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Abstract

This work investigates whether both HONO and HNO, are essential in
describing the reactivity for NO,-doped ignition experiments or if a strategy
could be developed that lumps the two isomers into a single species without
adversely affecting the model fidelity. First, the possibility of different prod-
uct branching fractions is considered; temperature- and pressure-dependent
rate constants are computed for H and CH; addition to the N=0O bond in
both HONO and HNO,. These results suggest that addition of H to HONO
and HNO, do indeed have different products, but that the results are not
likely to have a significant effect. Next, two different approaches to simplify-
ing the HONO submechanism are considered. In the first, HNO, is removed
from the mechanism. In the second, HNO, is replaced with HONO. These
two strategies are implemented in different literature mechanisms and then
used to compute ignition delay times for H, and CH,. The results show
that removing HNO, has a modest effect on the ignition delay time, whereas
systematically replacing HNO, with HONO decreases the predicted ignition

delay by approximately a factor of two. The recommendation is that for
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larger fuels, both HONO and HNO, should be included in the mechanism.
Keywords: HONO, Nitrogen Chemistry, NOx, Low-temperature

Combustion, Chemical Kinetics

1. Introduction

Low-temperature compression ignition (LTCI) engines operate with peak
temperatures below 1800 K, avoiding thermal NO, formation from the nitro-
gen in the inlet air (NO,= NO + NO,)|[1, 2]. A critical goal in LTCI engines
is understanding the gas-phase chemistry of nitrogen-containing compounds.
In experimental studies of LTCI engines with 2-ethylhexyl nitrate (EHN) as
the cetane enhancer, only about one-third of the fuel-bound nitrogen is found
in the exhaust as NO,([3, 4, 5]. This result is particularly surprising, since
under LTCI engine conditions, it is unclear what the mechanism for NO,
reduction should be. Detailed chemical kinetic models can help to deter-
mine the fate of NO, below the thermal NO, limit, provided that the kinetic
mechanism includes sufficient fuel-NO,, interactions. However, recent studies
strongly suggest that current models do not accurately capture these interac-
tions. For example, a flow reactor study by Giménez-Lopez et al.[6] examined
C,H,/0,/NO mixtures under high pressure (60 bar) and temperatures of 600
K to 900 K, and significant removal of NO, was found experimentally that
was not predicted by the kinetic mechanism. A key first step in closing the
nitrogen balance for EHN-doped fuels in LTCI engines is understanding how
the initial NO, that is formed upon dissociation of EHN is further reduced
in the cylinder.



NO, is unusual in that every atom in the molecule has a radical charac-
ter, and so both the nitrogen atom and the two oxygen atoms can abstract
hydrogen atoms. Accordingly, much of the fuel-bound NO, in LTCI engines
is converted into one of two isomers, depending upon which atom does the
abstraction: nitrous acid (HONO) or nitryl hydride (HNO,).

The core work on HONO/HNO, was compiled and explored by Dean and
Bozzelli, as part of their review of gas-phase nitrogen chemistry[7]. More re-
cently, a theoretical analysis of RH + NO, for RH = H,, CH,, C,Hy, C;Hy,
C,Hg, C,Hg, and C,H,, by Chai and Goldsmith[8] showed that cis-HONO
is the dominant product and that trans-HONO, while the most stable iso-
mer, has a production rate approximately an order of magnitude less than
cis-HONO. Ongoing work by the authors suggest that cissHONO and trans-
HONO are no longer distinct species under engine relevant conditions, and
that they should be treated as a single HONO species in combustion mech-
anisms.

When NO, is involved in an H-transfer reaction — whether H-abstraction
from a fuel molecule or disproportionation from a fuel-derived radical — both
HONO and HNO, are formed. Depending upon the source of the H-atom,
the branching fraction for HONO is typically between 60% to 90% of the total
flux[8]. HONO and HNO, both decompose to the same products: OH + NO
(with H + NO, also being possible but many orders of magnitude smaller).
At high temperatures, this unimolecular decomposition is expected to be
faster than any competing bimolecular reaction, but at low temperatures,
both HONO and HNO, could build up to sufficiently high concentrations

that bimolecular reactions are possible[7].



A review of recently published mechanisms reveals inconsistencies with
respect to HONO and HNO, chemistry. Zhang et al. examined mechanism
performance versus experimental data for the combustion of hydrogen and
syngas in the presence of NO,[9]. Drawing on the review in ref. [9], the
mechanisms of Abian et al.[10], Ahmed et al.[11], Dagaut et al.[12], Glarborg
et al. [6, 13, 14], Konnov[15], and Mathieu et al.[16, 17] are examined. The
Dagaut et al. and Konnov mechanisms only considered HONO and omit
HNO, entirely. The other mechanisms include both species, but typically
have 2-3 times the number of HONO reactions as HNO,. If HONO is formed
at a significantly faster rate than HNO,, and if HNO, decomposes at a sig-
nificantly faster rate than HONO, then the asymmetry of HONO and HNO,
reactions could be justifiable. If that is the case, however, it also raises the
question as to whether HNO, contributes anything to the overall kinetics, as
implied by the mechanisms of Dagaut et al. and Konnov. A graphical sum-
mary of the inclusion of HONO and HNO, reactions is presented in Figure
1.

The goal of the present work is to investigate whether or not it is impor-
tant to maintain HONO and HNO, as distinct chemical species in a combus-
tion mechanism. To that end, the manuscript is divided into two sections.
The first section addresses the possibility that there could be bimolecular
reactions involving HONO and HNO, that have different products. One im-
mediate example would be concerted HONO elimination from nitrates and
nitrites, since there is no analogous concerted HNO, elimination. The reac-
tion family we will focus on is radical addition to a double bond, since in

principle radical addition to the N=0O bond, followed by isomerization and /or
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Figure 1: Number of HONO and HNO, reactions included in recent mechanisms.

beta-scission, could yield different products for HONO and HNO,,. If radical
addition to HONO and HNO, is going to compete with unimolecular decom-
position reactions, then the radical must be present in high concentrations.
Accordingly, we focus on H and CHj, as these two radicals are ubiquitous in
combustion and have comparatively high concentrations for a radical.
Limited experimental data are available for the elementary reactions of
interest. Slack and Grillo published an estimate for the rate H, + NO,
proceeding to H + HNO, in 1978[18]. Later work by Park et al.[19] offered
a lower rate for this reaction, which was employed by Mueller et al.[20] in
modeling of a turbulent flow reaction. Subsequent work by Mueller at al.[21]
directly addressed this rate constant, offering a new fit based on experimental
data. This revision was in good agreement with the result of Park et al. The
reliability of the data and rate constants offered by Slack and Grillo was

called into question by Mueller et al. based upon a discussion of the details



of the original experiments. For all of these experiments, it appears that no
distinction between HONO and HNO, was made and that they were treated
as a single species. In no case was the rate of the elementary reaction to H and
HONO directly observed. For the reaction of CH, and NO, to form CH, and
HONO, there appears only to be a study conducted by Slack and Grillo[22].
A comparison between the present work and the prior experimental data is
provided in the Supplemental Material.

The second section quantifies the extent to which inclusion of HNO, in
a mechanism is superfluous to combustion kinetics. Two literature mech-
anisms were adapted: Mathieu et al. [17] and Glarborg et al.[14]. These
two mechanisms were selected because they come from independent research
groups and have been validated against a broad range of experimental tar-
gets. For each mechanism, four sets of ignition-delay calculations were per-
formed. First, the published mechanism was used without modification. Sec-
ond, the HONO/HNO, reactions in the original mechanism are replaced by
a newly developed, theory-derived HONO/HNO, submechanism. The ther-
modynamic properties for the species in the new HONO submechanism are
taken from the Active Thermochemical Tables, version v1.122b[23, 14]. The
third and fourth modifications address the question of lumping HONO and
HNO,. In one case, all reactions involving HNO, are simply removed from
the mechanism (“No HNO,” below). This approach to lumping is expected
to underpredict the flux through RH + NO, = R + HONO and thus de-
crease the overall reactivity. As a counter to this effect, the latter approach
to lumping systematically replaces ‘HNO2" with ‘HONO’ in the mechanism
file, and the new HONO reactions are treated as duplicates (“Duplicate”



below) This process is repeated for both H, and CH, ignition delays.

2. Computational Methods

As mentioned above, the work of Chai and Goldsmith treated cis- and
trans-HONO separately, whereas our current model assumes that these two
conformers should be lumped into a single species. Accordingly, the transi-
tion state theory (TST) calculations for the direct H-abstraction that were
performed in Ref. 8 were redone with a single HONO isomer that systemati-
cally treats the cis- trans- conversion as a hindered internal rotation in both
the reactant and transition state. These calculations used the ANLO com-
pound method for both the energetics and the structures and frequencies|24].
Additionally, these results are now presented in the exothermic direction (e.g.
R + HONO/HNO, = RH + NO,). For the new addition/isomerization/elim-
ination pathways in the present work, the compound method recommended
by Chai and Goldsmith was used[8]. Geometry optimization and normal
mode analysis were performed using the B2PLYPD3 functional with the cc-
pVTZ basis set[25, 26, 27]. Single-point calculations were performed on the
optimized geometries at the UCCSD(T)-F12a/cc-pVTZ-{12 level |28, 29, 30].
For transition states that have a first-order saddle point in potential energy,
standard rigid-rotor harmonic-oscillator models were used to compute the mi-
crocanonical rate coefficients; torsional modes were treated separately, with
rotational scans performed in 10° increments, and the partition function was
computed via summation over the energy levels for the corresponding 1D
Schrodinger equation. The two transition states that lead to OH formation,

HONHO — HNO + OH and CH;N(O)OH — CH,;NO + OH, had compara-



tively wide saddle points that exhibited strong multireference effects. These
two transition states were treated using CASPT2(5e40)/cc-pVTZ, where the
active space consisted of the (m, 7*) orbitals in RNO, plus the radical orbital
and lone pair in OH, averaged over two states to account for the spatial de-
generacy in OH. All DFT calculations were performed using Gaussian09[31];
all wavefunction calculations were performed using MOLPRO([32].
Transition state theory (TST) calculations were performed using the
RRKM/ME code MEsS[33, 34], which is part of the computational kinetics
package PAPR developed by Argonne National Laboratory[35]. A single ex-
ponential was used to model the collisional energy transfer, with (AFEgoum) =
200 (7/298[K])"® em~!. The resulting phenomenological rate constants we
converted into the PLOG formalism and formatted for use in CANTERA[36].
All kinetic simulations were performed using CANTERA. The ignition delay
time was defined as the time at which the simulated concentration of OH

was maximum.



3. Results

3.1. Computational Kinetics
3.1.1. H+ HONO/HNO,
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Figure 2: PES for H + HONO and H + HNO,, relative to H + HONO. The solid lines
correspond to addition/isomerization/elimination. The dashed lines are the competing

direct abstraction pathways. Energies are in kcal/mole.

The stationary points for the potential energy surface (PES) for the ad-
dition of H to HONO and HNO, are shown in Figure 2. For H + HONO, the
barrier height for addition to the nitrogen is lower than the competing direct
abstraction by 1.2 kcal/mole; consequently, the dominant product channel
for H + HONO is NO + H,0O, with H, + NO,, being a close second, followed
by OH + HNO. For H + HNO,, in contrast, the barrier height for addition to
the oxygen is higher than the competing direct abstraction by 5.6 kcal /mole,
and so direct abstraction is the dominant pathway for all conditions. Neither
system exhibits much pressure dependence (not shown). The results for H
+ HONO/HNO, are summarized for 1 atm in Table 1. The corresponding
branching fractions are shown in Figure 3a for H + HONO and Figure 3b
for H + HNO,.



Table 1: Computed constants for reactions at 1 atm for H + HONO/HNO,. Pathways
are addition/isomerization/elimination reactions unless otherwise noted. Rate constants
are of the form k(T) = A(T/T{)exp|—E,/RT] with A in cm®mol~ts™!, To=1 K, E, in

kcal mole— L.

Reaction A n  E, k(1000 K)

H + HONO = H, + NO,* 1.9x10> 28 14 29x10!!
H + HNO, = H, + NO,* 23 x10* 28 -20 1.3x10%
H + HNO, = NO + H,0 34x10° 11 56 3.3x 10!
H + HNO, = OH + HNO  3.7x 107 1.8 56 4.8x10%
H + HONO = NO + H,O0 43x10° 10 41 4.8x10!!
OH + HNO = H + HONO 1.5x10% 2.7 4.6 2.2x 100

2Abstraction
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Figure 3: a) branching fractions at 1 atm for H + HONO. b) branching fractions at
1 atm for H + HNO,. The branching fraction includes the contribution of both the
addition/isomerization/elimination pathways and the direct abstraction pathway (dashed

and solid lines in Figure 2, respectively).
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3.1.2. CH, + HONO/HNO,
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Figure 4: PES for CH; + HONO and CH3 + HNO,, relative to CH; + HONO. The
solid lines correspond to addition/isomerization/elimination. The dashed lines are the

competing direct abstraction pathways. Energies are in kcal/mole.

The PES for the addition of CH; to HONO and HNO, is shown in Figure
4. Unlike the case for H + HONO, the barrier height for direct abstraction
is 2.2 kcal/mol lower in energy than addition to either the O or N atom.
Consequently, direct abstraction dominates for both HONO and HNO, for
all temperatures and pressures. The results for CH; + HONO/HNO,, are

summarized for 1 atm in Table 2. The corresponding branching fractions are

shown in Figure 5a for CH; + HONO and Figure 5b for CH; + HNO,.

12



Table 2: Computed constants at 1 atm for CH; + HONO/HNO,. Pathways are addi-

tion/isomerization/elimination reactions unless otherwise noted. Rate constants are of the

form k(T) = A(T/T3")exp|—E,/RT) with A in cm3mol~1s~!, To=1 K, E, in kcal mole™*.

Reaction A n E, k(1000 K)
CH; + HONO = CH, + NO,* 36x107* 44 -04 7.6x10°
CH; + HNO, = CH, + NO,* 2.2 x 103 28 -29 19x10!2
CH,4 + HNO, = CH, + NO, 6.6 x 1073 41 184 9.7 x10°
CH; + HNO, = CH;OH + NO 4.7 x 1011 02 136 1.6 x 10°
CH; + HNO, = CH,NO + H,O 59x1072° 9.1 272 13x1073
CH4 + HONO = CH, + NO, 3.2 x 101 21 119 2.1x108
CH; + HONO = CH;0H + NO 6.4 x 1072 33 127 9.0x 10°
CH; + HONO = CH,NO + H,O0 33x1072 35 20.7 2.3x10?
CH4;NO + OH = CH; + HONO 1.5 x 10° 1.0 46 1.1x10M

% Abstraction

13
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Figure 5: a) branching fractions at 1 atm for CH; + HONO. b) branching fractions at
1 atm for CH; + HNO,. The branching fraction includes the contribution of both the
addition/isomerization/elimination pathways and the direct abstraction pathway (dashed

and solid lines in Figure 4, respectively).

3.2. Ignition Delay Simulations

For the H, ignition delays, the initial composition was 1.0% H,, 1.0% O,,
0.16% NO,, and the remainder Ar at 1.56 atm, as described in ref. [9]; these
results are presented in Figures 6 and 7 for the modifications to the Mathieu

et al. and Glarborg et al. mechanisms, respectively. The original mechanism
(solid black) and the same mechanism with the substituted HONO/HNO,

submechanism (dashed blue) are in close agreement for both the Mathieu et

14
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Figure 6: Ignition delay for Hy, ¢ = 0.5 doped with 1600 ppm NO, at 1.56 atm, Mathieu

et al. mechanism
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Figure 7: Ignition delay for Hy, ¢ = 0.5 doped with 1600 ppm NO, at 1.56 atm, Glarborg

et al. mechanism
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Figure 8: Ignition delay for CH,, ¢ = 1.0 doped with 0.15% NO, at 9 atm, Mathieu et al.

mechanism

al. and Glarborg et al. mechanisms. Additionally, simply removing HNO,
from the mechanism (dash-dot orange) has little effect. Replacing ‘HNO2’
with ‘HONO’ (dotted red), in contrast, has a substantial effect on the ignition
delay, effectively decreasing 7 by more than a factor of two. The cause of
this effect will be discussed below in Section 4.

For the CH, ignition delays, the initial composition was 9.49% CH,, 19.0%
O,, 56.7% N, 14.6% Ar, and 0.15% NO, at 9 atm, as described in ref. [16];
these results are presented in Figures 8 and 9 for the modifications to the
Mathieu et al. and Glarborg et al. mechanisms, respectively. Whereas
the modifications to the two mechanisms were both qualitatively and quan-

titatively similar for H, ignition, the changes to the mechanisms for CH,

17
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ignition yield different, slightly more pronounced trends. The changes to the
Glarborg mechanism, Figure 9, are qualitatively similar to Figure 7, with
the new submechanism having a retarding effect, and the “Duplicate” strat-
egy of combining HNO, with HONO decreases the ignition delay by nearly
a factor of two at the lowest temperatures. The changes to the Mathieu
mechanism, Figure 8, in contrast, show a much smaller response to the ‘Du-
plicate” strategy, but the ignition delay time increases by an even greater
factor than the Glarborg et al. mechanism when the new submechanism is
used. In both cases, the ignition delay time is sensitive to the HONO/HNO,
submechanism for 7' < 1400 K. At higher temperatures, the contribution of
NO, decreases, and the conventional high-temperature oxidation chemistry

begins to dominate.

4. Discussion

Although the results for H + HONO/HNO, shown in Figure 3 confirm
that it is possible for R + HONO/HNO, to yield different products, it is
unlikely that this effect will be significant. For H + HONO, the largest rate
constant is for the OH + HNO product channel; assuming that HNO rapidly
dissociates to H + NO, this reaction is effectively little more than H-catalyzed
HONO decomposition. Our expectation is the CH; + HONO/HNO, is more
typical of other radicals in that direct abstraction will always be favored over
addition /isomerization/elimination, and therefore it is unlikely that bimolec-
ular reactions involving R + HONO/HNO, will have product branching frac-
tions that are significantly different. Finally, the “Direct Hydrogen Transfer”
approach of Dean and Bozzelli [7] works reasonably well for R + HONO but

19



appears to systematically underestimate the rate constants for R + HNO,.

When HNO, is omitted from the substituted mechanism entirely (dash-
dot orange), the predicted ignition delay time increases slightly, but the mag-
nitude of the effect is negligible for H, and CH,. By removing HNO,, the
net flux of H, + NO, is decreased slightly, which leads to a slight decrease
in the net rate of chain branching through the subsequent decomposition of
HNO,. However, when HNO, is replaced with HONO and added to the total
rate, the effect is far more pronounced. This effect is due to the fact that
the reactions H + HONO = H, + NO, and H + HNO, = H, + NO, are
running in the “reverse” (endothermic) direction. In the forward direction,
the rate constant for H + HNQO, is larger than that for H + HONO by nearly
an order of magnitude, owing to the fact that the former is more exothermic.
In the reverse direction, the rate constant for the formation of H + HNO,
is smaller by nearly an order of magnitude. If the larger forward rate for H
+ HNO, is added to H + HONO, but the reverse rate constant is computed
using the thermodynamic properties for HONO (as is happening in the “du-
plicate” approach), then the net rate constant for Hy, + NO, — H + HONO
is now over-predicted by a factor of 50. Since the subsequent decomposition
of HONO makes this reaction net chain branching, over-predicting the flux
through H, 4+ NO, significantly increases the reactivity of the mixture.

The same effect can be seen for the CH, ignition delays. Removing HNO,
entirely slightly reduces the reactivity, whereas replacing HNO, with HONO
dramatically accelerates ignition. The one qualitative difference is that the
new HONO/HNO, mechanism appears to have a larger effect when substi-
tuted into the mechanism of Mathieu et al. than Glarborg et al. These two

20



mechanisms use different rate constants for both CH; + HONO = CH, +
NO, and CH; + HNO, = CH, + NO,. Glarborg et al. obtains both from
the work of Chai and Goldsmith[8]. Mathieu et al. obtains the rate constant
for CH; + HONO = CH, + NO, from Dean and Bozzelli [7]. This value is
approximately a factor of two greater than that in the present work. Mathieu
et al. takes their values for CH; + HNO, = CH, + NO, from Yamaguchi
et al.[37]. The rate constant from Yamaguchi et al. for CH; + HNO, =
CH, + NO, is greater than that of the present work by about a factor of
five. Consequently, the flux through CH, + NO, = CH; + HNO, is much
larger in the original Mathieu et al. mechanism, and since HNO, has a larger
rate constant for thermal decomposition, this higher flux effectively leads to
faster chain branching through HNO,.

In summary, the somewhat naive approach of “lumping” together HNO,
and HONO is not a successful strategy because it will over-estimate net flux
of RH + NO, and thence chain branching. The alternative approach of
simply omitting HNO, altogether has a much smaller effect. However, the
fact that the effect is so small for the present case of H, and CH, is likely an
outlier. As discussed in ref. [8], the branching fraction for RH + NO, = R
+ HNO, increases with the size of RH, from ~10% for H, and CH,, to ~40%
for C,Hg and C,H,,. For this reason, it will be preferable to include HNO,
for larger mechanisms, but these reactions should be included systematically,

with rate coefficients for both HONO and HNO,.
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5. Conclusion

The kinetic implications of HONO versus HNO, are presented. New rate
constants are computed for the addition of H and CH; to the double bonds in
HONO and HNO,,. These results confirm that bimolecular reactions involv-
ing HONO/HNO, could have different products. Modeling studies, however,
suggest that this result is unlikely to have a significant effect. Two approaches
at removing HNO, were considered. In the first approach, HNO, is simply
deleted from the mechanism. This approach has a modest effect on ignition
delay times for H, and CH,, but it is expected to underpredict the reac-
tivity significantly for larger hydrocarbons. The second approach replaces
HNO, with HONO. This approach dramatically increases the reactivity of
the mixture by over-estimating the net contribution of RH + NO,.
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