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a b s t r a c t
Measurements of autoignition delay times of NH3 and NH3 /H2 mixtures in a rapid compression machine
are reported at pressures from 20–75 bar and temperatures in the range 1040–1210 K. The equivalence
ratio, using O2 /N2 /Ar mixtures as oxidizer, varied for pure NH3 from 0.5 to 3.0; NH3 /H2 mixtures with
H2 fraction between 0 and 10% were examined at equivalence ratios 0.5 and 1.0. In contrast to many hydrocarbon fuels, the results indicate that, for the conditions studied, autoignition of NH3 becomes slower
with increasing equivalence ratio. Hydrogen is seen to have a strong ignition-enhancing effect on NH3 .
The experimental data, which show similar trends to those observed previously by He et al. (2019) [28],
were used to evaluate four NH3 oxidation mechanisms: a new version of the mechanism described by
Glarborg et al. (2018) [29], with an updated rate constant for the formation of hydrazine, NH2 + NH2
(+M) = N2 H4 (+M), and the literature mechanisms from Klippenstein et al. (2011) [30], Mathieu and
Petersen (2015) [25], and Shrestha et al. (2018) [31]. In general, the mechanism from this study has the
best performance, yielding satisfactory prediction of ignition delay times both of pure NH3 and NH3 /H2
mixtures at high pressures (40–60 bar). Kinetic analysis based on present mechanism indicates that the
ignition enhancing effect of H2 on NH3 is closely related to the formation and decomposition of H2 O2 ;
even modest hydrogen addition changes the identity of the major reactions from those involving NHx radicals to those that dominate the H2 /O2 mechanism. Flux analysis shows that the oxidation path of NH3
is not inﬂuenced by H2 addition. We also indicate the methodological importance of using a non-reactive
mixture having the same heat capacity as the reactive mixture for determining the non-reactive volume
trace for simulation purposes, as well as that of limiting the variation in temperature after compression,
by limiting the uncertainty in the experimentally determined quantities that characterize the state of the
mixture.
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction
The incentive to reduce the carbon footprint of combustion engines is driving the development and introduction of non-fossil
fuels. Ammonia (NH3 ) is considered a promising alternative fuel:
it is carbon free, can be produced from renewable hydrogen (H2 )
and nitrogen from the air (N2 ) [1,2] and in liquid form has a
relatively high energy density. However, ammonia has different
combustion properties compared to common engine fuels, challenging the use of ammonia in engines [3–5]. The signiﬁcantly
lower burning velocity as compared to hydrocarbon fuels (see below) complicates the use of ammonia in the current generation of
high-performance reciprocating engines and gas turbines. Also, a

∗

Corresponding author.
E-mail address: h.b.levinsky@rug.nl (H. Levinsky).

signiﬁcant fraction of the NOx emissions from ammonia combustion derives from the bound nitrogen in the fuel, diminishing the
eﬃcacy of NOx control strategies based on temperature reduction
to mitigate the Zeldovich mechanism. In this regard, very recently
Okafor et al. [6] and Karuta et al. [7] showed that rich/lean staged
combustion could result in low NOx emissions from an ammoniafueled micro gas turbine.
A number of studies have assessed the rate of NH3 combustion.
Burning velocities of NH3 were determined by Takizawa et al. [8] at
atmospheric pressure and by Hayakawa et al. at elevated pressure
[9]. The burning velocity of NH3 is roughly ﬁve times lower than
that of methane (CH4 ). Flow-reactor studies of ammonia oxidation
have been performed by Song et al. [10] at high pressures and by
Nakamura et al. [11,12] at low pressure in a microﬂow reactor. A
method to enhance the burning velocity is by admixing NH3 with
other fuel molecules that could be considered in this context as
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“additives”, such as H2 or CH4 . Structures and burning velocities
of NH3 and NH3 /additive-fueled ﬂames, particularly regarding H2
addition, were reported in [13–17].
However, when considering the use of additives to enhance the
burning rate in an engine, one must also be cognizant of the impact of the additive on the autoignition characteristics of the combined fuel. While strongly enhanced autoignition is favorable for
use in compression-ignition engines, the negative impact on engine knock can severely limit the utility of the fuel mixture in
spark-ignited or dual-fuel (gas) engines.
Ammonia autoignition has been studied in shock tubes
[18–26] and Rapid Compression Machines (RCM) [27,28]. The recent studies have reported measurements of the autoignition delay time of NH3 at elevated pressures more relevant for engine
conditions [25–28]. Mathieu and Petersen [25] studied the ignition delay times of NH3 in a shock tube at pressures up to 30 bar,
temperatures of 1560–2455 K, an equivalence ratio (ϕ ) of 0.5, and
highly diluted in argon. Shu et al. [26] reported the ignition delay times of NH3 in shock tube over a temperature range of 1100–
1600 K, pressures of 20 and 40 bar, and values of ϕ = 0.5, 1.0,
and 2.0. Pochet et al. [27] measured the ignition delay times of
NH3 /H2 mixtures (0, 10 and 25% vol. H2 ) at fuel lean conditions
(ϕ = 0.2, 0.35, 0.5), high pressures (43 and 65 bar) and intermediate temperatures (10 0 0–110 0 K) in an RCM. Very recently, He et
al. [28] reported the ignition delay times of NH3 and NH3 /H2 mixtures (1–20% vol. H2 ) measured in an RCM at pressures from 20
to 60 bar, temperatures from 950 to 1150 K, and equivalence ratios from 0.5 to 2. There it was reported that the mechanism from
Glarborg et al. [29] showed reasonable agreement for pure NH3 but
underpredicted the ignition delay times for NH3 /H2 mixtures by up
to a factor of 3. In contrast, the mechanism of Klippenstein et al.
[30] showed reasonable agreement for NH3 /H2 mixtures but substantially overpredicted the autoignition delay time of pure NH3 ,
by more than a factor of 4. We note that the faithful prediction of
autoignition delay times for the possible fuel mixtures of ammonia is essential for a reliable assessment of the utility of the fuel in
engines.
To gain more insight in the autoignition behavior of NH3 and
NH3 /H2 mixtures at conditions relevant to practical engines, as
well as to provide additional benchmark data for mechanism veriﬁcation, we report measurements of the ignition delay times of
NH3 and NH3 /H2 mixtures in an RCM at equivalence ratios varying
from 0.5 to 3.0, pressures from 20 to 75 bar, and temperatures in
the range 1040–1210 K. We note that the measurements of pure
ammonia at pressures above 40 bar and at ϕ = 2.0 and 3.0 reported here are a signiﬁcant extension of the test of the chemical mechanism in comparison with previous reports. The hydrogen
fraction was varied in the range 0–10%. We compare the measurements with calculations using a modiﬁed version of the mechanism of Glarborg et al. [29], as well as with the mechanisms of
Klippenstein et al. [30], Mathieu and Petersen [25], and Shrestha
et al. [31]. A kinetic analysis was performed to examine NH3 oxidation under these conditions and the inﬂuence of H2 addition on
the ignition process.
2. Experiments and simulations
2.1. Experimental setup
The ignition delay time measurements were performed in an
RCM whose details are described in [32,33], and only a brief description will be given here. The gas mixtures were compressed
in ~10–20 ms to the peak pressure, with 80% of the compression
occurring in less than 3 ms. A creviced piston head was used in
this machine to obtain a homogenous reacting core during the
experiment [34]. The pressure trace was measured by a
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Table 1
Compositions of NH3 and NH3 /H2 mixtures studied in this work.
Mixtures
Mixture
Mixture
Mixture
Mixture
Mixture
Mixture
Mixture
Mixture

1
2
3
4
5
6
7
8

ϕ

H2 /fuel

NH3

H2

O2

N2

Ar

0.5
0.5
1.0
2.0
3.0
0.5
0.5
1.0

0
0
0
0
0
5%
10%
5%

0.118
0.1
0.143
0.182
0.16
0.113
0.109
0.138

0
0
0
0
0
0.006
0.012
0.007

0.176
0.15
0.107
0.068
0.04
0.176
0.176
0.107

0
0.1
0
0
0
0
0.141
0.037

0.706
0.65
0.75
0.75
0.8
0.705
0.562
0.711

Fig. 1. Example of pressure proﬁles. Measured combustible mixture (black line) and
non-reactive mixture (blue solid line) pressure trace and calculation (blue dashed
line) based on non-reactive gas for mixture 1 at Tc = 1080 K, Pc = 55 bar. (For
interpretation of the references to color in this ﬁgure caption, the reader is referred
to the web version of this article.)

Kistler ThermoComp quartz pressure sensor with thermal-shockoptimized construction. The temperature after compression (Tc )
was obtained assuming the existence of an adiabatic core, using
the following equation, with thermodynamic data from [29]:



Tc
T0

P 
γ (T ) dT
c
= ln
,
γ (T ) − 1 T
P0

(1)

where T0 and P0 are the initial temperature and pressure, respectively, Pc is the measured pressure after compression and γ (T) is
the temperature dependent ratio of the heat capacities of the reactants. The compositions (in mole fraction) of the mixtures examined in this study are shown in Table 1. All gas mixtures were
prepared in advance in a 10-L gas bottle, used to charge the combustion chamber to the required initial pressure. The mixtures
were allowed to mix for least 24 h to ensure homogeneity.
The ignition delay time was deﬁned as the interval between the
end of compression and the maximum in the rate of pressure increase during ignition, as illustrated in Fig. 1. The day-to-day reproducibility of the measurements, including repositioning of the
piston height, was determined to be better than 5%. The uncertainty of the calculated core gas temperature (Tc ) is less than ±
3.5 K for all measurements [35]. We note that the preignition pressure rise reported in [28] was not observed in any of the experiments reported here.

136

L. Dai, S. Gersen and P. Glarborg et al. / Combustion and Flame 215 (2020) 134–144

Fig. 2. Data for the low-pressure limit k1b,0 of the NH2 + NH2 (+M) = N2 H4 (+M)
reaction (R1). Symbols denote the experimental data of Khe et al. [37] and Altinay
and Macdonald [41] for the forward reaction, and data derived from low-pressure
measurements of the reverse rate constant by Diesen [42] and Meyer et al. [43],
converted through the equilibrium constant. The solid line shows the theoretical
value by Klippenstein et al. [36], while the short-dashed line shows a ﬁt to k1b,0 ,
obtained in the present work.

Fig. 3. Data for the high pressure limit k1b,inf of the NH2 + NH2 (+M) = N2 H4 (+M)
reaction (R1). Symbols denote the experimental data of Khe et al. [37], Lozovskii
et al. [38], Sarkisov et al. [39] and Fagerstrom et al. [40] for the forward reaction,
and data derived from high-pressure measurements of the reverse rate constant by
Meyer et al. [43] and Genich et al. [44], converted through the equilibrium constant. The solid line shows the theoretical value by Klippenstein et al. [36], while
the short-dashed line shows a ﬁt to k1b,inf , obtained in the present work.

2.2. Numerical approach
The reaction mechanism was drawn largely from the recent review by Glarborg et al. [29]. The H/N/O subset of their mechanism
was based on the work by Klippenstein et al. [30], but rate constants for selected key reactions were updated. The amine subset of the kinetic model was intended to describe fuel-N oxidation
in combustion, as well as selective non-catalytic reduction of NO
with NH3 (Thermal DeNOx ), but the mechanism was not evaluated
for ammonia ignition under the high-pressure conditions reported
here.
The shock tube work of Mathieu and Petersen [25], conducted at pressures up to 30 bar, indicated that inclusion of an
N2 -amine subset involving N2 H4 , following Klippenstein et al. [30],

had a detrimental impact on modeling predictions. In the present
work, the rate coeﬃcients for the reaction forming hydrazine,
NH2 + NH2 (+M) = N2 H4 (+M) (R1), were re-evaluated. Both Glarborg et al. [29] and Klippenstein et al. [30] relied on the theoretical work of Klippenstein et al. [36], which was in good agreement with the low-temperature measurements of the reaction
[37–41]. At elevated temperature, the reaction has been studied
over a wide range of pressure in shock tubes. Diesen [42] and
Meyer et al. [43] report data, presumably at the low-pressure limit.
Kinetic modeling of the experiments of Diesen [42] indicates that
k1b,0 is roughly 1/3 of the observed disappearance rate for N2 H4 ,
since both the amino radicals formed in the dissociation act to
remove hydrazine. The rate constant reported by Diesen [42] has
thus been reduced by a factor of three. Similarly, the rate constants reported by Meyer et al. [43] were multiplied by a factor
of 2/3. Fig. 2 compares data for the low-pressure limit of R1; i.e.,
the low-temperature experimental data of Khe et al. [37] and Altinay and Macdonald [41], the theoretical value by Klippenstein et al.
[36], and data derived from low-pressure measurements of the reverse rate constant by Diesen [42] and Meyer et al. [43], converted
through the equilibrium constant.
The data in Fig. 2 indicate that the low-pressure limit by Klippenstein et al. [36] agree well with the low-temperature data
for the forward reaction and also with results for R1b at around
1500 K, but at higher temperatures the value from Klippenstein et
al. appears to overpredict the recombination rate. Fig. 3 shows results obtained at high pressure, presumably at the high-pressure
limit. Data for the forward reaction, obtained at low temperature
by Khe et al. [37], Lozovskii et al. [38], Sarkisov et al. [39] and
Fagerstrom et al. [40] are scattered, varying almost an order of
magnitude. The results derived from the high-temperature measurements by Meyer et al. [43] and Genich et al. [44] are in good
agreement, but indicate a high-pressure limit somewhat smaller
than calculated by Klippenstein et al. [36].
The reason for the discrepancy between the theoretical rate coeﬃcients for NH2 + NH2 (+M) = N2 H4 (+M) and the shock tube
measurements of the reverse step is not known at present. The
heat of formation of N2 H4 has been in question, but the current
value [29] is in excellent agreement with the recent recommendations by Dorofeeva et al. [45] and Feller et al. [46]. It is an issue whether the experimental data are truly obtained at the lowand high-pressure limits, respectively, but more work is required
to resolve this issue. Under the conditions of the present work, the
modiﬁcation of the rate constant for R1 turns out to have only a
limited impact on ignition delay predictions, calculations with the
mechanism of Glarborg et al. [29] are largely within 10% of those
using the modiﬁed mechanism; consequently, only the latter are
shown.
The ignition delay times for the conditions in the RCM were
simulated using the homogenous reactor code from the Cantera
package [47]. To account for changes in the mixture conditions
during compression and post-compression heat loss, the speciﬁc
volume of the adiabatic core was used as input into the simulations. The speciﬁc volume was derived from the measured pressure
trace of a non-reactive gas mixture that had the same average heat
capacity as the combustible mixture. An illustration of the measured and simulated pressure proﬁles at Tc = 1100 K, Pc = 55 bar
is shown in Fig. 1. As will be discussed below, using a mixture having the average heat capacity for the measured non-reactive trace,
as opposed to the common practice of replacing the oxygen in the
mixture by nitrogen, can impact the reliability of the simulations.
2.3. Sensitivity and ﬂux analyses
Sensitivity analyses were performed to identify the most important reactions controlling the autoignition behavior. Sensitivity
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Fig. 4. Effect of equivalence ratio on ignition delay time for pure NH3 at ϕ = 0.5 (mixture 2), 1.0 and 2.0. (a) measurements varying Tc at constant Pc (isobars), (b)
measurements varying Pc at constant Tc (isotherms). Note: the error bars of ignition delay times ( ± 5%) are covered by the symbols and are thus not visible in the ﬁgures.

coeﬃcients (S) were obtained using:

(τ /τ )
,
(2)
( k i / k i )
where τ is change of ignition delay time corresponding to
S=

change of rate constant ki . A negative coeﬃcient S indicates promoting effect (reducing ignition delay time when a rate constant is
increased) and a positive coeﬃcient denotes inhibiting effect (increasing ignition delay time when a rate constant is increased).
Flux analyses were performed at the point of 20% fuel consumption to study reaction path at the experimental conditions [48].
3. Results and discussion
3.1. Pure NH3 mixtures
The ignition delay times of pure NH3 measured at ϕ = 0.5, 1.0
and 2.0 are shown in Fig. 4. As can be seen, the ignition delay

times decrease with increasing temperature and pressure at all
equivalence ratios. The data for isobars and isotherms indicate a
signiﬁcant increase in ignition delay time with equivalence ratio,
by a factor of two when going from 0.5 to 1 and from 1 to 2.
We note that the substantial differences in measured ignition delay times for equivalence ratios 0.5 and 1.0 reported here were
not observed in [28]. However, the interpretation of this functional
dependence for practical devices is complicated by the change in
(Ar+N2 )/O2 ratio that was necessary to reach the ignition temperatures under these condition of pressure, as is often done in ignition
studies (see, for example, [25,28,49]). We consider the possible impact of the changes in inert/oxygen ratio below.
The measured ignition delay times of pure NH3 were used
to evaluate the performance of the four mechanisms referred to
above at ϕ = 0.5, 1.0, 2.0 and 3.0, as shown in Fig. 5. The mechanism from the present study, drawn from Glarborg et al. [29] with
the modiﬁcation described in Section 2.2, predicts the ignition delay times well at all conditions, with a maximum deviation less

Fig. 5. Measured (points) and calculated (lines) ignition delay times of NH3 as function of temperature at ϕ = 0.5 (mixture 1), 1.0, 2.0 and 3.0. Solid lines: the mechanism
presented here, dashed lines: the Shrestha et al. mechanism [31], dotted lines: the Mathieu and Petersen mechanism [25], and dash-dot lines: the Klippenstein et al.
mechanism [30]. (The small apparent mismatches in temperature between some experimental and calculated data arise from slight differences in temperature between the
reactive and non-reactive experiments.).
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Fig. 6. Measured (points) and calculated (lines) ignition delay times of NH3 as function of pressure at ϕ = 0.5 (mixture 1), 1.0, 2.0 and 3.0. Solid lines: the mechanism in
this work, dashed lines: the Shrestha et al. mechanism [31], dotted lines: the Mathieu and Petersen mechanism [25] and dash-dot lines: the Klippenstein et al. mechanism
[30].

than 30%. The agreement under lean conditions marks a departure
from the results reported in He et al. [28], who noted a signiﬁcant underprediction, more than a factor of 2, with the mechanism from [29]; as indicated above, the differences between the
mechanism in [29] and that used here do not account for this discrepancy (see below). The model from Shrestha et al. [31] shows
underprediction for all conditions, by factors of ~1.5, 2, 2 and 3
at ϕ = 0.5, 1.0, 2.0 and 3.0, respectively. The Mathieu and Petersen mechanism [25] yields good predictions at ϕ = 0.5 (again
in contrast with [28]) and 1.0, with deviation less than 20%; however, it overpredicts the ignition delay times by a factor of ~2 at
ϕ = 2.0 and 3.0. The model from Klippenstein et al. [30] overpredicts the ignition delay times by more than a factor of 4 at ϕ = 0.5,
1.0 and 3.0 and fails to predict ignition at ϕ = 2.0. The overprediction reported here is in agreement with the observations in
[28].
Fig. 6 illustrates the measured ignition delay times as a function of pressure at ϕ = 0.5, 1.0, 2.0 and 3.0, at ﬁxed Tc = 1080 K,
1140 K, 1140 K and 1200 K, respectively. As noted above, the ignition delay time decreases with increasing Pc at all four equivalence
ratios. The present mechanism predicts the ignition delay times
very well at ϕ = 0.5 and 2.0, with deviations below 25%. However,
at ϕ = 1.0 and 3.0, good agreement is obtained only at high pressures, while at lower pressure the ignition delay is underpredicted
by up to 60%. The Shrestha et al. [31] mechanism again shows underprediction by more than a factor of 2 at all conditions. Mathieu
and Petersen’s mechanism [25] yields similar predictions as the
present model at ϕ = 0.5 and 1.0, but overpredicts the ignition
delay times by factors of ~2 at ϕ = 2.0 and 3.0. The model from
Klippenstein et al. [30] shows overprediction by a factor of 4 at
ϕ = 1.0 and 3.0 and fails to predict ignition at ϕ = 0.5 and 2.0 for
these pressures and temperatures. In general, the present mechanism, based on Glarborg et al. [29], has the best performance in
predicting ignition delay times of pure NH3 in the range of equiv-

Fig. 7. Calculated ignition delay times of pure NH3 using the mechanism presented
here at a constant Ar/O2 ratio of 5.

alence ratio ϕ = 0.5–3.0 for the pressures and temperatures used
here.
Given the agreement between the experiments and the simulations using the current mechanism, we can disentangle the effects
of varying inert/O2 ratio from those of the change in equivalence
ratio mentioned above. In Fig. 7, we show the equivalent data for
Fig. 4a, but using a constant Ar/O2 ratio of 5. These results show
that, while the effect of inert/O2 ratio seen in Fig. 4 is substantial,
the ignition delay time for ammonia increases with equivalence
ratio, in contrast with the ignition of many hydrocarbons (see, for
example, [32,50]).
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Fig. 8. Effect of H2 addition on the ignition delay times at ϕ = 0.5 (circles) and ϕ = 1.0 (triangles). (a) isobars, (b) isotherms.

Fig. 9. Measured (points) and calculated (lines) ignition delay times as function of temperature for mixture 5% H2 , ϕ = 0.5 (a), 10% H2 , ϕ = 0.5 (b) and 5% H2 , ϕ = 1.0 (c).
Solid lines: using the mechanism in this work, dashed lines: the Shrestha et al. mechanism [31], dotted lines: the Mathieu and Petersen mechanism [25] and dash-dot lines:
the Klippenstein et al. mechanism [30].

3.2. NH3 /H2 mixtures
Experiments with three NH3 /H2 mixtures (5% and 10% H2 addition at ϕ = 0.5 and 5% H2 addition at ϕ = 1.0) were conducted
to characterize the impact of H2 on the ignition delay and to further evaluate the performance of the mechanisms. As reported by
others [28], Fig. 8 shows a signiﬁcant ignition-enhancing effect of
H2 . At ϕ = 0.5, the ignition delay times of both isobars (Fig. 8a)
and isotherms (Fig. 8b) are reduced by a factor of ~12 when H2
addition increases from 0 to 5% of the fuel mixture, and by an additional factor of ~2 when increasing the H2 fraction from 5% to
10%. At ϕ = 1.0, 5% H2 addition to NH3 leads to a reduction of the
ignition delay times by a factor of ~28, indicating that the ignitionenhancing effect of H2 addition is more pronounced at higher ϕ .
The NH3 /H2 measurements were extended to Pc = 40 and
20 bar, as shown Figs. 8b and 9. For all three mixtures, the ignition delay times decrease with increasing pressures. At ϕ = 0.5
(Fig. 8b and 9a/b) for both 5% and 10% H2 addition, increase of Pc
from 20 bar to 40 bar and from 40 bar to 60 bar leads to reduction
of the ignition delay times by factors of ~4.5 and ~2.5, respectively.

A similar trend is found at ϕ = 1.0 (Fig. 9c), again with a factor of
~2.5 between Pc = 40 and 60 bar, but with a larger factor, of ~6,
between Pc = 20 and 40 bar.
The agreement of the calculations using the present mechanism
with the measurements for the isobars at Pc = 40 bar and 60 bar is
generally within 30%. At Pc = 20 bar, an underprediction by a factor ~2 is observed for both hydrogen fractions at ϕ = 0.5 (Fig. 9a
and b) and by a factor of 4.5 for 5% H2 at ϕ = 1.0. The Shrestha
et al. mechanism [31] underpredicts the ignition delay times by a
factor of ~2.5 for isobars at Pc = 40 and 60 bar and by a factor
of ~10 at Pc = 20 bar for all three H2 -containing mixtures. Predictions with the model from Mathieu and Petersen [25] are close
to those using the mechanism of the present study. The Klippenstein et al. mechanism [30] yields an overprediction by a factor ~2
for isobars at ϕ = 0.5, Pc = 40 and 60 bar, whereas the deviation for the isobars at Pc = 20 bar is less than 40%. At ϕ = 1.0,
this mechanism predicts ignition delay times within ~20% for isobars at Pc = 40 and 60 bar, while an underprediction by a factor
~2 is observed at Pc = 20 bar. Overall, for the NH3 /H2 mixtures
studied in this work, the present mechanism and that of Math-
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Fig. 10. Comparison between the measurements from He et al. [28] and this study
at ϕ = 0.5, 5% H2 addition, Pc = 40 bar. (For explanation of the error bars, see text.).

ieu and Petersen [25] show the best performance at high pressure (Pc = 40 and 60 bar), while the Klippenstein et al. mechanism
[30] yields better results at low pressures (Pc = 20 bar). The mechanism from Shrestha et al. [31] tends to underpredict ignition delay
times at all conditions. While the simulation results under similar
conditions as reported in [28] show close agreement between the
mechanisms of Glarborg et al. [29] and Mathieu and Petersen
[25] for all mixtures studied, they do not observe the good agreement for these mechanisms with the experimental results for
NH3 /H2 mixtures at 40 bar observed here. Also, while we note
the improved predictions for the mechanism of Klippenstein et al.
[30] at 20 bar and lean conditions (Fig. 9a and b), the agreement
in [28] with the measurements under the same conditions is signiﬁcantly poorer. We return to possible origins of these differences
below.
3.3. Comparison with previous RCM measurements
As mentioned in the introduction, very recently He et al.
[28] also reported ignition delay time measurements for NH3 /H2
mixtures. They found that the mechanism from Glarborg et al.
[29] underpredicts the ignition delay times for NH3 /H2 mixtures
compared to their measurements. For instance, an underprediction by a factor of ~3 was observed at ϕ = 0.5, Pc = 40 bar
with 5% H2 addition (Fig. 5c in [28]). The ignition delay times
measured for the same conditions in this study are consistent
with those measured by He et al. [28]. However, as shown in
Fig. 10, calculated ignition delay times using the current mechanism (with marginal differences in computed delay times compared with those obtained using Glarborg et al. [29]) agree to better than 30% with the ignition delay times measured under the
same conditions.
Since the ignition delay times were simulated using pressure
traces derived from non-reactive mixtures, we noticed a difference
in the way in which the non-reactive experiments were performed
between [28] and the method used here, which may contribute
to the observed differences. In [28], as well as in [48,49,51], the
non-reactive experiments were conducted by replacing the O2 in
the combustible mixtures with the same fraction of N2 . Because N2
has slightly smaller heat capacity than O2 , this leads to larger ratios of the heat capacities and thus to higher Tc in the non-reactive
experiments than in the reactive mixture. For example, a set of
measured pressure traces and the derived volume traces for ‘mixture 5b’ in [28] were provided to us by the authors of [28], shown

in Fig. 11. The non-reactive pressure and volume traces show differences with the reactive traces. The equivalent non-reactive temperature history for this example give Tc roughly 15 K higher than
that derived from the measured proﬁle. In the present study, rather
than replacing the oxygen by nitrogen to yield the unreactive mixture, the difference in the heat capacities between O2 and N2 were
considered: the N2 fraction was adjusted (to be slightly larger than
that of the O2 being replaced, with a corresponding reduction in
the Ar fraction) to give the same average ratio of the heat capacities as in the reactive mixture. This results in a faithful duplication
of the peak pressure and pressure decrease after compression but
prior to ignition as shown in Fig. 12. The differences in computed
temperature after compression (Tc ) were less than 1 K in this case.
When using the reactive mixture heat capacity in the non-reactive
volume trace from [28], the pressure trace still shows the same
discrepancy with the measured reactive trace, but the error in the
maximum temperature is reduced to roughly 4 K. (We note that
the 4 K inconsistency when simply replacing oxygen by the same
fraction of nitrogen is speciﬁc for this example; under other conditions, the inconsistency could be signiﬁcantly different. We are
currently quantifying this aspect further and will report it in a
methodological assessment.) Although signiﬁcant, the 4 K for this
example is still not enough to account for the differences in simulated results observed in the present comparison. A direct comparison of the reactive pressure traces in Figs. 11 and 12 (visible
in the insets in these ﬁgures) shows that the pressure (and coupled to it the temperature) after compression in the proﬁle from
[28] is nearly constant until ignition, while the pressure proﬁle
measured here decreases signiﬁcantly after compression. Since Tc
in both mixtures is reported to be the same, it is not physically
reasonable for these two proﬁles to give the same ignition delay
time.
We note that the supplementary material in [28] discusses the
uncertainties in the experimental conditions, particularly initial
temperature and pressure after compression, that result in a net
uncertainty in Tc of 10–20 K. In Fig. 10 this uncertainty in the
measurement conditions is reﬂected, using error bars of ±20 K
as an example. As shown in [28], this results in an uncertainty
in the computed ignition delay time of roughly a factor of three;
Fig. 10 shows that a difference of 20 K in Tc is enough to bring the
measured and simulated ignition delay times reported in [28] to
within ~50%. In the current report, the measured quantities are
ascertained to yield the resultant ± 3.5 K [35] uncertainty in Tc
noted above and indicated by the error bars in Fig. 10. This uncertainty in Tc translates into an uncertainty in the computed ignition delay times of 5–10%. The differences in the pressure proﬁles for similar reported experimental conditions and uncertainty
in the temperature after compression argue for caution when regarding the apparent excellent agreement between the experimental results suggested by the points neglecting the error bars seen
in Fig. 10. Inclusion of the error bars for Tc facilitates the quantitative interpretation of the degree to which simulations and measurements are consistent.
Based on these observations, we emphasize the importance of
matching the heat capacity of the reactive mixture when determining the volume proﬁle from the non-reactive mixture, indicating
the uncertainty in Tc and reducing the uncertainty in the quantities that determine Tc when quantitatively assessing the agreement
between experimental and simulated ignition delay times for the
purposes of mechanism evaluation.
3.4. Kinetic analysis
To analyze the effect of H2 addition on the ignition delay times,
a sensitivity analysis using the current mechanism was performed.
The sensitivities at ϕ = 0.5, Tc = 1080 K, Pc = 60 bar with H2
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Fig. 11. Pressure traces of combustible (black) and non-reactive (red) gas of ‘mixture 5b’ from [28] measured at Tc = 1041.2 K, Pc = 39.5 bar and temperature and speciﬁc
volume traces derived from pressure traces. (For interpretation of the references to color in this ﬁgure caption, the reader is referred to the web version of this article.)

Fig. 12. Pressure traces of combustible (black) and non-reactive (red) gas of ‘mixture 6’ of this study measured at Tc = 1040.5 K, Pc = 40.1 bar and temperature and speciﬁc
volume traces derived from pressure traces. (For interpretation of the references to color in this ﬁgure caption, the reader is referred to the web version of this article.)

Fig. 13. Sensitivity analysis for the ignition delay time of NH3 with 0, 5 and 10% H2
addition at ϕ = 0.5, Tc =1080 K, Pc = 60 bar.

fractions of 0, 5 and 10% H2 are shown in Fig. 13. The
most important reaction promoting ignition for pure NH3 under these conditions is H2 NO + O2 = HNO + HO2 , followed by
NH2 + NO = NNH + OH and reactions of NH2 with HO2 , NO2 and
O2 producing reactive intermediates and radicals like H2 NO, OH, O
and NO. Oxygen is directly involved in the oxidation of H2 NO and
NH2 , and in the formation of NO; these reactions will be promoted

if more O2 is provided, resulting in shorter ignition delay times,
consistent with the results measured in leaner mixtures as shown
in Fig. 4. The most inhibiting reactions are the terminating steps
NH2 + NO = H2 O + N2 and NH2 + NO2 = H2 O + N2 O, which
compete with the promoting reactions NH2 + NO = NNH + OH
and NH2 + HO2 = H2 NO + OH. The competition between these
reactions is discussed in detail in [30].
With H2 addition, key reactions involved in the H2 /O2 mechanism become important, including the competition between
H + O2 = O + OH and H + O2 (+M) = HO2 (+M), for which the
ignition of pure ammonia exhibits virtually no sensitivity. The dissociation of H2 O2 , H2 O2 (+M) = 2OH (+M), becomes the second
most important ignition-enhancing reaction at a relatively modest
10% H2 in the fuel. We also observe the increased sensitivity of ignition to HO2 + NH3 = H2 O2 + NH2 upon hydrogen addition as
compared to pure ammonia. Note that while hydrazine formation
is an important step in ammonia oxidation, Fig. 13 indicates a sensitivity of at most ~10%, consistent with the observation that the
changes in the rate constant for this reaction presented in Section
2.2 has only a modest effect on the ignition delay time as compared with the mechanism in [29].
Fig. 14 shows the most sensitive reactions for pure NH3 and
NH3 with 5 and 10% H2 addition at ϕ = 1.0, Tc = 1080 K,
Pc = 60 bar. The most sensitive reactions for pure NH3 at ϕ = 1.0
are identical to those for pure NH3 at ϕ = 0.5. The reactions
H + O2 = O + OH and H2 O2 (+M) = 2OH (+M) remain important for H2 addition at ϕ = 1.0. Interestingly, at 5% H2 addition
the reaction H + NH3 = H2 + NH2 , which gives no sensitivity at
ϕ = 0.5, is seen to be ignition enhancing addition at the same
level of sensitivity as the branching reaction between NH2 and
HO2 , while at 10% H2 the sensitivity all but vanishes. These results suggest that, under stoichiometric conditions, the shortage of
hydrogen enhances the importance of H+NH3 =H2 +NH2 . While the
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Fig. 15. Reaction path diagram for pure NH3 at ϕ = 0.5, Tc =1080 K, Pc = 60 bar.
Fig. 14. Sensitivity analysis for the ignition delay time of NH3 with 0, 5 and 10% H2
addition at ϕ = 1.0, Tc =1080 K, Pc = 60 bar.

sensitivities observed for the conditions here (60 bar) are qualitatively similar to those reported in [28] (up to a maximum pressure of 40 bar), there are some differences in the relative ranking. Since the sensitivity analyses in [28] appear to be normalized
(while here they are not), and with no details as to how the analyses were performed, we refrain from a detailed comparison with
the analysis presented there. We do note that in [28] the mechanism from [29] shows H + NH3 = H2 + NH2 as ignition inhibiting
at 20% H2 in the mixture, in contrast to the ignition-enhancing behavior observed here at lower H2 fractions.
The reaction path of pure NH3 , calculated using the current
mechanism, is shown in Fig. 15. Fluxes lower than 5% are not
shown to avoid clutter. As can be seen, ammonia is primarily
consumed by O, H and OH radicals, producing the amine radical
NH2 . The NH2 radical is partly converted into NO in the sequence
+HO ,NO

+O2

reported in [28], using the mechanism in [29], we note that the
route via hydrazine has been left out of the analysis in [28]. However, the path to hydrazine formation changes the routing of NH2
by only 10% under the conditions described here.
To obtain a better understanding of the effect of H2 addition
on ignition, the species histories for H2 O2 , HO2 , OH and H in
the period leading to ignition for pure NH3 and for 10% H2 addition were calculated using the current mechanism, shown in
Fig. 16. For this purpose, the calculations are performed as constant
volume simulations. As can be seen, with 10% H2 addition, hydrogen peroxide H2 O2 and HO2 accumulate before ignition to a
fraction that is ~10 times higher than when igniting pure NH3 .
This results in a faster buildup of the radical pool, particularly for
OH. Similar species histories were found at ϕ = 1.0 (included in
the Supplementary Material). Clearly, with only modest hydrogen
addition the fractions of species that are important for the ignition in fuels dominated by the H2 /O2 mechanism are drastically
increased.

+O2

2
2
NH2 −−−−−−−→ H2 NO → HNO → N. Nitric oxide then reacts with

+NO

+NO

+O2

NH2 through either NH2 → N2 or NH2 → NNH → N2 . The NH2
radical can also recombine to form hydrazine (N2 H4 ), followed by
sequential H abstraction to form N2 . (The reaction path of NH3
with 10% H2 , included in the Supplementary Material, shows that
10% H2 addition had no signiﬁcant inﬂuence on the NH3 oxidation
paths). While the major paths observed here are similar to those

4. Conclusions
The autoignition behavior of NH3 and NH3 /H2 was studied in
a RCM at ϕ ranging from 0.5 to 3.0, pressures from 20 to 75 bar,
temperatures from 1040 to 1210 K, and with H2 addition in the
range 0–10%. In contrast to many hydrocarbon fuels [32,50], the
ignition delay time of pure NH3 increases with equivalence ratio.

Fig. 16. Selected species history in ignition of NH3 (black lines) and NH3 with 10% H2 addition (green lines) at ϕ = 0.5, Tc = 1080 K, Pc = 60 bar. Orange dashed line –time
at which ignition occurred in the simulations. (For interpretation of the references to color in this ﬁgure caption, the reader is referred to the web version of this article.)
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Hydrogen addition has a signiﬁcant ignition-enhancing effect on
NH3 , with 5% H2 addition reducing the ignition delay times by a
factor of ~28 at ϕ = 1.0. Comparison of the present experimental
data with a mechanism described here and mechanisms from
Klippenstein et al. [30], Mathieu and Petersen [25] and Shrestha
et al. [31] are used to evaluate their veracity in predicting ignition
delay times under the conditions reported here. The mechanism
from this study has the best performance, yielding predictions for
both pure NH3 and NH3 /H2 mixture at high pressures (40–60 bar)
that are generally within 40% of the experimental results.
Sensitivity analysis of ignition delay times using the present
mechanism indicates the importance of O2 in the oxidation of
H2 NO and NH2 ; increasing O2 by decreasing the equivalence ratio suggests the trend of shortening of the ignition delay times
observed in the measurements. The addition of modest hydrogen fractions decreases the importance of these reactions in favor of the reactions from the H2 /O2 mechanism, particularly
H + O2 = OH + O and H2 O2 (+ M) = 2OH (+ M). Given the limited
computed sensitivity of the recombination of NH2 to hydrazine, the
change in rate constant reported here results in modest changes in
the simulated ignition delay times as compared with the mechanism used in [29]. Calculated species histories show an increase in
the preignition fractions of hydrogen peroxide H2 O2 and HO2 by a
factor of 10 with 10% H2 in the fuel as compared with pure NH3 ,
consistent with the strong ignition-enhancing effect of hydrogen at
low fractions.
We further indicate the importance of matching the heat capacities of the non-reactive mixtures to those of the reactive mixtures
for determining the volume proﬁle for simulation purposes and of
limiting the variation in Tc by limiting the uncertainty in the experimentally determined quantities that characterize the state of
the mixture.
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