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Study on Nitrous Oxide Emission in Boiler Furnace
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A theoretical investigation on a kinetic mechanism of nitrous oxide formation in flames with different

fuels was carried out for purposes of minimizing the total NOx yield. The eflect of fuel type and

combustion condition on N2Q eniission is discussed. It is found that N2O constitutes a relatively small

fraction of the total NOx formation, but it is of great importance to both NO formation and NO

reduction from fuel nitrogen (Ni) and molecular nitrogen {N2).
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INTRODUCTION

The nitrogen oxides (NOy) yield usually is deter-
mined by nitrie oxide (NOJ. Nitrous oxide concentra-
tion 1 total NOx yield is low. Experimental mea-
surcments of NoO concentrations in exhaust gas with
different fuels showed that NoO levels in furnaces usu-
ally do not exceed 5 16 ppm“'zj. N, O concentration
with exhaust gas into the atinosphere is lower. For ex-
ample, the jetting level of N,O for different fuel fired
0.2-0.8 ppm, for fuel
oil -~ 0.1-0.8 ppm, for natural gas <0.2 ppm3. This

botlers are: for pulverized coal

proves that the jetting levels of Ny O alr low. But ac-
cording 1o some experimental resultst N, O is of great
importance to both NO formation and NO reduction
frow fuel nitrogen (Nl) and molecular nitrogen (N,)

As noted in some reportst? a significant amount of

N»O is formed as a by-product of the RAPRENOx
process and N,O is an important nitrogen oxide un-
der fuel lean conditions. Hence, the mechanism for
N, O formation and removal is of interest.

Series of numerical experiments for boiler furnace
with heavy oil or natural gas under different condi-
tions are completed in this paper. All computations
use mathematical model reported in author’s previ-
ous work[®]. N, O formation mechanism and its effec-
tive factors are discussed through the analysis of the
calculated results.
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NITROUS OXIDE FORMATION MECHA-
NISM

Studies indicate that N3O is a very short lived
species in fuel combustion process. Calculated (by this
paper) concentration of the N,O in flame with fuel oil
containing N is illnstrated in Fig.1. From this figure
it can be seen that the NoO formation is taking place
in the two zones. NoO is formed i primary flame zone
at first and rapidly reaches a peat level, then nearly
all of the formed N,O is consumed. Its concentration
in the gas stream tends to sero. Fig.2 shows principal
N> O formation dynaniic process in flame with natural
gas. In this figure the concentration profiles of partial
intermediate substances and nitrogen oxide (NO) for
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Fig.1 Dynamics of nitrous oxide yield in oil-flame
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study of N,O formation mechanisim are illustrated.
Second zone of N,O formation is in the high-
temperature flame region. Maximal value of formed
N,O in this zone is small, but afterwards all of the
N, O is removed (see Fig.1).

As compared with boiler furnaces, the process of
fuel combustion in gas turbines is significantly differ-
ent both in the air allocation and in the residence timne
of the exhaust gas in combustion chamber. But dy-
namics of N, O emission is essentially the same in both
cases. NoO jetting concentration from gas turbines is
the same order of magnitude as boiler furnaces.

From analysis of NoO and NO formation process it
can be seen that NoQ always reaches maximum earlier
than NO does in process of combustion not only with
natural gas but also in case with fuel oil containing
NE T may be determined from analysis of the reaction
integrals that the principal chanunels of N, O formation
include the following reactions:

Ny + IO, —» N,O + OH (1)
NCO + NO =» N»O + CO (2)
NH + NO — N,O 4+ H (3)

I gas flame, the principal channel of N,O forma-
tion is reaction (1). The rate of this reaction depends
on the HO» concentration. From Fig.2 it can be seen
that a large amount. of HO, is formed in the low
temperature region iu the flame. Reactions (2) and (3)
are the important channel of N O formation in flames
with liquid (oil) and solid (coal) fuels. Since fuel ni-
trogen (Nf) 1s released from fuel into the gas phase
mainly as HCN and NHy during the devolatilization
processi™ | the following process may be obtained:

NI > N1, > NI
Fuet = A L

TS ON 3 NCO > N0 “)

Fxperimental datal™ also proved the above men-
tioned conversion process frow fuel nitrogen to N,O.
In these experiments additive containing HCN is in-
jected into nonburning zone.  Experimental results
show that N, O yield was increased as a consequence
of process (4). In this paper calculated results also
show that N,O yield in flame with 425 ppm of added
HCN is increased by 20%, but injecting 10 ppm NO
into the sane flame did not change the N,O yield (see
a comparison between Fig.2a and 2b). It can be seen
that calculated results coincide with experiments!™.
Rapid increase of concentration of the radicals O, H,
OH after the beginning of fuel combustion (see Fig.2)
reduces the rates of forward reactions (1)~(3). In this
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case, formed N,O is rapidly removed, forming molec-
ular nitrogen (Ny). The most important N, O removal
channels are the following reactions:

N,O +H — N, + OH (5)
(-1

Analysis of the reaction integrals shows that NyO re-

NZO + OH — N2 -+ }IOZ

moval reactions, forming NO, in fact, do not go on
becanse the rates of reaction (6) and (7):

N,O + O — Ny + NO (6)

N,O + H — NO + NH (7)

are very small.

Thus, formed N,O in primary flame zone is almost
An important result can be
obtained from the above discussion: the more fuel ni-

fully converted to Ns.

trogen is converted to N»O in primary flame zone, the
less final valne of NOx concentration in flue gas. Ac-
cording to report of Ref.[8], thermal pretreatment of
pulverized coal can decrcase NO formation. Perhaps
it can be explained as follows: during the thermal
treatment of pulverized coal, a part of the fuel nitro-
gen is first converted to N2 O by (4) and then N, O is
removed, forming No. From this it can be seen that
if volatile ignition can be retard and the supply and
mixing with secondary air flow can be postponed in
pulverized coal combustion process, then fuel nitro-
gen 1s ramoved first by channel (4), forming N, O, and
then the NoO is fully converted to Ny Thereby, finally
NOy vield will be decreased.

In RAPRENOyx process we also found a large
amount of NyO. RAPRENOx is one of several promis-
ing NOx abatement schemes based on aftertreatment
of combustor exhiaust products. In RAPRENOx cya-
nuric acid is injected into an exhaust stream for reduc-
ing NO. The mechanism of the RAPRE
is discussed in more detail by Miller and Bowman!”l.

Ox process

Fig.3 shows the experimental datal™ and calculations
from this study. Concentrations of principal species
in RAPRENOQy process are illustrated in this figure.
From Fig.3 it can be seen that selection of process
temperature is very important because eflectivencss of
the process dircctly depends on temperature. Analy-
sis of reaction integrals, supplied by calculation, shows
that mechanism of RAPRENOy includes following re-
actions:

(HOCN); — 3"HNCO (8)
HINCO + OH - NCO + H,0 (9)
NCO + NO - N0 + CO (10)

Then N,O is converted to molecular nitrogen (N;) by
reactions (5) and (-1).
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Fig.2 Calculated concentrations of NO, N>O and partial intermediate radicals in gas-flame
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Fig.3 Mcasured!! (a) and calculated by this paper (b)
species concentions in REPRENOx process

From above discussions it can be seen that N,O is
always is a very short lifetime intermediate substance
both in primary flame zone and in passage of exhaust
gas, and nearly all of the N»O will be converted to

molecular nitrogen (N2). Presence of N,O formation
and removal process reduces part of NO and decreases
final NOx yield.

EFFECTIVE FACTORS ON N,0 EMISSION

Effective factors on N2 O emission include fuel type
and combustion conditions, such as fuel structure (as
ratio of carbon and hydrogen atom in fuel content
C/H), fuel nitrogen content (Nf), excess air («), flame
temperature (T), flame heating and cooling rates {¢},
ctc.

Effect of the ratio C/H on N,O emission and maxi-
mal value NyOpax are shown in Fig.4 (calculated by
the results in this paper). Maximal value of N2Omax,
not depending on stoichiometric ratio (a), is always
observed in CH4-flame and minimal value — in Hs-
flame (see Fig.4). It depends on HO;, concentration in
flame. Fig.4b shows that maximal value of NoOmax
is reached in combustion of gaseous fuels with minor
molecular weight (C/H=0.2-0.3) for different . Ef-
fect of fuel nitrogen (Nf) on N3O emission is shown
in Fig.1. N,O emission in flames with fuel containing
Nf depends not only on content Nf, but on rates of
reactions, corresponding to forming NoO formation in
primary flame zone, but concentration N3O in exhaust
gas nearly does not depend on content Nf,
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Fig.4 Influence of gaseous fuel content, on N, O emission

Effect of excess air () on NoO cmission is illus-
trated in Fig.5 (caleulated by this paper results). Pro-
cess of Ny O formation moves to root of flame, and the
rates of N, O formation and removal increase with in-
creasing «. Effect of o on NoOmax is different for var-
ious kind of fuel (Fig.5a). For example, with increas-
ing «r, NaOpax 1s directly proportionally increasing in
CH,-, Hy- and CO-flanes and linearly decreasing in
CsH ;- and CyHy-flames, since the HO, has different
dynamics of formation in flames with different fuels.

Flame temperature is one of the most important
factors of effect on combustion process. Fig.5h also
shows the effect of temperature on N;Omax. Fuel
burn out time is enormously abated and NO is rapidly
formed with increasing flame temperature. In this
case, formed N, O yield, of course, is increased. Only
when T >1900 K, a has obvious influence on N,O
emission (Fig.5b).

Maximal flame temperature and rates of the flame
heating and cooling have a little influence on N»O
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yield both in primary flame zone and in high-
temperature burning region. Even if Tijax=2100 K,
final N, O yield does not exceed 0.15 ppm.

Injecting exhaust gas or water into furnace can ef-
fectively reduces thermal NO formation because of de-
creasing flame temperature and rate of flame heating,
but these techniques, in principal, have no effect on
N> O reduction.
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Fig.5 Eflcct of excess air and flame temperature
on N3O yield

CONCLUSIONS

The conclusions can be summarized:

(a) Nitrous oxide formation is related to NO emnis-
sion along flame. Relatively large N»O yield is formed
in the primary flame zone during a very short time in-
terval, but formed N5 O is rapidly and nearly fully con-
verted to Ny after reaching maximal value of NoOmax.
The mechanism of N,O emission is described by reac-
tions (1)-(3) and (5).

(b) Inject additive containing nitrogen (as cyanuric
acid) into passage of exhaust gas in suitable temper-
ature region can reduce NO and notably abate NOx
yield.

(c) Concentration of N>O in flue gas is very low. Its
contribution to total NOy yield may be neglected.

(d) N2O takes very important effect on abatement-
of NOx yield. If conversion of fuel nitrogen to N,O
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in primary burning zone can be achieved, then fuel-
NO formation may be decreased, since all of the N,O
will be reduced to molecular nitrogen (N3) in later
combustion process.

REFERENCES

[I] Linke W.P., McSorley J.A., Hall R.I5., Ryan J.V., et al,,
“Nitrons Oxide Emission from Fossil Fuel Combustion,”
J. Geophys. Res. D., No.6, pp.7533-7541, (1990).

[2] Sloan S.A., Laird C.R., “Measurements of Nitrous Ox-
ide Emission from P.F. Fired Power Stations,” Atoms.
Environ., No.5, pp.1199-1206, (1990).

[3] Takahisa Y., Shaw N., Hiromitsu M., “N2O Emission
from Fossil Fuel Fired Power Plants,” FEnwiron. Sci.
and Technol., 25, No.2, pp.347--348, {1991).

[1] Caton J.A., Sicbers D.L., “Comparison of Nitric Oxide
Removal by Cyanuric Acid and Ammonia,” Combust.

9]

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

Inst. Meet., pap.88-67, (1988).

Egorova L.E., Roslyakov P.V., Burkova A.V., Zhong
B.J., “Mathematical Simulation and Calculation of Fos-
si] Fuel Toxic Combustion Product Emission,” Tepioen-
ergetica, No.7, pp.63-68, (1993) (in Russian).
Kramlich J.L., Cole J.A., McGarthy J.A., “Mechanisms
of Nitrous Oxide Formation in Coal Flame,” Combust.
Flame, 77, No.3-4, pp.375-384, (1989).

Houser T.J., McCarville M.E., Gu Zhou-Ying, “Ni-
tric Oxide Formation From Fuel-Nitrogen Model Com-
pound Combustion,” Fuel, 67, No.5, pp.642-650.
Babiy V.1., Alpverdov P.A., Barbash V.M., “Effect of
Pulverized Coal Pre-Heating to Fuel Nitrogen Oxide
Yield,” Teploenergetika, No.9, pp.10-13, (1983) (in Rus-
sian).

Miller J.A., Bowman C.T. Mechanisn and Modeling
of Nitrogen Chemistry in Combustion,” Prog. Energy
Combust. Sci., 15, pp.287-338, (1989).



