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ABSTRACT: We investigate numerically the ammonia—hydrogen—oxygen explosion
limits, showing that the addition of a trace amount of hydrogen to ammonia—oxygen
mixtures can qualitatively modify the explosion limits from the monotonic case to the
nonmonotonic case, with multiple turning points including being Z-shaped which is
characteristic of hydrogen—oxygen explosions. Furthermore, as the hydrogen
concentration increases, (1) the first limit moves toward lower temperature conditions;
(2) the second limit also shifts toward lower temperature conditions when the hydrogen
addition is less than 10% of the ammonia—hydrogen fuel, but it moves in the opposite &
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direction with higher additions; and (3) the third limit is minimally affected. Sensitivity
analysis shows that at different pressures, the dominant reactions change with hydrogen addition. The present results facilitate
understanding of the kinetic interaction between hydrogen and ammonia and are of practical relevance to the safe handling of

ammonia—hydrogen fuels.

1. INTRODUCTION

As an essential alternative fuel for achieving zero-carbon
emissions and carrying hydrogen, ammonia has recently drawn
much attention for its potential usage in transportation and
industrial processes.”” It can be produced through renewable
electricity with reactions between hydrogen and nitrogen. For
its usage in energy conversion, it can be either converted to
hydrogen or directly utilized in solid oxide fuel cells and
combustion systems. For combustion applications, however,
ammonia has several limitations such as lower flame speeds,
longer ignition delay times, and narrower flammability limits'"*
compared with other commonly used fuels. To overcome these
obstacles, ammonia has been blended with hydrogen, methane,
or syngas to enhance its reactivity. Consequently, studies have
been conducted’™® toward determining the fundamental
combustion parameters mentioned above and understand the
fundamental kinetics of ammonia and ammonia-based fuel
blends. For example, laminar premixed flames of ammonia,’
ammonia—methane,” and ammonia—hydrogen® have been
investigated experimentally; detailed and reduced kinetic
models of ammonia—hydrogen—methane mixtures have been
developed;® and the ignition characteristics’ and NO,
formation® of ammonia—hydrogen mixtures have also been
studied. Recently, the ammonia oxidation and pyrolysis
kinetics has been investigated in a jet stirred flow reactor
(JSFR),”™"" and the importance of third-body efficiencies in
ammonia—hydrogen blend kinetics has been discussed in ref
12. It is essential to note that, at higher pressures, several third-
body reactions involving both H- and N-containing species are
important for the accurate prediction of ammonia and
ammonia-blend fuel oxidation. Furthermore, a very recent
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study'” has investigated the explosion limits of NH;—H,—0,
using sensitivity analysis and eigenvalue analysis. The current
work aims at demonstrating the pressure—temperature
explosion boundary of ammonia—hydrogen—oxygen at rela-
tively low concentrations of hydrogen and also explains how
the monotonic ammonia—oxygen explosion limits transition to
the classical nonmonotonic, Z-shaped curve of hydrogen—
oxygen mixtures when adding in different amounts of
hydrogen.

The present study is motivated by identifying the effects of
hydrogen addition on the explosion limits of NH;—0O,
mixtures, particularly on its sensitivity in affecting the limits
from being monotonic to Z-shaped. Indeed, we shall show in
due course that the sensitivity can be considered to be
“catalytic” in nature, in that only a trace amount of hydrogen
addition is needed to affect the qualitative nature of the limit
curve. This sensitivity not only is essential in understanding the
overall kinetics but is also relevant for safety considerations in
transportation and storage.

We note in passing that recent studies on the addition of a
secondary reactant to the well-studied hydrogen—oxygen
system,’* such as carbon monoxide'® and methane'® as
secondary fuels and NO'” and O;'® as secondary oxidizers,
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have revealed substantial modifications of the characteristic Z- 3500
shaped response and demonstrated the richness of the ~
underlying kinetics of reacting mixtures involving hydrogen 3000
as a reactant. Furthermore, in practice, the understanding of .
ammonia and ammonia—hydrogen explosion limits is essential @ 500
for the safe handling of ammonia and ammonia—hydrogen 2
binary fuel for their transportation and storage. Also, it is g 2000
relevant to the understanding of engine knocking using .
ammonia or ammonia-based blend fuels. 1500
In the following sections, we will first present the numerical
methodology and discuss the kinetic model selections. Then, 1000 - . . ’
10> 10 10 10

the global response of ammonia—hydrogen—oxygen explosion
limits with different hydrogen-to-ammonia ratios will be
investigated, demonstrating that only a trace amount of
hydrogen addition is needed to affect the transition to complex
nonmonotonicity. This will be followed by local and detailed
kinetic analyses of the explosion limits under different
pressure—temperature conditions.

2. METHODOLOGY

The simulation used the SENKIN code'” to compute the
explosive and nonexplosive boundary of NH;—H,—-0,
mixtures. The SENKIN code has been widely used in the
combustion community for computing the time evolution of
temperature, pressure, and chemical species in a closed system.
It solves a set of nonlinear ordinary differential equations with
the given initial values of a homogeneous reacting gas mixture.
The criterion of explosion is set as running the reactor
simulation for 10 s to observe more than 50 K temperature
change in the end. The ranges of initial pressure and
temperature have been selected as 3.5 to 6 X 10° Pa and
300—2500 K, respectively. Several kinetic models were
assessed, as will be discussed in the following. Wall termination
reactions’’ for active species such as H and NH, were
considered with a temperature-dependent reaction rate."*

In the following discussions, the equivalence ratio is fixed at
unity considering both hydrogen and ammonia as the fuel. The
molar ratio for NH;/H,/0, is (1 — a)/a/(0.75 — 0.2S5a),
where a is the fraction of hydrogen in the binary ammonia—
hydrogen mixtures. For the current work, we focus on the
situation of ammonia—hydrogen—oxygen mixtures without any
diluent. However, the additions of diluents such as N, and
CO, will lead to additional thermal and kinetic effects such as
changing the temperature evolution and the third-body
reaction rates, which are worthy of future studies.

3. RESULTS AND DISCUSSION

3.1. Comparison of Kinetic Models. To validate and
assess the wvalidity of different kinetic models for the
ammonia—hydrogen binary fuels, we have compared the
results from several detailed mechanisms. Following the
experimental cases in ref 21, we consider the NH;—H,—air
mixtures with the hydrogen fraction a = 0.50 = 50%,
equivalence ratio varying from 0.5 to 2.0, and initial pressures
of 1.4, 11, and 30 atm. Four recently published mechanisms,
respectively, by Otomo et al,”! Glarborg et al,”* Mei et al,”*
and Nakamura et al,”* were used. These selected models
represent the current knowledge of ammonia kinetics, but the
uncertainty is inevitable in these kinetic models. The
uncertainties in the ammonia kinetics have been analyzed
recently using the adjoint sensitivity analysis,”> which indicates
both the importance of accurate kinetic parameters and
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Figure 1. Temperature profile during ignition for stoichiometric
NH;—H,—0, mixtures (hydrogen fraction, a = 10%) at P = 1 atm and
T = 1000 K.
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Figure 2. Ignition delay times for NH;—H,—air (hydrogen fraction, a
= 50%) at different equivalence ratios and pressures.

thermal data for the predictions of ammonia combustion.
Figure 1 demonstrates the typical temperature profile using the
Glarborg mechanism, which shows that the temperature has a
sudden increase at the ignition timing and then exhibits a slight
decrease due to the radical terminations at wall. Furthermore,
it is worth noting that the temperature change at ignition is
normally very sharp; hence, the criterion for determining
explosion is not very sensitive to the temperature increase (50
K increase has been used in this work). Figure 2 shows that the
ignition timings predicted by the selected mechanisms behave
similarly.

While the performance of these models behaves similarly in
predicting the ignition timings, they could yield substantially
different responses to pressure—temperature variations in the
explosion limits. Figure 3 plots the explosion boundaries of
stoichiometric NH;—H,—0O, mixtures predicted by these
selected kinetic models, showing the obvious trend that the
mixture becomes more explosive at higher hydrogen fractions
when the fuel composition transitions from NH; to H,. More
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Figure 3. Explosion boundaries of stoichiometric NH;—H,—-0,
mixtures predicted by several kinetic models.
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Figure 4. Explosion boundaries of NH;—H,—0, mixtures with the
hydrogen fraction varying from 0 to 1.
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Figure S. Explosion limits of NH;—H,—O, mixtures near the
monotonic to nonmonotonic transition.

specifically, in the model used in the detailed study, we first
note that since the model of Nakamura et al.** was designed
for weak flame simulations, it could not predict the explosion
limits. Next, the results can be predicted consistently by the
models of Otomo et al.*' and Glarborg et al,** while that of
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Figure 7. Explosion boundaries of NH;—H,—0, mixtures with wall
termination reactions perturbed at hydrogen fraction a = 1%.

Mei et al.” has different results for low hydrogen fractions of a
= 0.5 and 1%, especially at lower pressures. Furthermore, the
differences are relatively large for a < 1% for which the
controlling kinetics is dominated by the NH; oxidation
reactions. By also noting that the model of Otomo et al.”!
has good performance in predicting the laminar flame speeds
and ignition delay times over a wide span of equivalence ratios
and pressures, in the following studies, we shall use this model,
which has 32 species and 213 reactions.

3.2. Global Behavior of Explosion Limits. Results of the
explosion limits with different amounts of H, are demonstrated
in Figure 4. The hydrogen fraction, a, changes from zero to
unity, indicating the progression of the compositions from the
NH;—O, mixture to the H,—O, mixture, with the global
mixture equivalence ratio set to unity. It is worth noting that as
H, addition increases, the low-pressure, first limit continuously
moves toward the lower temperature side and the higher-
pressure second limit also shifts to lower temperature
conditions, but then shifts back very slightly to the higher
temperature conditions as a changes from 10 to 100%. The
very high-pressure, third limit almost remains unaffected, while
it still demonstrates a similar trend to that of the second limit.

https://doi.org/10.1021/acs.energyfuels.1c01764
Energy Fuels 2021, 35, 14035—14041


https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01764?fig=fig7&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.1c01764?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels

pubs.acs.org/EF

R1: H+02<=>0+0H

R29: NH3+H<=>NH2+H2

R43: NH2+02<=>H2NO+O

R49: NH2+NO<=>N2+H20

R50: NH2+NO<=>N2+H20

R51: NH2+NO<=>NNH+OH

R102: H2NO+02<=>HNO+HO2

R103: H2NO+NH2<=>HNO+NH3

R217: HO2=>IHO2

a=0
Dma=0.5%
Ra=0.8%

R221: NH2=>INH2

R226: H2ZNO=>IH2NO

R1: H+02<=>0+0H

R29: NH3+H<=>NH2+H2

R43: NH2+02<=>H2NO+O
R49: NH2+NO<=>N2+H20
R50: NH2+NO<=>N2+H20
R51: NH2+NO<=>NNH+OH
R102: H2NO+02<=>HNO+HO2
R103: H2ZNO+NH2<=>HNO+NH3
R214: H=>IH

R221: NH2=>INH2

R226: H2NO=>IH2NO

Da=10%

-1

R1: H+02<=>0+0H

R2: O+H2=0OH+H

R13: H+02(+M)=HO2(+M)
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Figure 8. Sensitivity for the first limit to elementary reaction rates, at
p = 500 Pa, H, addition: (a) 0, 0.5, and 0.8%; (b) 1 and 10%; and (c)
100%.

Such different behaviors indicate the different controlling
kinetics at different hydrogen additions and pressures.

To identify the influence of H, addition and since the
change to nonmonotonicity indicates that the corresponding
shift from NH; to H, dominated kinetics, we looked at more
details of such a transition. Figure 5 then shows two aspects of
the sensitivity and complexity of the transition. First, this
transition for NH;—H,—0O, mixtures occurs around the very
small amount of addition of a = 0.01 or 1%. Also, the transition
happens under low-pressure conditions, where the first and
second limits of the explosion limits are found to be sensitive
to hydrogen addition.

The second aspect is that upon close examination, the
transition boundary of a = 1% actually consists of four turning
points instead of the two turning points characteristic of the Z-
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.......
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R50: NH2+4NO<=>N2+H20 | QUL
R51: NH2+NO<=>NNH+OH
R102: H2NO+02<=>HNO+HO2
R103: H2NO+NH2<=>HNO+NH3
R217: HO2=>IHO2

R218: H202=>IH202
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R43: NH2+02<=>H2NO+0O
R49: NH2+NO<=>N2+H20 [°
R50: NH2+NO<=>N2+H20
R51: NH2+NO<=>NNH+OH
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R15: HO2+H=0H+OH

R20: HO2+H02=H202+02
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R24: H202+H=HO2+H2
R217: HO2=>IHO2
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Figure 9. Sensitivity analysis for the second limit to elementary
reaction rates, at p = 30,000 Pa, H, addition: (a) 0, 0.5, and 0.8%; (b)
1, 2, and 10%; and (c) 100%.

curve. To further demonstrate the nature of the transition,
Figure 6 resolves the explosion responses from a = 0.8 to 1.1%.
It is then of interest to note that the transition evolves from
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Figure 10. Sensitivity analysis of the third limit to elementary reaction
rates, at p = 1 X 10° Pa, H, addition: (a) 0; (b) 1 and 10%; and (c)
100%.

being monotonic to the one with two turning points and then
to the one with four turning points. With yet higher hydrogen
addition, Figure S shows that the explosion reverts back to the
characteristic Z-curve of three limits with two turning points,
demonstrating the dominant and sensitive role of hydrogen.

In order to quantify the effect of wall termination reactions,
we have performed the sensitivity analysis of wall terminating
reactions by perturbing the rate coefficients (multiplying the
original rate by a factor of 2), as demonstrated in Figure 7. The
wall termination of HO, is essential for high-pressure
conditions, while those of NH, and H,NO are important for
relatively lower pressures.

Next, the detailed kinetics for the explosion of NH;—H,—0,
mixtures will be further studied.

3.3. Detailed Kinetic Analysis. To quantify the detailed
kinetics, the sensitivity analysis of several typical pressures of
the three-limit Z-curve strongly affected by hydrogen—oxygen
chemistry will be performed and discussed. For every H, level,
one temperature condition will be selected on the explosive
side of the boundary.

The low-pressure, first explosion limit for NH;—O, is
dominated by R43: NH, + O, = H,NO + O and wall
termination of NH, (R221), as seen in the a = 0 case in Figure
8a. As H, is added, the large amount of active H radical
promotes chain branching reactions such as R1: H+ O, = O +
OH, and also, the H atom reacts with NH; to produce the
active intermediate NH, through R29: NH; + H = NH, + H,,
which increases the global reactivity. This accounts for the
significant transition of this limit toward the lower pressure and
temperature conditions. Since more NH, is produced, the
NH,-related reactions, for example, R49-RS51, start to be more
important, as shown in Figure 8b. Since the H atom
participates in the process of O, consumption through R1:
H + O, = O + OH, competing with NH,, this leads to the
decline in the significance of R43: NH, + O, = H,NO + O,
producing less H,NO, and hence, the H,NO-related reactions
(such as R120 and R226) become less important.

With continuously increasing H, concentration, H atoms
instead of NH,-related reactions gradually dominate, until the
response degenerates to that dominated by the pure hydro-
gen—oxygen reactions, as shown in Figure 8c.

Next, the second limit with different amounts of H, addition
will be investigated. At intermediate pressures, as Figure 9
shows, for the pure NH;—air mixture, R102: H,NO + O, =
HNO + H,0, and RS1: NH, + H, = NNH + OH promote
combustion the most, due to the active OH radical and HNO
produced, while R49: NH, + H, = N, + H,O inhibits the
process the most, due to the stable products of N, and H,O.
As more H, is added, the H atom rapidly dominates the
ignition process, with it consuming O, to produce the OH
radical, and reduces the extent of H,NO reacting with O,. As
seen in the cases for a varying from 0.5 to 2%, the significance
of RI: H + O, = O + OH increases substantially and the
sensitivity of R102: H,NO + O, = HNO + H,0, decreases,
and O, is consumed mainly by the H atom rather than H,NO
for a > 0.5%. For all these five cases, the OH radical
production reaction RS1: NH, + H, = NNH + OH promotes
combustion the most, while the chain termination reaction
R49: NH, + H, = N, + H,O is the dominant inhibiting
reaction.

As the hydrogen addition continuously increases, the H-
atom-related reactions further dominate. The competition of
the H radical between R1 and R13 shows the typical behavior
of the second limit of the H,—O, mixture, as discussed in ref
14. Compared to pure hydrogen—oxygen mixtures, the second
limit for the mixture with relatively less reactive NH; moves to
the high-temperature and high-pressure side.
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For the high-pressure cases, as Figure 10 shows, the third
limit is mainly determined by the HO,- and H,O,-related
reactions of HO, + HO, = H,0, + O,, H,0, (+M) = OH +
OH (+M) and H,0, + H = HO, + H,. Meanwhile, the
reactive NH, would promote the reaction through NH, + HO,
= H,NO + OH, which counteracts with OH radical depletion
by NH, + OH = NH, + H,0 and NH, + OH = NH + H,0.
Thus, the third limit does not change much as the hydrogen
ratio changes.

4. CONCLUSIONS

The monotonic pressure—temperature explosion limit curve of
ammonia—oxygen mixtures rapidly changes to the non-
monotonic Z-shaped limit curve, characteristic of hydrogen—
oxygen mixtures, with only a minute amount of hydrogen
addition to ammonia. In terms of the response to increasing
hydrogen addition at each of these three limits, it is shown that
the first limit keeps changing and then saturates with increasing
H, adding in; the second limit shows a monotonic to
nonmonotonic variation; and the third limit exhibits almost
no shift due to H, addition.

Further analysis has shown that the first limit is governed by
the H,-related reactions and shifts to lower temperatures/
pressures with H, adding in. Then, at the second limit, without
H, addition, NH,- and H,NO-related reactions are essential
and the consequence is the enhanced OH production. With H,
addition, the H atom rapidly dominates the OH production,
leading to the formation of the stable products N, and H,O.
The nonmonotonic variations of the second limit are due to
this competing effect. The HO, and H,0, chemistry is
important for the third limit, and as such, it does not change
much as the hydrogen ratio changes.

The multiple, four-turning-point response around a = 1%
appears to be rather restrictive in its manifestation in terms of
the limited range of hydrogen addition yet nevertheless merits
further study for its potential fundamental and practical
significance.
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