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It is essential to obtain the in-situ key radicals and components in the combustion process of NH3 oxidation to
reveal the volatile nitrogen conversion mechanism. In this work, multi-spectral analysis methods, including
image spectroscopy, Tunable diode laser absorption spectroscopy (TDLAS), and plane laser-induced fluorescence
(PLIF) were used to obtain the spatial distribution characteristics of the main excited radicals (Co*/CH*/CN*/
OH*), Hy0, and NO in NHs-doped methane flames, respectively. Furthermore, the kinetic simulation was
combined to obtain the key reactions and main pathways of nitrogen conversion. The experimental results
showed that when the concentration of NH3 was low, the NO generated in lean flame was less than that in rich
flame, which was more than that in rich flame when the concentration of NH3 was high. NH3 also promoted the
formation of H,0 in flames. The image spectral intensity of CN* had a significant linear relationship with the CN
concentration obtained by simulation, indicating that CN* was mainly generated by CN thermal excitation. The
results of sensitivity and path analysis indicated that rich flame contributed to the reaction of N-species with H
and that high NH3 concentration promoted the conversion of NH; to HNO. With increasing NHs concentration
and equivalence ratio, the proportion of CH3 conversion to CoHg was enhanced, while the proportion of CH3
oxidized decreased. This work reveals the mechanism of volatile nitrogen (NHs) conversion and the influence of
equivalence ratio and NH3 concentration on it, which provides theoretical guidance for NOx emission reduction.

1. Introduction

mechanism of volatile nitrogen by studying the flame doped with NH3.
Alves et al. [4] found that the conversion yield of NH3 to NO decreased

Nitrogen oxides (NOx) produced by fuel combustion are responsible
for environmental safety problems such as acid rain and photochemical
pollution. According to the different sources of nitrogen, NOx is divided
into thermal NOx, prompt NOx, and fuel NOx. Fuel NOx contributes the
most to the formation of NOx during solid fuel combustion. Volatile
nitrogen is an important source of fuel NOx. Especially in biomass fuels,
the proportion of volatile nitrogen in total nitrogen could reach more
than 80 % [1,2]. NHj3 is the main volatile nitrogen released during the
combustion of low-rank coal and biomass [3]. Therefore, it is a key step
to reveal the oxidation process of NHs in constructing the mechanism of
nitrogen conversion network.

The composition of solid fuel is complex and there are diverse factors
affecting nitrogen conversion. Therefore, it is difficult to obtain a widely
applicable nitrogen conversion mechanism directly using solid fuel as
the research object. It is a feasible scheme to obtain the conversion

with the increase of NH3 in low-concentration NH3 (500-2000 ppm)
doped methane premixed flame. Slefarski et al. [5] discovered that in
the CH4/NHj3 co-combustion flame, with the increase of NH3 concen-
tration, the concentration of NO generated increased slowly. Especially
at the equivalence ratio of 0.95, the NO production was almost un-
changed with the increase of NH3. According to the numerical simula-
tion results, Sullivan et al. [6] claimed that the main reason for the slow
growth of NO production with the increase of NHs in low concentration
NH;s (0~1000 ppm) doped flame was the reduction reaction between
NO and NH;. As an important parameter of combustion, the effect of the
equivalence ratio on NHj oxidation is also worth considering. Li et al.
[7] analyzed the effect of equivalence ratio on the oxidation of NH3 by
detecting the NO production in the NHs-doped methane premixed
flames. The results showed that with the increase of equivalence ratio
(0.65-1.45), the production of NO increased first and then decreased,
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and the production of NO was highest at an equivalence ratio of 1.0.
Shmakov et al. [8] also found that the concentration of NO generated in
rich flame was lower than that in equivalent and lean flame based on
molecular beam mass spectrometry (MBMS). But Sun et al. [9] obtained
different conclusions by detecting the formation of NO in volatile ni-
trogen. They believed that at the same temperature, the volatile-N
conversion ratio increased with the increase of excess oxygen ratio
(0.6-1.4).

In the above studies, researchers had focused on the direct analysis of
the effect of NH3 on NOx, and less on the intermediate components and
their influence mechanism on the oxidation of NHs. Nitrogen conversion
is composed of a series of complex reactions, so obtaining information of
intermediate components is a prerequisite for clarifying the role of each
component in the fulcrum of the nitrogen transformation network.
Therefore, it is necessary to carry out the detection and analysis of key
intermediate radicals in the nitrogen conversion.

As a non-invasive detection technology, optical detection technology
could realize high-precision in-situ detection of components information
in combustion diagnostics. Different optical detection technologies have
different emphases on the detection object due to their different tech-
nical principles. Image spectroscopy is mainly applied to detect
OH*/CH*/Cy*/CN* and other excited radicals with strong spontaneous
emission signals in flames [10-14]. Laser-induced fluorescence (LIF) is
mainly used to detect OH, CH, NO, and other radicals in flame [15-22].
Tunable diode laser absorption spectroscopy (TDLAS) could achieve
high-precision detection of H20, CH4, CO2, and other components
[23-28]. It is a feasible approach to obtain information of on interme-
diate components and products in the NHs; oxidation by using
multi-spectral analysis methods, to realize the analysis of the whole
process of nitrogen conversion (source-intermediate
component-product).

In this work, NH3 was added to the CH4 premixed flat flame to
analyze the nitrogen conversion in flame. The spatial distribution
characteristics of the main excited radicals (Cy*/CH*/CN*/OH%*), the
main nitrogen products (NO), and the main combustion products (H20)
in the flame were obtained by image spectroscopy, PLIF, and TDLAS,
respectively. The experimental and simulation results based on different
kinetic mechanisms were further compared to optimize the kinetic
model suitable for the oxidation of NHs. Finally, sensitivity analysis and
ROP analysis were performed using the optimized kinetic mechanism to
reveal the mechanism of NH3 concentration and equivalence ratio on
nitrogen conversion.

2. Methods and experimental
2.1. Experiment setup

NHj is the main component of volatile nitrogen, and the concen-
trations of NHj released by different fuels in the devolatilization stage is
different. Biomass with high nitrogen content such as corn straw can
release NH3 concentrations up to 1500 ppm [29], while coal usually
releases less. Therefore, the adding concentrations of NH3 were set as
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0-1500 ppm in the CH4 premixed flame.

The multi-optical gas flame detection platform consists of an optical
detection section and a gas supply section, which was represented in
Fig. 1(a and b), respectively. Premixed flat one-dimensional flames were
established over a water-cooled stainless steel porous-plug McKenna-
type burner (Holthuis & Associates) with a diameter of 60 mm. The
central stream consisted of CHy, N3, Oo, and NH3 which were supplied
from high-purity gas cylinders (99.9% stated purity). The equivalence
ratio of flame was set to 0.8/1.0/1.1 to analyze the effect of the equiv-
alence ratio on NHjs oxidation. The gas flows shown in Table 1 were
accurately controlled by mass flow meters. Meanwhile, the shroud flow
of Ny was kept at 2 L/min to reduce the influence of the atmosphere on
the flame. The burner was mounted on a translation stage to allow ac-
curate translation of the flame relative to the optical measurement
components.

The optical detection section was composed of image spectroscopy,
PLIF, and TDLAS device. The excited radical spontaneous emission was
obtained by ICCD(DH734, Andor, 1024 x 1024 pixels) coupled with the
filter. The central wavelengths of the filters for capturing CH*, CN*, Cy*,
and OH* were 434 nm, 390 nm, 514.5 nm, and 315 nm, respectively.
The bandwidth filter (FGUV11) was used to reduce the interference of
yellow-green light on the spontaneous emission of OH*. The average
value of 20 spectra was selected as the analysis data to reduce the in-
fluence of random error. The PLIF device consisted of a 10 Hz Nd: YAG
laser (Spectra Physics Quanta-Ray,10 ns/pulse) coupled with a dye
laser. A laser sheet was used to produce about 50 mm height and 0.1 mm
thickness light for flame diagnosis, as in the same system by Wang et al.
[30]. The NO excitation wavelength (225.84 nm) was chosen to receive
a strong signal when scanning the laser wavelength, and pulse energy
was around 0.3 mJ. The fluorescence signal was collected by an ICCD
(IRO, 1024 x 1024 pixels) equipped with an achromatic UV lens (105
mm, f/4.5) and filter. The gain and gate times were set to 95 ns and 55
ns, respectively. For each flame, 200 images were collected and the sum
of all images was used as the analysis data. The wavelength
scanning-direct absorption TDLAS device was mainly composed of the
function generator, laser drive, DFB laser, laser detector, and data
acquisition card. The absorption signal of H,O near 7185 cm™! and
7444 cm™! was used in this work. The calculation method of H,0 con-
centration based on TDLAS technology was the same as that of So et al.
[25]. The mean value of 35 spectra was used as the analysis data of
TDLAS. During measurement, the laser outlet and laser detector were
located close to the burner to reduce the influence of the atmosphere on
the detection, and the laser passed through the center of the flame.

Table 1
The flow rates of gases.

Equivalence ratio CH,4 (L/ 0, (L/ Ny (L/ NH; concentration
() min) min) min) (ppm)

0.8 1.466 3.665 13.799 0/500/800/1000/
1.0 1.809 3.618 13.503 1200/1500

1.1 1.965 3.275 13.690

b

McKenna 45
burner
u

-

Ny,
Data acquisition card Laser sheet

Detector ICCD
Q Filter
3 )

Thermocouple

Function generator DFB Laser

0, CH, NHs N
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Fig. 1. Schematic diagram of multi-optical gas flame detection platform: (a) multi-optical detection section; (b) gas section.
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2.2. Kinetic modeling

Sensitivity analysis, and rate of production (ROP) analysis were
modeled relying on a detailed kinetic database using the Premixed
Laminar Flame-Speed Calculation program from the Chemkin PRO
package. The parameters GRAD = 0.02 and CURV = 0.02 resulted in a
grid of ~650 points. The kinetic models of nitrogen conversion proposed
by Okafor et al. [31] and Glarborg et al. [32] were shown to be reliable
over a wide range of NH3 concentrations and equivalence ratios, which
was applied in this work. The production and consumption reactions of
the excited radicals were displayed in Table 2. The reactions of C, were
the same as in Smith et al. [33].

3. Results and discussion

3.1. Spatial distribution characteristics of excited radicals based on image
spectroscopy

Radical is an important characterization substance in the interme-
diate process of nitrogen conversion. The spontaneous emission of the
main excited radicals (OH*/CH*/Cy*/CN*) in the flame can be captured
by image spectroscopy to analyze the effect of NH3 on the formation and
transformation of radicals. OH* and CH* are often used to characterize
flamelet [37], which reflects the main combustion reaction zone and is
also involved in nitrogen conversion. CN* is an important intermediate
N-species in nitrogen conversion. Cy* is an important characterization of
hydrocarbon conversion. Fig. 2 shows the spatial distribution of excited
radicals in a methane flame with 1000 ppm NH3 added.

The distribution areas of the spontaneous emission of the excited
radicals are similar, and they are mainly distributed in the area 2-4 mm
from the nozzle, which is the central reaction zone of the combustion.
Compared to the other three radicals, the main distribution area of OH*
is closer to the nozzle, especially in lean flames. The spatial distribution
of CH*, CN*, and Cy* is similar in flames. OH* is mainly generated by
CH + O;—OH*+CO. The generation paths of CH* are CpH +
O—CH*+CO and CyH + O;—CH*+CO;. CH2+C—=Cy*+H is the main
generation reaction of Co*. The main generation area of OH * is closer to
the nozzle, indicating that CH was generated earlier than CoH. The
dehydrogenation of CH; gradually generates CH and C, so CH is
generated later than CH; and C is generated later than CH, resulting in
the OH* distribution area being closer to the nozzle compared to Cy*.
The effect of NH3 concentration on the spatial distribution of radicals is
relatively small. As shown in Fig. 3, the spatial distribution of CN*
changes with the increase of NH3 concentration in flame.

The maximum radiation intensity of excited radicals at different NH3
concentrations was further compared to obtain the effect of NH3 on the
formation and transformation of radicals. The experimental results were
compared with the maximum concentration of excited radicals pre-
dicted by the simulation. The results are shown in Figs. 4-7.

In the lean flame, the spectral intensity of Cy* increases with NHg

Table 2
The production and consumption mechanism of excited radicals.
Excited Production Collisional Spontaneous
radicals quenching emission
OH* CH + 0,—=OH*+CO OH*+M = OH + OH* = OH [35]
[33] M [35]
O + H + M=OH*+M
[33]
OH + OH +
H=OH*+H,0 [34]
CH* CpH + O=CH*+CO CH*+M=CH+M CH* = CH [35]
[34] [35]
CoH + 0,—=CH*+CO,
[34]
Cy* C + CHy;=Cy*+H, [36] Co*+M =OH + M Co* = Cy [33]

[33]
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concentration; in the equivalent and rich flames, it decreases with
increasing of NHs, which is consistent with the simulation results based
on the Okafor mechanism. The kinetic simulation results based on the
Glarborg mechanism show that the Cy* concentration decreases with the
increase of NHj in the equivalent and rich flame, and the trend is not
obvious in the lean flame. Cy* is mainly generated by C + CHo—Cy*+Ha.
Compared to the Okafor mechanism, the Glarborg mechanism contains
more C,H,0, and N-species. CH; would react with these components or
transform to produce them, resulting in a more complex reaction
pathway. In addition, the reactions between CH; and N-species are
weaker in the lean flame, which leads to the inconspicuous trend of Cy*
concentration predicted by the Glarborg mechanism with the increase of
NHs. The simulation results based on the Okafor mechanism with less
CH; reactions predict that CH; and C would increase with the increase of
NHj3 concentration in lean flame, which leads to the increase of Co* with
the increase of NH3 concentration. It can be found that both experi-
mental and simulation results show that Cy* increases with increasing
equivalence ratio. Especially in the rich flame, the Cy* production in-
creases rapidly. The spectral intensity of CH* increases with NHg in lean
and equivalent flame. In the rich flame, the spectral intensity of CH*
decreases with NHs. The trend of the simulated CH* mole fraction with
NHj based on the Okafor mechanism is similar to the experimental re-
sults. The simulation results based on the Glarborg mechanism show
that the CH* decreases with NHj3 in the equivalent and rich flame, and
the trend is not obvious in the lean flame. The formation paths of CH*
are CoH + O—CH*+CO and C3H + O—CH*+CO,. Based on the Glarborg
mechanism with more CH; reactions, the formation and conversion
paths of CoH are more complicated, and the increase of NH3 has little
effect on CoH in lean and equivalent flames. In lean flame, the increase
of NH3 leads to little change of O5/0 concentration. With the increase of
equivalence ratio, the increase of NHs leads to the decrease of 0O,/0,
which leads to the decrease of CH* with the increase of NH3 based on
Glarborg mechanism simulation in equivalent flame. Based on the
Okafor mechanism with less CH; reaction, CoH increases with the in-
crease of NHg, resulting in the increase of CH* with the increase of NH3
in lean and equivalent flames.

The OH* decreases with the increase of NHg, indicating that NH3
inhibits the formation of OH*. The spectral intensity of CN* increases
with NH3, and the simulation results also show that the mole of CN in-
creases with NHs. To reveal the relationship between CN* and CN, the
function fitting of CN* spectral intensity and simulated CN mole fraction
was carried out. The results are presented in Table 3.

The fitting results show that the correlation coefficient R? between
the simulated mole fraction of CN and the spectral intensity of CN * in
three equivalence ratio flames reaches 0.99, indicating that there is a
significant linear relationship between them. It is well known that there
are two main ways to generate excited radicals: chemical excitation and
thermal excitation [38]. The strong linear relationship between CN* and
CN indicates that CN* is mainly produced by CN thermal excitation.

3.2. Spatial distribution characteristics of NO based on PLIF

The relationship between the fluorescence signal intensity (Sp(t))
and the initial population of the probed initial state (N?) is shown in Eq.
(1) [10].

Q I
Se(1) = hvﬁelANfb,fAﬁr,am X e o 6

where h represents Planck’s constant; v is the fluorescence wave-
number; 2 is the solid angle for detection, ¢ is the detector efficiency, lis
the probe volume length, A is the probe volume cross-section area, by is
the rate coefficient for absorption transitions between states i and f, A is
the Einstein coefficient for spontaneous emission, 7. is the laser pulse
duration, and 7. is the effective fluorescence lifetime.

It can be seen from Eq. (1) that the initial population of the probed
initial state is positively correlated with the fluorescence signal
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Fig. 2. Spatial distribution of excited radicals in flames of different equivalence ratios: (a) ¢ = 0.8; (b) ¢ = 1.0; (c) ¢ = 1.1.
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Fig. 3. The spatial distribution of CN* changes with the increase of NH3 con-
centration in the rich flame.

intensity, that is, the fluorescence signal intensity could be used to
qualitatively reflect the concentration of the substances to be measured.
The cumulative results of 200 images taken by the ICCD are shown in
Fig. 8. NO is distributed throughout the flame. The image obtained by
the ICCD is the accumulation on the line of sight. Therefore, in order to
obtain the spatial distribution characteristics of NO, the mean value of
NO-PLIF intensity at 1 mm near the central axis of the flame is calculated
and analyzed, as shown in Fig. 9. The intensity of NO-PLIF increases
rapidly to the maximum near the nozzle, then decreases and remains
relatively stable, and decreases finally. The decrease in fluorescence
intensity after the first peak may be caused by atmospheric diffusion into
the flame. The fluorescence signals in the relatively stable region (20-25
mm from the nozzle) were selected and used to analyze the effect of NH3
addition on NO formation, as shown in Fig. 10.

As shown in Fig. 10(a), the intensity of NO-PLIF increases with the
increase of NH3 concentration, and its growth rate slows down, indi-
cating that the conversion rate of NO generated by NH3 oxidation de-
creases with the increase of NH3 concentration. Sullivan et al. [39]

found the same results in the detection of NO concentration in
ammonia-doped methane flame flue gas, which is mainly due to the
increase of NO reduction reaction with the increase of NH3 concentra-
tion. The intensity of NO-PLIF in the equivalent flame is greater than
that of the other two flames, reflecting that the most NO is generated
during combustion at the equivalent ratio. When the NH3 concentration
is low, more NO is produced in the rich flame than in the lean flame,
whereas when the NH3 concentration is high, more NO is produced in
the lean flame. These trends are also reflected in the simulation results
based on the Okafor and Glarborg mechanisms, suggesting that both
mechanisms models can reflect the changing trend of NO with initial
NHj3 concentration.

3.3. Effect of NHs on H50 based on TDLAS

As the main product of combustion, the change in HyO concentration
reflects the effect of nitrogen conversion on combustion. From the
experimental results of image spectroscopy, it can be seen that the
combustion reaction zone is mainly in the area of 2~4 mm from the
nozzle, so the position of 5 mm from the nozzle is selected as the
detection position of TDLAS. The spectrum obtained directly by TDLAS
was the transmission signals of lasers with wavenumber near 7185 cm ™!
and 7444 cm™! absorbed by H,0, as shown in Fig. 11. According to Beer-
Lambert law, spectral absorbance (@,) and laser intensity (I) have a
functional relationship as shown in Eq. (2).

I
a,= —In <—t>
10

where Iy represents the incident laser intensity; I, is laser intensity
transmitted through a homogeneous gas medium.

The concentration of the target component (xgs) on the absorption
path can be calculated using Eq. (3).

@

A

LPS(T) )

Xabs =

where A represents the integrated absorbance of the gas, which can
be obtained by processing the transmission signal of the absorption
spectrum; L is the absorption path length; P is the absorbing species
pressure; S(T) is the temperature-dependent strength of the line.

The gas temperature can be calculated using the double-line method,
and the results are shown in Fig. 12. The temperature of the lean flame is
lower than that of the rich and equivalent flame. S(T) is further obtained
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according to the temperature results, and the H,O concentration can be consistent with the results of simulation predictions. According to the
further calculated using Eq. (3). The predicted final HyO concentration is law of atomic conservation, H from NHj is eventually converted to H,O,
shown in Fig. 13. The experimental results demonstrate that the con- so the increase of NH3 would lead to the increase of H20. In the flames
centration of H,O increases with the increase of initial NH3 concentra- with equivalence ratios of 0.8, 1.0, and 1.1, the maximum relative errors
tion in the three equivalence ratio flames. With the increase of the of HyO concentration obtained by experiment and predicted by simu-
equivalence ratio, the concentration of HyO increases, which is lation are 7%, 4%, and 2%, respectively, indicating that both
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Fig. 7. Spectral intensity of CN* (a) and simulated CN concentration at different NH3 concentrations: (b) simulation results based on Okafor mechanism; (c)
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simulation results based on Glarborg mechanism.

mechanisms could reflect the formation of H,O. The results of HyO
concentration detection show that the addition of NH3 would have a

certain effect on the main reaction of combustion.

Concentration of added NH;(ppm)

3.4. NHj3 oxidation pathway analysis

Compared with the Glarborg mechanism, the simulation results
based on the Okafor mechanism are more consistent with the experi-
mental results. This suggests that the Okafor mechanism could better
describe how NHj is converted at low concentrations. Therefore, the
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Table 3

Fitting results of CN* spectral intensity and simulated CN mole fraction.

[0) Results (Okafor)

Results (Glarborg)

Functions R? Functions R?

0.8 y=-248x1077+7.10 x 0.99 y=-7.72x1077+42.20 x 0.99
10 Mx 107 1%

1.0 y=-439 x 1077+1.02 x 0.99 y=-1.06 x 107°42.42 x 0.99
10710 107 1%

1.1 y=-3.97 x 1077+1.10 x 0.99 y=-872x1077+2.29 x 0.99
10710 10 1%

Okafor mechanism was used to analyze the sensitivity of the main
product NO to obtain the main reactions and key radicals that play a
critical role in the production and transformation of NO. The results are

presented in Fig. 14.

The reactions that play an important role in promoting NO formation
mainly include the production reaction of OH/O (H + O,—0 + OH), the

0 ppm

500ppm
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oxidation reaction of N-species, and the production reaction of CO/CO5.
H + 02—=0 + OH has the most significant promoting effect on NO for-
mation. The reaction is the main production reaction of oxidizing radical
OH/O, and the production of NO is derived from the oxidation of N-
species, so it is essential for the production of NO. The production of NO
is also promoted by NH,+O—HNO + H and NH + O=NO + H. As the
increase of equivalence ratio, the promoting effect of N + O,—=NO + O
on NO production is gradually enhanced.

The reactions that have important inhibitory effects on the produc-
tion of NO mainly include the NO reduction reaction, the reaction be-
tween CH; and NO, the mutual conversion reaction of CH4 and CHs, and
the HO, production reaction. In lean flame, H + O2+H,0—HO,+H20
has the strongest inhibitory effect on NO production. NO is oxidized to
NO; by the reaction NO + HO5—NOy+OH. Therefore, it is feasible to
inhibit the formation of NO by the reaction of HO, formation. In the
equivalent and rich flames, the production of NO is more inhibited by H
+ CHs3 (+M) = CH4 (+M). As the initial reaction of combustion, the
dehydrogenation reaction of CH4 controls the subsequent reactions. This
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o

! T T 0 T 51.6 T T T T T
- =% [ppm —_—0
=0.8 514 - ppm -
¢ 500 ppm e=1.0 509 ppm
—— 800 ppm @ St2r ———800 ppm ]
—— 1000 ppm § 51.0 - ——1000 ppm -
——1200ppm ] S ol ———1200 ppm ]
=
G 506 1
5
g 50.4 q
502+ ]
=
= s00f ]
:
QO 408} E
Z
49.6 - 4
49.4 .
i i 1 1 L 1 1 1 L 1
0 10 20 30 40 0 10 20 30 40
Distance(mm) Distance(mm)
c T T 1
siik —0 ppm |
¢=1.1 —— 500 ppm
50.9 - ——3800 ppm |
——— 1000 ppm

50.7 -

50.5 -

50.3 -

50.1 -

499

NO-PLIF intensity(counts)

49.7 -

49.5 . L

~——— 1200 ppm -

20 30 40

Distance(mm)

Fig. 9. Spatial distribution of fluorescence intensity near the central axis:(a) ¢ = 0.8; (b) ¢ = 1.0; (c) ¢ = 1.1.



G. Rao et al.

509 — T T T T T T b T T T T T T T
2 0.0010 |- .
g 5017 —m— (=0.8(Okafor)
8 —o— ¢=1.0(Okafor)
B O 0.0008 —h— ¢=1.1(Okafor) i
= 505 o
I £
)
Z . g 0.0006 R
4t 503 <]
=
= o 0.0004 | o
2 501 2 0.000
3
g =
S 4991 0.0002 | i
£
2
< 47t 0.0000 | 7
. . . L . L . L

1 L i 1 1
0 200 400 600 800 1000 1200

Concentration of NH; added (ppm)

Journal of the Energy Institute 111 (2023) 101437

I
0 200 400 600 800 1000 1200

Concentration of added NH; (ppm)

C 0.0012 — .

T

—&— ¢=0.8(Glarborg)
—o— ¢=1.0(Glarborg)
—— ¢=1.1(Glarborg)

0.0010 |-

0.0008 |-

5 0.0006

0.0004 |-

Mole fraction of NO

0.0002 |-

0.0000 |-

|
0 200
Concentration of added NH; (ppm)

Fig. 10. Comparison of NO-PLIF intensity and simulated predicted NO concentration:

simulated concentration based on Glarborg.

2.0 T T T T T T T T T T T
1500 ppm NH,

—_—p=1.1 _
—¢=1.0
—¢=0.8

1.8

1.6 |- 7185 cm™

N

/

-1
1ok 7444 cm

Spectral intensity(counts)

0.6 -

0.4 1 L 1 L 1 L 1 L 1
0 1000 2000 3000 4000

Sample points

|
5000

Fig. 11. Original absorption spectra of HO based on TDLAS.

reaction causes CHs to regenerate CH4, which inhibits combustion. The
formation of NO relies on the combustion reaction to provide oxidizing
groups, so it also has an important inhibiting effect on the production of
NO. In the three equivalence ratio flames, NH + NO=N,0 + H has a
large negative sensitivity coefficient. In the lean flame,
NH;-+NO=N3+H,0 also inhibits the production of NO. In the equiva-
lent and rich flames, N + NO=N>+O has a more significant inhibiting
effect on the production of NO. The inhibiting effect of CHo+NO=—H +
HNCO on NO production is noteworthy in the equivalent and rich flame,
and the effect in the rich flame is stronger than that in the equivalent
flames. The reduction reaction of NO is the main way for the reduction

I
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Fig. 12. Gas temperature obtained by TDLAS.

of NO emissions. Therefore, it was further compared that the ROP of the
main NO reduction reaction in different flames. The results are exhibited
in Fig. 15.

In the three equivalence ratio flames, the reaction rates of all NO
reduction reactions increase with the increase of NH3 concentration. It
can be seen that NH,+NO—N5+H>0 is an important NO reduction path,
and the reaction rate decreases as the equivalence ratio increases, while
NH3+NO=—NNH + OH has a similar tendency. When less NHj3 is added,
the reaction rate of NH + NO—N,O -+ H is the fastest in the rich flame,
followed by the equivalent flame, and slowest in the lean flame. When
more NHj is added, the rate of this reaction is accelerated with the
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Fig. 14. Results of NO sensitivity analysis at different equivalence ratios based on Okafor: (a) ¢ = 0.8; (b) ¢ = 1.0; (c) ¢ = 1.1.

increase of the equivalence ratio. N + NO=N+O shows a similar trend
to this reaction. It should be noted that the rate of N + NO=N3+O in-
creases rapidly with the increase of equivalence ratio when higher
amounts of NH3 are added. Based on the above analysis, it can be
concluded that when the concentration of NH3 is low, the produced NO
is lower in the lean flame due to the faster reaction rate of
NH>-+NO=N3+H>0. With the increase of NH3 concentration, the rate of
N -+ NO=N3+0O0 increases rapidly with the increase of equivalence ratio
in the rich flame, resulting in a lower NO concentration.

Through the ROP analysis of NO, it was obtained that the direct ef-
fects of NH3 concentration and equivalence ratio on the reaction of NO

formation or consumption. The oxidation process of NH3 and the role of
intermediate groups in nitrogen conversion still need to be analyzed by
constructing a nitrogen conversion path network. Therefore, the full
computational domain ROP analysis based on the Okafor mechanism
was performed on the main nitrogen-containing components involved in
the nitrogen conversion and the results are presented in Fig. 16. The
number shown in the diagram is the proportion (@a-g) of reactant A
consumed in the iy reaction in all consumed reactions of A, and its
calculation method is shown in Eq. (4).
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0
reactions that consume reactant A.

The oxidation process of NH3 involves multiple reaction paths and
various intermediate radicals. Firstly, NHs would be converted to NHy,
and NH3+OH—=—NH>+H50 is the main reaction pathway. NH, reacts
with H/O/OH to generate NH or reacts with O to produce HNO. Among
them, NH2+O—HNO -+ H accounts for the largest proportion in the lean
flame{Sullivan, 2002 #286}{Sullivan, 2002 #286}{Sullivan, 2002
#286}. HNO is further oxidized to NO, among which HNO tends to react
with H. NH is oxidized by O to NO, or dehydrogenation to N. Some NH
also reacts with OH to form HNO. In the lean flame, NH tends to react
with O, whereas, in the rich flame, the reaction between NH and H is
dominant. Most of the N is converted to NO, and a small amount of N
also undergoes a series of reactions to form other intermediate N-species
such as HCN/CN/NCO. As the NHj3 concentration increases, the pro-
portion of N-species oxidation reactions decreases, especially the con-
version of NH, to HNO.

NO also reacts with other radicals while it is produced. The main
conversion paths of NO are as follows: (1) NO is further oxidized to NOy;
(2) NO regenerates HNO; (3) NO reacts with CH;; (4) the reduction re-
action of NO with intermediate N-species. There is a strong equilibrium
between NO and NO; in the flame. The increase of equivalence ratio and
NH;3 would inhibit the conversion of NO to NO,. Increasing the
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equivalence ratio helps to promote path (2), while NH3 reduces the
proportion of this path. NO + CH,—HNCO + H is the largest proportion
in the path (3). Most of the HNCO reacts with H to generate NH,, and a
small proportion would also be converted to NCO. NO would also react
with CH to form N or HCN. Increasing the equivalence ratio has a cat-
alytic effect on the path (3), and NH3 has a small impact on it. Path (4)
consists of two sub-pathways, the first path is NO-N,O-NO, and the
other path is NO-Ns. The effect of the equivalence ratio on the path (4)
can be concluded as follows: it inhibits the reaction of NO with NHj,
promotes the reaction of NO with N, and has little effect on the reaction
of NO with NH. NH3 has a positive effect on all NO reduction reactions,
and the promoting effect increases with NHs, which leads to the phe-
nomenon that the conversion rate of NH3 to NO decreases with NH3.

3.5. Effect of NHs on the main combustion reactions

According to the NO sensitivity analysis and the nitrogen reaction
path network, carbon-containing components play an important role in
nitrogen conversion, especially CH;, whose formation and conversion
depend on the main combustion reaction. The involvement of carbon-
containing components in nitrogen conversion would lead to a change
in their concentration, which would have some impact on the main
combustion reaction. Therefore, studying the effect of NH;3 on the main
combustion reaction is a key step to revealing the coupling effect of
nitrogen conversion and the main combustion reaction. The full
computational domain ROP analysis of the main combustion reactions
was performed based on the Okafor mechanism, as shown in Fig. 17.

The reaction paths of CH4 mainly include: (1) CH4 is dehydrogenated
to CHs. CHj is further oxidized to generate CH,O/CH3OH and finally CO
and COo, as shown in the blue arrow. CH4—~CH3-CH20-HCO-CO-COy, is
the main pathway of the CH, reaction; (2) CHy is gradually converted
into CHs, CHy(S), and CHy by dehydrogenation reaction and further
oxidized to CO/COj, as shown in the green arrow; (3) CHy is gradually
dehydrogenated and converted to CHy/CH, which is further oxidized to
CH30 and HCO, and finally converted to CO and CO,, as shown in the
red arrow; (4) two CHj3 radicals are combined to form CyHg, which is
gradually dehydrogenated and finally converted to CO and COg, as
shown in the black arrow; (5) CHs3 reacts with H to regenerate CHy, as
shown in the brown arrow.

Fig. 17 (a and b) show that the increase in equivalence ratio would
inhibit CHs is oxidized to CH0 and dehydrogenated to CHx(S), while it
would promote the reaction of CHjz to produce CyHg. It is noteworthy
that the increase in equivalence ratio would promote the conversion of
CH3 to CHy. It can be seen that the increase in the equivalence ratio also
has a positive effect on the reaction of CH3 to CHy. It is attributed to the
relative decrease in the concentration of oxidizing radicals as the
equivalence ratio increases, which leads to a weakening CH; oxidation
reaction. Therefore, unoxidized CHs would be regenerated to CH4 or
converted to higher hydrocarbons. It can be also noticed from Fig. 17(c
and d) that the proportion of CHy reaction path (1) and (3) decreases
with the increase of NHg, while the proportion of path (4) increases.

The production path of Cy* is CHy+C—Cy*+Hs. It can be seen from
Fig. 17(ad) that the main path of CHy production is CH4~CH3-CH(S)—
CHoy. In the lean flame, the proportion of this path increases with the
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Fig. 16. NHj; oxidation path diagram: (a) different equivalence ratios (1500 ppm NHj3); (b) different NH3 concentrations (¢ = 0.8).

10



G. Rao et al.

a ¢=0.8/1.0/1.1(500 ppm NHs)

M u m

‘ C:Hs
ot Love | emios

3% +0: | 18794115 1041
"H; — CH; OH L, Oy priseirryint

Cills

+M: [ 2290125.79131.0%
: [105% +0n: | 11.8%(7.29%6.6%

: %(4.7% | 22.706[28.10%145.9%
+OH:48.1%[35 6%30.0 ] 670612 39%13.4%
%

N 24%239(23%

CH +—— Gl

10:32.6%

cO

+CH3.5%(10.1%]18.3%

o e
s WWWWI

99.0%
+OH:98.4%
98.0%

o s60% 428, 5%\

CO,

4%]23.8%
9%[12.0%

+CH:3 S9[10.19%]
CHL(S):70.7%[66.4%]

Journal of the Energy Institute 111 (2023) 101437

©=0.8/1.0/1.1(1500 ppm NH:)

135%
M+CHy116%

+8:[46.604138.9%[23.3%
I 13.20112.1%(6.6%
HOH: 22%[2.3%]2.4%

CoH,

13:5%
MCHy:13.4%

M: [32.20031.6%031.0%
o <0n|ormi 616.6%[6.6%

9128.0%]28.0%

Fig. 17. CH4 reaction path diagram: (a) different equivalence ratios (500 ppm NHj); (b) different equivalence ratios (1500 ppm NHj3) (c) different NH; concen-

trations (¢ = 0.8); (d) different NH3 concentrations (¢ = 1.1).

increase of NH3 concentration, which leads to the increase of CH, and
further leads to the decrease of Co*. In the rich flame, the proportion of
this path decreases with the increase of NH3 concentration, which leads
to the decrease of CH; and further leads to the decrease of Cy*. CH* is
formed by reactions CoH + O—CH*+CO and CoH + O;—CH*+COs. It is
the path of CoH formation that CH4—~CH3-CyHe—CoHs—CoHa—CoHs3-Cy
Hy-CoH. The increase of NH3 concentration leads to the increase of the
proportion of this path, which leads to the increase of CoH. The other
reactant O,/0 of the formation reactions of CH* would be reduced due
to the reaction with N-species. In lean flames, the concentration of O2/0
is high, so the change of CoH has a greater impact on these reactions,
increasing CH*. In the rich flame, the concentration of O5/0 is low, and
the change in their concentration would determine the formation of
CH*. CH 4+ O,—O0H*-+CO is the main reaction for the formation of OH*.
CH is mainly formed by the path: CH4~CH3-CH(S)-CHy-CH. Although
the proportion of this path would increase with the increase of NHg, the
increase of NH3 leads to the decrease of the other reactant O, which
leads to the decrease of OH*.

4. Conclusions

In this work, the spatial distribution characteristics of Co*/CH*/
CN*/OH*, NO, and H20 in NH3 doped methane premixed flame were
obtained by combining multi-optical detection technology (image
spectroscopy, TDLAS, and PLIF). The mechanism was optimized by
comparing experimental and simulation results based on different
mechanisms. Sensitivity and pathway analyses based on the preferred
mechanism reveal the mechanism of nitrogen conversion with NHj3 as
the typical volatile nitrogen. Meanwhile, the effect of NH3 on the

11

reaction of CH4 was analyzed. The following conclusions are drawn from
the results and discussion.

(1) NH;3 promotes the formation of Cy*/CH*/CN* and inhibits the
formation of OH* in lean flames; promotes the formation of CH*/
CN* and inhibits the formation of Co*/OH* in equivalent flames;
promotes the formation of CN* and inhibits the formation of Cy*/
CH*/OH* in rich flames. The results of the NO-PLIF experiments
show that with the increase of NH3 concentration, the growth rate
of the NO concentration gradually slows down. When the con-
centration of NHs is low, the NO generated in the lean flame is
less than that of the rich flame. As NH3 concentration increases,
more NO is generated in the lean flame. According to the
experimental results of TDLAS, NH3 has a positive effect on the
production of HyO.

The ROP analysis of NO shows that when the concentration of
NHs is low, NHy+NO—=N3+H>0 is the main reason for the pro-
duction of NO in the lean flame lower than that in the rich flame.
When the concentration of NHj3 is high, the NO produced in the
rich flame is less than in the lean flame, which is mainly
controlled by N + NO=N3+O.

According to the CH, reaction path network, the increase of NH3
concentration and equivalence ratio would inhibit the oxidation
of CH; and promote CHj to form higher hydrocarbons. NHj affects
the formation of Cp* by affecting the formation of CHa. The
changing trend of CH* with the increase of NH3 concentration is
mainly controlled by CoH in lean flame, while it is mainly
controlled by Oy in rich flame. The decrease of O, caused by the
increase of NH3 is the main reason for the decrease of OH*.
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