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A th(:oretical investigation on a kinetic mechanism of nitrous oxide formation in flames with different 
fuels was carried out; for pnrposes of nfininfizing the total NOx yield. The effect of fuel type and 
c(mfl)ustion condition on N20 emission is discussed. It is f o u n d  that  N20 c o n s t i t u t e s  a relatively small 
fraction of the total NOx f()rmation, t)ut it is of  great  i m p o r t a n c e  to  b o t h  NO formation and NO 
rcducti(m from fuel nitrogen (N f) and molecular nitrogen (N2). 

K e y w o r d s :  n i t r o g e n  ox ide ,  n i t rous  ox ide ,  k inet ic  m e c h a n i s m ,  fuel  c o m b u s t i o n .  

I N T R O D U C T I O N  

Th('  nillogel |  ()xidcs (NOx) y M d  usually is deter- 
mim'd by nitric oxide (NO). Nitr(ms oxide eom:eutra- 
lion in total  NOx yield is low. Experime.ntal mea- 
s,,re,~,'nts of N.2() ('(mcei~trations in exh;mst gas with 
dilferonl fiwls showed that  N 2 0  lewqs in fmna(:es usu- 
ally do not ex(:eed 5 16 ppnt [t'2]. N20  ,:on(:, 'ntration 
wit h exhaust  gas iuto the atmosl)here is lower, t;or ex- 
m,q)le, the je t t ing  level ()f N 2 0  for difti,rent fuel fired 
t)oilers are: ti)r pulverized (:oal 0.2-0.8 ppm,  tor fuel 
oil 0.1-0.8 1)l)n~, fin n;ttura.l gas <0.2 t)pn112':~], This 
proves tha t  the je t t ing levels of N 2 0  air low. But  a.c- 
('(,rding I;o some experim('nt.al results !ll N20  is o1 great. 
imp()rtance to 1)oth NO formation and NO reduct ion 

fr,)m fuel ni trogen (N f) and inolecular ni t rogen (N2). 
As nol.('(l in some reports  1'1], ~ significant atnotmt of 
N20  ix formed as a by l)roduct of the I / A P I / E N O x  
l)rocess and N 2 0  is an impor tan t  ni t rogen oxide un- 
der fuel lean conditions, tIence, the mc(:hanism for 
N20  fornm.tion and l"elitOv~tl is of interest. 

Series of nunlerical exper iments  for boiler furnace 
with heavy oil or natural  g a s  u n d e r  diffe.rent condi- 
tions are eomt~leted in this pat)er. All computa t ions  
use ma.themati(:al model repor ted  iI~ a.ul;hor's previ- 
ous work [a]. N 2 0  fbrmation inechanisll~ and its eifec- 
live factors are discussed th rough  the analysis of the 
cah:ulated results. 

Heceived December, 1996. 

NITROUS OXIDE F O R M A T I O N  M E C H A -  
NISM 

Studies indicate tha t  N~O is ~, very short  lived 
species in fuel combust ion  process. Calcula ted  (by this 
paper)  concentra t ion of the N 2 0  in flame with tirol oil 

containing N f is i l lustrated in Fig.1. Froln this figure 
it can be seen tha t  the N 2 0  format ion is taking pla.ce 
in the two zones. N 2 0  is formed in p r imary  flame zone 
at first and rapidly reaches a peat  level, then nearly 
all of the formed N 2 0  ix consumed.  Its concentra.t ion 
it~ the gas s t ream tends to zero. Fig.2 shows prilmipal 
N e O  formatioll  dynamic  process in flame with na tura l  
gas. In this figure the. concent ra t ion  profiles of par t ia l  
in termediate  substances  and ifitrogen oxide (NO) for 
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s tudy  of N 2 0  format ion  mechanism are iliustraLed. 
Second zone of N 2 0  format ion is in the high- 
t empera tu re  flame region. Maximal  value of formed 
N 2 0  in this zone' is small, but  af terwards all of the 
N 2 0  is removed (see Fig. l ) .  

As conlpared with l)oiler fltrnaees, the process of 
tirol combust ion  in gas turbines is significantly differ- 
ent bo th  in the air al locat ion and in the residence t ime 
of the exhaust  gas in combust ion ehaml)er. But  dy- 
namics of N 2 0  emission is essentially the same in bo th  
cases. N 2 0  je t t ing concent ra t ion  from ga.s turbines is 
the same order of magni tude  as boiler furnaces. 

From analysis of N 2 0  and NO format ion  process it 
can be seen tha t  N 2 0  always reaches m a xi m um  earlier 
than  NO does in process of combust ion  not  only with 
natm'al  gas l:)ut also in case with tirol oil conta ining 

N f. It may  be de termined  Dora analysis of the react ion 
integrals tha t  the principal  channels of N:~O format ion 
include the following reactions: 

N 2 4  ItO2 ~ N 2 0 + O l t  

NC() + NO -÷ N~O + CO (2) 

Nil  + NO --~ N20  -b H (3) 

In gas tlame, the l;rincit)al channel of N20  torma- 
lion ix r('a(:l.iorl (1). The  rate o[ this rea(:tion (lepen(ls 
(m l.h(' 11()~ concentrat ion.  From Fig.2 it (:an 1)e seen 
thai. a. large alnounl: of HO.., is t'()rmed in the low 
l.( 'mp(,ral,re region i ,  the flame. I{eacti,,ns ( 2 ) a n d  (3) 
are the iml)Ol i.ant chamml of N 2 0  t'()rmatA()n in tlames 
with liquid (oil) and solid (coal) fuels. Since fuel ni- 

tt 'ogcn (N f) is release.d fl'om fuel into the gas phase 
mainly a.s HCN an(t Ntla during the devolati l ization 
pro('ess{"i, the ti)llowmg process may be ol.)tain('d: 

/ ~  Ntl  ---~ Nile " ;> NIl 
(4) l t lC[  -- ,N:" Q~2~  ] ]( '[x( . . . .  ~-~ N( ' , (  ) - - ' ~  X -  ( 

Experinlent:al dat, aVl also proved the above men- 
t.ioned (:(reversion process Dora fllel nit;rogen to N20.  
In these exl)erhnents addit ive containing HCN is in- 
jected into nonburning zone. lP~xpcrimelJtal results 
show that; N 2 0  yield wa.s in,:.r(msed as a consequence 
of pr()cess (4). In this paper  calculated results also 
show tha t  N 2 0  yield in flame with 425 ppm of added 
HCN is increased by 20%, but  injecting 10 ppm NO 
into the same flame did not  change the N~O yield (see 
a comparison between Fig.2a and 2b). It  can be seen 
tha t  calculated results coincide with experimentsV]. 
Rapid  increase of concent ra t ion  of the radicals O, H, 
OH after the beginning of fllel combustion (see Fig.2) 
reduces the rates of forward reactions (1)--(3). In this 

case, formed N 2 0  is rapidly removed,  forming molec- 
ular ni t rogen (N2). The  most  impor tan t  N~O removal 
chalmels are tile following react;ions: 

N 2 0  + H  ~ N2 + OH (5) 

N 2 0  + OH --} N 2 + H02 (--1) 

Analysis of the react ion integrals shows tha t  N 2 0  re- 
moval reactions,  forming NO, in fact, do not go on 
because th(.." rates of  reacl:ion (6) and (7): 

N20  -~- O -+ N 2 + N() (6) 

N 2 0  + H --+ NO + NH (7) 

are very small. 
Thus,  formed N 2 0  in p r imary  flare0 zone is ahnost  

flflly converted to N2. An  impor t an t  result ca.n 1)e 
obta ined from the above discussion: the more fuel ni- 
t, rogen is converted to N 2 0  in p r imary  flame zone, the 
less final value of NOx  concentra t ion in fine glvs. Ac- 
tor(ling to reporl: of Ref.[81, thermal  [)r(q;r(?~lt, l t l( , l l . t  of 
pulverized coal can decrease NO {i>rmation. I ) r rhaps  
it; can 1)e <'xl)laine<l as follows: during the thermal  
l r ea tmen t  <>f l>ulw,rized coal, a par t  ~)f the fuel nitro- 
g(m is tirst c<mvert('d to N 2 0  1)y (4) and t.h<'n NeO is 
romow'<l, f(~rming N.2. From this it can })e se(,ll that; 
if volatih'  igniti(m can be re tard  an(t the SUl)I)ly an(l 
lnixillg with secomlary air fl()w (:an l)e l)ostl)on('d in 
pulverized coal (:ombust;ion process, then fuel nitro- 
gen is r(:m()ved tivsl l)y (:hamlel (,t), f()rming N2(), and 
then th(' N.20 ix fully c,,)nver/;e(t t;() N2. q'here|)y, tiredly 
NOx  yield will I)e de(-reased. 

In l l A P R E N O x  t)roeess we also found a large 
amomi t  of N~O. l l A P I 1 E N O x  is one of several l)ronfis- 
ing NOx aba.tement schemes ])ased on afterlreatn~en{; 
of (:on]bustor exllaust t)ro(hlcl.s. [n RAPI{I ' ]NOx cya 
re'rio acid is inje(:te(1 inl;o an exhaust  s t ream for re(hl(- 
ing NO. The mechanisni <fl the IIAI>I{FNOx pr<>('ess 
is discussed in more detail by Miller and lh)wman {!)J. 
lrig.3 shows 1,he CXl)erimenta] (]ata Iq aml cal(:ulati<>ns 
D(ml l:his s~:n(iv. C(mcel~tr:~t.i(>ns .:>f pri~i(:itm.1 st)e('ie,~; 
in ~{ API{b]NOx process are il lustrated in this figure. 
IPl'Ollt Fig.3 it; can be seelt tha t  sel<('t:k)n of process 
t empera tu re  is very imi)orl;ant be(:ause ef[ectiveness ()f 
the process directly depends  on tempera ture .  Analy-  
sis of reaction integrals. SUpl)lied by ea.!culation, shows 
tha i  mecha~fism of t / A P R E N O x  includes following re- 
a c t i o i l s :  

(HOCN)a --> 3*HNCO (8) 

IINCO 4 OH -+ NCO + H20 (9) 

NCO + NO > N 2 0  + CO (10) 

Then N20  is converted to molecular nitrogen (N2) by 
reactions (5) and (-1). 



228 Journal of ThermM Science, Vol. 6, No..3, 1997 

2 

, '2: 

/ "  

2 

..2 

SO 

60 

4(i) 

2O 

0 
0 

2OO 

l 5O 

100 

5O 

0 

\ ' ( )  

. . . .  

0.()4 0.0g 0,12 0.16 ()20 

Time ( ms ) 

().× 10 -~ --""... / * ~  H× 10 < 

0.05 0.10 0.15 0.20 

gO 

60 

, ~ 40 

*j 

20 

200 

15O 

.= lOO 

5o 

5O 
0 

<y\/ 

77-/ U'/L . . . . . .  

0.04 0.08 O. 12 O, 16 0.20 

Time ( ins ) 

():x 10 -~ \ \ ,  / - " \ ,  l l x  10-: \ / / - -- \ .  
- ~  \ 1/I  \ . . ,  ... 

, . . . . . . .  - -  

0.04 0.08 0,12 0.16 0.20 

l'im<z ( rns ) Time ( rns ) 

F i g . 2  Calculated concentrations of NO, NuO and partial  intermediate radicals in gas flame 
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F i g . 3  Measured ['q (a) and calculated by this paper (b) 
species concentions in REPRI~;NOx process 

F rom above  discuss ions  it can be  seen tha t  N 2 0  is 
a lways is a very shor t  l i fet ime i n t e rmed ia t e  subs t ance  
b o t h  in I)r iInary f lame zone and  in passage  of exhaus t  
gas, and  near ly  all  of the  N 2 0  will  be conver ted  to 

molecu la r  n i t rogen  (N2). P resence  of N 2 0  fi)I 'mation 
and  removal  process  reduces  p a r t  of NO and  (lecreases 

final N O x  yield.  

E F F E C T I V E  F A C T O R S  O N  N 2 0  E M I S S I O N  

E f e c t i v e  factors  oil N 2 0  emiss ion include tirol t ype  
and comtms t ion  condi t ions ,  such as fnel s t r uc tu r e  (as 
ra t io  of ca rbon  and hyd rogen  a t o m  in tirol conten t  

C / H ) ,  fuel n i t rogen  con ten t  (Nf) ,  excess air  (~),  f lame 
tempe . ra ture  (T), flame hea t ing  and cool ing ra tes  (qS), 

etc.  
Effe(;t of the  ra t io  C / H  on N 2 0  emiss ion and  maxi -  

mal  value N 2 O m a x  are  shown in Fig.4 (ca lcu la ted  by 
the  resul ts  in this  pape r ) .  M a x i m a l  wflue of N 2 O m a x ,  
not  d e p e n d i n g  on s to ich iomet r i c  r a t io  (c~), is a lways 

observed  in CH4- f l ame  and  min ima l  vahm in H2- 
f lame (see Fig.4) .  I t  d e p e n d s  on HO2 concen t ra t ion  in 
flame. F ig .4b  shows t h a t  m a x i m a l  value of N 2 O m a x  
is reactmd in combus t ion  of gaseous  fnels wi th  minor  
molecu la r  weight ( C / H = 0 . 2 - 0 . 3 )  for different  a .  Ef- 

fect of tirol n i t rogen  (N f) on N 2 0  emiss ion is shown 

in Fig.1.  N 2 0  emiss ion in f lames wi th  fuel con ta in ing  

N f de pe nds  not  only  on conten t  N f, b u t  on ra tes  of 

reac t ions ,  co r r e spond ing  to  forming  N 2 0  fo rma t ion  in 
primary flame zone,  but concentrat ion  N 2 0  in exhaust  

gas nearly does  not depend on content  N f. 
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F i g . 5  Effect of excess air and flalne temperature  
on N.z() yield 

Et l i , : t  of excess air  ((t) on N 2 0  enfission is illus- 

t r a t e d  in Fig.5 (ca lcu la ted  by this p a p e r  resul ts) .  Pro-  
cess of N 2 0  f()rmation moves to roo t  of flame, and  the  
ra tes  of N 2 0  fo rma t ion  and removal  increase wi th  in- 

creas ing (~. Effect of r~ on N2Oma.x is different  for var- 
ions kind of tirol (Fig .5a) .  For  examph~, with increas-  

ing , ' ,  N2Omax  is d i r ec t ly  p r o p o r t i o n a l l y  increas ing  in 
CHw,  H2- and  CO-f lanles  mid l inear ly  decreas ing  ill 
C~Ht-  and  C2H2-flames,  since the  IIO2 has different  
d y n a m i c s  of f o rma t ion  in f lames wi th  different  flmls. 

F l a m e  t e m p e r a t u r e  is one of the  mos t  i m p o r t a n t  
fac tors  of effect oll combus t ion  process .  Fig .5  also 

shows the effect of t e m p e r a t u r e  on N2Omax .  Fuel 
bu rn  out  t ime  is eno rmous ly  a b a t e d  and  NO is r ap id ly  
formed wi th  increas ing  f lame t e m p e r a t u r e .  In this  
case, fl~rmed N 2 0  yield,  of course,  is increased.  On ly  
when T >1900 K, a has obvious influence on N 2 0  

emiss ion (Fig .5b) .  
M a x i m a l  f lame t e m p e r a t u r e  and  ra tes  of t i le  f lame 

hea t ing  and cool ing have a l i t t le  influence on N,~O 

C O N C L U S I O N S  

The conchls ions  (;an be sunni la r ized:  

(a) Ni t rous  oxide fo rma t ion  is r e la ted  to NO (;ntis- 
sion akmg flame. Re la t ive ly  large N~O yie ld  is fo rmed 

ill t t le  p r i m a r y  f lame zone dur ing  a very  shor t  t ime  in- 
terval ,  bu t  fo rmed N20 is r a p id ly  and near ly  fldly con- 

ve r t ed  to N2 af ter  reach ing  m a x i m a l  value of N2Onlax .  
Tile  mechan i sm of N 2 0  emiss ion is desc r ibed  by  reac- 
t ions  (1 ) - (3 )  and  (5). 

(b) In jec t  add i t i ve  con ta in ing  n i t rogen  (as cyanur ic  
acid)  into passage  of e xha us t  gas in su i t ab le  t e m p e r -  

a tu re  region can reduce  NO and  n o t a b l y  a b a t e  N O x  
yield.  

(c) C o n c e n t r a t i o n  of N,~O in flue gas is very low. I ts  

c o n t r i b u t i o n  to t o t a l  NOx  yie ld  m a y  be neglec ted .  

(d) N 2 0  takes  very i m p o r t a n t  effect on a b a t e m e n t .  

of N O x  yield.  If convers ion of fuel n i t rogen  to N 2 0  



230 Journal of Thermal Science, Vol. 6, No.3, 1997 

in I)rimary burning zone can be achieved, then flael- 
NO form~tion may be decreased, since all of the N20  
will be reduc(;d to molecular nitrogen (N2) in later 
colnbllstion process. 
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