q u e s   are  in  i n d u s t r y .   Moreover,  i t  



is  i m p o r t a n t   to  r e a l i z e   tha t   the  c u r r e n t   s t a t e   of  e n g i n e e r i n g   and  f l u i d  

m e c h a n i c a l   knowledge  concern ing   the  d e t a i l e d   p r o c e s s e s   r e q u i r e d   to  a c h i e v e  

complete   mixing  is  in  a  p r i m i t i v e   s t a t e .   I n s i g h t s   in to   the  s t r u c t u r e   o f  

t u r b u l e n c e   and  r e c o g n i t i o n   of  the  impor tance   of  the  problem  now  make  mixing  a n  

i m p o r t a n t   and  a c c e s s a b l e   r e s e a r c h   problem  in  f l u i d   mechan ics .   For  i n s t a n c e ,   a  

team  of  r e s e a r c h e r s   i n c l u d i n g   p r o f e s s o r s   S.  J.  Kl ine ,   B.  J.  Cantwell ,   and  L.  

H e s e l i n k   at  S tanford   U n i v e r s i t y   are  now  (1983)  i n i t i a t i n g   a  major  e f f o r t   t o  

s tudy  mixing  in  j e t s   and  in  s t r u c t u r e d   flow  s e c t i o n s   such  as  the  one  worked 

out  by  the  i n v e n t o r .  

I t   is  the  purpose  of  the  p r e s e n t   i n v e n t i o n   to  show  how  homogeneous  m i x i n g  

of  EGR  wi th   a i r   can  p r a c t i c a l l y   suppres s   NOx,  and  to  d e s c r i b e   a  s t r u c t u r e d  

t u r b u l e n t   flow  vo r t ex   mixing  p roces s   which  ach ieves   the  r e q u i r e d  

h o m o g e n i z a t i o n   of  a i r   and  EGR.  The  air-EGR  mixing  t e c h n i q u e   can  r e a d i l y   b e  

a p p l i e d   to  e x i s t i n g   burners   to  r a d i c a l l y   suppress   NO  fo rma t ion   at  a  

r e l a t i v e l y   low  cos t .   The  mixing  flow  p a t t e r n s   are  high  Reynolds  numbers  f l o w  

p a t t e r n s   which  sca le   r e a d i l y   up  to  very  l a rge   s i z e s .   NO  con t ro l   v i a  

homogeneous  a i r -EGR mix ing   is  a p p l i c a b l e   to  d i e s e l   engine   combustion,  t h e  

combus t ion   of  l a rge   n a t u r a l   gas  r e c i p r o c a t i n g   e n g i n e s ,   the  combustion  in  t h e  

cans  of  s t a t i o n a r y   t u r b i n e s ,   and  the  combust ion  p rocess   in  n a t u r a l   gas,  o i l ,  

or  coal   b u r n e r s   of  l a rge   s c a l e .  

IN  THE  DRAWINGS 

F i g u r e   1  shows  t y p i c a l   NO -  t e m p e r a t u r e   p r o f i l e s   p r e d i c t e d   by  a  

m a t h e m a t i c a l   model  showing  the  e f f e c t s   of  t w o - s t a g e   combust ion  and  f lue  g a s  

r e c i r c u l a t i o n   on  a  homogeneous  burner   (Source:   Bar tok   et  a l ,   Exxon  R e s e a r c h  

and  E n g i n e e r i n g   Company,  page  312  of  Air  P o l l u t i o n ,   Henry  C.  Perkins ,   McGraw- 

H i l l   Book  Company,  1974) .   The  f i g u r e   shows  t ha t   the  model  p r e d i c t e d  



a p p r o x i m a t e l y   a  t e n - f o l d   r e d u c t i o n   in  n i t r i c   oxide  ou tput   with  the  m o d e r a t e  

EGR  p e r c e n t a g e   of  ten  p e r c e n t ,   on  the  assumpt ion  tha t   f u e l ,   a i r   and  EGR  were  

homogeneously  mixed  p r i o r   to  c o m b u s t i o n .  

Figure   2  i l l u s t r a t e s   the  e f f e c t   of  f u e l / a i r   e q u i v a l e n c e   r a t i o   on  NOx 

output  for  t h ree   l e v e l s   of  exhaus t   gas  r e c i r c u l a t i o n   for  an  i n t e r n a l  

combustion  eng ine .   (Source:   " N i t r i c   Oxide  Emissions  from  S t r a t i f i e d   Charge  

Engines:   P r e d i c t i o n   and  Cont ro l"   by  Paul  N.  Blumberg,  Ford  Motor  Company, 

which  was  r e l e a s e d   to  a  Combustion  I n s t i t u t e   meeting  in  Urbana,  I l l i n o i s   i n  

March  1973.)   The  f i g u r e   is  for  a  homogeneous  charge  s p a r k - f i r e d   eng ine ,   b u t  

shows  the  g e n e r a l   r e s u l t   tha t   the  NO  vs.  a i r / f u e l   r a t i o   curve  s h i f t s   downward 

r a p i d l y   with  i n c r e a s i n g   EGR.  For  a  burner   at  a tmospher ic   p r e s s u r e ,   t h e - N O  

curve  for  homogeneous  combust ion  rough ly   cor responds   to  the  twenty  p e r c e n t   EGR 

curve  of  F igure   2 .  

Figure  3  i l l u s t r a t e s   the  r a d i c a l   r e d u c t i o n s  i n   NOx  output   p o s s i b l e   w i t h  

complete  homogeneous  combust ion  in  a  s p a r k - f i r e d   engine  b u i l t   a c c o r d i n g   t o  

"High  Swirl  Very  Low  P i s ton   Engine  Employing  Opt imizable   V o r t i c i t y , "   p a t e n t  

#4 ,344 ,394 .   The  1000:1  range  on  NOx  output   i l l u s t r a t e s   the  e x t r e m e  

s e n s i t i v i t y   of  NOx  output   to  e q u i v a l e n c e   r a t i o .   The  data  i l l u s t r a t e d   a r e  

s t r o n g l y   c o n s i s t e n t   with  the  c o n v e n t i o n a l   k i n e t i c s   ma themat ica l   models  of  NOx 

f o r m a t i o n ,   which  also  apply  to  o the r   c o m b u s t i o n  s y s t e m s .  

Figure   4  shows  the  extreme  l ump ines s   of  c o n v e n t i o n a l   j e t   mixing  in  a  

photograph  where  a  l a s e r - i n d u c e d   f l o r e s c e n c e   i l l u m i n a t e s   a  p lanar   cut  ac ross   a  

t u r b u l e n t   mixing  j e t .   (Source :   D imotak i s ,   Lye  and  Papantoniou  1981 

reproduced   from  page  97  of  An  Album  of  Fluid  Motion,  assembled  by  Mil ton  Van 

Dyke,  P a r a b o l i c   P ress ,   S t a n f o r d ,   C a l i f o r n i a   1982.)  The  lumpiness   of  m i x i n g  

i l l u s t r a t e d   in  the  pho tograph   is  c h a r a c t e r i s t i c   of  the  j e t   mixing  p r o c e s s  

which  i s  t h e   ba s i c   mixing  p rocess   in  v i r t u a l l y   a l l   c u r r e n t   combustors  and  a l l  



presen t   commmerical  t u r b u l e n t   mixing  s e c t i o n s .   It  has  been  commonly  b e l i e v e d  

that   flow  th rough  a  mixing  j e t   such  as  that   i l l u s t r a t e d   by  Dimotakis  et  a l  

produces  homogenie ty   down  to  m i c r o s c a l e s .   This  is  c l e a r l y   not  t rue ,   and  a  

more  o r g a n i z e d   mixing  process   is  r e q u i r e d   to  produce  l a r g e - s c a l e ,   m i d d l e - s c a l e  

and  m i c r o - s c a l e   homogenie ty   of  EGR  and  a i r .  

F igure   5  shows  a  ske t ch   of  a  mixing  s e c t i o n   of  the  i n v e n t o r ' s   covered  by 

pa ten t   #4 ,318 ,386   showing  a  mixing  s e c t i o n   which  produces   an  i r r o t a t i o n a l  

vo r t ex   mean  flow  p a t t e r n   which  is  not  c h a r a c t e r i z e d   by  the  l u m p i n e s s  

i l l u s t r a t e d   in  F igure   4  and  which  produces  an  o r g a n i z e d   f o l d i n g   toge the r   o f  

mixants   with  random  d i f f u s i o n   occur ing   only  on  r e l a t i v e l y   f ine   s c a l e s ,   t o  

produce  mixing  r a t e s   much  f a s t e r   than  those  p r e v i o u s l y   thought   p o s s i b l e .   The 

vo r t ex   mixer  i l l u s t r a t e d   has  been  s u c c e s s f u l l y   used  in  an  i n t e r n a l   combus t ion  

engine  and  was  on  the  engine  which  produced  the  NO  curve  of  Figure  3  with  t h e  

r a d i c a l   NO  r e d u c t i o n   i l l u s t r a t e d   in  tha t   f i g u r e .  

F igu re s   6,  7,  8,  9,  10,  11,  12  and  12a  i l l u s t r a t e   the  vor tex   flow  p a t t e r n  

u s e f u l   for  mixing  and  i l l u s t r a t e s   the  fundamenta l   argument  of  s t r u c t u r e d  

t u r b u l e n t   flow  mixing.   F igures   6  -   12a  are  a lso  F igures   6  -   12a  in  P a t e n t  

#4 ,318 ,386   by  the  p r e s e n t   i n v e n t o r   with  K.  W.  K r i e s e l   and  C.  L.  S i e w e r t .  

F igures   13  and  15  show  a  v o r t e x   mixer  which  can  be  s ca l ed   to  the  s i z e  

r e q u i r e d   for   very   l a r g e   b u r n e r s ,   w h i c h  a r r a n g e s   m u l t i p l e   i n t r o d u c t i o n   p o i n t s  

of  EGR  and  a i r ,   and  which  is  des igned   to  u t i l i z e   buoyancy  i n s t a b i l i t y   due  t o  

d e n s i t y   d i f f e r e n c e s   between  the  r e l a t i v e l y   warm  EGR  and  the  r e l a t i v e l y  c o l d  

a i r   to  a s s i s t   the  f o l d i n g   t o g e t h e r   of  the  m ixan t s .   The  v o r t e x   mixers  shown  i n  

F igu re s   13  and  15  can  be  s ca led   up  to  very  l a rge   s i z e s ,   s ince   they  are  h i g h  

Reynolds  number  dev ices   dependent   f u n d a m e n t a l l y   upon  i n e r t i a l   e f f e c t s   in  f l u i d  

m e c h a n i c s .   The  m u l t i p l e   mixant   i n t r o d u c t i o n   v o r t e x   in  F igures   13  and  15  c a n ,  

with  r e l a t i v e l y   low  p r e s s u r e   l o s s e s ,   mix  EGR  with  a i r   down  to  very  f i n e  



s c a l e s ,   so  that   the  m i c r o s c a l e   or  molecu la r   sca le   mixing  of  a i r   and  EGR  can  be 

qui te   homogeneous  by  the  time  the  a i r   EGR  mix ture   is  i n t r o d u c e d   in to   a  

burner .   If  th is   is  done,  very  la rge   r e d u c t i o n s   of  NOx  from  a  h e t e r o g e n e o u s  

combustion  process   are  p o s s i b l e .  

Figure  14  i l l u s t r a t e s   an  air-EGR  mixer  with  s i ng l e   i n l e t s   of  a i r   and  EGR 

but  with  flows  a r r anged   for  buoyancy  i n s t a b i l i t y   mixing.   The  des ign   i s  

a p p l i c a b l e   to  r e l a t i v e l y   sma l l e r   air-EGR  m i x e r s .  

Figure  16  i l l u s t r a t e s   the  use  of  vo r t ex   mixed  u l t r a -homogeneous   EGR  a i r  

mixers  on  a  power  p lan t   burner   system.  The  EGR  supply  to  the  burner   shown 

s c h e m a t i c a l l y   in  Figure   16  is  e q u a l l y   a p p l i c a b l e   to  c o a l - f i r e d ,   o i l - f i r e d   o r  

n a t u r a l   g a s - f i r e d   b u r n e r s ,   and  a p p l i e s   to  l a rge   i n d u s t r i a l   burners   of  a l l  

k inds .   For  l a rge   i n s t a l l a t i o n s ,   a  mixer  ana lagous   to  Figure  13,  r a t h e r   t h a n  

the  s impler   Figure  14  shown  s c h e m a t i c a l l y ,   would  be  u s e d .  

Figure  17  is  a  s chema t i c   of  hardware  to  supply  vo r t ex -mixed   homogeneous 

EGR  air   mix tures   to  the  i n t a k e   a i r   of  a  s t a t i o n a r y   t u r b i n e .   The  a r r a n g e m e n t  

shown  in  Figure  17  is  capable   of  r a d i c a l l y   r educ ing   NOx  ou tpu t s   from  s u c h  

s t a t i o n a r y   t u r b i n e s .   For  l a rge   i n s t a l l a t i o n s ,   a  mixer  analagous  to  Figure  13, 

r a t he r   than  the  s imple r   Figure   14  mixer  shown  s c h e m a t i c a l l y ,   would  be  u s e d .  

Figure  18  shows  a  s chemat ic   of  a  vor tex   EGR-air  mixer  supply ing   an  a i r -  

EGR  mixture  to  a  d i e s e l   eng ine .   This  method  of  NOx  s u p p r e s s i o n   is  e f f e c t i v e  

for  large  NOx  r e d u c t i o n   in  both  s t a t i o n a r y   and  automot ive   d i e s e l s ,   and  makes 

pos s ib l e   much  l a r g e r   NO  r e d u c t i o n s   per  uni t   EGR  input  than  are  p r e s e n t l y  

p o s s i b l e .   D e t a i l s   of  the  EGR-air  mixer  not  shown  in  the  schemat ic   would  v a r y  

with  i n s t a l l a t i o n   s i z e .  



DETAILED  DISCUSSION 

Figure  1  shows  t y p i c a l   NOx  p r o f i l e s   p r e d i c t e d   by  a  mathemat ica l   model  

showing  the  e f f e c t s   of  two- s t age   combustion  and  f lue   gas  r e c i r c u l a t i o n   on  a  

homogeneous  burner   (Source :   Bartok  e t .   a l . ,   Exxon  Research  and  E n g i n e e r i n g ,  

1969,  page  312  of  Air  P o l l u t i o n ,   Henry  C.  P e r k i n s ,   McGraw-Hill  Book  Company, 

1974) .   The  f i g u r e   shows  tha t   Ba r tok ' s   model  p r e d i c t e d   approx imate ly   a  t e n -  

fo ld   r e d u c t i o n   in  n i t r i c   oxide  output  with  a  very  moderate  ten  pe rcen t   EGR 

p e r c e n t a g e ,   on  the  assumpt ion   that   f ue l ,   a i r ,   and  EGR  were  homogeneously  mixed 

p r i o r   to  combust ion .   The  k i n e t i c   r e s u l t s   p r e d i c t e d   in  Bar tok ' s   model  a r e  

q u i t e   r e a s o n a b l e ,   but  are  very  d i f f e r e n t   from  those   ob ta ined   with  EGR  i n  

i n d u s t r i a l   p r a c t i c e   on  l a r g e   b u r n e r s .   A  g rea t   many  l a rge   power  p lan t   b u r n e r s  

are  a l r e a d y   o p e r a t i n g   with  EGR  p e r c e n t a g e s   of  ten  or  more  percent   ( o f t en   up  t a  

the  20  pe rcen t   l e v e l ) .   These  EGR  p e r c e n t a g e s   a cco rd ing   to  c o n v e n t i o n a l  

k i n e t i c s   modeling,   should  produce  very  l a rge   NO  output   r e d u c t i o n s .   Someth ing  

l i k e   a  f i f t y - f o l d   r e d u c t i o n   in  NO  should  be  p o s s i b l e   with  20  percent   EGR  i f  

the  EGR  were  homogeneously  mixed  with  the  i n t a k e   a i r   feeding  the  b u r n e r .  

Because  a i r   and  EGR  are  not  comple te ly   mixed,  the  r e s u l t s   obta ined  with  EGR 

are  much  worse  in  p r a c t i c e   than  those  p r e d i c t e d   k i n e t i c a l l y .   For  example,  i n  

Table  12.11  of  P e r k i n ' s   page  313,  op.  c i t .   a  r e s u l t   is  shown  where  a  320 

megawatt  power  p lan t   burner   was  equipped  with  twenty  pe rcen t   EGR,  and  NOx 

c o n c e n t r a t i o n s   f e l l   only  from  350  pa r t s   per  m i l l i o n   to  150  par ts   p e r  

m i l l i o n .   K ine t i c s   c a l c u l a t i o n s   i n d i c a t e   tha t   NO  output   from  th i s   b u r n e r  

could  have  been  reduced  ano the r   f a c t o r   of  t w e n t y - f i v e   downwards  from  the  150 

p a r t s   per  m i l l i o n   number  if   the  twenty  pe rcen t   EGR  in  the  system  had  been  w e l l  

mixed  with  the  i n t a k e   a i r .   In  a d d i t i o n ,   h e t e r o g e n e i t y   of  EGR  with  the  a i r  

means  not  only  tha t   t he re   are  s i g n f i c a n t   pa r t s   of  the  air   stream  which  a r e  

r e l a t i v e l y   poor  in  EGR,  i t   a lso  means  that   t he re   w i l l   be  lumps  of  a i r   EGR 



mixture   that   have  c o n c e n t r a t i o n s   of  EGR  much  h igher   than  twenty  p e r c e n t .  

Those  f a m i l i a r   with  flame  s t a b i l i t y   l i m i t s   w i l l   r e c o g n i z e   that   these   very  h i g h  

EGR  p e r c e n t a g e s   may  cause  combustion  d i f f i c u l t i e s ,   de l ay ing   CO  burnout   and 

r e q u i r i n g   l a r g e r   excess  a i r   p e r c e n t a g e s   (with  a t t e n d a n t   s tack   heat  l o s s e s )  

than  would  be  p o s s i b l e   with  homogeneous  air-EGR  m i x i n g .  

The  r e s u l t s   shown  in  Figure   1  are  for  k i n e t i c   c a l c u l a t i o n s   which  a s sume  

f u e l / a i r   homogenei ty   and  a i r   EGR  homogenie ty .   It  is  p o s s i b l e   to  p r o d u c e  

homogeneity  of  a i r   and  EGR  acco rd ing   to  the  p r e s e n t   i n v e n t i o n ,   but  even  so  t h e  

air   and  EGR  mixture   w i l l   be  used  in  h e t e r o g e n e o u s   combust ion  where  l o c a l  

a i r / f u e l   r a t i o s   wi l l   vary  w i th in   the  bu rne r .   Figure  2  i l l u s t r a t e s   the  e f f e c t  

of  f u e l / a i r   r a t i o   v a r i a t i o n   on  NO  output   for  th ree   l e v e l s   of  h o m o g e n e o u s l y  

mixed  exhaust   gas  and  a i r .   The  f i g u r e   is  taken  from  a  computat ion  a p p l i e d   t o  

an  i n t e r n a l   combust ion  eng ine ,   but  is  d i r e c t l y   r e l e v a n t   to  the  n o n - a u t o m o t i v e  

cases .   (Source:   " N i t r i c   Oxide  Emissions  from  S t r a t i f i e d   Charge  E n g i n e s :  

P r e d i c t i o n   and  C o n t r o l , "   by  Paul  N.  Blumberg,  Ford  Motor  Company,  which  was 

p r e s e n t e d   at  a  Combustion  I n s t i t u t e   meeting  in  Urbana,  I l l i n o i s ,   March 

1973.)   The  f i g u r e s   show  the  g e n e r a l   r e s u l t   tha t   the  NO  vs.  f u e l / a i r   r a t i o  

curve  s h i f t s   down  r a p i d l y   with  i n c r e a s i n g   EGR  (EGR  and  a i r   are  assumed  to  be  

homogeneously  mixed  for  the  c a l c u l a t i o n ) .   F igure   2  a p p l i e s   to  an  i n t e r n a l  

combust ion  engine  where  a d i a b a t i c   compress ion   i n c r e a s e s   flame  t e m p e r a t u r e s .  

For  a  burner   at  a t m o s p h e r i c   p r e s s u r e ,   t e m p e r a t u r e s   are  less   and  the  NO  c u r v e  

for  homogeneous  combus t ion   s h i f t s   downward.  For  a  burner   at  a t m o s p h e r i c  

p r e s s u r e   the  NOx  curve  for   homogeneous  combust ion  roughly  cor responds   to  t h e  

twenty  pe rcen t   EGR  curve  of  F igure   2 .  

Chemical  k i n e t i c s   c a l c u l a t i o n s   f r e q u e n t l y   p r e d i c t   that   very  l a r g e  

r e d u c t i o n s   in  NO  output   are  p o s s i b l e   for  combust ion  sys tems.   S i n c e  

e x p e r i m e n t a l   r e s u l t s   ( u s u a l l y   with  bad  mixing)  o f ten   show  smal ler   r e d u c t i o n s ,  



the  r e l e v a n c e   of  chemical  k i n e t i c s   to  NO  fo rmat ion   is  sometimes  d o u b t e d .  

Figure  3  i l l u s t r a t e s   the  r a d i c a l   r e d u c t i o n s   in  NOx  output   p o s s i b l e   w i t h  

complete  homogeneous  combustion  in  a  s p a r k - f i r e d   engine  b u i l t   accord ing   t o  

"High  Swirl   Very  Low  P o l l u t i o n   P is ton   Engine  Employing  Opt imizab le   V o r t i c i t y , "  

p a t e n t   # 4 , 3 4 4 , 3 9 4 ) .   The  1000:1  range  of  NOx  output   i l l u s t r a t e s   the  e x t r e m e  

s e n s i t i v i t y   of  NOx  output   to  e q u i v a l e n c e   r a t i o   in  t h i s   case ,   where  homogeneous 

mixing  was  n e a r l y   ach ieved .   The  data  i l l u s t r a t e d   are  s t r o n g l y   c o n s i s t a n t   w i t h  

the  c o n v e n t i o n a l   k i n e t i c s   ma thema t i ca l   models  of  NO  f o r m a t i o n ,   which  a l s o  

apply  to  o the r   combust ion  sys tems.   It  is  the  s t rong   op in ion   of  the  i n v e n t o r  

tha t   d e v i a t i o n s   of  NO  output   from  those  p r e d i c t e d  b y   k i n e t i c s   are  a l m o s t  

always  the  r e s u l t s   of  mixing  i m p e r f e c t i o n s   which  cause  the  rea l   c o m b u s t i o n  

system  to  d e v i a t e   from  the  homogeneous  assumpt ions   of  the  k i n e t i c s  

c a l c u l a t i o n s .   Because  NOx  output   of  a  combustion  element  can  vary  by  1 0 0 0 : 1  

or  more  depending   upon  i t s   s t o i c h i o m e t r y   and  EGR  p e r c e n t a g e   (which  d e t e r m i n e  

the  t e m p e r a t u r e - p r e s s u r e - t i m e   h i s t o r y   which  forms  the  NOx)  m ix ing  

i m p e r f e c t i o n s   can  r a d i c a l l y   change  NOx  c o n c e n t r a t i o n s   from  those  p o s s i b l e   w i t h  

complete   m ix ing .  -   The  NOx  p e n a l t y   which  occurs  because  of  h e t e r o g e n e i t y   of  t h e  

a i r   EGR  mix  s u p p l y i n g   a  combust ion   system  is  very  l a r g e ,   and  th i s   l a r g e  

p e n a l t y   is  whole ly   c o n s i s t a n t   with  the  k i n e t i c   t heo ry   of  NO  fo rma t ion .   The 

q u a l i t y   of  mixing  of  a i r   and  EGR  in  cu r r en t   combust ion  systems  is  e x t r e m e l y  

i m p e r f e c t   in  p r a c t i c e .   An  u n d e r s t a n d i n g   of  how  lumpy  the  mixing  process   i s  

r e q u i r e s   an  i n s i g h t   in to   the  lumpiness   of  the  t u r b u l e n t   j e t   mixing  p r o c e s s  

which  is  the  dominant  mixing  process   in  a i r   EGR  mixing  and  other   i n d u s t r i a l  

mixing  p r o c e s s e s .  

F igure   4  shows  the  ext reme  lumpiness   of  c o n v e n t i o n a l   j e t   mixing  in  a  f l o w  

v i s u a l i z a t i o n   p h o t o g r a p h   of  with  a  l a s e r   induced  f l u o r e s c e n c e   i l l u m i n a t i n g   a  

p l a n a r   cut  ac ross   a  t u r b u l e n t   mixing  j e t   (Source:   Dimotakis ,   Lye  & 



Papantoniou   1981,  reproduced   from  page  97  of  An  Album  of  Fluid  Mot ion ,  

assembled  by  Milton  Van  Dyke,  Pa rabo l i c   P re s s ,   S t a n f o r d ,   C a l i f o r n i a ,   1 9 8 2 ) .  

The  v i s u a l i z a t i o n   process   of  Dimotakis ,   e t .   a l .   makes  ex t remely   c lear   t h e  

degree  of  h e t e r o g e n e i t y   in  the  j e t ,   which  was  much  l e s s   c l ea r   p r i o r   to  t h e i r  

e f f o r t s   in  1981.  A  f l u o r e s c e n t l y   dyed  water  j e t   is  i n j e c t e d   in to   a  r e l a t i v e l y  

q u i e s c e n t   mass  of  water ,   and  a  plane  of  l a s e r   l i g h t   i l l u m i n a t e s   t h e  

f l u o r e s c e n t   m a t e r i a l   which  is  p h o t o g r a p h e d . a t   r i g h t   angles   to  show  a  p l a n a r  

cut  showing  the  d e t a i l s   of  c o n c e n t r a t i o n s   and  flow  s t r u c t u r e   in  the  j e t   as  t h e  

j e t   flows  downward.  The  p l ana r   cut  shown  is  c en t e r ed   on  the  j e t ,   but  l i k e  

l e v e l s   of  h e t e r o g e n e i t y   occur  at  o ther   s e c t i o n a l   cu t s .   The  flow  in  the  j e t  

becomes  t u r b u l e n t   and  u n s t a b l e ,   s h o r t l y   downstream  of  i t s   e j e c t i o n ,   and  b r e a k s  

up  in to   t o p o l o g i c a l l y   complex  vor tex   shee t s   and  flow  p a t t e r n s .   These  f l o w  

p a t t e r n s   are  random  in  a  sense ,   but  have  s i g n i f i c a n t   degrees  of  s h o r t - t e r m  

s t r u c t u r e .   Observing  the  d i f f e r e n c e s   in  c o n c e n t r a t i o n s   shown  in  t h e  

pa rag raph ,   it   is  c lear   tha t   even  t h i r t y   or  more  d i ame te r s   downstream  from  t h e  

j e t   nozzle   c o n c e n t r a t i o n   v a r i a t i o n s   in  the  j e t   of  100:1  or  more  s t i l l  

p e r s i s t .   At  the  v i s u a l   sca le   of  the  pho tog raph ,   t h e  j e t   is  e x t r e m e l y  

he t e rogeneous   everywhere .   Even  many  hundreds  of  d i ame te r s   downstream  f rom 

such  a  j e t ,   the  degree  of  h e t e r o g e n e i t y   on  the  t i ny   s ca l e s   r e l e v a n t   t o  

chemical   k i n e t i c s   is  very  g r e a t ,   and  there   is  no th ing   l ike   an  approach  t o  

s t a t i s t i c a l   u n i f o r m i t y   of  c o n c e n t r a t i o n s   from  m i c r o s c a l e   con t ro l   volume  t o  

m i c r o s c a l e   con t ro l   volume.  The  extreme  lumpiness   i l l u s t r a t e d   by  t h e  

photograph  of  Dimotakis ,   e t .   a l .   is  of  more  than  academic  i n t e r e s t .   The 

lumpiness   of  mixing  i l l u s t r a t e d   in  the  photograph   is  c h a r a c t e r i s t i c   of  the  j e t  

mixing  process  which  is  the  bas ic   mixing  process   in  v i r t u a l l y   a l l   c u r r e n t  

combustors   and  a l l   c u r r e n t   commerical  mixing  s e c t i o n s .   In  the  past  i t   has  

been  commonly  be l i eved   tha t   a  mixture  twenty  or  more  d iamete rs   downstream  o f  



the  i s sue   of  a  j e t   in  a  f u l l y   t u r b u l e n t   flow  would  be  qu i t e   homogeneous.  I n  

i n d u s t r y ,   i t   is  o f t en   f e l t   that   a  t u r b u l e n t   flow  a s su res   complete  mixing  i n  

r e l a t i v e l y   shor t   d i s t a n c e s ,   and  the  i s sue   of  m ic ro sca l e   homogeneity  has  b e e n  

e i t h e r   not  unde r s tood   or  has  been  taken  for  g r a n t e d .   The  photograph  o f  

Dimotakis-,  e t .   a l . ,   makes  c lea r   tha t   the  c o n v e n t i o n a l   j e t   mixing  process   i s  

lumpy  and  is  a  r e l a t i v e l y   slow  way  of  mixing  two  f l u i d s .   For  f u n d a m e n t a l  

r ea sons ,   the  d i f f i c u l t y   of  mixing  in  a  j e t   (or  any  o ther   geometry)  i n c r e a s e s  

with  the  l i n e a r   s ca le   of  the  j e t ,   so  tha t   the  mixing  p r o c e s s e s   in  a  l a r g e  

combustion  system  are  i n t r i n s i c a l l y   harder   than  those  in  a  smal le r   o n e .  

Conven t iona l   j e t   mixing  is  not  s a t i s f a c t o r y   for  p roducing   homogeneous  a i r   EGR 

mixtures   with  r e a s o n a b l e   p r e s s u r e   drops  in  r e a s o n a b l e   s p a c e s .   To  produce  t h e  

rapid   and  complete   mixing  of  EGR  and  a i r   r e q u i r e d ,   a  more  o rgan ized   m i x i n g  

process   than  j e t   mixing  is  r e q u i r e d   to  produce  l a r g e - s c a l e ,   m i d d l e - s c a l e   a n d  

m i c r o s c a l e   homogenei ty   of  EGR  and  a i r .  

Figure  5  shows  a  sketch  of  a  mixing  s e c t i o n   o f  t h e   i n v e n t o r ' s   covered  by 

pa t en t   #4 ,318 ,386   showing  a  mixing  s e c t i o n   which  produces  such  an  o r g a n i z e d  

mixing  p r o c e s s .   The  mixing  s e c t i o n - i l l u s t r a t e d   in  Figure   5  was  des igned  f o r  

an  i n t e r n a l   combust ion   engine .   The  flow  p a t t e r n   w i th in   the  c e n t r a l   chamber  3 

of  Figure  5  is  an  i r r o t a t i o n a l   vo r t ex   mean  flow  p a t t e r n   which  is  n o t  

c h a r a c t e r i z e d   by  the  lumpiness   i l l u s t r a t e d   in  F igure   2  and  which  produces  a n  

o rgan ized   f o l d i n g   t o g e t h e r   of  mixants   with  random  d i f f u s i o n   occur r ing   only  on 

r e l a t i v e l y   f ine   s c a l e s   to  produce  mixing  r a t e s   much  f a s t e r   than  t h o s e  

p r e v i o u s l y   thought   p o s s i b l e .   The  vo r t ex   mixer  i l l u s t r a t e d   has  b e e n  

s u c c e s s f u l l y   used  in  an  i n t e r n a l   combust ion  engine  and  was  on  the  engine  w h i c h  

produced  the  NOx  curve  for  g a s o l i n e   shown  in  F igure   3,  with  the  r a d i c a l   NOx 

r e d u c t i o n   i l l u s t r a t e d   in  tha t   f i g u r e .   The  homogenei ty   produced  by  the  v o r t e x  

shown  in  F igure   5  is  not  p e r f e c t ,   but  i t   is  much  more  complete   than  tha t   i n  



pr io r   art  mixing  s e c t i o n s   appl ied   to  e n g i n e s .   The  improved  m i x t u r e  

homogenei ty  g r e a t l y   widened  the  l i m i t s   of  s t a b l e   engine  o p e r a t i o n   and 

pe rmi t t ed   r a d i c a l   r e d u c t i o n s   in  NOx,  analogous  to  the  r e d u c t i o n s   in  N O  

p o s s i b l e   with  p e r f e c t   mixing  of  EGR  and  a i r   in  l a rge   b u r n e r s .  

See  Figure  5.  A  g e n e r a l l y   r e c t a n g u l a r   t h r o t t l e   p la te   1  is  in  r e c t a n g u l a r  

s e c t i o n   2  and  feeds  a  vo r t ex   mixing  chamber  3.  High  speed  flow,  in  the  form 

of  wall  a t t a c h e d   j e t s ,   e n t e r s   t a n g e n t i a l l y   in to   the  vor tex   mixing  s e c t i o n   at  6 

and  7,  and  swi r l s   around  the  o u t l e t   4  in  a  flow  f i e l d   which  is  t u r b u l e n t ,   b u t  

which  has  the  mean  flow  s t r e a m l i n e   p a t t e r n   of  the  flow  f i e l d   c l o s e l y   c o r r e -  

sponding  to  tha t   of  an  i r r o t a t i o n a l   v o r t e x .   This  is  the  bas ic   vo r t ex   m i x i n g  

p a t t e r n   u s e f u l   to  homogenize  a i r   and  EGR  for  h e t e r o g e n e o u s   b u r n e r s .   The 

mixing  s e c t i o n   i nvo lves   high  Reynolds  number  f lows ,   and  the  l i n e a r   sca le   o f  

the  mixing  s e c t i o n   can  be  sca led-up   i n d e f i n i t e l y   with  the  main  f e a t u r e s   of  t h e  

flow  p a t t e r n   m a i n t a i n e d .   Although  d e t a i l s   in  geometry  should  change  w i t h  

sca le   because  of  e n g i n e e r i n g   conven ience ,   if   a  mixture   of  a i r   and  EGR  were  f e d  

in to   the  t h r o t t l e   p l a t e   1  the  EGR  air   mix ture   out  of  the  o u t l e t   4  would  be 

r e l a t i v e l y   homogeneous,  and  would  be  much  more  e f f e c t i v e   at  s u p p r e s s i n g   EGR  i n  

a  he t e rogenous   burner  than  would  less   mixed  EGR.  For  a  la rge   power  p l a n t  

bu rne r ,   the  d iameter   of  the  mixing  vor tex   s e c t i o n   might  be  in  the  n e i g h b o r h o o d  

of  ten  f e e t .   A  v o r t e x   mixer  a p p r o p r i a t e   to  very  l a rge   sca les   and  to  t h e  

mixing  of  a  s i ng l e   phase  (such  as  EGR  and  a i r ) ,   is  desc r ibed   with  r e s p e c t   t o  

F igures   13,  14  and  15.  However,  p r io r   to  t h i s   d i s c u s s i o n   it   is  u se fu l   t o  

fo l low  the  fundamental   argument  of  s t r u c t u r e d   t u r b u l e n t   flow  m i x i n g .  

Figure  6,  7,  8,  9,  10,  11,  12  and  12a  i l l u s t r a t e   the  vor tex   flow  p a t t e r n  

u s e f u l   for  mixing  and  i l l u s t r a t e   the  fundamenta l   arguments  of  s t r u c t u r e d  

t u r b u l e n t   flow  mixing.   Figure  6-12a  are  a lso   6-12a  in  Patent   #4 ,318,386  by 

the  p resen t   i n v e n t o r   with  K.  W.  Kr iese l   and  C.  L.  S iewer t .   See  Figure  5  and 



c o n s i d e r   polar   c o o r d i n a t e s   c e n t e r e d   at  the  cen te r   9  of  the  o u t l e t   4  so  t h e  

flow  v e l o c i t y   components  would  be  def ined   in  terms  of  a  v e l o c i t y   in  the  r a d i a l  

d i r e c t i o n   Vtr  and  a  v e l o c i t y   in  the  t a n g e n t i a l   d i r e c t i o n ,   Vt.  These 

v e l o c i t i e s   would  be  mean  flow  s t ream  v e l o c i t i e s :   the  r ea l   flow  would  c l e a r l y  

i n c l u d e   a  f l u c t u a t i n g   component  in  both  the  t a n g e n t i a l ,   the  r a d i a l ,   and  t h e  

a x i a l   d i r e c t i o n .   Flow  in to   the  vo r t ex   chamber  f rom 5  or  6  would  c l e a r l y   h a v e  

angu l a r   momentum  with  r e s p e c t   to  the  o u t l e t   cen te r   9.  Conserva t ion   of  a n g u l a r  

momentum,  MVtR,  d i c t a t e s   the  i n c r e a s e   in  the  t a n g e n t i a l   v e l o c i t y   of  the  f l u i d  

as  i t   flows  towards  the  c e n t e r .   It  is  easy  to  v e r i f y   tha t   the  v e l o c i t y   in  t h e  

t a n g e n t i a l   d i r e c t i o n   as  a  f u n c t i o n   of  rad ius   r,   Vtr  w i l l   be  e x p r e s s i b l e  

a c c o r d i n g   to  the  r e l a t i o n  

where  Vtro  is  the  t a n g e n t i a l   v e l o c i t y   at  the  o u t s i d e   of  the  vor tex ,   ro  is  t h e  

r a d i u s   at  the  ou t s ide   of  the  v o r t e x ,   and  r  is  the  r ad ius   where  the  t a n g e n t i a l  

v e l o c i t y   is  taken.   Figure  6  i l l u s t r a t e s   the  flow  v e l o c i t i e s   which  a r e  

produced  in  an  i r r o t a t i o n a l   flow  vor tex   accord ing   to  the  above  equa t i on .   The 

r e l a t i o n   is  not  va l id   for  Figure   5  for  r a d i i   i n s i d e   the  o u t l e t   4,  but  t h e  

e q u a t i o n s   d e s c r i b e   the  flow  f i e l d   in  the  annulus  between  wall  10  and  o u t l e t   4 .  

Because  the  flow  is  p roceed ing   from  the  o u t s i d e   of  the  vor tex  to  a  s i n k  

at  the  cen te r   of  the  v o r t e x ,   the  mass  flow  r a t e   in  the  r a d i a l   d i r e c t i o n  

t h rough   any  c y l i n d r i c a l   cut  of  the  vor tex   s e c t i o n   w i l l   be  the  same  ( o u t s i d e   o f  

the  o u t l e t )   so  tha t   the  r a d i a l   v e l o c i t y   wi l l   t h e r e f o r e  v a r y   i n v e r s e l y   with  t h e  

r a d i u s   for  a  mixing  chamber  3  of  cons tan t   ax i a l   h e i g h t .  



where  Vr(r )   is  the  r a d i a l   v e l o c i t y   at  r ad ius   r,  and  Vrro  is  the  r a d i a l  

v e l o c i t y   at  the  ou t s ide   r a d i u s   of  the  v o r t e x .   C l e a r l y ,   the  above  two 

e q u a t i o n s   are  of  the  same  form.  It  fo l lows  that   for  a  set  t a n g e n t i a l   v e l o c i t y  

input   the  r a t i o   of  the  v e l o c i t y   t a n g e n t i a l   to  the  v e l o c i t y   r a i d a l   w i l l   b e  

c o n s t a n t   for  a l l   the  r a d i i .   A  the  cons t an t   p i t c h   i nward ly   flowing  s p i r a l  

p a t t e r n   t h e r e f o r e   occurs  for   a  vor tex   chamber  of  c o n s t a n t   ax ia l   h e i g h t .   I f  

a x i a l   he igh t   of  the  mixer  v a r i e s ,   the  s p i r a l   p i t c h   w i l l   vary  i n v e r s e l y   a s  

a x i a l   he igh t   as  a  f u n c t i o n   of  r a d i u s .  

The  mean  flow  s t r e a m l i n e   p a t t e r n   d e s c r i b e d   above  is  a  good  a p p r o x i m a t i o n  

of  the  r ea l   flow  in  a  v o r t e x   mixer  such  as  that   shown  as  mixing  chamber  3  i f  

c e r t a i n   f l u i d i c   d e t a i l s   are  tended  to.  So  long  as  t u r b u l e n c e   l eve l s   are  n o t  

too  high  and  boundary  l a y e r   flows  a d j a c e n t   the  top  and  bottom  of  the  mixer  a r e  

c o n t r o l l e d ,   the  p h y s i c a l   r e l a t i o n s   of  c o n s e r v a t i o n   of  angular   momentum  make 

the  mean  flow  s t r e a m l i n e s   in  the  rea l   flow  r a t h e r   c lose   to  the  p a t t e r n   of  an  

i r r o t a t i o n a l   flow  v o r t e x .   In  the  rea l   flow  p a t t e r n   the  mean  p a t t e r n   h a s  

r e l a t i v e l y   f ine  sca le   t u r b u l e n t   p e r t u r b a t i o n s   super imposed   upon  i t .   The  l a r g e ,  

r e l a t i v e l y   he te rogenous   lump  eddies  shown  in  F igure   4  do  not  occur  in  t h e  

v o r t e x   flow,  since  the  flow  s t r a i n   p a t t e r n   of  the  v o r t e x   tends  to  "comb  o u t "  

any  l a rge   edd ies .   The  v o r t e x   flow  combines  l a r g e   sca le   p a t t e r n i n g   with  f i n e  

s ca l e   t u r b u l e n c e   and  is  u s e f u l   for  m i x i n g .  

It  should  be  c lea r   tha t   drag  i n t e r a c t i o n s   between  succes s ive   r a d i a l  

e lements   wi l l   tend  to  reduce  the  v e l o c i t y   i n c r e a s e   of  the  flow  as  it   f l o w s  

towards  the  center   because  the  angular   momentum  as  the  flow  flows  towards  t h e  

c e n t e r   wi l l   decay  because  of  these  drag  l o s s e s .   Too  much  flow  t u r b u l e n c e   can  

i n c r e a s e   these  drag  i n t e r a c t i o n s   to  the  point   tha t   the  i r r o t a t i o n a l   v o r t e x  



flow  p a t t e r n   is  d e s t r o y e d .   For  th i s   reason ,   the  en t r ance   s e c t i o n   of  a  v o r t e x  

mixer  must  be  des igned   with  ca re ,   so  tha t   the  flow  d e l i v e r e d   to  the  v o r t e x  

chamber  is  not  too  t u r b u l e n t .   N o n e t h e l e s s ,   the  i r r o t a t i o n a l   flow  vor tex   form,  

as  a  flow  mode,  is  ex t remely   s t a b l e ,   and  is  r e p r e s e n t a t i v e   of  the  flow  i n s i d e  

a  p r o p e r l y   des igned   vor t ex   mixer  over  i t s   f u l l   o p e r a t i n g   range .   Th is  

i r r o t a t i o n a l   flow  p a t t e r n   is  a  high  Reynolds  number,  high  i n e r t i a   flow  p a t t e r n  

which  is  s t a b l e   from  s izes   small   enough  to  feed  a  small  engine  to  the  v e r y  

l a rge   s i z e s   r e q u i r e d   for  an  air-EGR  mixer  for  a  l a rge   power  p l a n t .  

The  i n t e r a c t i o n   between  mean  flow  s t r e a m l i n e s   and  t u r b u l e n c e   is  a  most  

i m p o r t a n t   one  i f   one  is  to  u n d e r s t a n d   mixing.   We  wi l l   be  c o n s i d e r i n g   h e r e  

t u r b u l e n c e   l e v e l s   small  enough  tha t   they  do  not  de s t roy   the  bas ic   i r r o t a t i o n a l  

v o r t e x   p a t t e r n .   A  c o n s i d e r a t i o n   of  F igures   8  and  9  should  c l a r i f y   some  of  t h e  

p o i n t s   i m p o r t a n t   with  r e s p e c t   to  u n d e r s t a n d i n g   of  the  i n t e r a c t i o n   between  f l o w  

s t r u c t u r e   and  mo lecu la r   and  t u r b u l e n t   d i f f u s i v e   mixing.   It  should  be  

emphasized  t h a t   the  g r a p h i c a l   i l l u s t r a t i o n   of  Figure  7,  Figure   8,  and  Figure  9 

are  exemplary   only .   However,  the  examples  are  impor tan t   o n e s .  

F igure   7  shows  a  s t r e a m l i n e   154  of  a  vor tex   from  an  o u t s i d e   radius   150  t o  

a  s ink  152  where  the  s t r e a m l i n e   obeys  the  flow  equa t ions   p r e v i o u s l y  

d i s c u s s e d .   This  f l o w  s t r e a m l i n e   would  occur ,   for  example,   in  an  i r r o t a t i o n a l  

flow  v o r t e x   where  the  s t r e a m l i n e   was  well  away  from  e n t r a n c e   c o n d i t i o n  

p e r t u b a t i o n s   and  where  t u r b u l e n c e   in  the  vor tex   was  zero ,   if   one  were  at  p o i n t  

156  to  i n t r o d u c e ,   for  example,  ink  in to   a  water  vo r t ex   and  watch  the  ink  l i n e  

as  i t   f lowed  i nward ly   to  the  s ink .   The  s t r e a m l i n e ,   in  o the r   words,  shows  what  

the  flow  path  would  be  in  the  absence  of  any  random  mixing ,   e i t h e r   by  

t u r b u l e n t   d i f f u s i o n   or  b y  m o l e c u l a r   d i f f u s i o n .   If  there   were  any  d i f f u s i o n ,  

the  width   of  the  l i ne   would  i n c r e a s e   as  i t   flowed  inward ly   towards  the  s i n k ,  

as  should   be  c l e a r   to  those  who  u n d e r s t a n d   mixing.   In  summary,  Figure  7  would 



show  a  flow  s t r e a m l i n e   for  an  i r r o t a t i o n a l   flow  vo r t ex   if  a  l ine   of  mixant  was 

i n t r o d u c e d   at  only  one  poin t   along  the  o u t s i d e   of  the  v o r t e x   and  in  t h e  

absence  of  e i t h e r   mo lecu la r   or  t u r b u l e n t   d i f f u s i o n .  

Figure   8  shows  what  would  happen  if  the  same  flow  s i t u a t i o n   as  tha t   o f  

Figure   7  had  an  a d d i t i o n a l   l i ne   of  mixant  i n t r o d u c e d   1800  around  from  t h e  

i n i t i a l   poin t   of  i n t r o d u c t i o n .   The  vor tex   would  have  an  ou t s ide   c i r c l e   157 

and  a  s ink  158.  At  poin t   160  along  the  c i r c l e   157  a  l i n e   of  mixant  would  be  

i n t r o d u c e d .   The  numbers  159  are  shown  as  the  flow  s w i r l s - i n   towards  the  s i n k  

to  i d e n t i f y   tha t   s t r e a m l i n e .   1800  from  point   160  along  c i r c l e   157  mixant  i s  

i n t r o d u c e d   at  162  and  produces   flow  s t r e a m l i n e   161.  Flow  s t r e a m l i n e   161  i s  

i d e n t i f i e d   at  s e v e r a l   p o i n t s   to-make  i t   c l ea r   the  manner  in  which  the  s p i r a l  

159  and  the  s p i r a l   161  n e s t .  

Again,   F igure   8  i l l u s t r a t e s   what  would  happen  in  a  m a t h e m a t i c a l l y   p e r f e c t  

i r r o t a t i o n a l   f low  v o r t e x   with  a  s ink ,   in  the  absence  of  e i t h e r   m o l e c u l a r  

d i f f u s i o n   or  t u r b u l e n t   d i f f u s i o n .  

F igure   9  is  ana logous   to  Figure  8,  except   now,  r a t h e r   than  having  two 

nes t ed   s p i r a l   s t r e a m l i n e s ,   mixant  would  be  i n t r o d u c e d   evenly   around  10  p o i n t s  

around  the  c i r c u m f e r e n c e   of  the  v o r t e x ;   and  t h e r e f o r e ,   10  d i f f e r e n t   s p i r a l  

l i n e s   would  nes t   as  shown.  

With  r e s p e c t   to  F igures   7,  8  and  9,  i t   should  be  c l e a r   that   the  p r e s e n c e  

of  s m a l l - s c a l e   t u r b u l e n t   p e r t u r b a t i o n s   and  mo lecu l a r   d i f f u s i o n   would  tend  t o  

t h i c k e n   out  the  l i n e s   as  they  flow  from  the  o u t s i d e   towards  the  sink  of  t h e  

v o r t e x   and  t h e r e f o r e   tha t   the  mixing  p a t t e r n   would  be  more  and  more 

homogeneous  as  the  mix ture   flowed  i nward ly   towards  the  sink  of  the  v o r t e x .  

For  example,   with  r e s p e c t   to  Figure   9  i t   should  be  c l e a r   that   only  a  

r e l a t i v e l y   small  s p r e a d i n g   angle  of  the  mixant  l i n e s   ( c o r r e s p o n d i n g   to  a 

r e l a t i v e l y   small   t u r b u l e n c e   i n t e n s i t y )   would  so  smear  out  the  l i ne s   of  m i x a n t  



by  the  time  the  flow  had  s p i r a l e d   from  the  o u t s i d e   of  the  vor tex  to  the  s i n k ,  

t h a t   the  m ix tu re   at  the  sink  of  the  vor t ex   would  be  homogeneous  down  t o  

r e l a t i v e l y   f ine   s c a l e s .   The  mixing  p rocess   fo lds   the  f l u i d s   toge the r   in  a 

c o n t r o l l e d   shear   flow  tha t   serves  to  "comb  out"  l a rge   lump  eddies  such  a s  

those   shown  in  F igure   4,  and  acts   to  s h u f f l e   f l u i d   e lements   so  that   the  mean 

d i s t a n c e   ac ros s   which  d i f f u s i o n   needs  to  occur  in  order   to  achieve  e s s e n t i a l l y  

p e r f e c t   homogene i ty   at  the  vor tex   s ink  is  very  s h o r t .  

A  c o n s i d e r a t i o n   of  the  t u r b u l e n t   or  mo lecu l a r   d i f f u s i o n   d i f f e r e n t i a l  

e q u a t i o n   should  make  c l e a r   that   an  n - f o l d   d e c r e a s e   in  the  mean  d i s t ance   a c r o s s  

which  d i f f u s i o n   needs  to  occur ,   for  a  set  i n t e r f a c i a l   a rea ,   wi l l   decrease   t h e  

time  r e q u i r e d   for   e q u i l i b r i u m   by  a  f a c t o r   of  n.  But  the  e f f e c t   is  even  

s t r o n g e r .   I n t r o d u c t i o n   of  mixant  from  many  po in t s   around  the  pe r i phe ry   of  t h e  

v o r t e x   is  t a n t a m o u n t   to  i n c r e a s i n g   the  i n t e r f a c i a l   area  across   which  d i f f u s i o n  

can  o c c u r .   Of  c o u r s e ,   t h i s   e f f e c t   i n c r e a s e s   mixing  r a t e s   too.   Again,  i t   must  

be  emphasized  t h a t   the  flow  s t r e a m l i n e s   shown  in  F igures   7,  8  and  9  are  o n l y  

exempla ry .   However,  the  g e o m e t r i c a l   r e l a t i o n s   with  r e s p e c t   to  m ix ing  
- 

i l l u s t r a t e d   by  t hese   f i g u r e s   are  ex t r eme ly   i m p o r t a n t   and  do  not  become  l e s s  

i m p o r t a n t   as  the  f low  s t r e a m l i n e   s t r u c t u r e s   become  more  complex.  For  any 

g iven   high  s t r a i n   f low  s t r u c t u r e ,   the  flow  s t r u c t u r e   w i l l   serve  to  s t r e t c h   ou t  

the  c o n c e n t r a t i o n   g r a d i e n t s   of  s p e c i e s   to  be  mixed  and  t h e r e f o r e ,   the  f l o w  

s t r u c t u r e  w i l l   d r a m a t i c a l l y   a f f e c t   the  r a t e   at  which  the  mixing  p r o c e e d s .  

M a t h e m a t i c a l l y ,   the  f low  s t r u c t u r e ,   or  non-random  s t r e a m l i n e   p a t t e r n ,   can  be  

t hough t   of  as  a  s p a t i a l   t r a n s f o r m   of  c o n c e n t r a t i o n   f i e l d s   as  a  f unc t ion   o f  

t ime .   There  are  flow  t r a n s f o r m s   which  are  very  conducive  to  mixing.  The 

i r r o t a t i o n a l   flow  v o r t e x   is  such  a  flow  t r a n s f o r m .   However,  i t   should  be  

c l e a r   t h a t   many  o t h e r   flow  p a t t e r n s   which  are  not  e x a c t l y   i r r o t a t i o n a l   f l o w s  

can  a l so   have  flow  p a t t e r n s   very  much  conducive   to  mixing.   For  example,  t h e  



flow  p a t t e r n   in  the  vor t ex   of  the  p r e s e n t   i n v e n t i o n   w i l l   not  be  a  p e r f e c t  

i r r o t a t i o n a l   flow  v o r t e x .   However,  with  r e spec t   to  the  s p i r a l   s t r e a m l i n e s ,   i t  

wi l l   d i f f e r   from  a  c o n v e n t i o a l   i r r o t a t i o n a l   flow  vor tex   only  in  tha t   the  r a t i o  

of  t a n g e n t i a l   to  r a d i a l   v e l o c i t y   w i l l   not  qu i te   b e  c o n s t a n t   as  a  f u n c t i o n   o f  

rad ius   for  the  rea l   f l o w .  

The  b a s i c   i r r o t a t i o n a l   flow  mixing  process   should  now  be  c l e a r ,   and  i t  

should  be  r e l a t i v e l y   c l e a r   tha t   the  f u n c t i o n   of  the  dev ice   r e s t s   on  t h e  

i n t e r a c t i o n   of  m o l e c u l a r   d i f f u s i o n ,   t u r b u l e n t   d i f f u s i o n ,   and  the  gross  e f f e c t s  

of  the  flow  s t r u c t u r e .   However,  i t   should  be  said  tha t   the  flow  s t r u c t u r e  

which  is  most  d e s i r a b l e   r e q u i r e s   a  b i t   of  des ign  care .   Vortex  flow  p a t t e r n s  

analogous   to  those   r e q u i r e d   for  mixing  have  been  used  for  many  years  i n  

f l u i d i c   d iodes   for  i n f o r m a t i o n   hand l i ng   and  other   p u r p o s e s .   For  a  d e t a i l e d  

d i s c u s s i o n   of  v o r t e x   d e v i c e s ,   see  Chapter   8  of  Design  Theory  of  F l u i d i c  

Components,  by  J.  M.  Ki r shner   and  S i l a s   Katz,  Academic  P r e s s ,   1975.  Figures   10 

and  11  are  t aken   from  pages  281  of  t h i s   book  and  show  the  flow  p a t t e r n   which 

can  be  produced  i f   top  and  bottom  boundary  l ayer   c i r c u m f e r e n t i a l   grooves  a r e  

not  used.   F igu re   10  is  a  v iew  of  the  flow  p e r p e n d i c u l a r   to  the  axis  o f  

r o t a t i o n   of  the  v o r t e x ,   the  F igure   11  is  a  d i a m e t r a l   s e c t i o n   showing 

s t r e a m l i n e s   for   the  flow  of  F igure   10.  What  is  c a l l e d   the  developed  r e g i o n  

(or  doughnut )   is  caused  because  of  a  boundary  l a y e r  e f f e c t .   The  c e n t r i f u g a l ,  

fo rces   in  the  flow  in  the  vo r t ex   are  impor t an t   in  d e t e r m i n i n g   the  f l o w  

p a t t e r n .   C e n t r i f u g a l   force   is  p r o p o r t i o n a l   to  re2,   and  is  t h e r e f o r e  

p r o p o r t i o n a l   to  v e l o c i t y   squa red .   At  the  top  and  bottom  s u r f a c e s   of  t h e  

v o r t e x - c o n t a i n i n g   channe l ,   v i scous   fo rces   slow  down  the  flow  in  and  near  t h e  

boundary  l a y e r .   This  means  tha t   the  c e n t r i f u g a l   force   in  the  vor tex   near  t h e  

wall  is  much  l e s s   than  i t   would  be  in  the  c e n t e r ,   and  the  r e s u l t   is  that   t h e  

r a d i a l   v e l o c i t y   of  flow  towards  the  s ink  is  g r e a t e r   near  the  walls   of  t h e  



vor tex   than  i t   is  in  the  vo r t ex   c e n t e r .   The  e f f e c t   is  so  l a rge   tha t   t h e  

r e c i r c u l a t i n g   doughnut  flow  shown  in  F igures   10  and  11  o f t en   occu r s .   One  o f  

the  d i f f i c u l t i e s   is  tha t   t h i s   doughnut   flow  diameter   w i l l   vary  with  t h e  

Reynolds  number  at  which  the  dev ice   is  o p e r a t i n g   and  as  the  r a t i o   of  r a d i a l  

v e l o c i t y   to  t a n g e n t i a l   v e l o c i t y   v a r i e s   and  so  can  produce  u n f o r t u n a t e   modal  

c h a r a c t e r i s t i c s   wi th   r e s p e c t   to  the  mixing  dev ice .   C l e a r l y ,   the  s i m p l e  

i r r o t a t i o n a l   flow  v o r t e x   flow  form  is  a  p r e f e r a b l e   flow  form.  It  has  b e t t e r  

mixing  r a t e s ,   i t   is  s i m p l e r ,   and  i t s   e q u a t i o n s   are  not  modal,  so  tha t   t h e  

i r r o t a t i o n a l   flow  vo r t ex   w i l l   be  s t a b l e   above  a  c e r t a i n   minimum  Reyno lds  

number.  To  a ch i eve   t h i s   a p p r o x i m a t i o n   of  the  i r r o t a t i o n a l   v o r t e x   f l o w  

p a t t e r n ,   i t   is  n e c e s s a r y   to  c o n d i t i o n   the  boundary  l aye r   flows  on  the  top  and 

bottom  s u r f a c e s   of  the  v o r t e x   mixing  c h a m b e r .  

This  boundary   l a y e r   c o n t r o l   can  be  ob ta ined   with  c i r c u m f e r e n t i a l   g r o o v e s  

such  as  those   shown  in  F igure   12  and  F igures   12a.  F igures   12  shows  the  f l o w  

p a t t e r n   which  is  produced  due  to  t hese   grooves  where  F igure   12  is  a  d i a m e t r a l  

ha l f   s e c t i o n   of  a  v o r t e x   channe l   s u c h  a s   tha t   shown  in  F igure   10  and  shows  t h e  

v e l o c i t i e s   wi th   r e s p e c t   to  the  r a d i a l   d i r e c t i o n   ( i t   should  be  c l e a r   tha t   v e r y  

s i g n i f i c a n t   t a n g e n t i a l   v e l o c i t i e s ,   which  are  not  shown  in  F igure   12,  a l s o  

e x i s t   in  and  out  of  the  p a t t e r n ) .   The  e f f e c t   of  the  c i r c u m f e r e n t i a l   g r o o v e s  

81  is  to  s t a b i l i z e   small   v o r t i c a l   flows  between  the  weirs   in  such  a  manner  

tha t   the  e f f e c t i v e   boundary  l a y e r   f low  is  well  l u b r i c a t e d   and  where  the  g r e a t  

bulk  of  the  f low  energy  in  the  v o r t e x   is  in  the  form  of  a  s imple  i r r o t a t i o n a l  

vo r t ex   f low.  I t   should  be  emphas ized   tha t   the  device  w i l l   produce  s i g n i f i c a n t  

mixing  w i t h o u t   c i r c u m f e r e n t i a l   grooves   such  as  81.  However,  o p e r a t i o n   w i t h  

the  grooves  is  p r e f e r a b l e .  

F igure   5  shows  a  s k e t c h   of  a  mixing  s e c t i o n   of  the  i n v e n t o r ' s   covered  by 

p a t e n t   # 4 ; 3 1 8 , 3 8 6   showing  a  mixing  s e c t i o n   which  produces  such  an  o r g a n i z e d  

mixing  p r o c e s s .  



R e f e r r i n g   again  to  Figure  5,  the  performance  of  the  mixer  in  Figure  5 

should  be  r e l a t i v e l y   c l e a r .   In  the  au tomot ive   vo r t ex   mixer  of  Figure  5,  t h e  

system  is  des igned  to  take  advantage   of  the  f u l l   t h r o t t l i n g   p r e s su re   drop  o f  

the  e n g i n e ,   which  may  be  l a rge   s ince   g a s o l i n e   engines   are  c o n t r o l l e d   by  

t h r o t t l i n g .   The  mixer  of  Figure   5  is  a lso  c h a r a c t e r i z e d   by  a  fuel  e v a p o r a t i o n  

f u n c t i o n   which  is  not  r e l e v a n t   to  air-EGR  mixing .   The  mixer  shown  in  F i g u r e  

5,  and  i t s   p r e d e c e s s o r s ,   have  d e m o n s t r a t e d   the  p r a c t i c a l   u s e f u l n e s s   of  v o r t e x  

mixing  for  a c h i e v i n g   very  f ine   s c a l e   homogenei ty .   Water  model  Reynolds  

ana logy   model ing  of  the  f low,  us ing  both  s a l t   and  v i s i b l e   ink  as  t r a c e r ,   ha s  

shown  tha t   the  mixing  in  the  v o r t e x   geometry  of  F igure   5  is  ex t remely   r a p i d ,  

is  c o n s i s t e n t   with  the  t heo ry   d e s c r i b e d   in  F igures   6  -  9 ,   and  s c a l e s  

c o n v e n i e n t l y   to  high  Reynolds  numbers  which  are  r e l e v a n t   to  l a r g e r   m i x i n g  

s e c t i o n s .  

F igu re s   13  and  15  show  g e n e r a l l y   a  kind  of  vo r t ex   mixer  which  can  be 

sca led   to  the  very  la rge   s i ze s   r e q u i r e d   for  power  p l an t   b u r n e r s .   Figure  13 

shows  a  l a r g e   sca le   mixer  with  an  i n l e t   where  nine  EGR  i n t r o d u c t i o n   l i ne s   a r e  

p laced   between  ten  a i r   i n t r o d u c t i o n   l i nes   so  tha t   a  r e l a t i v e l y   " s t r i p e d "   f l o w  

e n t e r s   t a n g e n t i a l l y   in to   the  v o r t e x   to  produce  mixing  ana logous   to  that   shown 

in  F igure   10.  Figure  15  is  a  s e c t i o n   view on  e i t h e r   FF  of  Figure  13  or  GG  o f  

F igure   14  showing  the  top  and  bottom  of  the  v o r t e x ,   p a r t i c u l a r l y   i l l u s t r a t i n g  

the  c i r c u m f e r e n t i a l   grooves  r e q u i r e d   for  boundary  l a y e r   c o n t r o l   and  d i s c u s s e d  

with  r e s p e c t   to  Figures   11,  12  and  12a .  

See  Figure  13,  which  is  a  schemat ic   of  the  flow  s e c t i o n   which  can  be  u sed  

to  mix  a i r   and  EGR  in  a  very  l a r g e   s t a t i o n a r y   power  p l a n t .   R  in  Figure  13 

could  be  as  l a rge   as  ten  f e e t .   The  ax ia l   he igh t   of  the  vo r t ex   mixing  s e c t i o n  

could  be  ten  fee t   or  so  a l s o ,   p a r t i c u l a r l y   s ince   the  c e n t r a l   vor tex  sink  c a n  

take  f l u i d   from  both  the  top  and  bottom  r e l a t i v e l y   p l ana r   su r face   of  t h e  



mixing  s e c t i o n   as  shown  in  Figure   15.  Flow  is  i n t r o d u c e d   in to   the  v o r t e x  

mixing  s e c t i o n   at  r e l a t i v e l y   c o n t r a c t e d   passage   210,  where  the  t a n g e n t i a l  

v e l o c i t y   d r i v e s   an  i r r o t a t i o n a l   v o r t e x   in  mixing  chamber  211  in  the  manner  

d e s c r i b e d   p r e v i o u s l y .   The  v o r t e x   flow  in  chamber  211  is  an  inward ly   s p i r a l i n g  

r o u g h l y   t w o - d i m e n s i o n a l   s t r u c t u r e d  f l o w   s t r e a m l i n e   t u r b u l e n t   flow  s p i r a l i n g  

inward  to  o u t l e t   213.  Upstream  of  t a n g e n t i a l   nozz le   210  in  a  r e l a t i v e l y  

e n l a r g e d   passage   is  a  set  of  pas sages   220  and  222  which  i n t r o d u c e   r o u g h l y  

r e c t a n g u l a r   j e t s   of  EGR  r e l a t i v e l y   evenly   in to   an  a i r s t r e a m ,   so  tha t   the  a i r -  

EGR  c o n c e n t r a t i o n s   f lowing  from  header   s e c t i o n   220-222  to  nozzle   210  form  a  

rough ly   " s t r i p e d "   c o n c e n t r a t i o n   p a t t e r n   in  two  d imens ions   for   any  set  a x i a l  

cut  t h rough   the  mixer.   This  " s t r i p e d "   c o n c e n t r a t i o n   p a t t e r n   flows  into  t h e  

v o r t e x   and  is  mixed  in  a  s t r u c t u r e d   t u r b u l e n t   flow  mixing  p rocess   analogous  t o  

t h a t   shown  in  Figure  10.  

F o l l o w i n g  t h e  a r g u m e n t  p r e s e n t e d   with  r e s p e c t  t o   F igu re s   7,  8-and  9,  i t  

should   be  c l e a r   tha t   i n c r e a s i n g   the  number  of  " s t r i p e s "   of  EGR  i n j e c t e d   i n t o  

the  a i r   s t r eam  w i l l ,   by  r educ ing   the  mean  d i s t a n c e   a c ro s s   which  t u r b u l e n c e   and 

m o l e c u l a r   d i f f u s i o n   must  act   to  mix,  s u b s t a n t i a l l y   i n c r e a s e   the  mixing  r a t e s  

in  a  v o r t e x .   It  might  be  p o s s i b l e   to  get  s u b s t a n t i a l   mixing  simply  by 

plumbing  many  i n j e c t i o n   po in t s   of  EGR  in to   the  a i r   s t r eam  of  a  c o n v e n t i o n a l  

c o n d u i t ,   but  the  lumpy  na tu r e   of  the  j e t   mixing  p roce s s   makes  th is   far   l e s s  

e f f e c t i v e   than  mixing  in  a  s t r u c t u r e d   f l o w  s u c h   as  the  v o r t e x ,   which  has  f l o w  

s t r a i n s   which  serve  to  "comb  out"  the  l a rge   eddies   c h a r a c t e r i s t i c   of  j e t  

mixing  so  t h a t   homogen iza t i on   on  very  f ine   s c a l e s   can  p r o c e e d .   Those  s k i l l e d  

in  the  f l u i d   mechan ica l   a r t s   should  r e c o g n i z e   t h a t   i t   should  be  s t r a i g h t f o w a r d  

to  c o n t r o l   the  mean  c o n c e n t r a t i o n s   of  EGR  and  a i r   d i r e c t l y   downstream  of  an  

i n j e c t i o n   s e c t i o n   such  as  220-222  even  for  ex t r eme ly   l a r g e   s e c t i o n   s i z e s ,  

s ince   the  flow  can  be  "o rgan i zed"   with  r e l a t i v e l y   minor  p r e s s u r e   drops.   I t  



should  be  c lea r   to  those  who  u n d e r s t a n d   mixing  that   very  rapid  mixing  r a t e s  

may  be  ob ta ined   with  a  l a r g e   number  of  " s t r i p e s "   of  EGR-air  i n t r o d u c t i o n   in  an  

e n t r a n c e   s e c t i o n   f eed ing   a  v o r t e x .   The  mixing  wi l l   improve  c o n t i n u o u s l y   a s  

the  number  of  " s t r i p e s "   is  i n c r e a s e d ,   and  the  opt imal   t r a d e - o f f   between  number 

of  EGR  i n j e c t i o n   s t r i p e s   e n g i n e e r e d   into  header  assembly  220-222  wi l l   v a r y  

from  i n s t a l l a t i o n   to  i n s t a l l a t i o n   depending  on  i n s t a l l a t i o n   s ize   and 

economics .   Using  the  b a s i c   g e o m e t r i c a l   approach  i l l u s t r a t e d   in  F igures   13  and 

15  i t   is  p o s s i b l e   to  homogeneous ly   mix  EGR  and  a i r   (or  any  o ther   two  f l u i d s   o f  

the  same  phase)  at  any  s c a l e   of  commercial  impor tance   to  man. 

With  r e s p e c t   to  air-EGR  mixing  in  a  v o r t e x ,   the  i n e r t i a l   fo rces   in  t h e  

vo r t ex   are  impor tan t   to  c o n s i d e r .   Even  for  r a t h e r   l a rge   s e c t i o n   p a s s a g e  

r a d i i ,   the  r a d i a l   a c c e l e r a t i o n   of  the  f l u i d   in  the  v o r t e x ,  A r  =   r d 2  ,   i s  

s i g n i f i c a n t .   This  r a d i a l   a c c e l e r a t i o n   of  the  f l u i d   w i l l   serve  to  set  up  body  

fo rce s   on  f l u i d   e lements   which  w i l l   vary  with  d e n s i t y .   Since  the  a i r - E G R  

mixing  process   mixes  f l u i d s   at  d i f f e r e n t   t e m p e r a t u r e s   with  d i f f e r e n t   mean 

mo lecu l a r   weights   the  EGR  and  a i r   wi l l   u s u a l l y   have  d i f f e r e n t   d e n s i t i e s .  

These  d e n s i t y   d i f f e r e n c e s   in  the  i n e r t i a l   f i e l d   w i l l   d r ive   a  buoyancy  

i n s t a b i l i t y   which  w i l l   se rve   as  a  source  of  t u r b u l e n c e   tending   to  mix  t h e  

f l u i d s   in  the  v o r t e x .   This  t u r n o v e r   buoyancy  i n s t a b i l i t y   wi l l   act  t o  

homogenize  the  a i r   and  EGR  on  both  r e l a t i v e l y   l a rge   and  f ine  s c a l e s .  

For  r e l a t i v e l y   small   r a d i u s   v o r t i c e s   (such  as  could  occur  on  a  d i e s e l  

engine)   the  buoyancy  i n s t a b i l i t y   e f f e c t   can  be  very  l a r g e .   Figure  14 

i l l u s t r a t e s   a  vor tex   mixer  for  mixing  a i r   and  r e l a t i v e l y   hot  EGR  in  a  

s i t u a t i o n   where  i n e r t i a l   f o r c e s   in  the  vor tex   are  i m p o r t a n t ,   and  u t i l i z e s  

buoyancy  i n s t a b i l i t y .   EGR  is  i n t r o d u c e d   into  the  s e c t i o n   at  the  o u t s i d e   o f  

the  v o r t e x ,   and  the  a i r f l o w   is  r e l a t i v e l y   more  inward when  i t   is  i n j e c t e d  

t a n g e n t i a l l y   in to   the  v o r t e x   f low.   Because  the  a i r   is  coole r   and  denser   t h a n  



the  EGR,  the re   w i l l   be  a  t u rnove r   e f f e c t   which  wi l l   produce  homogen iza t ion   o f  

the  a i r   and  EGR,  and  w i l l   super impose   on  the  s t r u c t u r e d   t u r b u l e n t   flow  mix ing  

p roces se s   d e s c r i b e d   q u a l i t a t i v e l y   with  r e s p e c t   to  Figures   7  -  9 .  

The  mixant   i n t r o d u c t i o n   p a t t e r n s   of  Figure  13  and  14  show  two  a l t e r n a t i v e  

cases .   In  F igure   14  one  l a y e r   is  i n t r o d u c e d   for  each  mixant  and  d e n s i t y  

i n s t a b i l i t i e s   are  r e l i e d   on  to  produce  some  of  the  mixing.   In  F igure   13  t h e  

mixants   are  i n i t i a l l y   i n t r o d u c e d   in  a  l a rge   number  of  a l t e r n a t i n g   " s t r i p e s . "  

It  is  c l e a r   t h a t   the  mixing  r a t e s   w i l l   i n c r e a s e   in  the  v o r t e x   with  the  number 

of  " s t r i p e s "   and  buoyancy  i n s t a b i l i t i e s   w i l l   be  u se fu l   in  mixing  a i r   and  EGR 

both  in  the  few  s t r i p e   and  many  s t r i p e   c a s e s .   Vortex  mixers  such  as  t h o s e  

shown  in  F igu re s   13,  14  and  15  can  be  s ca led   over  a  very  wide  range  of  s i z e s ,  

from  the  r e l a t i v e l y   small   v o r t e x   EGR  mixer  use fu l   for  mixing  EGR  in  an  

au tomot ive   d i e s e l   to  the  very  l a r g e   air-EGR  mixing  s e c t i o n   a p p l i c a b l e   to  a  

thousand  megawatt   power  p l an t   i n s t a l l a t i o n .   On  a l l   s c a l e s ,   the  des ign   of  an  

air-EGR  mixer  us ing   v o r t e x   mixing  is  r e l a t i v e l y   s t r a i g h t f o w a r d ,   so  tha t   i t   i s  

p o s s i b l e   to  d e l i v e r   to  any  h e t e r o g e n e o u s   combustion  system  a  qu i t e   homogeneous 

mix ture   of  EGR  and  a i r .   If  t h i s   a i r   is  used  in  a  h e t e r o g e n e o u s   c o m b u s t i o n  

p r o c e s s ,   no  m a t t e r   what  the  h e t e r o g e n e o u s   combustion  p r o c e s s  i s ,   very  l a r g e  

r e d u c t i o n s   of  NO  f o r m a t i o n   r a t e   can  be  o b t a i n e d .   For  reasons   d e s c r i b e d  

p r e v i o u s l y ,   the  EGR  r e d u c t i o n s   o b t a i n a b l e   with  the  mixed  air-EGR  can  be  an  

order   of  magni tude   or  more  g r e a t e r   than  those  which  occur  wi thou t   c a r e f u l   a i r -  

EGR  m i x i n g .  

A  number  of  c o n s i d e r a t i o n s   with  r e s p e c t   to  the  des ign  of  air-EGR  m i x e r s  

should  be  c l e a r   to  those  s k i l l e d   in  the  mechanica l   and  f l u i d   m e c h a n i c a l  

a r t s .   It  is  c l e a r   tha t   the  d e t a i l e d   s t r u c t u r a l   design  of  a  vo r t ex   m i x e r - w i l l  

be  very  d i f f e r e n t   for  a  huge  power  p l a n t   and  a  mixer  des igned   to  mix  a i r   and  

EGR  for  a  d i e s e l   au tomot ive   eng ine .   The  mixer  usefu l   for  the  d i e s e l   may  be  an  



assembly  of  die  c a s t i n g s .   For  the  power  p lan t   the  vor tex   mixer  would  be 

assembled  on  s i t e ,   and  would  be  made  of  sheet   metal  with  many  w e l d e d  

s u p p o r t s .   For  both  s i zes   of  mixer ,   o p e r a t i n g   t e m p e r a t u r e s   are  not  very  h i g h ,  

since  the  EGR-air  mixture   is  u n l i k e l y   to  be  much  h o t t e r   than  300°F  in  normal  

cases .   It  wi l l   be  e a s i e r   to  ob t a in   d u r a b i l i t y   of  the  vor tex   mixer  if  i t   i s  

always  ope ra t ed   at  a  t e m p e r a t u r e   above  the  dew  point   of  the  homogeneous  a i r -  

EGR  mixture   which  i t   is  i n t ended   to  p r o d u c e .  

The  economic  and  e n g i n e e r i n g   s i g n i f i c a n c e   of  system  p r e s s u r e   drop  w i l l  

vary  with  air-EGR  mixer  sca le   and  a p p l i c a t i o n .   As  the  t o l e r a b l e   p r e s s u r e   d rop  

across   the  mixing  chamber  i n c r e a s e s ,   mixing  ra te   i n c r e a s e s   as  roughly   t h e  

square  root  of  the  p r e s s u r e   drop.   For  lower  p r e s su re   d rops ,   more  m u l t i p l e  

i n t r o d u c t i o n   po in t s   of  a i r   and  EGR  w i l l   be  r e q u i r e d   to  ob t a in   the  same  mix ing  

q u a l i t y .  

Most  of  the  p r e s s u r e   drop  ( u s u a l l y   more  than  95  p e r c e n t )   ac ross   t h e  

vor tex   mixer  w i l l   be  a v a i l a b l e   in  the  form  of  k i n e t i c   energy  of  the  r o t a t i n g  

flow  at  the  vo r t ex   o u t l e t .   It  is  p o s s i b l e   to  reduce  the  net  p r e s s u r e   d rop  

across   the  mixing  chamber,  and  ob t a in   some  a d d i t i o n a l   mixing,   by  using  a 

d i f f u s e r   to  conver t   the  high  v e l o c i t y   flow  to  a  lower  v e l o c i t y   flow  at  a 

h igher   p r e s s u r e .   The  e n g i n e e r i n g   d e t a i l s   and  opt imal   design  for  a  v o r t e x  

d i f f u s e r   wi l l   vary  with  the  sca le   of  the  vo r t ex   mixer  i t s e l f .   These  d i f f u s e r  

des ign  i s sues   are  not  the  s u b j e c t   of  the  p r e s e n t   a p p l i c a t i o n .  

F igures   16,  17  and  18  show  vo r t ex   mixed  u l t r a -homogeneous   EGR  appl ied   t o  

a  number  of  h e t e r o g e n e o u s   combust ion  sys tems .   In  each  of  these  h e t e r o g e n e o u s  

combustion  sys tems,   f u e l / a i r   r a t i o   v a r i e s   g r e a t l y   from  place  to  place  w i t h i n  

the  volume  where  burning  occurs ,   and  t e m p e r a t u r e - p r e s s u r e - t i m e   t r a j e c t o r i e s  

which  de termine   NO  fo rmat ion   vary  a c c o r d i n g l y .   However,  i f   at  each  m i c r o -  

volume  in  the  burner   the  air-EGR  r a t i o   is  a  set  va lue ,   the  peak  f l a m e  



t e m p e r a t u r e   in  the  burner   w i l l   be  lower  for  every  e lement   of  f u e l / a i r  

mix ture   burned  because  every  e lement   of  f u e l / a i r   mix tu re   wi l l   have  the  same 

r a t i o   of  d i l u e n t   to  a i r ,   and  t h i s   EGR  d i l u e n t ,   because  of  i t s   s p e c i f i c   h e a t  

and  mass,  w i l l   suppres s   peak  flame  t e m p e r a t u r e s .   This  l ower ing   of  peak  

combus t ion   t e m p e r a t u r e s   w i l l   occur   in  every  element  to  be  burned  r e g a r d l e s s   o f  

the  d e t a i l s   of  the  f u e l - o x i d e r   mixing  process   in  the  b u r n e r .   It  should  be 

c l e a r   t h a t   c o n t r o l   of  NO  v ia   a i r -EGR mix ing   is  also  c o n v e n i e n t   since  EGR  and 

a i r   can  be  mixed  at  r e l a t i v e l y   low  t empera tu re   and  the  homogenized  EGR-air  c a n  

be  s u p p l i e d   as  the  i n t a k e   a i r   of  the  he t e rogeneous   combus t ion   system  w i t h  

r e l a t i v e l y   s imple  p lumbing.   Because  NO  fo rmat ion   r a t e s   are  so  t e m p e r a t u r e  

s e n s i t i v e ,   the  homogeneous  l o w e r i n g   of  combustion  t e m p e r a t u r e s   which  o c c u r s  

with  homogeneous  EGR-air  mixing  w i l l   g r e a t l y   reduce  NO  o u t p u t .   The  m a g n i t u d e  

of  the  o b t a i n a b l e   r e d u c t i o n   can  be  e s t i m a t e d   s t r a i g h t f o r w a r d l y   by  k i n e t i c s  

c a l c u l a t i o n s   such  as  those   shown  in  Bar tok,   op.  c i t .   i n t e g r a t e d   over  a  r a n g e  

of  a i r / f u e l  r a t i o s   ( for   c o n v e n i e n c e   i t   is  well  to  choose  the  a i r / f u e l   r a t i o  

d i s t r i b u t i o n   as  a  Gauss ian   about   the  mean  a i r / f u e l   r a t i o ) .   The  degree  of  NOx 

c o n t r o l   o b t a i n e d   i n c r e a s e s   wi th   i n c r e a s i n g   EGR,  and  more  than  t e n - f o l d  

r e d u c t i o n s   can  be  r e a d i l y   a c h i e v e d .  

F i g u r e   16  i l l u s t r a t e s   the  use  of  vor tex   mixed  u l t r a - h o m o g e n e o u s   EGR-ai r  

mixes  on  a  power  p l a n t   b u r n e r   sys tem.   The  EGR  is  taken  j u s t   downstream  of  t h e  

e l e c t r o s t a t i c   p r e c i p i t a t o r   and  is  i n t r o d u c e d   into  a  v o r t e x   mixer  which  i s  

shown  s c h e m a t i c a l l y   w i t h o u t   m u l t i p l e   " s t r i p e "   i n t r o d u c t i o n ,   but  which  i s  

i n t e n d e d   to  mix  EGR  with  a i r   in  the  manner  d e s c r i b e d   in  F igures   13  and  15. 

The  homogeneous  i n t a k e   a i r -EGR  mix tu re   is  then  fed  as  the  "primary  a i r"   i n t o  

the  b u r n e r ,   which  could  be  a  n a t u r a l   gas  or  oi l   or  coal   b u r n e r .   The 

a r r a n g e m e n t   shown  s c h e m a t i c a l l y   in  F igure   17  is  capab le   of  r a d i c a l l y   r e d u c i n g  

NO  o u t p u t s   from  l a rge   i n d u s t r i a l   and  e l e c t r i c   power  p l a n t   b u r n e r s ,   i n c l u d i n g  



the  b i g g e s t   ones.   Most  la rge   power  p lan t   burners   are  a l r e a d y   equipped  w i t h  

EGR.  Homogeneous  m i x i n g  o f   th is   EGR  with  the  feed  gas  a i r   s u b s t a n t i a l  

aba tement   of  NO  can  be  combined  with  somewhat  improved  c o m b u s t i o n  

c h a r a c t e r i s t i c s   in  the  b u r n e r s .  

F igu re   17  is  a  schemat ic   of  hardware   to  supply   v o r t e x   mixed  homogeneous 

EGR-air  m i x t u r e s   to  the  in take   a i r   of  a  s t a t i o n a r y   t u r b i n e .   Some  exhaust  g a s  

is  p icked  up  at  300  and  r e c i r c u l a t e d   with  in take   a i r   in  a  vor tex   mixe r  

ana logous   to  tha t   shown  in  F igures   13  and  15.  Again,  the  schematic   does  n o t  

i l l u s t r a t e   the  " m u l t i p l e   s t r i p e "   i n t r o d u c t i o n   r e q u i r e d   for  complete  mixing  i n  

l a rge   i n s t a l l a t i o n s .   The  vor t ex   mixing  s e c t i o n   homogeneously   mixes  the  a i r  

with  EGR  to  s c a l e s   so  f ine   that   the  a i r - E G R  m i x t u r e   is  e f f e c t i v e l y   homogeneous 

on  m i c r o - s c a l e s   by  the  time  it   passes   as  the  supply  a i r   i n to   the  tu rb ine   and 

combines  wi th   fue l   in  the  can  combustors   i n s i d e   the  t u r b i n e .   The  a r r a n g e m e n t  

shown  in  F igure   17  is  capable   of  r a d i c a l l y   r educ ing   NO  ou tpu t s   from  such  

s t a t i o n a r y   bu rne r s   for  a  set  l e v e l   of  EGR.  The  homogeneous  mixing  of  air   and 

EGR  i l l u s t r a t e d   s c h e m a t i c a l l y   in  F igure   17  w i l l   a lso  i n c r e a s e   the  t o l e r a b l e  

EGR  p e r c e n t a g e   from  a  combust ion  po in t   of  view.  The  a r r a n g e m e n t   shown  i n  

F igure   17  is  capable   of  r a d i c a l l y   r educ ing   NOx  o u t p u t s   from  such  s t a t i o n a r y  

t u r b i n e s .   The  i n v e n t o r   e s t i m a t e s   tha t   more  than  95  p e r c e n t   NO  abatement  can  

be  a c h i e v e d   wi thou t   any  e f f i c i e n c y   p e n a l t y .  

F igure   18  shows  a  schemat ic   of  a  vor tex   EGR-air  mixer  analogous  to  t h a t  

of  F igu re   14  supp ly ing   an  air-EGR  mix tu re   to  a  d i e s e l   e n g i n e .   The  method  o f  

NO  s u p p r e s s i o n   i l l u s t r a t e d   here  is  e f f e c t i v e   for  l a r g e   NOx  r educ t ion   in  b o t h  

s t a t i o n a r y   and  au tomot ive   d i e s e l s ,   and  makes  p o s s i b l e   much  l a r g e r   NOx 

r e d u c t i o n s   per  uni t   EGR  input   than  have  been  p o s s i b l e   with  previous   d i e s e l  

engine  EGR  s u p p l i e s .   For  l a rge   d i e s e l s ,   the  " m u l t i p l e   s t r i p e "   i n t r o d u c t i o n   o f  

EGR  i l l u s t r a t e d   in  Figure  13  w i l l   be  r e q u i r e d ,   r a t h e r   than  the  s ingle   p o i n t  



i n t r o d u c t i o n   i l l u s t r a t e d   in  F igure   14,  which  should  produce  e f f e c t i v e   NOx 

c o n t r o l   for  sma l l e r   d i e s e l s .  

The  NOx  s u p p r e s s i o n   t echn ique   d e s c r i b e d   above  is  a p p l i c a b l e   to  any 

h e t e r o g e n e o u s   combustion  p r o c e s s .   By  homogeneously  mixing  a i r   and  EGR  u s i n g  

the  o r g a n i z e d   s t r u c t u r e d   t u r u b u l e n t   flow  mixing  process   i l l u s t r a t e d   here  i t   i s  

p o s s i t r l e   to  p r a c t i c a l l y   and  e c o n o m i c a l l y   ob ta in   the  l a rge   NOx  r e d u c t i o n s  

p r e d i c t e d   -for  EGR  by  k i n e t i c   c a l c u l a t i o n s .  



1.  A  t echn ique   for  a c h i e v i n g   c a l c u l a t e d   NO  r e d u c t i o n s   from  EGR  i n  

h e t e r o g e n e o u s   combustion  systems  c o m p r i s i n g  

burner   where  fuel  and  o x i d i z e r   are  h e t e r o g e n e o u s l y   mixed  and  b u r n e d ,  

and  where in   the  p roducts   of  such  burning   are  cooled  to  produce  u s e f u l  

energy  and  said  products   of  c o m b u s t i o n ,   c a l l e d   exhaust   gas,   are  a v a i l a b l e   in  a  

duct  at  r e l a t i v e l y   moderate  t e m p e r a t u r e s ,  

d u c t i n g   means  whereby  a  f r a c t i o n   of  said  exhaust   gas,   c a l l e d   EGR,  i s  

r e c y c l e d   in to   the  in take   a i r   s u p p l y i n g   said  burner   a n d ,  

where in   the  c o n t a c t i n g   p roce s s   between  a i r   and  EGR  occurs  in  a  v o r t e x  

mixer  c h a r a c t e r i z e d   by  c o n t r o l l e d   f o l d i n g   t o g e t h e r   of  the  a i r   and  EGR  in  a  

s t r u c t u r e d   t u r b u l e n t   flow  v o r t e x   mixing  process   whereby  the  EGR  and  a i r   a r e  

mixed  u n t i l   they  are  r e l a t i v e l y   homogeneous  on  the  s c a l e s   at  which  c h e m i c a l  

r e a c t i o n s   o c c u r ,  

where  th i s   u l t r a   homogeneous  air-EGR  mixture   is  c a l l e d   o x i d i z e r ,   and 

where  t h i s   o x i d i z e r   is  fed  as  the  t o t a l   o x i d i z e r   supply  to  the  h e t e r o g e n e o u s  

bu rne r - ,  

whereby  the  peak  flame  t e m p e r a t u r e s   in  the  h e t e r o g e n e o u s   c o m b u s t i o n  

p roces s   are  lowered  for  a l l   microvolumes   in  the  burner   so  that   the  r a t e s   of  NO 

f o r m a t i o n   in  a l l   of  these  microvolumes   are  smal l ,   so  tha t   the  t o t a l   NO  o u t p u t  

of  the  burner   is  suppressed   to  a  l e v e l   a p p r o x i m a t i n g   the  NO  output   which  wou ld  

be  p r e d i c t e d   c a l c u l a t i n g   combust ion   with  homogeneous  m i c r o s c a l e   mixing  of  a i r  

and  EGR  and  a  s t a t i s t i c a l   d i s t r i b u t i o n   of  fue l   o x i d i z e r   r a t i o s .  

2.  The  i n v e n t i o n   as  d e s c r i b e d   in  claim  1,  and  wherein  the  burner  is  a  

coal   f i r e d   b u r n e r .  



3.  The  i n v e n t i o n   as  s t a t e d   in  claim  1,  and  wherein  the  burner   an  o i l  

b u r n e r .  

4.  The  i n v e n t i o n   as  s t a t e d   in  claim  1,  and  wherein  the  burner   is  a  

n a t u r a l   gas  b u r n e r .  

5.  The  i n v e n t i o n   as  s t a t e d   in  claim  1,  and  wherein  the  burner   is  a  l a r g e  

n a t u r a l   gas  r e c i p r o c a t i n g   p i s t o n   e n g i n e .  

6.  The  i n v e n t i o n   as  s t a t e d   in  claim  1,  and  wherein  the  burner   is  t h e  

combuster   can  of  a  s t a t i o n a r y   gas  t u r b i n e   e n g i n e .  

7.  The  i n v e n t i o n   as  s t a t e d   in  claim  1,  and  wherein  the  burner   is  t h e  

h e t e r g e n e o u s   combust ion  chamber  of  a  d i e s e l   e n g i n e .  

8.  The  i n v e n t i o n   as  s t a t e d   in  claim  1,  and  whereby  the  mixing  of  air   and 

EGR  is  a ccompl i shed   with  a  v o r t e x   mixer  wherein  a  r e l a t i v e l y   l a rge   number  o f  

a l t e r n a t i n g   " s t r i p e s "   of  a i r   and  EGR  are  i n t roduced   in to   the  en t r ance   u p s t r e a m  

the  v o r t e x   so  t ha t   the  high  shear   s t r u c t u r e d   t u r b u l e n t   mixing  process   of  t h e  

vo r t ex   ac ts   to  produce  m i c r o s c a l e   homogeneity  for  very  l a r g e   sca le   m i x e r  

s e c t i o n s .  

9.  The  i n v e n t i o n   as  s t a t e d   in  claim  1,  and  wherein  the  vor tex   mixer  i s  

adapted  to  produce  mixing  by  the  s u p e r p o s t i t i o n   of  the  v o r t e x   mixing  w i t h  

bouyancy  i n s t a b i l i t y   to  o b t a i n   a  r e l a t i v e l y   homogeneous  a i r   EGR  m i x .  



10.  The  i n v e n t i o n   as  s t a t e d   in  claim  1,  and  wherein  the  vor tex   m i x e r  

d e s c r i b e d   u t i l i z e s   a  p r e s s u r e   drop  across   the  vor tex   to  d r ive   a  g e n e r a l l y  

i r r o t a t i o n a l   vor tex   flow  and  wherein  the  top  and  bottom  boundary  l aye r   f l o w s  

are  c o n t r o l l e d   with  c i r c u m f e r e n t i a l   g r o o v e s .  
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