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a b s t r a c t 

Measurements of autoignition delay times of NH 3 and NH 3 /H 2 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 O 2 /N 2 /Ar mixtures as oxidizer, varied for pure NH 3 from 0.5 to 3.0; NH 3 /H 2 mixtures with 

H 2 fraction between 0 and 10% were examined at equivalence ratios 0.5 and 1.0. In contrast to many hy- 

drocarbon fuels, the results indicate that, for the conditions studied, autoignition of NH 3 becomes slower 

with increasing equivalence ratio. Hydrogen is seen to have a strong ignition-enhancing effect on NH 3 . 

The experimental data, which show similar trends to those observed previously by He et al. (2019) [28] , 

were used to evaluate four NH 3 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, NH 2 + NH 2 

( + M) = N 2 H 4 ( + 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 NH 3 and NH 3 /H 2 

mixtures at high pressures (40–60 bar). Kinetic analysis based on present mechanism indicates that the 

ignition enhancing effect of H 2 on NH 3 is closely related to the formation and decomposition of H 2 O 2 ; 

even modest hydrogen addition changes the identity of the major reactions from those involving NH x rad- 

icals to those that dominate the H 2 /O 2 mechanism. Flux analysis shows that the oxidation path of NH 3 

is not influenced by H 2 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. 
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1. Introduction 

The incentive to reduce the carbon footprint of combustion en-

gines is driving the development and introduction of non-fossil

fuels. Ammonia (NH 3 ) is considered a promising alternative fuel:

it is carbon free, can be produced from renewable hydrogen (H 2 )

and nitrogen from the air (N 2 ) [1 , 2] and in liquid form has a

relatively high energy density. However, ammonia has different

combustion properties compared to common engine fuels, chal-

lenging the use of ammonia in engines [3–5] . The significantly

lower burning velocity as compared to hydrocarbon fuels (see be-

low) complicates the use of ammonia in the current generation of

high-performance reciprocating engines and gas turbines. Also, a
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ignificant fraction of the NO x emissions from ammonia combus-

ion derives from the bound nitrogen in the fuel, diminishing the

fficacy of NO x control strategies based on temperature reduction

o mitigate the Zeldovich mechanism. In this regard, very recently

kafor et al. [6] and Karuta et al. [7] showed that rich/lean staged

ombustion could result in low NO x emissions from an ammonia-

ueled micro gas turbine. 

A number of studies have assessed the rate of NH 3 combustion.

urning velocities of NH 3 were determined by Takizawa et al. [8] at

tmospheric pressure and by Hayakawa et al. at elevated pressure

9] . The burning velocity of NH 3 is roughly five times lower than

hat of methane (CH 4 ). Flow-reactor studies of ammonia oxidation

ave been performed by Song et al. [10] at high pressures and by

akamura et al. [11 , 12] at low pressure in a microflow reactor. A

ethod to enhance the burning velocity is by admixing NH 3 with
ther fuel molecules that could be considered in this context as 

. 

https://doi.org/10.1016/j.combustflame.2020.01.023
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2020.01.023&domain=pdf
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Table 1 

Compositions of NH 3 and NH 3 /H 2 mixtures studied in this work. 

Mixtures ϕ H 2 /fuel NH 3 H 2 O 2 N 2 Ar 

Mixture 1 0.5 0 0.118 0 0.176 0 0.706 

Mixture 2 0.5 0 0.1 0 0.15 0.1 0.65 

Mixture 3 1.0 0 0.143 0 0.107 0 0.75 

Mixture 4 2.0 0 0.182 0 0.068 0 0.75 

Mixture 5 3.0 0 0.16 0 0.04 0 0.8 

Mixture 6 0.5 5% 0.113 0.006 0.176 0 0.705 

Mixture 7 0.5 10% 0.109 0.012 0.176 0.141 0.562 

Mixture 8 1.0 5% 0.138 0.007 0.107 0.037 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 T c = 1080 K, P c = 55 bar. (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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additives”, such as H 2 or CH 4 . Structures and burning velocities

f NH 3 and NH 3 /additive-fueled flames, particularly regarding H 2 

ddition, were reported in [13–17] . 

However, when considering the use of additives to enhance the

urning rate in an engine, one must also be cognizant of the im-

act of the additive on the autoignition characteristics of the com-

ined fuel. While strongly enhanced autoignition is favorable for

se in compression-ignition engines, the negative impact on en-

ine knock can severely limit the utility of the fuel mixture in

park-ignited or dual-fuel (gas) engines. 

Ammonia autoignition has been studied in shock tubes

18–26] and Rapid Compression Machines (RCM) [27 , 28] . The re-

ent studies have reported measurements of the autoignition de-

ay time of NH 3 at elevated pressures more relevant for engine

onditions [25–28] . Mathieu and Petersen [25] studied the igni-

ion delay times of NH 3 in a shock tube at pressures up to 30 bar,

emperatures of 1560–2455 K, an equivalence ratio ( ϕ) of 0.5, and

ighly diluted in argon. Shu et al. [26] reported the ignition de-

ay times of NH 3 in shock tube over a temperature range of 1100–

600 K, pressures of 20 and 40 bar, and values of ϕ = 0.5, 1.0,

nd 2.0. Pochet et al. [27] measured the ignition delay times of

H 3 /H 2 mixtures (0, 10 and 25% vol. H 2 ) at fuel lean conditions

 ϕ = 0.2, 0.35, 0.5), high pressures (43 and 65 bar) and interme-

iate temperatures (10 0 0–110 0 K) in an RCM. Very recently, He et

l. [28] reported the ignition delay times of NH 3 and NH 3 /H 2 mix-

ures (1–20% vol. H 2 ) measured in an RCM at pressures from 20

o 60 bar, temperatures from 950 to 1150 K, and equivalence ra-

ios from 0.5 to 2. There it was reported that the mechanism from

larborg et al. [29] showed reasonable agreement for pure NH 3 but

nderpredicted the ignition delay times for NH 3 /H 2 mixtures by up

o a factor of 3. In contrast, the mechanism of Klippenstein et al.

30] showed reasonable agreement for NH 3 /H 2 mixtures but sub-

tantially overpredicted the autoignition delay time of pure NH 3 ,

y more than a factor of 4. We note that the faithful prediction of

utoignition delay times for the possible fuel mixtures of ammo-

ia is essential for a reliable assessment of the utility of the fuel in

ngines. 

To gain more insight in the autoignition behavior of NH 3 and

H 3 /H 2 mixtures at conditions relevant to practical engines, as

ell as to provide additional benchmark data for mechanism ver-

fication, we report measurements of the ignition delay times of

H 3 and NH 3 /H 2 mixtures in an RCM at equivalence ratios varying

rom 0.5 to 3.0, pressures from 20 to 75 bar, and temperatures in

he range 1040–1210 K. We note that the measurements of pure

mmonia at pressures above 40 bar and at ϕ = 2.0 and 3.0 re-

orted here are a significant extension of the test of the chemi-

al mechanism in comparison with previous reports. The hydrogen

raction was varied in the range 0–10%. We compare the measure-

ents with calculations using a modified version of the mecha-

ism of Glarborg et al. [29] , as well as with the mechanisms of

lippenstein et al. [30] , Mathieu and Petersen [25] , and Shrestha

t al. [31] . A kinetic analysis was performed to examine NH 3 oxi-

ation under these conditions and the influence of H 2 addition on

he ignition process. 

. Experiments and simulations 

.1. Experimental setup 

The ignition delay time measurements were performed in an

CM whose details are described in [32 , 33] , and only a brief de-

cription will be given here. The gas mixtures were compressed

n ~10–20 ms to the peak pressure, with 80% of the compression

ccurring in less than 3 ms. A creviced piston head was used in

his machine to obtain a homogenous reacting core during the

xperiment [34] . The pressure trace was measured by a
istler ThermoComp quartz pressure sensor with thermal-shock-

ptimized construction. The temperature after compression (T c )

as obtained assuming the existence of an adiabatic core, using

he following equation, with thermodynamic data from [29] : 

 T c 

T 0 

γ ( T ) 

γ ( T ) − 1 

dT 

T 
= ln 

(
P c 

P 0 

)
, (1) 

here T 0 and P 0 are the initial temperature and pressure, respec-

ively, P c is the measured pressure after compression and γ ( T ) is

he temperature dependent ratio of the heat capacities of the re-

ctants. The compositions (in mole fraction) of the mixtures ex-

mined in this study are shown in Table 1 . All gas mixtures were

repared in advance in a 10-L gas bottle, used to charge the com-

ustion chamber to the required initial pressure. The mixtures

ere allowed to mix for least 24 h to ensure homogeneity. 

The ignition delay time was defined as the interval between the

nd of compression and the maximum in the rate of pressure in-

rease during ignition, as illustrated in Fig. 1 . The day-to-day re-

roducibility of the measurements, including repositioning of the

iston height, was determined to be better than 5%. The uncer-

ainty of the calculated core gas temperature ( T c ) is less than ±
.5 K for all measurements [35] . We note that the preignition pres-

ure rise reported in [28] was not observed in any of the experi-

ents reported here. 
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Fig. 2. Data for the low-pressure limit k 1b,0 of the NH 2 + NH 2 ( + M) = N 2 H 4 ( + 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 k 1b,0 , 

obtained in the present work. 

Fig. 3. Data for the high pressure limit k 1b,inf of the NH 2 + NH 2 ( + M) = N 2 H 4 ( + 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 con- 

stant. The solid line shows the theoretical value by Klippenstein et al. [36] , while 

the short-dashed line shows a fit to k 1b,inf , obtained in the present work. 
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2.2. Numerical approach 

The reaction mechanism was drawn largely from the recent re-

view 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 con-

stants for selected key reactions were updated. The amine sub-

set of the kinetic model was intended to describe fuel-N oxidation

in combustion, as well as selective non-catalytic reduction of NO

with NH 3 (Thermal DeNO x ), 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] , con-

ducted at pressures up to 30 bar, indicated that inclusion of an

N -amine subset involving N H , following Klippenstein et al. [30] ,
2 2 4 
ad a detrimental impact on modeling predictions. In the present

ork, the rate coefficients for the reaction forming hydrazine,

H 2 + NH 2 ( + M) = N 2 H 4 ( + M) (R1), were re-evaluated. Both Glar-

org et al. [29] and Klippenstein et al. [30] relied on the theoret-

cal work of Klippenstein et al. [36] , which was in good agree-

ent with the low-temperature measurements of the reaction

37–41] . At elevated temperature, the reaction has been studied

ver a wide range of pressure in shock tubes. Diesen [42] and

eyer et al. [43] report data, presumably at the low-pressure limit.

inetic modeling of the experiments of Diesen [42] indicates that

 1b,0 is roughly 1/3 of the observed disappearance rate for N 2 H 4 ,

ince both the amino radicals formed in the dissociation act to

emove hydrazine. The rate constant reported by Diesen [42] has

hus been reduced by a factor of three. Similarly, the rate con-

tants reported by Meyer et al. [43] were multiplied by a factor

f 2/3. Fig. 2 compares data for the low-pressure limit of R1; i.e.,

he low-temperature experimental data of Khe et al. [37] and Alti-

ay and Macdonald [41] , the theoretical value by Klippenstein et al.

36] , and data derived from low-pressure measurements of the re-

erse rate constant by Diesen [42] and Meyer et al. [43] , converted

hrough the equilibrium constant. 

The data in Fig. 2 indicate that the low-pressure limit by Klip-

enstein et al. [36] agree well with the low-temperature data

or the forward reaction and also with results for R1b at around

500 K, but at higher temperatures the value from Klippenstein et

l. appears to overpredict the recombination rate. Fig. 3 shows re-

ults obtained at high pressure, presumably at the high-pressure

imit. Data for the forward reaction, obtained at low temperature

y Khe et al. [37] , Lozovskii et al. [38] , Sarkisov et al. [39] and

agerstrom et al. [40] are scattered, varying almost an order of

agnitude. The results derived from the high-temperature mea-

urements by Meyer et al. [43] and Genich et al. [44] are in good

greement, but indicate a high-pressure limit somewhat smaller

han calculated by Klippenstein et al. [36] . 

The reason for the discrepancy between the theoretical rate co-

fficients for NH 2 + NH 2 ( + M) = N 2 H 4 ( + M) and the shock tube

easurements of the reverse step is not known at present. The

eat of formation of N 2 H 4 has been in question, but the current

alue [29] is in excellent agreement with the recent recommen-

ations by Dorofeeva et al. [45] and Feller et al. [46] . It is an is-

ue whether the experimental data are truly obtained at the low-

nd high-pressure limits, respectively, but more work is required

o resolve this issue. Under the conditions of the present work, the

odification of the rate constant for R1 turns out to have only a

imited impact on ignition delay predictions, calculations with the

echanism of Glarborg et al. [29] are largely within 10% of those

sing the modified mechanism; consequently, only the latter are

hown. 

The ignition delay times for the conditions in the RCM were

imulated using the homogenous reactor code from the Cantera

ackage [47] . To account for changes in the mixture conditions

uring compression and post-compression heat loss, the specific

olume of the adiabatic core was used as input into the simula-

ions. The specific volume was derived from the measured pressure

race of a non-reactive gas mixture that had the same average heat

apacity as the combustible mixture. An illustration of the mea-

ured and simulated pressure profiles at T c = 1100 K, P c = 55 bar

s shown in Fig. 1 . As will be discussed below, using a mixture hav-

ng the average heat capacity for the measured non-reactive trace,

s opposed to the common practice of replacing the oxygen in the

ixture by nitrogen, can impact the reliability of the simulations. 

.3. Sensitivity and flux analyses 

Sensitivity analyses were performed to identify the most im-

ortant reactions controlling the autoignition behavior. Sensitivity
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Fig. 4. Effect of equivalence ratio on ignition delay time for pure NH 3 at ϕ = 0.5 (mixture 2), 1.0 and 2.0. (a) measurements varying T c at constant P c (isobars), (b) 

measurements varying P c at constant T c (isotherms). Note: the error bars of ignition delay times ( ± 5%) are covered by the symbols and are thus not visible in the figures. 

c

S

w  

c  

m  

i  

c  

F  

t

3

3

 

a  

t  

e  

s  

b  

W  

l  

n  

d  

(  

t  

s  

p

 

t  

a  

n  

t  

l  

F

p

m

r

oefficients (S) were obtained using: 

 = 

( �τ/τ ) 

( �k i / k i ) 
, (2) 

here �τ is change of ignition delay time corresponding to

hange of rate constant �k i . A negative coefficient S indicates pro-

oting effect (reducing ignition delay time when a rate constant is

ncreased) and a positive coefficient denotes inhibiting effect (in-

reasing ignition delay time when a rate constant is increased).

lux analyses were performed at the point of 20% fuel consump-

ion to study reaction path at the experimental conditions [48] . 

. Results and discussion 

.1. Pure NH 3 mixtures 

The ignition delay times of pure NH 3 measured at ϕ = 0 . 5 , 1 . 0

nd 2.0 are shown in Fig. 4 . As can be seen, the ignition delay
ig. 5. Measured (points) and calculated (lines) ignition delay times of NH 3 as function o

resented here, dashed lines: the Shrestha et al. mechanism [31] , dotted lines: the M

echanism [30] . (The small apparent mismatches in temperature between some experim

eactive and non-reactive experiments.). 
imes decrease with increasing temperature and pressure at all

quivalence ratios. The data for isobars and isotherms indicate a

ignificant increase in ignition delay time with equivalence ratio,

y a factor of two when going from 0.5 to 1 and from 1 to 2.

e note that the substantial differences in measured ignition de-

ay times for equivalence ratios 0.5 and 1.0 reported here were

ot observed in [28] . However, the interpretation of this functional

ependence for practical devices is complicated by the change in

Ar + N 2 )/O 2 ratio that was necessary to reach the ignition tempera-

ures under these condition of pressure, as is often done in ignition

tudies (see, for example, [25 , 28 , 49] ). We consider the possible im-

act of the changes in inert/oxygen ratio below. 

The measured ignition delay times of pure NH 3 were used

o evaluate the performance of the four mechanisms referred to

bove at ϕ = 0 . 5 , 1 . 0 , 2 . 0 and 3.0, as shown in Fig. 5 . The mecha-

ism from the present study, drawn from Glarborg et al. [29] with

he modification described in Section 2.2 , predicts the ignition de-

ay times well at all conditions, with a maximum deviation less
f temperature at ϕ = 0.5 (mixture 1), 1.0, 2.0 and 3.0. Solid lines: the mechanism 

athieu and Petersen mechanism [25] , and dash-dot lines: the Klippenstein et al. 

ental and calculated data arise from slight differences in temperature between the 
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Fig. 6. Measured (points) and calculated (lines) ignition delay times of NH 3 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] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Calculated ignition delay times of pure NH 3 using the mechanism presented 

here at a constant Ar/O 2 ratio of 5. 
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than 30%. The agreement under lean conditions marks a departure

from the results reported in He et al. [28] , who noted a signifi-

cant underprediction, more than a factor of 2, with the mecha-

nism from [29] ; as indicated above, the differences between the

mechanism in [29] and that used here do not account for this dis-

crepancy (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 Pe-

tersen mechanism [25] yields good predictions at ϕ = 0.5 (again

in contrast with [28] ) and 1.0, with deviation less than 20%; how-

ever, 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] overpre-

dicts 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 overpre-

diction reported here is in agreement with the observations in

[28] . 

Fig. 6 illustrates the measured ignition delay times as a func-

tion of pressure at ϕ = 0.5, 1.0, 2.0 and 3.0, at fixed T c = 1080 K,

1140 K, 1140 K and 1200 K, respectively. As noted above, the igni-

tion delay time decreases with increasing P c 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 pres-

sures, while at lower pressure the ignition delay is underpredicted

by up to 60%. The Shrestha et al. [31] mechanism again shows un-

derprediction 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 mecha-

nism, based on Glarborg et al. [29] , has the best performance in

predicting ignition delay times of pure NH 3 in the range of equiv-
 e
lence ratio ϕ = 0.5–3.0 for the pressures and temperatures used

ere. 

Given the agreement between the experiments and the simula-

ions using the current mechanism, we can disentangle the effects

f varying inert/O2 ratio from those of the change in equivalence

atio mentioned above. In Fig. 7 , we show the equivalent data for

ig. 4 a, but using a constant Ar/O 2 ratio of 5. These results show

hat, while the effect of inert/O 2 ratio seen in Fig. 4 is substantial,

he ignition delay time for ammonia increases with equivalence

atio, in contrast with the ignition of many hydrocarbons (see, for

xample, [32 , 50] ). 
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Fig. 8. Effect of H 2 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% H 2 , ϕ = 0.5 (a), 10% H 2 , ϕ = 0.5 (b) and 5% H 2 , 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] . 
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.2. NH 3 /H 2 mixtures 

Experiments with three NH 3 /H 2 mixtures (5% and 10% H 2 ad-

ition at ϕ = 0.5 and 5% H 2 addition at ϕ = 1.0) were conducted

o characterize the impact of H 2 on the ignition delay and to fur-

her evaluate the performance of the mechanisms. As reported by

thers [28] , Fig. 8 shows a significant ignition-enhancing effect of

 2 . At ϕ = 0.5, the ignition delay times of both isobars ( Fig. 8 a)

nd isotherms ( Fig. 8 b) are reduced by a factor of ~12 when H 2 

ddition increases from 0 to 5% of the fuel mixture, and by an ad-

itional factor of ~2 when increasing the H 2 fraction from 5% to

0%. At ϕ = 1.0, 5% H 2 addition to NH 3 leads to a reduction of the

gnition delay times by a factor of ~28, indicating that the ignition-

nhancing effect of H 2 addition is more pronounced at higher ϕ. 

The NH 3 /H 2 measurements were extended to P c = 40 and

0 bar, as shown Figs. 8 b and 9 . For all three mixtures, the igni-

ion delay times decrease with increasing pressures. At ϕ = 0.5

 Fig. 8 b and 9 a/b) for both 5% and 10% H 2 addition, increase of P c 
rom 20 bar to 40 bar and from 40 bar to 60 bar leads to reduction

f the ignition delay times by factors of ~4.5 and ~2.5, respectively.
 similar trend is found at ϕ = 1.0 ( Fig. 9 c), again with a factor of

2.5 between P c = 40 and 60 bar, but with a larger factor, of ~6,

etween P c = 20 and 40 bar. 

The agreement of the calculations using the present mechanism

ith the measurements for the isobars at P c = 40 bar and 60 bar is

enerally within 30%. At P c = 20 bar, an underprediction by a fac-

or ~2 is observed for both hydrogen fractions at ϕ = 0.5 ( Fig. 9 a

nd b) and by a factor of 4.5 for 5% H 2 at ϕ = 1.0. The Shrestha

t al. mechanism [31] underpredicts the ignition delay times by a

actor of ~2.5 for isobars at P c = 40 and 60 bar and by a factor

f ~10 at P c = 20 bar for all three H 2 -containing mixtures. Pre-

ictions with the model from Mathieu and Petersen [25] are close

o those using the mechanism of the present study. The Klippen-

tein et al. mechanism [30] yields an overprediction by a factor ~2

or isobars at ϕ = 0.5, P c = 40 and 60 bar, whereas the devia-

ion for the isobars at P c = 20 bar is less than 40%. At ϕ = 1.0,

his mechanism predicts ignition delay times within ~20% for iso-

ars at P c = 40 and 60 bar, while an underprediction by a factor

2 is observed at P c = 20 bar. Overall, for the NH 3 /H 2 mixtures

tudied 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% H 2 addition, P c = 40 bar. (For explanation of the error bars, see text.). 
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a  

T

ieu and Petersen [25] show the best performance at high pres-

sure (P c = 40 and 60 bar), while the Klippenstein et al. mechanism

[30] yields better results at low pressures (P c = 20 bar). The mech-

anism 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 agree-

ment for these mechanisms with the experimental results for

NH 3 /H 2 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. 9 a and b), the agreement

in [28] with the measurements under the same conditions is sig-

nificantly 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 NH 3 /H 2 

mixtures. They found that the mechanism from Glarborg et al.

[29] underpredicts the ignition delay times for NH 3 /H 2 mixtures

compared to their measurements. For instance, an underpredic-

tion by a factor of ~3 was observed at ϕ = 0.5, P c = 40 bar

with 5% H 2 addition ( Fig. 5 c 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 mech-

anism (with marginal differences in computed delay times com-

pared with those obtained using Glarborg et al. [29] ) agree to bet-

ter 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 [4 8 , 4 9 , 51] , the

non-reactive experiments were conducted by replacing the O 2 in

the combustible mixtures with the same fraction of N 2 . Because N 2 

has slightly smaller heat capacity than O 2 , this leads to larger ra-

tios of the heat capacities and thus to higher T c in the non-reactive

experiments than in the reactive mixture. For example, a set of

measured pressure traces and the derived volume traces for ‘mix-

ture 5b’ in [28] were provided to us by the authors of [28] , shown
n Fig. 11 . The non-reactive pressure and volume traces show dif-

erences with the reactive traces. The equivalent non-reactive tem-

erature history for this example give T c roughly 15 K higher than

hat derived from the measured profile. In the present study, rather

han replacing the oxygen by nitrogen to yield the unreactive mix-

ure, the difference in the heat capacities between O 2 and N 2 were

onsidered: the N 2 fraction was adjusted (to be slightly larger than

hat of the O 2 being replaced, with a corresponding reduction in

he Ar fraction) to give the same average ratio of the heat capaci-

ies as in the reactive mixture. This results in a faithful duplication

f the peak pressure and pressure decrease after compression but

rior to ignition as shown in Fig. 12 . The differences in computed

emperature after compression (T c ) were less than 1 K in this case.

hen using the reactive mixture heat capacity in the non-reactive

olume trace from [28] , the pressure trace still shows the same

iscrepancy with the measured reactive trace, but the error in the

aximum temperature is reduced to roughly 4 K. (We note that

he 4 K inconsistency when simply replacing oxygen by the same

raction of nitrogen is specific for this example; under other con-

itions, the inconsistency could be significantly different. We are

urrently quantifying this aspect further and will report it in a

ethodological assessment.) Although significant, the 4 K for this

xample is still not enough to account for the differences in sim-

lated results observed in the present comparison. A direct com-

arison of the reactive pressure traces in Figs. 11 and 12 (visible

n the insets in these figures) shows that the pressure (and cou-

led to it the temperature) after compression in the profile from

28] is nearly constant until ignition, while the pressure profile

easured here decreases significantly after compression. Since T c 
n both mixtures is reported to be the same, it is not physically

easonable for these two profiles to give the same ignition delay

ime. 

We note that the supplementary material in [28] discusses the

ncertainties in the experimental conditions, particularly initial

emperature and pressure after compression, that result in a net

ncertainty in T c of 10–20 K. In Fig. 10 this uncertainty in the

easurement conditions is reflected, using error bars of ±20 K

s an example. As shown in [28] , this results in an uncertainty

n the computed ignition delay time of roughly a factor of three;

ig. 10 shows that a difference of 20 K in T c is enough to bring the

easured and simulated ignition delay times reported in [28] to

ithin ~50%. In the current report, the measured quantities are

scertained to yield the resultant ± 3.5 K [35] uncertainty in T c 
oted above and indicated by the error bars in Fig. 10 . This un-

ertainty in T c translates into an uncertainty in the computed ig-

ition delay times of 5–10%. The differences in the pressure pro-

les for similar reported experimental conditions and uncertainty

n the temperature after compression argue for caution when re-

arding the apparent excellent agreement between the experimen-

al results suggested by the points neglecting the error bars seen

n Fig. 10 . Inclusion of the error bars for T c facilitates the quanti-

ative interpretation of the degree to which simulations and mea-

urements are consistent. 

Based on these observations, we emphasize the importance of

atching the heat capacity of the reactive mixture when determin-

ng the volume profile from the non-reactive mixture, indicating

he uncertainty in T c and reducing the uncertainty in the quanti-

ies that determine T c when quantitatively assessing the agreement

etween experimental and simulated ignition delay times for the

urposes of mechanism evaluation. 

.4. Kinetic analysis 

To analyze the effect of H 2 addition on the ignition delay times,

 sensitivity analysis using the current mechanism was performed.

he sensitivities at ϕ = 0.5, T c = 1080 K, P c = 60 bar with H 
2 
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Fig. 11. Pressure traces of combustible (black) and non-reactive (red) gas of ‘mixture 5b’ from [28] measured at T c = 1041.2 K, P c = 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 T c = 1040.5 K, P c = 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 NH 3 with 0, 5 and 10% H 2 

addition at ϕ = 0.5, T c = 1080 K, P c = 60 bar. 
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h 3 2 2  
ractions of 0, 5 and 10% H 2 are shown in Fig. 13 . The

ost important reaction promoting ignition for pure NH 3 un-

er these conditions is H 2 NO + O 2 = HNO + HO 2 , followed by

H 2 + NO = NNH + OH and reactions of NH 2 with HO 2 , NO 2 and

 2 producing reactive intermediates and radicals like H 2 NO, OH, O

nd NO. Oxygen is directly involved in the oxidation of H 2 NO and

H , and in the formation of NO; these reactions will be promoted
2 
f more O 2 is provided, resulting in shorter ignition delay times,

onsistent with the results measured in leaner mixtures as shown

n Fig. 4 . The most inhibiting reactions are the terminating steps

H 2 + NO = H 2 O + N 2 and NH 2 + NO 2 = H 2 O + N 2 O, which

ompete with the promoting reactions NH 2 + NO = NNH + OH

nd NH 2 + HO 2 = H 2 NO + OH. The competition between these

eactions is discussed in detail in [30] . 

With H 2 addition, key reactions involved in the H 2 /O 2 mech-

nism become important, including the competition between

 + O 2 = O + OH and H + O 2 ( + M) = HO 2 ( + M), for which the

gnition of pure ammonia exhibits virtually no sensitivity. The dis-

ociation of H 2 O 2 , H 2 O 2 ( + M) = 2OH ( + M), becomes the second

ost important ignition-enhancing reaction at a relatively modest

0% H 2 in the fuel. We also observe the increased sensitivity of ig-

ition to HO 2 + NH 3 = H 2 O 2 + NH 2 upon hydrogen addition as

ompared to pure ammonia. Note that while hydrazine formation

s an important step in ammonia oxidation, Fig. 13 indicates a sen-

itivity of at most ~10%, consistent with the observation that the

hanges in the rate constant for this reaction presented in Section

.2 has only a modest effect on the ignition delay time as com-

ared with the mechanism in [29] . 

Fig. 14 shows the most sensitive reactions for pure NH 3 and

H 3 with 5 and 10% H 2 addition at ϕ = 1.0, T c = 1080 K,

 c = 60 bar. The most sensitive reactions for pure NH 3 at ϕ = 1.0

re identical to those for pure NH 3 at ϕ = 0.5. The reactions

 + O 2 = O + OH and H 2 O 2 ( + M) = 2OH ( + M) remain impor-

ant for H 2 addition at ϕ = 1.0. Interestingly, at 5% H 2 addition

he reaction H + NH 3 = H 2 + NH 2 , which gives no sensitivity at

= 0.5, is seen to be ignition enhancing addition at the same

evel of sensitivity as the branching reaction between NH 2 and

O 2 , while at 10% H 2 the sensitivity all but vanishes. These re-

ults suggest that, under stoichiometric conditions, the shortage of

ydrogen enhances the importance of H + NH 

= H + NH . While the
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Fig. 14. Sensitivity analysis for the ignition delay time of NH 3 with 0, 5 and 10% H 2 

addition at ϕ = 1.0, T c = 1080 K, P c = 60 bar. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Reaction path diagram for pure NH 3 at ϕ = 0.5, T c = 1080 K, P c = 60 bar. 
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sensitivities observed for the conditions here (60 bar) are qualita-

tively similar to those reported in [28] (up to a maximum pres-

sure of 40 bar), there are some differences in the relative rank-

ing. Since the sensitivity analyses in [28] appear to be normalized

(while here they are not), and with no details as to how the anal-

yses were performed, we refrain from a detailed comparison with

the analysis presented there. We do note that in [28] the mecha-

nism from [29] shows H + NH 3 = H 2 + NH 2 as ignition inhibiting

at 20% H 2 in the mixture, in contrast to the ignition-enhancing be-

havior observed here at lower H 2 fractions. 

The reaction path of pure NH 3 , 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

NH 2 . The NH 2 radical is partly converted into NO in the sequence

N H 2 

+H O 2 , N O 2 −−−−−−−→ H 2 NO 

+ O 2 → HNO 

+ O 2 → N . Nitric oxide then reacts with

NH 2 through either N H 2 
+ NO → N 2 or N H 2 

+ NO → NNH 

+ O 2 → N 2 . The NH 2 

radical can also recombine to form hydrazine (N 2 H 4 ), followed by

sequential H abstraction to form N 2 . (The reaction path of NH 3 

with 10% H 2 , included in the Supplementary Material, shows that

10% H 2 addition had no significant influence on the NH 3 oxidation

paths). While the major paths observed here are similar to those
Fig. 16. Selected species history in ignition of NH 3 (black lines) and NH 3 with 10% H 2 ad

at which ignition occurred in the simulations. (For interpretation of the references to colo
eported in [28] , using the mechanism in [29] , we note that the

oute via hydrazine has been left out of the analysis in [28] . How-

ver, the path to hydrazine formation changes the routing of NH 2 

y only 10% under the conditions described here. 

To obtain a better understanding of the effect of H 2 addition

n ignition, the species histories for H 2 O 2 , HO 2 , OH and H in

he period leading to ignition for pure NH 3 and for 10% H 2 ad-

ition were calculated using the current mechanism, shown in

ig. 16 . For this purpose, the calculations are performed as constant

olume simulations. As can be seen, with 10% H 2 addition, hy-

rogen peroxide H 2 O 2 and HO 2 accumulate before ignition to a

raction that is ~10 times higher than when igniting pure NH 3 .

his results in a faster buildup of the radical pool, particularly for

H. Similar species histories were found at ϕ = 1.0 (included in

he Supplementary Material). Clearly, with only modest hydrogen

ddition the fractions of species that are important for the igni-

ion in fuels dominated by the H 2 /O 2 mechanism are drastically

ncreased. 

. Conclusions 

The autoignition behavior of NH 3 and NH 3 /H 2 was studied in

 RCM at ϕ ranging from 0.5 to 3.0, pressures from 20 to 75 bar,

emperatures from 1040 to 1210 K, and with H 2 addition in the

ange 0–10%. In contrast to many hydrocarbon fuels [32 , 50] , the

gnition delay time of pure NH 3 increases with equivalence ratio.
dition (green lines) at ϕ = 0.5, T c = 1080 K, P c = 60 bar. Orange dashed line –time 

r in this figure caption, the reader is referred to the web version of this article.) 
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ydrogen addition has a significant ignition-enhancing effect on

H 3 , with 5% H 2 addition reducing the ignition delay times by a

actor of ~28 at ϕ = 1.0. Comparison of the present experimental

ata with a mechanism described here and mechanisms from

lippenstein et al. [30] , Mathieu and Petersen [25] and Shrestha

t al. [31] are used to evaluate their veracity in predicting ignition

elay times under the conditions reported here. The mechanism

rom this study has the best performance, yielding predictions for

oth pure NH 3 and NH 3 /H 2 mixture at high pressures (40–60 bar)

hat are generally within 40% of the experimental results. 

Sensitivity analysis of ignition delay times using the present

echanism indicates the importance of O 2 in the oxidation of

 2 NO and NH 2 ; increasing O 2 by decreasing the equivalence ra-

io suggests the trend of shortening of the ignition delay times

bserved in the measurements. The addition of modest hydro-

en fractions decreases the importance of these reactions in fa-

or of the reactions from the H 2 /O 2 mechanism, particularly

 + O 2 = OH + O and H 2 O 2 ( + M) = 2OH ( + M). Given the limited

omputed sensitivity of the recombination of NH 2 to hydrazine, the

hange in rate constant reported here results in modest changes in

he simulated ignition delay times as compared with the mecha-

ism used in [29] . Calculated species histories show an increase in

he preignition fractions of hydrogen peroxide H 2 O 2 and HO 2 by a

actor of 10 with 10% H 2 in the fuel as compared with pure NH 3 ,

onsistent with the strong ignition-enhancing effect of hydrogen at

ow fractions. 

We further indicate the importance of matching the heat capac-

ties of the non-reactive mixtures to those of the reactive mixtures

or determining the volume profile for simulation purposes and of

imiting the variation in T c by limiting the uncertainty in the ex-

erimentally determined quantities that characterize the state of

he mixture. 
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