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Abstract

In order to achieve carbon neutrality, the use of ammonia as a fuel for power generation is highly anticipated. The
utilization of a binary fuel consisting of ammonia and hydrogen can address the weak flame characteristics of
ammonia. In this study, the product gas characteristics of ammonia/hydrogen/air premixed laminar flames
stabilized in a stagnation burner were experimentally and numerically investigated for various equivalence ratios
for the first time. A trade-off relationship between NO and unburnt ammonia was observed at slightly rich
conditions. At lean conditions, NO reached a maximum value of 8,700 ppm, which was larger than that of pure
ammonia/air flames. The mole fraction of nitrous oxide (N20) which has large global warming potential rapidly
increased around the equivalence ratio of 0.6, which was attributed to the effect of a decrease in flame temperature
downstream of the reaction zone owing to heat loss to the stagnation wall. To understand this effect further,
numerical simulations of ammonia/hydrogen/air flames were conducted using the stagnation flame model for
various equivalence ratios and stagnation wall temperatures. The results show that the important reactions for N2O
production and reductions are NH +NO = N2O + H, N2O + H = N2 + OH, and N2O (+M) = N2 + O (+M). A
decrease in flame temperature in the post flame region inhibited N2O reduction through N2O (+M) = N2 + O (+M)
because this reaction has a large temperature dependence, and thus N2O was detected as a product gas. N2O is
reduced through N2O (+M) = N2 + O (+M) in the post flame region if the stagnation wall temperature is sufficiently
high. On the other hand, it was clarified that an increase in equivalence ratio enhances H radical production and
promotes N20 reduction by H radicals through the reaction of N2O + H = N2 + OH.
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1. Introduction

In an effort to achieve neutrality, the utilization of
ammonia not only as hydrogen energy carrier but also
as a carbon-free fuel is anticipated. Recently, many
studies  regarding  fundamental = combustion
characteristics of ammonia have been carried out
[1,2]. Research has found that to apply ammonia as a
fuel for power generation, there are mainly two
challenges: weak flame characteristics and product
gas characteristics. Power generation in a gas turbine
with ammonia as the sole fuel was successfully
demonstrated by the group of AIST and Tohoku
University in 2015 [3]. In this gas turbine system,
flame enhancement using a heat-regenerative system
was employed. Thus, it was found that flame
enhancement is important to stabilize an ammonia
flame in a power generation system.

Co-firing with another fuel is a promising solution
to improve the flame intensity and stability of
ammonia. Since ammonia also acts as a hydrogen
energy carrier and hydrogen can be obtained using an
on-board hydrogen generating device as demonstrated
by SI engine studies [4,5], co-firing with hydrogen is
an attractive option. Furthermore, Khateeb et al. [6]
studied flame characteristics of ammonia/hydrogen
blends in a swirl combustor. Fundamental studies of
ammonia/hydrogen flames have been performed by
many researchers, including the measurement of
laminar burning velocity and Markstein length [7-9].
Ichikawa et al. [8] studied ammonia/hydrogen/air
flames for various hydrogen fractions at stoichiometry
and showed that the value of the laminar burning
velocity increased exponentially as the volumetric
fraction of hydrogen in the binary fuel increased.

Understanding product gas characteristics is
another important challenge, the study of which is
necessary to satisfy emissions regulations. Due to the
very low laminar burning velocity of an ammonia/air
flames, it is difficult to stabilize ammonia/air flame in
a nozzle burner. However, Brackmann et al. succeed
in stabilizing ammonia/air flames using the stagnation
flame configuration, allowing for the study of flame
characteristics using laser diagnostics [10]. Hayakawa
et al. [11] applied the stagnation flame configuration
to evaluate the product gas characteristics of
ammonia/air premixed laminar flames, and the
product gas characteristics, such as NO and unburnt
ammonia. This study clarified that there is a trade-off
behavior between NO and unburnt ammonia
emissions. The research group at Tohoku University
developed the rich-lean two-stage flame concept to
reduce NO and unburnt ammonia simultaneously
based on these trade-off characteristics [12]. The
concept has been applied in an actual gas turbine
combustor at AIST and succeeded in reducing the
NOx emission [13].

Recently, product gas characteristics of
ammonia/hydrogen/air flames in a swirl combustor
were studied for various equivalence ratio conditions
by Mashruk et al. [14]. The interesting point in this

study is that nitrous oxide (N20) was detected at lean
and rich conditions. Since the global warming
potential of N2O is almost 300 times that of CO2 over
a period of 100 years [15], not only NO and unburnt
ammonia, but also N2O emissions should be reduced
as much as possible. A study of turbulent, swirl
stabilized, ammonia/air flames by Okafor et al. [16]
identified that heat loss promotes N2O emissions.
However, because of complicated flow structure in a
swirl combustor, it is difficult to discuss the
production and reduction mechanism of N2O, and this
study is not available for chemistry validation.

Based on this background, the objective of this
study is to clarify the product gas characteristics of
ammonia/hydrogen/air premixed laminar flames
stabilized in a stagnation flow for the first time. In
addition, N2O emissions were also observed in this
configuration, as discussed in Section 3.1. Another
objective is to clarify the production/reduction
mechanisms of N2O using numerical simulation with
detailed reaction chemistry.

2. Experimental and numerical setup
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Fig. 1. Schematic figure of the experimental setup and the
burner structure used in this study.

Figure 1 shows the schematic of the experimental
setup, with a burner structure identical to that
employed in a previous study by Hayakawa et al. [11].
NH3 and H> were used for the fuel blend and dry air
was used as the oxidizer. Mass flow meters (Kofloc,
3760, accuracy 1.0%FS, for NH3 and Hz, and Kofloc
3765, accuracy 1.5%FS, for Air) measured the flow
rate, which was controlled by needle valves. The
hydrogen fraction in the binary fuel of
ammonia/hydrogen, &uz, was defined by Eq. (1) [8],

[Ha]

$h2 = INH,T + [H;]”

1

where [X] represents mole fraction of species X. In
this study, the hydrogen fraction in the binary fuel was
set to &z = 0.3. All the experiments were conducted
under atmospheric pressure. The equivalence ratio, ¢,
was varied from 0.57 to 1.4. To stabilize the flame for
various equivalence ratio conditions, the mixture inlet
velocity, Uin, was adjusted depending on the
equivalence ratio. The mixture inlet temperature
remained constant at 295 K + 2 K for all conditions.
The mixture was supplied to a nozzle burner with a



burner outlet diameter of 40 mm. To generate a
stagnation flow, a top plate was mounted 20 mm
above the burner outlet. Sampling holes were located
in the top plate, allowing for the product gas to be
drawn through the holes. The plate temperature was
controlled by a hot oil bath circulating silicone oil. As
shown in Fig. 1, an almost flat flame could be
stabilized in the stagnation flow for various
equivalence ratio conditions. Three thermocouples
were inserted inside the top plate at different depths,
staggered 1 mm apart. By extrapolating the
temperature measured by these thermocouples, the
surface temperature of the top plate, 7w, could be
estimated. Values of Ui and Tw at experimental
conditions were provided in the supplementary
material. Reynolds number based on the the burner
outlet diameter was 1,083 for the fastest mixture inlet
velocity condition, and thus the flow remained
laminar.

The product gas was analyzed by a FTIR (Fourier
Transform Infrared) gas analyzer combined with
oxygen and hydrogen analyzers (Best Instruments Co.
Ltd., BOB-2000FT), with a measurement uncertainty
of 2% of the full measurement range. The gas
sampling lines were heated to prevent the
condensation of water vapor in the product gas. Under
some experimental conditions, the gas concentration
exceeded the measurement range for the FTIR gas
analyzer. In addition, to stabilize weak ammonia-
based flames, a reduction of the product gas sampling
rate was necessary. In this study, the dilution sampling
method [17] was employed for this purpose. A
CO2/N2 mixture gas (COz2 = 15.9% vol.) was
employed as the dilution gas, with CO> used as the
tracer species of the dilution sampling method.
Instead of measuring the actual flow rate of the
sampled gas, the dilution ratio, as well as the actual
mole fraction of the species of interest could be
calculated from the measured value of the tracer
species (CO2) by the FTIR gas analyzer. Further
details of the dilution sampling method could be
found elsewhere [17].

To understand the detailed structure and chemistry
of the flame, one-dimensional numerical simulations
were carried out using CHEMKIN-PRO [18] software.
To simulate freely propagating flames and stagnation
flames, the Premixed Laminar Flame-Speed
Calculation model and the Premixed Laminar Burner-
Stabilized Stagnation Flame model were employed,
respectively. For the reaction chemistry, detailed
reaction mechanisms developed by Gotama et al. [9],
Okafor et al [19], Nakamura et al. [20, 21], Otomo et
al. [22], Stagni et al [23], and Zhang et al. [24] were
employed. For the numerical simulation of stagnation
flames, wall temperature and mixture inlet velocity
values were required and were obtained using 6"
order polynomial fitting on the experimental data.
Further details can be found in the supplementary
material.

3. Results and discussions

3.1 Experimental results
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Fig. 2. Relationship between the mole fractions of (a) NO,
(b) NH3, (¢) N>O, (d) NO,, and (e) H» and the equivalence
ratio, ¢. The numerical results calculated using Gotama
mech [9], Okafor mech [19], Nakamura mech [20, 21] and
Otomo mech [22], Stagni mech [23], and Zhang mech [24]
were also plotted.

Figure 2 shows the relationship between the mole
fraction of species i, Xi, and equivalence ratio, ¢.
Values of the mole fraction from the numerical
stagnation flame model was taken at the end point of
the computational domain, which corresponds to the
stagnation plate location. The maximum NO mole



fraction was about 8,700 ppm for ¢ ~ 0.85, as shown
in Fig. 2a, with a decrease in NO at either side of the
peak. Since the maximum NO mole fraction of pure
ammonia/air flames was approximately 3,500 ppm in
the same flame configuration [11], this shows the
effect of increasing hydrogen fraction on NO. A trade-
off behavior between Xno and Xnu3 was observed,
resulting in only a narrow window in the rich region
where the mole fractions of these species are
simultaneously low. Such equivalence ratio is termed
as the optimal equivalence ratio, which was about ¢ ~
1.20 for this mixture. This optimal equivalence ratio
is also the target equivalence ratio of the primary zone
in the rich-lean two-stage combustion concept to
achieve simultaneous reduction of NO and unburnt
ammonia at the combustor exit [12]. In the pure
ammonia/air case, the optimal equivalence ratio was
approximately 1.07 [11], hence the optimal
equivalence ratio shifted to the rich side with the
addition of hydrogen in the fuel.

In ammonia/hydrogen/air premixed laminar
flames, the value of Xnoz increased in the lean region,
and the maximum value within the conditions tested
in the present study was found to be approximately
150 ppm, as shown in Fig. 2d. Also, the value of Xu2
increased up to ~ 8% in the rich region.

Of particular significance is the emission of N2O
which rapidly increased at an equivalence ratio of
around 0.6 and the value of Xn20 reached a maximum
value of ~ 700 ppm within the experimental
conditions tested in this study. To reduce greenhouse
gas emissions, it is relevant to clarify the underlying
behavior of N2O production in ammonia/hydrogen/air
flames.

Results of numerical simulations are given in Fig.
2. The numerical results obtained from the stagnation
flame simulations agree well with the experimental
results. Especially for N20O characteristics, results
obtained using Nakamura mech, Gotama mech and
Stagni mech were close to the experimental results.
However, the results of NO obtained using Gotama
mech and Stagni mech slightly lower than the
experimental value. For the lean condition, the results
obtained by the Nakamura mechanism were
especially close to the experimental results. Thus,
further discussion of N20 production/reduction
mechanisms will be based on the results obtained
using Nakamura mech.

Product gas characteristics of freely propagating
flames obtained using Nakamura mech are also
plotted in Fig. 2. Since the computational domain of
the freely propagating flame was longer than the
stagnation flame domain, the freely propagating flame
mole fraction sampling point was adjusted to be a set
distance downstream from the peak heat release rate
value. This distance was calibrated to the distance
between the stagnation flame peak heat release rate
value and the stagnation wall, 4. The mole fraction of
NO: for the freely propagating flame was lower than
that for the stagnation flame. A slight increase in N2O
around ¢ of 0.6 was also observed in the case of the

freely propagating flame. The trends for other species
were similar with the stagnation flames.

Figure 3 gives a comparison between the structure
of the stagnation and the freely propagating flames of
ammonia/hydrogen/air mixtures. The position of the
peak heat release rate was shifted to O mm for all the
flames. Because of the influence of the stagnation
wall, the temperature in the post flame zone of the
stagnation flame decreased closer to the wall. The
mole fraction of NO rapidly increased in the flame
region, showing a trend typical of fuel NO formation.
For both types of flame, mole fraction of N2O
increased and decreased rapidly in the reaction zone
for ¢=1.0 and 1.2. For the stagnation flame at ¢= 0.6,
N20 mole fraction decreased gradually without ever
reaching O ppm and maintained a constant value in the
post flame (from ~ 5 mm onwards). However, for the
case of freely propagating flame, the mole fraction of
N20 decreased to almost zero at around 6.5 mm.
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To understand this N2O behavior, a detailed
analysis of N20O production and reduction
mechanisms are discussed below. First, important
reactions for N2O were identified.



Figure 4 shows the sensitivities for N20O at the end
point of the computational domain of NHs/Hy/air
stagnation flames. In addition, to evaluate the
contribution of elementary reactions to the production
or reduction of N20, the integrated values of the
production rate, Iz, were evaluated, and are shown in
Fig. 5. Here, the value of I, was defined as Eq. (2),

L
IR zf (,(.)R’idx, (2)
0

where wg, ; is the rate of production of the species, i,
through the reaction, R. The length of the integration
domain, L, for the freely propagating flame was from
the inlet to 4 downstream from the peak heat release
rate, while that for the stagnation flame was from the
inlet to the stagnation wall (= 20 mm).

In the Nakamura mech, there are 18 elementary
reactions that include N2O in their equations.
According to the results given in Figs. 4 and 5, the
reactions R43, R46, R47, and R49 were considered to
be the most important reactions for N2O production,
as summarized in Table 1. Note that the value of Ira6
+ Ira7 was presented in Fig. 5 because these reactions
are duplicated. The values of Ir4s and Ir47 at &2 = 0.3
and ¢ = 0.6 were —1.73 X 1078 mol/cm?s and
—3.89 x 107° mol/cm?s, respectively, thus /r47 was
dominant. Previous work explained the importance of
R43 in the production of N20, and also R46 + R47 in
the consumption of N2O [25], and the same behavior
is seen in NH3/H2/air flames.

R44: NH+NO=N,+OH

R57: NH,+OH=NH+H,0

R43: NH+NO=N,O+H
R34: H+O,(+M)=HO,(+M)
R67: NH,+NO=N,+H,0
R3: Hy+OH=H+H,0
R69: NH;+OH=NH,+H,0
R5: 0,+H=0+OH

R49: N,O(+M)=N,+O(+M)
R47: N,0+H=N,+OH

-1.5  -1.0 -05 0 05 1.0
Sensitivities for mole fraction of N,O
Fig. 4. Sensitivities for the mole fraction of N,O at the
endpoint of computational domain of NH3/H,/air premixed
stagnation flames at ¢= 0.6 and &, =0.3.

R53: N,0+0=2NO

R52: N,0+0=N,+O0,
R49: N,O(+M)=N,+O(+M)
R46+R47

R43: NH+NO=N,0+H
N,O+H=N,+OH 3: NH+NO=N,0+

-6 -4 2 0 2 4 6

Ip x 10° (mol/cmzs)
Fig. 5. I values regarding N,O production/consumption
reactions of NHa/H,/air premixed stagnation flames at ¢ =
0.6 and &y, = 0.3.

Table 1
Important reactions for N,O production and consumption in
Nakamura mech [20, 21]. The units are (cm, mol, s, cal).

No. Reaction A n E
43 NH+NO=N,O+H 1.80E+14 —0.351 —244
46* N,O+H=N,+OH 331E+10 0 5,090
47*  N,O+H=N,+OH 7.83E+14 0 19,390
49  N,OHM)=N+O(+M) 9.90E+10 0 57,960
LOW 6.62E+14 0 57,500
0,/1.4/ N»/1.7/ H,0/12.0/ NO/3.0/ N,O/3.5/
* Duplicated reactions

As shown in Table 1, R49 has large temperature
dependence because of its large activation energy,
while R43 has a small temperature dependence. It is
also noted that the R43 competes for N2 formation
through R44, though this reaction also has a small
temperature dependence (n = —0.23, E = 0 cal/mol):

NH + NO =Nz + OH. (R44)
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Fig. 6. Variation of Iz with equivalence ratio, ¢: (a) Iz values
for each reactions; (b) Iz values of Irgsirasire7 and
Ira3+ra6+ra7+R49 Which corresponds to major N,O production
rate through the computational domain.

Figure 6 shows the variation in the integral
production rate, Iz, with equivalence ratio, ¢, for both
freely propagating and stagnation flame simulations.
Here, plotted condition corresponded to the numerical
condition that the converged results could be obtained.
As shown in Fig. 6a, the orders of Iras and Iras+r4a7
were larger by almost 10 times compared to the value



of Ira9. Since the orders of Ir43 and Iras+r47 are close,
the order of Ir43+r46+rR47 becomes close to that of Irag,
and the reaction of R49 becomes important. As shown
in Fig. 6b, the values of Iraz+ra6+Ra7+R49 increased
slightly at around ¢ ~ 0.6, as supported by Fig. 2c. In
Fig. 2c, N20 mole fraction of the freely propagating
flame also increased slightly. However, this trend
cannot be solely explained from the standpoint of Ir
analysis in Fig. 6.
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Fig. 7. Rate of Reaction (RoR) of NH3/Hy/Air for ¢ = 0.6.

Figure 7 shows the rate of reaction (RoR) profiles
of key reactions at ¢ = 0.6 for N2O production and
consumption. The reaction rates of R43 and R46+R47
were larger than that of R49, and these reactions were
found to occur only in the reaction zone. As for R49,
although the peak value was in the reaction zone, this
reaction continued in the post flame region. This can
explain the freely propagating flame behavior seen in
Fig. 3c, with the mole fraction of N2O rapidly
decreasing in the reaction zone and then continuing
the decrease at a slower rate in the post flame region.
This is supported by Fig. 7, where the R49 reaction
continues after 5 mm. On the other hand, for the
stagnation flame, Fig. 3c shows that N2O mole
fraction reached a steady state after 5 mm, which can
be linked to R49 reaching a zero reaction rate in the
post flame region. Because of the low temperature of
the stagnation wall, the temperature downstream of
the flame decreased at different rates in the two flame
configurations. As shown in Table 1, R49 has large
temperature dependence. Thus, existence of low
temperature region inhibited N2O reduction through
R49.

3.2 Effects of the stagnation wall temperature
and equivalence ratio

To further understand this N20O behavior, a
numerical simulation of the stagnation flame for
various stagnation wall temperatures was carried out
focusing on a range of lean equivalence ratio
conditions. In the numerical simulation in this section,
the mixture inlet velocity was set to 25.5 cm/s for all
simulations, which is the same as the inlet velocity at
¢ = 0.6, given in figures listed in Section 3.1. The
equivalence ratios were varied under constant

stagnation wall temperature conditions and vice versa,
as shown in Fig. 8. Here, plotted condition
corresponded to the numerical condition that the
converged results could be obtained. Note that the
1654.3 K was equal to the adiabatic flame temperature
at equilibrium of NH3/H2/air flame for &2 = 0.3 and
¢=0.6.
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Fig. 8. Effects of (a) equivalence ratio, ¢, and (b) stagnation
wall temperature, 7,,, on N,O characteristics of NH3/H,/Air
flames.

The mole fraction of N2O decreased with an
increase in the equivalence ratio and stagnation wall
temperature, such that N2O production was almost
zero for ¢ > 0.65 or T > 1645 K. To understand this
trend, important reactions for N2O production were
investigated in further detail.

Figure 9 shows the effect of equivalence ratio and
stagnation wall temperature on the /g values obtained
from the rate of production of N2O through the
important reactions listed in Table 1. The change in Iz
values for ¢ = 0.65 were relatively small compared to
other equivalence ratio conditions. For ¢ < 0.6, with
an increase in the stagnation wall temperature, the
values of Irs3 increased, and Ir4e+ra7 and Irag
decreased. As shown in Fig. 9d, the value of
IrassRasiRa7Reo  increased with a decrease in the
stagnation wall temperature for ¢ < 0.6. The change
in IrssiRacRa74Ra0 at ¢ = 0.65 was small compared to
other equivalence ratio conditions, and this trend is
similar with N2O mole fraction shown in Fig. 8b.
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To further understand the trend in Iz, the flame
structure was investigated. Figure 10a showed the
species profiles of H and N2O and the temperature
profile. Figure 10b shows the change in the maximum
value of H and N2O mole fractions within the
computational domain. As shown in Fig. 10b, the
change in the maximum value of N2O was small
compared to that of H, which increased with an
increase in equivalence ratio. Since the major N2O
reduction occurs through R46+R47, N2O reduction
through R46+R47 was enhanced with an increase in
the equivalence ratio. This corresponds to the
decrease in Ir46+ra7 (i.€., an increase in consumption
rate) with an increase in the equivalence ratio shown
in Fig. 9b. Although R47 also has large temperature
dependence as shown in Table 1, R47 mainly occurs
in flame region where N2O and H exist. Thus, the
influence on the low temperature region was
considered to be small compared to R49. Therefore, it
was considered that the decrease in N0 with
increasing equivalence ratio was caused by an

increase in H radical concentration. Figure 11 shows
the Ir value of H and H: production reactions. H
radical is mainly produced from Ha, NH2, and NH,
while H: is produced from NHz, HNO, and NHs.
Therefore, the increase in H radical concentration
with increasing equivalence ratio was caused by
higher ammonia and hydrogen concentrations in the
fuel/air mixture.
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Fig. 10. (a) Flame structure and (b) the variations of
maximum values of H and N,O in the computational
domain with equivalence ratio.
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Fig. 11. I value of (a) H production and (b) H, production.

Even for very lean equivalence ratio cases, i.e.,
small H radical concentrations, if the stagnation wall
temperature is sufficiently high, then N2O can be
reduced through the reaction of R49 in the post flame
region as shown in the red dash curve in Fig. 10a.
However, if the amount of H radical is not sufficient
and the stagnation wall temperature is low, R46, R47
and R49 have less contribution in reducing N20. In



this case, as shown in the blue solid curve in Fig. 10a,
in the post flame region, N2O would not be reduced
completely and therefore the N>O content in the
product gas rises.

In the actual combustor, such as a gas turbine or an
internal combustion engine, the combustion occurs in
a closed volume, and this configuration involves heat
loss to the wall. Thus, to reduce N2O emission near
the low temperature region, the control of equivalence
ratio is considered to be important.

4. Conclusions

To understand the product gas characteristics of
ammonia/hydrogen/air flames, experimental and
numerical studies were conducted for a binary fuel of
ammonia and hydrogen. Premixed laminar flames
were stabilized in a stagnation flow configuration, and
the product gas was sampled through a stagnation
flow-generating top plate. The following results were
obtained in this study:

1. The maximum value of NO, within the range of
conditions tested in this study was
approximately 8,700 ppm, which is larger than
the maximum NO measured in pure
ammonia/air flames for the same configuration.

2. There is a trade-off between NO and unburnt
ammonia emissions, leading to an equivalence
ratio condition where both emissions are
simultaneously low. This optimum low
emission equivalence ratio, which was richer
than that of pure ammonia/air flames, indicates
that rich-lean two-stage combustion may be
applicable for ammonia/hydrogen/air flames.

3. The mole fraction of N2O rapidly increased as
equivalence ratio decreased below 0.6. Because
of heat loss to the stagnation wall, the
temperature downstream of the flame in the
stagnation flame configuration was lower than
that in the freely propagating flame. Thus, the
reduction of N2O by N20 (+M) = N2 +O(+M)
which has large temperature dependence was
inhibited in the stagnation flame configuration,
and N20 could not be reduced completely.

4. With an increase in equivalence ratio, the H
radical mole fraction increases. Thus, N20
reduction is emphasized through the reaction of
N20+H=N2+OH. If the mole faction of H is
small, N2O can still be reduced through the
reaction of N2O(+M)=N2+O(+M). However, if
the amount of H radical is insufficient and the
stagnation wall temperature is low, then N2O
cannot be reduced through either of these two
reactions. Thus, N2O is detected in the products
as a product gas.
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