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1 Abstract

New experimental results on the NO reduction by CH4 in both N2 and CO, atmospheres are obtained in
a jet-stirred reactor. Experiments are conducted in the temperature range of 600 - 1323 K at 1 atm. The
experiments are simulated using an updated reaction mechanism and the simulations are highly consistent
with the experiments. The NO-reburning in the CO2 atmosphere is reduced by 40% - 60%, relative to that
in the N, atmosphere. The inhibition of methane oxidation under high CO- concentrations is responsible for
the decrease of the NO reduction efficiency. The main reaction pathways of the NO reduction in the N
atmosphere are: NO (— HCNO) — HCN — NCO — Nz and NO — HNCO — NH; — NNH — N, while
the primary path in the CO; atmosphere is: NO (— H2CN) — HCN — CH;CN — NCO — N due to the
chemical effect of COo.

2 Introduction

Oxy-fuel combustion [1] is one of the most promising new combustion technologies which is achieved
by a strong recirculation of exhausted gases. Such a strategy implies that high contents of CO- interact with
the reactants oxidation chemistry which can significantly reduce NOx emissions. However, other NOy
reduction techniques are still needed in many combustion systems to achieve greater reduction. Reburning
[2] is a low-cost and effective NOx reduction technology that has proven to be effective in air combustion
and can reduce NOy emissions by more than 50%. It is worth mentioning that Normann [3] pointed out that
reburning technology is a promising option for both traditional and oxy-fuel combustion in his review.
Although there are some reburning studies [4-5] in the CO, atmosphere in recent years, basic experimental
data and further kinetic studies are still scarce.

The jet-stirred reactor is an ideal continuous stirred reactor (0-dimensional) and is suitable for gas-phase
Kinetics studies. The distributions of thermal and species are uniform inside the reactor due to the high-
speed jets of the JSR nozzles. Therefore, the reactions in the JSR occur in a nearly homogeneous
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environment and can approximate locally occurring at one point of the space. To our best knowledge, there
are no reports on the NO-reburning experiment of a JSR under high CO, concentrations. Moreover, the
experimental data for the correction and optimization of the nitrogen chemical mechanism under high CO;
concentrations is very scarce. The present study aims to fill the gaps.

Therefore, the purpose of this paper is to carry out reburning experiments and kinetic simulation studies
under high CO- concentrations in a jet-stirred reactor. Methane was used as the research object to study the
CO effects on NO reburning.

3 Experimental setup and Kinetic model

Figure 1. Schematic diagram of the experimental apparatus.

Figure 1 displays the photo of the JSR. The main structure of the JSR is a 40 mm diameter sphere made
by quartz and the reactor volume is approximately 60 cm®. The preheated mixed gas is injected into the
reactor through the internal four nozzles. The diameter of each nozzle is only 1 mm and thus the initial
velocity of the injection jet is sufficiently high. Consequently, the thermal and species distributions inside
the reactor are nearly uniform. The JSR is installed and fixed in an electric heating oven with a thermal
power of 1.5 KW and the reaction temperature is controlled by the oven. The heating oven is insulated with
high-purity alumina fiber and is heated by ferrochromium-doped iron-chromium-aluminum alloy heating
wires. High-purity gases (purity above 99.999%) are used in the experiment. The flow rate of gases is
accurately controlled by mass flowmeter controllers with the error of +0.3% of full scale.The exhaust
species concentrations after the reaction are measured on-line by using a portable Fourier infrared flue gas
analyzer (DX4000) supplied by the Swedish company Gasmet. The concentrations of CHa, Oz, CO, NO,
CO, HCN, NO2, and N2O can be measured simultaneously, and the measurement error is estimated to be
+1%.

Table 1. Experimental conditions in the present work

inlet streams

T
case CH. NO 02 CO; 4 K
ppm ppm vol%  vol%
1 5000 1000 2 0 0.5 600-1323
2 5000 1000 2 30 0.5 600-1323
3 5000 1000 0.7 0 1.43 600-1323

4 5000 1000 0.7 30 1.43 600-1323

The experiment was carried out under the pressure of 1 atm and the temperature range was 600 K-1323
K. The total flow rate of the reactants was controlled at 1 L/min, while the concentration of methane was
controlled at 5000 ppm. The specific operating conditions were as shown in Table 1.
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Numerical predictions were simulated using the PSR model from Chemkin-PRO. The AURORA code
[6] was used for PSR chemical kinetic analysis. In this paper, the mechanism developed by Glarborg [7] in
2018 is selected as the basis and some modifications and updates are made. The mechanism includes the
oxidation mechanism of C; hydrocarbons, HCN and NHa, and the reactions describing the interaction
between hydrocarbons and nitrogen-containing components. For consistency, the experiment may still
require some modifications and optimizations to account for the effects of high CO. concentrations.
Therefore, in the current work we have added some different reactions related to CO. that are not included
in the initial mechanism and may work in a CO; atmosphere. At the same time, based on our experimental
results and considering the previous literature research, we also added some reactions about reburning and
further modified and optimized some sensitive reactions. The simulation using the modified mechanism is
in good agreement compared with our experimental results. The modified mechanism consists of 151
components and 1408 reactions and the complete mechanism can be obtained from the author.

3 Results

Experiments were carried out in a jet-stirred reactor with a temperature range varying from 600 K to 1323
K under fuel-lean and fuel-rich conditions. Figure 2(a) and 2(b) shows the O, and CO profiles with
increasing temperature under fuel-lean and fuel-rich conditions. The simulation results using the updated
mechanism are basically consistent with the experimental data. As shown in Figures 2, clearly, with the
increase of temperature the O, consumption slows down in the CO; atmosphere compared with that in the
N atmosphere, especially under the fuel-rich condition: as the temperature rises from 600 K to 1323 K, the
O concentration drops from 0.7% to 0.07% in the N atmosphere while it reduces to 0.23% in the CO;
atmosphere. This phenomenon implies that methane requires a higher temperature to be fully oxidized in
the CO, atmosphere than that in the N2 atmosphere. This finding is consistent with previous investigation
on oxy-fuel combustion [4] and can be considered as the inhibition of CH,4 oxidation by the high content of
CO.. The reason is, the high concentration of CO; can suppress the forward reaction of CO + OH < CO; +
H, then increase the OH/H ratio and further inhibit the main chain branching reaction of H + O, < O + OH
during combustion.
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Figure 2. Components profiles with increasing temperature under (a) fuel-lean condition (& = 0.5, case
1 and case 2 in Table 1), and (b) fuel-rich condition (& = 1.43, case 3 and case 4 in Table 1). Comparison
between experimental data (symbols) and model predictions (lines).

Figure 2 also shows the experimental and numerical results of the concentrations of NO and HCN and
the NO reduction efficiency with temperature in N2 and CO; atmospheres. Note that in the NO-reburning
process, NO is not completely reduced to N, and may be converted to other nitrogenous contaminants. The
concentrations of NO2, N,O, NH3 and HCN are measured in the present experiment. It is found that the
concentrations of nitrogen-containing components, with the exception of HCN, are always lower than 10
ppm during the reaction. Hence, the sum of the concentrations of NO and HCN is used as a standard for
evaluating the reduction efficiency of NO. Equation (1) shows the definition of the NO reduction efficiency:

NO Reduction Efficiency (%) = 100% < (IFN - TEN) / IFN (1)

In Equation (1), IFN (initial fraction of N) represents the concentration of NO initially added, and TFN
(total fraction of N) stands for the sum of the concentrations of NO and HCN. As shown in Figure 2, less
than 30% of NO is reduced in both N, and CO, atmospheres under the fuel-lean condition, and the
concentration of HCN is less than 20 ppm. However, under the fuel-rich condition (Figure 4b), the NO
reduction efficiency can be greater than 30% in both N2 and CO; atmospheres at temperatures above 1300
K. Moreover, the NO-reburning chemistry at the CO atmosphere is significantly lower than that at the N
atmosphere when the reburning reaction starts to occur at temperatures above approximately 900 K at the
N2 atmosphere and temperatures above about 1100 K at the CO, atmosphere. Especially, under the fuel-rich
condition the NO reduction efficiency in the CO; atmosphere is reduced by about 50% compared with that
in the N, atmosphere at temperatures above 1200 K. The inhibition of methane oxidation under high CO;
concentrations can be responsible for the decrease of the NO reduction efficiency, because the reduced
oxidation process results in only a small amount of hydrocarbon radicals (CHs;, HCCO, CH_, etc.) that can
take part in the NO-reburning reactions. In addition, with the decrease of the NO concentration more HCN
is formed, which implies that HCN is an important intermediate in the NO reduction process.

To further analyze how the NO reburning occurs in different atmospheres, detailed simulation analyses
of NO reduction pathways are conducted under the fuel-rich (& = 1.43) condition at 1300 K in both N and
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CO, atmospheres with the normalized reaction rate of production (ROP). The detailed NO reduction paths
are shown in Figure 3.

It can be seen from Fig. 3(a) that the NO reduction in the N2 atmosphere mainly achieves through the
following reaction. First, NO reacts with hydrocarbon radicals CHz and HCCO to form HCN, or reacts with
HCCO and CH, to form HCNO, which is then decomposed into HCN. Then HCN is oxidized by O to form
NCO, and NCO reacts with NO to form N to achieve reduction of NO, or the realization of NO reduction
adopts another path: NO first reacts with CH; to form HNCO, HNCO then reacts with H radicals to become
NHz, NH; reacts with NO to form NNH, and NNH finally decomposes into N to achieve final reduction.
From Fig. 3(b), it can be seen that the NO reduction in the CO, atmosphere mainly passes through the
following reaction. First, NO reacts with CH; and HCCO to form HCN, or reacts with CHs to form H,CN
and then converts to HCN, Then HCN reacts with CHs; to become CH3CN, and CHsCN is further oxidized
to NCO by O. Finally, NCO reacts with NO to form N to achieve reduction of NO.
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Figure 3 NO reduction pathway diagram under fuel-rich condition (©=1.43) at 1300K.

Combined with the above analysis, it can be found that the NO reduction in N, atmosphere mainly passes
through two paths: NO (— HCNO) — HCN — NCO — Nz and NO — HNCO — NH; — NNH — N2. And
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the main path of NO reduction in the CO; atmosphere is: NO (— H2CN) — HCN — CH3:CN — NCO —
N2. Through further analysis we found that the CH4 oxidation in a high concentration of CO; is mainly
through CHs — CH; (— CH,OH) — CH,0O — HCO — CO — COg, and the pathways of CH4 — CH3; —
CH; - HCO — CO — CO; and CH; — CH3 — C;H¢ — C;Hs — C;Hs — C;Hz — CoH; —» HCCO — CO
— CO; are suppressed. So the generation of hydrocarbon radical CH, and HCCO is reduced, thereby
inhibiting the reaction HCCO + NO « HCNO + CO and CH; + NO « HCNO + H so that the pathway of
NO — HCNO is suppressed and the pathway of NO — H,CN by reaction CHz + NO <> H,CN + OH is
strengthen ; At the same time, the inhibition of the main chain branching reaction H + O, <0 + OH in the
CO; atmosphere reduces the formation of O radicals and then inhibits the reaction HCN + O <NCO + H,
which weakens the pathway of HCN conversion to NCO thus strengthens the conversion of HCN — CH3CN;
Finally, the inhibition of CH; radical generation also suppresses the reaction CH, + NO —<HNCO + H,
which reduces the importance of NO — HNCO — NH; — NNH — N in the CO; atmosphere.

4 Conclusions

In this paper, a jet-stirred reactor is applied to obtain new experimental results for the NO reduction by
CHa4 in N2 and CO- atmospheres. The differences in the reburning process between N» and CO; atmospheres
are investigated experimentally and numerically. The following conclusions are drawn:

(1) The inhibition of CH4 oxidation observed at high CO- levels in the experiment can be the reason for the
lower NO reduction efficiency in the CO. atmosphere, because the slower oxidation process resulting in
only a small amount of hydrocarbon radicals (CHs, HCCO, etc.) can be used to reduce NO in reburning.

(2) The NO reduction in the N2 atmosphere mainly passes through two pathways: NO (— HCNO) — HCN
— NCO — Nz and NO — HNCO — NH; — NNH — N2. And the main path of NO reduction in the CO,
atmosphere is: NO (— H2CN) — HCN — CH3CN — NCO — N..
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