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� Detailed simulations on end-gas knocking combustion are performed.

� Ammonia and hydrogen binary fuel blends with different ratios are considered.

� Different end-gas combustion modes are observed from parametric studies.

� Evolutions of thermochemical states in end-gas combustion are discussed.

� Knocking intensity and timing in ammonia/hydrogen blending fuel are studied.
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End-gas autoignition and detonation development in ammonia/hydrogen/air mixtures in a

confined reactor is studied through detailed numerical simulations, to understand the

knocking characteristics under IC engine relevant conditions. One-dimensional planar

confined chamber filled with ammonia/hydrogen/air mixtures is considered. Various initial

end-gas temperature and hydrogen concentration in the binary fuels are considered. Ho-

mogeneous ignition of stochiometric ammonia/hydrogen/air mixtures is firstly calculated.

It is found that H2 addition significantly promotes autoignition, even if the amount of

addition is small. For ammonia/air mixtures and ammonia/hydrogen/air mixtures with

low hydrogen mole ratios, it is found from chemical explosive mode analysis results that

NH2 and H2NO are most important nitrogen-containing species, and R49 (NH2-

þNO<¼>N2þH2O) is a crucial reaction during thermal runaway process. When the

hydrogen mole ratio is high, the nitrogen-containing species and reactions on chemical

explosive mode becomes less important. Moreover, a series of one-dimensional simula-

tions are carried out. Three end-gas autoignition and combustion modes are observed,

which includes forcibly ignited flame propagation, autoignition (no detonation), and

developing detonation. These modes are identified within wide ranges of hydrogen con-

tents and initial end-gas temperatures. Furthermore, chemical kinetics at the reaction

front and autoignition initiation locations are also studied with chemical explosive mode

analysis. Finally, different thermochemical conditions on knocking intensity and timing

are investigated. It is found that a higher initial temperature or a higher H2 content does

not always lead to a higher knocking intensity, and the knocking timing decreases with the

reactivity of end-gas.
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Introduction

To reduce CO2 emissions from fossil fuel combustion, alter-

native fuels are in high demand. Ammonia (NH3) is promising,

since it is a carbon-free fuel and also a hydrogen (H2) energy

carrier (17.8% hydrogen by mass) [1e7]. Compared with

hydrogen, NH3 is easier to be liquefied and thus safer to be

stored and transported. Besides, NH3 is also a potential fuel for

internal combustion (IC) engines due to its high octane rate [1].

However, compared with conventional hydrocarbon fuels,

lower combustion intensity of NH3 (resultant lower burning

velocity, longer ignition delay time, and higher minimum

ignition energy, etc.) makes wide use of ammonia for power

still challenging [8,9].

To circumvent the foregoing disadvantages, more chemi-

cally reactive additives are often used to constitute blending

fuels [10e15]. For instance, Dai et al. [11] studied the auto-

ignition behaviour of NH3/H2 at high pressures. They find that

ignition enhancing effect from H2 addition is related to for-

mation and decomposition of hydrogen peroxide (H2O2) spe-

cies. Chen et al. [12] studied the effects of H2 addition on high-

temperature autoignition of NH3. Their experimental results

show that the ignition delay time decreases nonlinearly with

H2 addition. Wang et al. [16] investigated the combustion

properties of NH3/H2 mixtures under spark ignition engine

(SIEs) conditions. It is shown that a higher compression ratio is

possible for NH3/H2 blends due to their knock resistance,

compared to hydrocarbon fuels. However, they did not anal-

yse knocking mechanism with NH3/H2 blends.

Knocking combustion has become a stumbling block for

SIEs with high compression ratio [17e21]. It is caused by end-

gas autoignition and associated with the interactions be-

tween acoustic wave and end-gas chemical reaction [22].

Furthermore, end-gas autoignition refers to the phenomena,

in which autoignition of unburnt gas (end-gas) occurs before

arrival of a forcibly ignited premixed flame under pressure

wave disturbance in a confined chamber. Besides, the

coherent coupling between the pressure wave and reactive

front may induce detonation, leading to more severe super

knock process. Therefore, knock propensity and suppression

are outstanding issues for technological improvement and

innovation of SIEs, such as utilization of new fuels (e.g.,

ammonia or hydrogen).

There have been intensive studies relevant to engine

knocking in the literature. Detailed visualizations are made

through high speed photograph by numerous experiments,

especially in engine testbeds and rapid compression ma-

chines [23e25]. For instance, Zhou et al. [25] investigated end-

gas autoignition and detonation development of gasoline fuel

in a confined space. They identified three combustion modes,

i.e., end-gas autoignition, end-gas autoignition without deto-

nation, and end-gas autoignition with detonation develop-

ment. Qi et al. [23] discussed the effects of thermodynamic

states on end-gas combustion mode. They pointed out that

detonation is more likely to happen with increasing initial

pressure when the compression ratio is the same.

Moreover, high-fidelity simulations were also performed to

study end-gas autoignition behaviours [26e36]. For instance,

Terashima et al. [31e34] performed one-dimensional (1D)
Please cite this article as: Yu Z, Zhang H, End-gas autoignition and
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simulations to unveil the mechanisms of pressure wave

development in end-gas autoignition during knocking com-

bustion. They find that the amplitude of pressure oscillations is

affected by low-temperature chemistry and strong pressure

wave is induced by an exothermic spot. Yu et al. [35,36] studied

end-gas autoignition and detonation development of stoi-

chiometric hydrogen/air and iso-octane/air mixtures at

different initial thermal states. They found that autoignition

and detonation development are facilitated by increasing the

reactivity of end-gas. Pan et al. [28] also performed 1D simu-

lations of stoichiometric H2/air mixture. They demonstrated

that knocking intensity is affected by both initial autoignition

events and the subsequent interactions between flame front

and pressure wave. However, as far as we know, studies on

end-gas autoignition and knocking combustion of NH3/H2 fuel

blends under engine-relevant conditions are still limited.

In this work, detailed numerical simulations of end-gas

autoignition and knocking combustion of NH3/H2 binary

fuel blends will be conducted with detailed chemical mech-

anism. The homogeneous autoignition process will be first

studied, considering various hydrogenmole ratios and initial

temperatures. Then, through one-dimensional simulations

of a reactor filled with NH3/H2/air mixture, end-gas auto-

ignition and knocking combustion characteristics under

engine-relevant conditions will be discussed. We will focus

on the following aspects: (1) autoignition of NH3/H2 fuel

blends; (2) effects of end-gas temperature and H2 content in

the binary fuels on knocking intensity and timing; and (3) key

chemical features (i.e., the dominant thermophysical vari-

able and reaction pathway) during autoignition of NH3/H2

end-gas.
Physical model, numerical and analysis methods

Physical problem

Autoignition and detonation development of ammonia/

hydrogen/air end-gas in one-dimensional constant-volume

reactor is studied in this work, and the physical model is

illustrated in Fig. 1. This model is used to mimic a combustion

chamber when a SI engine piston lies at the top dead centre,

and has been successfully adopted in previous studies on

knocking combustion [31e37]. Only half the reactor is

considered, and the computational domain length is L ¼ 4 cm.

The initial pressure in the reactor is P0 ¼ 5 atm, which is close

to the actual pressure of IC engine at the top dead centre [28].

No initial flows are present, i.e., u0 ¼ 0 m/s.

Premixed NH3/H2/air mixture is uniformly distributed in

the reactor (i.e., the initial compositions are the same in the

reactor). Different compositions are considered, parameter-

ized by H2 mole ratio in the NH3/H2 binary blend fuels. Spe-

cifically, the H2 mole ratio is defined as aH2 ¼ XH2=ðXH2 þXNH3 Þ,
where X is mole fraction, and 0 � aH2 � 1.0 is studied in our

analysis. Besides, the mixture equivalence ratio 4 is defined

following Refs. [14,38], assuming that the products of com-

plete NH3 oxidation are N2 and H2O, i.e.,

2NH3 þ 1:5O2/N2 þ 3H2O. In this study, the equivalence ratio

is 4 ¼ 1.0, unless otherwise stated. It is also assumed that H2

and NH3 share the same equivalence ratio. Therefore, the
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Fig. 1 e One-dimensional reactor with NH3/H2/air mixture.
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initial compositions of NH3, H2, O2 and N2 species in the end-

gas follow

4
��
1�aH2

�
XNH3

þ aH2
XH2

�þ �
0:75� 0:25aH2

��
XO2

þ 3:76XN2

�
: (1)

As shown in Fig. 1, a propagating flame is forcibly ignited by

a flat ignition kernel of size L0 ¼ 2 mm with temperature of

Th ¼ 1500 K near the left boundary. It should be noted that

either changing the hot spot size or temperaturewill affect the

strength of pressure wave triggered by the hot spot [28,33]. In

our study, we also discuss the their effects and the results can

be Supplemental Material. For the end-gas outside the hot

spot, the initial temperature Ti;0 is spatially uniform. We

consider Ti;0 ¼ 700e1200 K, relevant to the end-gas tempera-

tures in IC engines [22]. After the flame is successfully ignited,

the NH3/H2/air end-gas is continuously compressed by the

right-propagating flame front. A secondary, butmore reactive,

autoigniting hot spots may occur therein due to the pulsed

pressure wave from the thermal runaway of the ignition

kernel, which further leads to strong pressure wave [32,37].

Shuttling of these pressure waves in the reactor may result in

knocking combustion subject to the local gas dynamics [35].

Furthermore, the turbulence effects on end-gas autoignition

are not included, which is deemed reasonable since when a

hot spot evolves initially, the flowswould be generally laminar

[39]. Moreover, the turbulence timescales can be around three

orders of magnitudes larger the autoignition ones under IC

engine-relevant conditions [40].

Numerical method

One-dimensional governing equations of momentum, energy,

and species mass fractions for compressible multi-species

reacting flows in the foregoing physical problems are solved

with a well-validated code A-SURF (Adaptive Simulation of

Unsteady Reactive Flow) [41,42]. The accuracies of this solver

have been confirmed in many previous work, including flame

propagation [43,44], detonation development [45e47], and

end-gas autoignition [35e37].

The governing equations are discretized with the cell-

centred finite volume method. An operator splitting

approach of second-order accuracy is used to decouple the

chemical reaction and flow calculations. In the first fractional

step, the non-reactive flows are solved. Second-order
Please cite this article as: Yu Z, Zhang H, End-gas autoignition and
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RungeeKutta, MUSCL � Hancock, and central differencing

schemes are used to discretize the unsteady, convection and

diffusion terms, respectively. In the second fractional step, the

reaction term is integrated using a point implicit method.

More details about the numerical implementations can be

found in Refs. [41,42].

Dynamically adaptive mesh refinement algorithm [48] is

adopted to accurately capture the reaction front and shock/

pressure wave with a reduced computational cost. The

maximum level of refinement is 8, corresponding to the finest

cell size of about 3.9 mm. It is found that the reaction front

evolutions and time history of knocking are not affected by

further mesh refinement. The minimum time step is

5 � 10�11 s, which guarantees that the CFL (CouranteFrie-

drichseLewy) number is less than 0.4. As marked in Fig. 1,

symmetric condition is enforced for the left boundary (x ¼ 0),

whilst adiabatic reflective wall condition for the right one

(x ¼ L). The wall condition effects have been discussed by

Terashima et al. [31,32] and Liberman et al. [49], and it is

concluded that chamber wall condition may affect near-wall

hot spot development and/or autoignition locations under

some end-gas temperature conditions. Moreover, a detailed

chemical mechanism (34 species and 204 elementary re-

actions) [50] is used, which has been validated against the

experimental data and good accuracies are confirmed in pre-

dicting ignition delay time and laminar flame speed alike [51].

Computational diagnostics approach

The chemical explosive mode analysis (CEMA) [52,53] is used

to the identify the unsteady chemical information in end-gas

autoignition. It is an advanced computational diagnostics

approach to detect critical combustion features (e.g. ignition,

extinction, detonation development) and pinpoint the con-

trolling mechanisms through eigen analysis of chemical Ja-

cobianmatrix [54e58]. Complete descriptions about CEMA can

be found in Refs. [52,54e56], and here only brief information is

presented for sake of completeness. For a typical chemical

reaction system, the governing equations of species and

temperature read

D4
Dt

¼uð4Þ þ sð4Þ; (2)

where Dð ,Þ=Dt is the material derivative. 4 is the vector of

local species mass concentrations Ci and temperature T, i.e.,

4 ¼ ½C1;/Cn;T�. In the RHS (right hand side) of Eq. (2), uð4Þ is
the vector of the chemical source terms, whilst sð4Þ denotes
the non-chemical terms (e.g., diffusion). The CEMA is based on

eigen analysis of the Jacobianmatrix Ju of the chemical source

term uð4Þ. A chemical mode is defined as an eigenmode of Ju,

which contains an eigenvalue and the corresponding eigen-

vectors. Accordingly, a chemical explosive mode (CEM) is the

chemicalmodewhose real part of the eigenvalue le is positive,

i.e., ReðleÞ>0. This indicates the propensity of chemical ex-

plosion when the mixture is isolated [52].

The contribution of a chemical species or temperature to-

wards a CEM can be quantified by explosion index (EI) [52].

EI¼ diagjaebej
sumðdiagjaebejÞ; (3)
knocking combustion of ammonia/hydrogen/air mixtures in a
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where ae and be are respectively the right and left eigenvec-

tors, and “diagj ,j” denotes the elementwise absolute values.

The elements of EI range from 0 to 1. Higher EI value indicates

higher contribution of the species or temperature in a CEM.

Besides, the contribution of a reaction to a CEM ismeasured by

participation index (PI) [52].

PI¼ jðbe,SÞ5Rj
sumðjðbe,SÞ5RjÞ; (4)

where S is the stoichiometric coefficient matrix and R is the

vector of net reaction rate. “5” represents the element-wise

multiplication of two vectors. All the elements of PI lie

within ½0; 1�, and the reaction is dominant in the CEM if its PI is

close to unity.
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Results and discussion

Homogeneous ignition

Fig. 2 shows the ignition delay time of stochiometric NH3/H2/

air mixtures as a function of H2 mole ratio aH2 under different

initial temperatures T0 in a zero-dimensional constant-vol-

ume reactor. The ignition delay time ti is defined as the

instant when the heat release rate reaches its peak. One can

see that ti becomes shorter when the initial end-gas temper-

ature T0 is increased, regardless of aH2 . Besides, for a constant

initial temperature (such as 1000 K), ti monotonically de-

creaseswith H2mole ratio aH2 . For instance, when aH2 ¼ 0, it is

about 1400 m s. However, H2 addition significantly promotes

autoignition, even if the amount of addition is small (e.g.,

aH2 ¼ 0.1, the corresponding ignition delay for T0 ¼ 1000 K is

reduced to about 26 m s). This tendency is also observed in

Refs. [12,59]. Beyond a critical value of aH2 (about 0.15), the

dependence of ti on hydrogen mole ratios aH2 is gradually

reduced. Note that the slopes of ti of the initial temperatures

under 1100 K become almost flattened when aH2 is beyond a

certain level. This indicates that the reactivity of binary fuel
0.0 0.2 0.4 0.6 0.8 1.0
10-2

100

102

104

106

 T0 = 700 K  T0 = 800 K  T0 = 900 K
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Fig. 2 e Ignition delay time of stochiometric NH3/H2/air

mixtures with different H2 mole ratios and initial

temperatures. The initial pressure is 5 atm.
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blends cannot be further significantly enhanced by increasing

H2 content under these temperatures.

To further understand homogeneous ignition of stochio-

metric NH3/H2/air mixtures, Fig. 3 shows the time evolutions

of the real part of the eigen value of chemical Jacobianmatrix,

ReðleÞ, EIs of the dominant species, and PIs of dominant

elementary reactions. The H2 mole ratio is aH2 ¼ 0.1, whereas

the initial temperature is T0 ¼ 1000 K. Note that only the

thermochemical variables and reactions with the highest EI

and PI values are plotted. It is seen from Fig. 3(a) that zero-

crossing of ReðleÞ is observed when the autoignition occurs

at about 26 m s, corresponding to fast transition from un-

burned to burned states [52].

There are two induction stages, respectively corresponding

to chemical runaway (chain-branching) and thermal runaway

(thermal ignition) processes, as denoted in Fig. 3(b). Chemical

(thermal) runaway is identified by the dominance of species

(or temperature) explosion indices, i.e., EIðYiÞ (EIðTÞ) is higher

than EIðTÞ (EIðYiÞ). See Fig. 3(b), from beginning to the moment

denoted by the black circle, EIðYiÞ is always higher than EIðTÞ,
thus this period is considered as the chemical runaway pro-

cess. From the instant denoted by the black circle to the end,

EIðTÞ is always higher than EIðYiÞ, thus this period is consid-

ered as a thermal runaway process. Their durations, tchem and

ttherm, are 15.9 m s and 10.2 m s, respectively. The ratio
0.0
0.2
0.4
0.6
0.8
1.0

EI T
HO2
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thermal runaway
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Fig. 3 e Time evolutions of (a) real part of eigenvalue ReðleÞ,
heat release rate, (b) EIs, and (c) PIs of dominant

elementary reactions. aH2 ¼ 0.1 and T0 ¼ 1000 K. Black

circle in (b): onset of thermal runaway process.
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between the duration of thermal runaway process and overall

ignition delay (ti ¼ tchem þ ttherm), qr ¼ ttherm=ti, is quantified,

and in this case qr z 0.39. The lasting thermal runaway pro-

cess is an important feature of NH3 autoignition and renders it

a Semenov-type autoignition, which is not observed in other

hydrocarbon fuels [38]. For hydrocarbon fuels, ttherm is typi-

cally much smaller than tchem, which indicates that, after the

radical pools are established, the time it takes for the reactive

system to reach the thermal explosion condition is much

shorter [60].

In the chemical runaway process (before 15.9 m s), two

elementary reactions are dominant, R14 and R13, as found in

Fig. 3(c). They correspond to formation and/or consumption of

HO2 radical, see Table 1. However, after 15.9 m s, in the ther-

mal runaway process, R49 (exothermic reaction) is important

for a majority period of thermal runaway process, through

which NH2 and NO react to produce the combustion products,

i.e., N2 and H2O. Note that the activation energy of R49 is zero,

and therefore exponential temperature dependence is not

present for this elementary reaction. This leads to a less

temperature-sensitive and hence relatively slow thermal

runaway process in Fig. 3. Accumulation of H2O species ulti-

mately promotes the reaction of H and OH through R12 at the

end of the autoignition with strong heat release.

The controlling state variables and elementary reactions of

stochiometric NH3/H2/air mixtures with a range of H2 mole

ratios (aH2 ¼ 0 � 0.9) and initial temperatures (T0 ¼ 800 �
1600 K) are calculated and summarized in Table 2. The con-

trolling state variables and reactions are respectively identi-

fied from the highest EI and PI values (the criteria is samewith

that used in Fig. 3). For NH3/air mixtures (aH2 ¼ 0), the reaction

systems start with the chain initiating reactions, R28 or R38

(see Table 1), in which the fuel ammonia dehydrogenation

proceeds with a third body or O2 to generate radicals,

including NH2, H, and HO2. NH2 further reacts with O2 through

R43 to provide H2NO and O, whilst H2NO radical is consumed

through R101. The foregoing reaction pathway of ammonia/

air mixture is also observed for close initial parameter con-

ditionswith computational singular perturbationmethod [38].

For NH3/H2/air mixtures with low hydrogen mole ratios,

i.e., aH2 ¼ 0.1 and 0.5, if T0 < 1200 K, the contributions of

controlling state variables and elementary reactions towards
Table 1 e Dominant elementary reactions.

Index Reaction

R1 H þ O2<¼>O þ OH

R4 OH þ H2<¼>H þ H2O

R12 H2O þ H2O<¼>H þ OH þ H2O

R13 H þ O2 þ M<¼>HO2 þ M

R14 HO2 þ H<¼>H2 þ O2

R22 H2O2þM<¼>OH þ OH þ M

R24 H2O2 þ H<¼>HO2 þ H2

R28 NH3 þ M<¼>NH2þH þ M

R31 NH3 þ OH<¼>NH2 þ H2O

R38 NH2 þ HO2<¼>NH3 þ O2

R43 NH2 þ O2<¼>H2NO þ O

R49 NH2 þ NO<¼>N2þH2O

R77 NNH þ O2<¼>N2þHO2

R101 H2NO þ O2<¼>HNO þ HO2

Please cite this article as: Yu Z, Zhang H, End-gas autoignition and
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CEM are generally similar to those in Fig. 3. However, when

the temperature is increased to 1200 K and above, NH2 or H

shows the largest influence on the CEM. Note that with low

hydrogen blending, R49 becomes the sole nitrogen-containing

dominant reaction with significant contribution towards the

CEM.When the hydrogenmole ratio is high (e.g., aH2 ¼ 0.9), the

nitrogen-containing species and reactions on CEM becomes

less important, and the homogeneous ignition process is

mainly controlled by R1, R4, R12 � 14 and R24.

Fig. 4 further quantifies the dependence of the thermal

runaway time ratio qr on hydrogen mole ratio and initial

temperature. For NH3/air mixtures (aH2 ¼ 0), qr decreases with

higher initial temperature approximately linearly. For NH3/H2/

air mixtures, T0 ¼ 1200 K is loosely a critical temperature, as

shown in Fig. 4. Specifically, when aH2 ¼ 0.9, qr decreases with

higher initial temperature when T0 < 1200 K, but it remains

almost constantwhen T0 > 1200 K. Considering themonotonic

decrease of ignition delay with initial temperature from Fig. 2,

ttherm thereby decreases pronouncedly as T0 increases

aH2 ¼ 0.9. However, the cases for aH2 ¼ 0.1 and 0.5 are more

complicated. Specifically, qr first increases with T0 before

1200 K, and then decreases. With the ti � T0 relations in Fig. 2,

before T0 < 1200 K, ttherm generally decreases with T0. This is

because the NH2 becomes more important when increasing

initial temperature for NH3/H2/air mixtures with low

hydrogen mole ratios (as shown in Table 2).

End-gas combustion mode

A series of one-dimensional detailed simulations with the

configuration in Fig. 1 have been run with different hydrogen/

ammonia ratios and end-gas initial temperatures. Different

end-gas combustion modes are observed, which includes

forcibly ignited flame propagation, supersonic autoignitive

deflagration, and developing detonation. In this section, eight

cases, A � H, are selected to elucidate the interactions be-

tween gas dynamics and chemical reactions behind these

modes, and their parameters are summarized in Table 3. Note

that for cases A � D the hydrogen mole ratio is 0.9 (low NH3

percentage), whilst it is 0.1 (high NH3 percentage) for cases E�
H. Similar mode categories are also made in previous knock-

ing studies with other fuels [31,35,37]. In the following, these

combustion modes in the current binary fuel end-gas will be

briefly presented, and the peculiar phenomena due to

ammonia addition will be highlighted wherever necessary.

Forcibly ignited flame propagation (cases A and E)
Fig. 5 shows the x� t diagrams of temperature and pressure in

cases A and E. The evolutions of their flame propagation

speeds are shown in Fig. 6. In case A, it is seen from Fig. 5(a)

that the flame front (FF) moves back-and-forth (resulting in a

wavy trajectory) before 1.0 m s (corresponding to about

3.0 cm). This unsteady phenomenon of flame-shock interac-

tion is also observed in closed reactors [61e64] and numeri-

cally studied by Pan et al. [28]. This ismanifested by oscillating

propagating speed (see Fig. 6(a)) and is caused by the in-

teractions between the flame front and reciprocating pressure

wave generated by the initial spark, as can be found from x� t

diagram of pressure of Fig. 5(a). After 1.0 m s, the reactor

pressure is gradually elevated, albeit approximately spatially
knocking combustion of ammonia/hydrogen/air mixtures in a
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Table 2 e Chemical information in homogeneous ignition of NH3/H2/air mixturesa.

aH2 ;T0 Controlling thermochemical variables Controlling reactions in
chemical runaway stage

Controlling reactions in
thermal runaway stage

0.0, 800 K NH2, H2NO, T R38, R101, R49 R49, R12

0.0, 1000 K NH2, H2NO, T R38, R43, R101 R49, R12

0.0, 1200 K NH2, H2NO, T R28, R43, R101, R49 R49, R12

0.0, 1400 K NH2, H2NO, T R28, R43, R49 R49, R12

0.0, 1600 K NH2, N2H2, H2, T R28, R43, R31, R49 R49, R12

0.1, 800 K HO2, H2O2, NO2, T R14, R22, R13 R49, R12

0.1, 1000 K HO2, H2O2, T R14, R13 R49, R12

0.1, 1200 K NH2, T R14, R1, R13 R13, R49, R12

0.1, 1400 K NH2, T R14, R1, R31 R31, R49, R12

0.1, 1600 K NH2, T R14, R1, R31 R31, R49, R12

0.5, 800 K HO2, H2O2, T R14, R24, R13 R13, R49, R12

0.5, 1000 K HO2, H2O2, NO, T R14, R13 R13, R49, R12

0.5, 1200 K NH2, T R14, R1, R13 R13, R49, R12

0.5, 1400 K NH2, T R14, R1 R1, R49, R12

0.5, 1600 K NH2, T R14, R1 R1, R4, R12

0.9, 800 K HO2, H2O2, T R14, R24, R13 R13, R12

0.9, 1000 K HO2, H2O2, T R14, R13 R13, R4, R12

0.9, 1200 K H, T R14, R1, R13, R4 R4, R12

0.9, 1400 K H, T R14, R1, R4 R4

0.9, 1600 K H, T R14, R1, R4 R4

a The bold indices indicate the nitrogen-containing elementary reactions.
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uniform, due to adiabatic compression by the moving flame

front. The NH3/H2/air end-gas is gradually consumed by the

steadily encroaching flame at a speed of 15.6 m/s, slightly

higher than the laminar flame speed predicted with initial gas

compositions, as seen from Fig. 6(a). No localized autoignitive

spots or thermal explosion occur in the end-gas. Until being

completely burnt, the end-gas is still experiencing the first

stage of the induction period, i.e., chemical runaway process,

which is evidence by the time evolutions of EIs at right

boundary. This is deemed a knocking-free combustion pro-

cess since no pressure peak is found near the reactor wall.

Fig. 5(b) shows the counterpart results of case E (the same

end-gas temperature T0, but higher ammonia content,

compared to case A). Like case A, only the forcibly ignited
800 1000 1200 1400 1600
0.0

0.2

0.4

0.6

0.8

1.0

 aH2
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r
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Fig. 4 e Thermal runaway time ratio of stochiometric NH3/

H2/air mixtures with different H2 mole ratios and initial

temperatures.

Please cite this article as: Yu Z, Zhang H, End-gas autoignition and
confined reactor, International Journal of Hydrogen Energy, https://d
flame propagates, without end-gas autoignition. However, it

takes longer time to completely consume the fuel (around

22 m s), due to the slower flame propagating speed (about

1.4 m/s) than that in case A (15.6 m/s), which are marked in

Fig. 6 for comparisons. This is reasonable because more

ammonia addition in case E leads to slower chemical re-

actions. Besides, since theweaker pressurewave (the pressure

wave intensity is 1.1, lower than that of 1.56 in case A)

emanated from the ignition hot spot, less pronounced flame

front oscillations are observed, which quickly decays after

1.6 m s (about 0.7 cm, see Fig. 6) due to energy dissipation and

wave interactions in the closed reactor. Thereby, after that,

the flame actually propagates in a relatively quiescent envi-

ronment, and the propagation speed is very closed to the
Table 3 e Combustion mode in ammonia/hydrogen/air
end-gas.

Case aH2 (�) T0 (K) Combustion mode Knocking

A 0.9 800 forcibly ignited flame

propagation

No

B 0.9 900 developing detonation Yes

C 0.9 1000 developing detonation Yes

D 0.9 1100 developing detonation Yes

E 0.1 800 forcibly ignited flame

propagation

No

F 0.1 900 supersonic autoignitive

deflagration

Yes

G 0.1 1000 supersonic autoignitive

deflagration

Yes

H 0.1 1100 supersonic autoignitive

deflagration

Yes

knocking combustion of ammonia/hydrogen/air mixtures in a
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Fig. 5 e x� t diagrams of temperature and pressure in case (a) A and (b) E. FF: flame front, EG: end-gas.
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laminar flame speed (about 0.74m/s) predictedwith the initial

end-gas thermochemical composition.

Supersonic autoignitive deflagration (cases F, G and H)
In cases F, G and H with low hydrogenmole ratio (aH2 ¼ 0.1), it

is observed from our simulation that knocking is caused by

end-gas autoignition. The latter occurs when the flames

propagate towards the reactor wall; however, no detonations

develop before the end-gas is fully burnt. As tabulated in Table

3, these three cases have various initial temperatures

(T0 ¼ 900, 1000 and 1100 K, respectively). In this sub-section,

their respective autoignition processes will be discussed in

Fig. 7, and their propagation speeds are plotted in Fig. 8.

Fig. 7(a) illustrates the x� t diagrams of temperature and

pressure in case F. The reader should be reminded that here

only the information within limited space and time is pre-

sented, focusing on the localized unsteady autoignition event.

The pressure wave from the ignited flames decays at around
Please cite this article as: Yu Z, Zhang H, End-gas autoignition and
confined reactor, International Journal of Hydrogen Energy, https://d
2.8 m s (see the speed profiles from Fig. 8(a)) and therefore the

end-gas is not aerodynamically perturbed afterwards. With

continuous compression caused by the right-propagating

flame front, the autoignition starts at about 13.44 m s (i.e.,

AF in Fig. 7(a)). Starting at x ¼ 3.7 cm, the autoignition front AF

continuously propagates rightward supersonically with a

peak speed of about 1742 m/s (see Fig. 8(a)) and knocks on the

wall at about 13.45 m s. Before the autoignition event begins,

the end-gas is experiencing the thermal runaway stage.

Fig. 7(b) and (c) and show the x� t diagrams of temperature

and pressure in cases G and H. Compared with case F, the

reactivity of the end-gas in cases G and H is enhanced with

higher initial temperatures (1000 K and 1100 K, respectively). It

is seen from Fig. 7(b) and (c) and that the corresponding evo-

lutions are similar to those of case F. Nonetheless, when end-

gas autoignition occurs, the flame front FF locates at x¼ 2.2 cm

in case G and x ¼ 1.1 cm in case H, shorter than that of case F

(i.e., 3.3 cm). These locations are determined not only by the
knocking combustion of ammonia/hydrogen/air mixtures in a
oi.org/10.1016/j.ijhydene.2021.12.181
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flame propagation speed, but also by the ignition delay of the

end-gas. In cases F, G, and H, with increased end-gas initial

temperature, the decrease of ignition delay is more significant

than the increase of flame propagation speed. Thus, the cor-

responding autoignition location moves away from the

reactor wall. As we can see from Fig. 8, the autoignition fronts

AF propagate rightward supersonically in both cases, and the

maximum speeds are up to about 8800 m/s in case G and

23,000 m/s in case H. This leads to the earlier knocking timing

in cases G (6.42m s) and H (2.226m s). One can see from Figs. 7

and 8 that in these three cases with high ammoniamole ratio,

autoignition always arises near the propagating flame front.

How thismode varies in a range of initial end-gas temperature

and hydrogen mole ratio will be further discussed in Section

3.2.4.

One can see that the induction period of the end-gas is

under relatively quiescent environment since the pressure

wave decays early. To clarify the evolutions of the spatial non-

uniformity in the end-gas of cases F �H, Fig. 9 shows the time

history of temperature differences between the end gas (select

x ¼ 3.6 cm as a representative location [33]) and reactor right

wall (4.0 cm) from the above cases. It is seen that the tem-

perature difference shows pronounced fluctuations before

autoignition (i.e., 13.44 m s in case F, 6.40 m s in case G, and

2.25m s in case H). The firstmaximum temperature difference

is about 2.5 K in case F and about 2.7 K in cases G and H. This is

induced by compression of the shuttling pressure waves in-

side the reactor. Note that the behaviours of temperature

oscillation before autoignition in these cases are similar. This
Please cite this article as: Yu Z, Zhang H, End-gas autoignition and
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is because the intensities of pressure wave generated by the

hot spot in these cases are almost the same. The temperature

difference when the pressure wave fully decays is 0.46 K in

case F, 0.42 K in case G.

Developing detonation (cases B, C and D)
Fig. 10 shows the counterpart results of cases B � D, which

have detonation development in the NH3/H2/air end-gas.

These cases have the same hydrogen mole ratio, i.e.,

aH2 ¼ 0.9, but different initial temperatures (i.e., 900, 1000 and

1100 K). These are knocking cases caused by end-gas deto-

nation development. Their propagating speeds are plotted in

Fig. 11. In case B, before 1.0 m s, the flame front FF propagates

and oscillates due to the pressure wave, which is not shown

here. Seen from Fig. 10(a), end-gas autoignition occurs at

about x ¼ 3.7 cm, i.e., between the oscillating flame front FF

(see the propagating speed variations in Fig. 11(a)) and reactor

wall. The NH3/H2/air end-gas at x > 3.6 cm is consumed by the

right-running supersonic autoignition front AF, with a peak

speed of about 5356 m/s, as shown in Fig. 11. It is also seen

from Fig. 10(a) that two pressure waves, respectively left- and

right-propagating, are formed due to the foregoing auto-

ignition event. In the residual end-gas near the wall, the

pressure wave and AF couple with each other and hence

detonative combustion proceeds (i.e., DF in Fig. 10(a)), result-

ing in the considerably high local pressure (over 40 atm) and

heat release rate (about 1014 J/m3/s, results not shown here).

However, this detonation wave cannot fully develop (see the

propagation speed of DF in Fig. 11(a)), due to the insufficient

space and complete consumption of the end-gas, as also seen

from previous studies [31].

Fig. 10(b) shows the results from case C, which has higher

end-gas temperature (T0 ¼ 1000 K) than that of case B. Before

0.4 m s, the flame front FF propagates and oscillates similar to

case B. We can see from Fig. 10(b) that end-gas autoignition

occurs near the reactor wall and at this instant the FF is

located at x ¼ 2.2 cm. This is caused by the continuous reac-

tivity enhancement caused by the pressure wave reflection

near the wall [35]. Subsequently, autoignition front propa-

gates into the end-gas mixture at a speed of around 5000 m/s,

as shown in Fig. 11(b). Moreover, because of the mutual

enhancement between pressure wave and reaction front, a

detonation wave DF is observed, travels towards the flame

front at a speed of 1911 m/s, and finally collides with it at

about x ¼ 2.3 cm. It should be mentioned that the degree of

pressure wave on the right wall is not high (the corresponding

first pressure peak is 19.7 atm), due to the leftward propaga-

tion direction of the detonation wave.

As shown in Fig. 10(c), in case D, only normal flame prop-

agation is observed at the beginning. The detonation is formed

at about x¼ 1.7 cm due to the coherent coupling between local

autoignition and pressure wave [35]. Subsequently, the deto-

native front DF propagates towards the reactor wall at a speed

of around 2000 m/s (see Fig. 11(c)), which is slightly higher

than the C � J speed of initial end-gas, 1914 m/s. The reactor

wall suffers a strong knocking caused by the detonation (the

corresponding maximum pressure is as high as 132 atm, as

shown in Fig. 15(a)).
knocking combustion of ammonia/hydrogen/air mixtures in a
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Fig. 7 e x� t diagrams of temperature and pressure in case (a) F, (b) G, and (c) H. AF: autoignition front. See Fig. 5 for other

letter implications.
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Summary of end-gas combustion mode
Fig. 12 summarizes the end-gas combustion modes of stoi-

chiometric NH3/H2/air mixtures with various H2 mole ratios

(aH2 ¼ 0.0 � 1.0) and initial temperatures (T0 ¼ 700 � 1200 K).

Except for the square symbols for normal flame propagation,

the rest with end-gas supersonic autoigniting deflagration or

detonation are coloured by the position of autoignition or

detonation initiation.

For NH3/air mixture (aH2 ¼ 0.0), end-gas autoignition can

happen when the temperature is above 1000 K, and their

initiation location is at the wall. For NH3 and H2 binary blend

fuels, normal flame propagation (including cases A and E

presented above) proceeds for low initial temperature, e.g.,

below 900 K. This threshold temperature is close to that from

H2/air end-gas knocking studies [28,37]. When aH2 is less than

or equal to 0.2, if one further increase T0, the NH3/H2/air end-

gas autoignition (such as cases F � H) is observable, but no

detonation evolves. This is because the end-gas reactivity is

enhanced by increasing temperature. As shown from the

colouring of the circles in Fig. 12, autoignition can take place in

the end-gas near or off the reactor wall surface. However,

autoignition location changes nonmonotonically when the

end-gas initial temperature is increased. This can be
Please cite this article as: Yu Z, Zhang H, End-gas autoignition and
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explained through the perspective of end-gas reactivity. It is

noted that the end-gas at the autoignition location must have

the shortest ignition delay, in other words, the highest reac-

tivity, compared with the rest end-gas. For current study, the

reactivity can be enhanced by both pressure wave disturbance

and flame front compression. Thus, autoignition location can

lie at the region either ahead of the flame front or within the

pressure wave disturbance. Specifically, for aH2 ¼ 0.1, the

pressure wave totally or approximately decays before auto-

ignition. Therefore, autoignition always takes place ahead the

flame front. The autoignition location is further associated

with the flame front location and becomes smaller with

higher end-gas initial temperature. For higher aH2 , such as

aH2 ¼ 0.4, the pressure wave shuttles before autoignition. This

makes the problem more complicated. Different autoignition

locations are observed. Autoignition takes place near the

flame front when the temperature is 1100 K, while near the

reactor wall surface when the temperature is 1200 K. That

means the effect of pressure wave disturbance on the

enhancement of reactivity is more significant for the latter

case.

Furthermore, detonation in the end-gas can be initiated

and develop (triangles in Fig. 12) when the hydrogen mole

ratio in the binary fuels is sufficiently high. According to

detonation propagation direction, two types of detonation
knocking combustion of ammonia/hydrogen/air mixtures in a
oi.org/10.1016/j.ijhydene.2021.12.181
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Fig. 10 e x� t diagrams of temperature and pressure in case (a) B, (b) C, and (c) D. DF: detonation front. See Figs. 5 and 7 for

other letter implications.
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development can be identified. The first one is right-

propagating (e.g., cases B and D), whilst the second is left-

propagating (e.g., case C). Moreover, when aH2 > 0.7, detona-

tion is always present when the end-gas temperature is above

800 K, due to the high reactivity from hydrogen addition.

Evolutions of thermochemical state in end-gas combustion

In this subsection, the CEMA will be used to further answer

the following issues: (i) what are the key controlling mecha-

nisms in the end-gas (i.e., FF, AF, and DF in Figs. 5, 7 and 10);

and (ii) how the pressure wave and propagating flame front

affect the controlling mechanisms in the end-gas near the

reactor wall during end-gas autoignition.

Thermochemical state inside the end-gas
Fig. 13(a) and (b) and shows the spatial distributions of EIs and

PIs across the flame front in cases A and E. The flame front is

identified as zero-crossing of ReðleÞ [52], and marked as dash-

dotted lines in Fig. 13(a) and (b) and . It is found that H2O is

dominant very close to flame front (i.e., x� xF ¼ 0). However,

attention should be paid to the chemically explosive end-gas,

where ReðleÞ is positive, i.e., x� xF > 0 in these two cases. Seen
Please cite this article as: Yu Z, Zhang H, End-gas autoignition and
confined reactor, International Journal of Hydrogen Energy, https://d
from Fig. 13(a), immediately ahead of the flame front, the

contribution of temperature towards CEM is dominant, which

indicates the slow thermal runaway process, as discussed in

Section 3.1. At x� xF > 0.007 cm, the contributions of H2O2 and

HO2 are dominant, indicating the local chain branching re-

actions. As seen from Fig. 13(a), R4 (OH þ H2�>H þ H2O), R13

(H þ O2þM<¼>HO2þM), and R77 (NNH þ O2<¼>N2þHO2) are

found to be dominant towards CEM. The former two are

related to formation and consumption of H radical, while the

last corresponds to reaction of HO2 radical. In case E from

Fig. 13(b), same key species are identified. However, except for

R13 and R77, the reaction R49 (NH2þNO<¼>N2þH2O), instead

of R4, is shown important near the flame front. This leads to

slower flame propagating speed in Case E, as indicated in

Fig. 6.

Fig. 13(c) and (d) and show spatial distributions of EIs and

PIs in two knocking combustion cases, B and F. These two

cases have the same initial temperature, but different H2

content. xA is the autoignition front location, which is iden-

tified as zero-crossing of ReðleÞ. In case B, it is seen from

Fig. 13(c) that, HON is important around the autoignition front,

whereas T has the largest contribution within the end-gas.

This indicates that local autoignition is mostly undergoing

the thermal runaway process, after a finitely long chemical

runaway process. Only R4 is found to be important towards

CEM within the explosive area. In case F from Fig. 13(d),

similar evolutions of EIs are found. However, different PIs are

observed, R1, R31 and R49 are shown to be important towards

CEM, and the latter two respectively correspond to formation

and consumption of NH2 radical. In cases G and H, the local

autoigniting end-gas is also experiencing the thermal

runaway process with R1 being dominant towards CEM, as

indicated from our simulation results.

Fig. 13(e) and (f) and show spatial distributions of EIs and

PIs in two developing detonation cases, C and D. Here deto-

nation front is identified as zero-crossing of ReðleÞ. In case C,
knocking combustion of ammonia/hydrogen/air mixtures in a
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Black circle in (b): onset of thermal runaway process.

Table 4 e Time dependent EIs and PIs identified with
CEMA in cases B � D and F � H.

Case EIs PIs qr

B HO2, H2O2, T R14, R13, R12 0.023

C HO2, H, T R14, R13, R12 0.040

D H, T R14, R1, R13, R12 0.079

F HO2, H2O2, T R14, R13, R49, R12 0.145

G HO2, H2O2, T R14, R13, R49, R12 0.328

H NH2, H2O2, T R14, R1, R13, R49, R12 0.714

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x14
the contribution of H towards CEM is dominant within the

explosive area, which indicates that the detonation front is

mainly controlled by radical proliferation. Same with cases A

and B, R4 and R13 are also found important towards CEM. See

Fig. 13(f), similar distributions of EIs and PIs are found in case

D, regardless of the different directions of propagation.

Thermochemical state at autoignition initiation location
The time dependent chemical information of end-gas at the

autoignition initiation position is investigated here. Only
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cases involving end-gas autoignition are considered, i.e., cases

B�D, and F�H. The chemical information is extracted from a

stable probe at the position of autoignition initiation of each

case. As an example, Fig. 14 shows the results of case G. It

should be noted that the initial end-gas thermochemical

states of case G are just the samewith those in Fig. 3. It is seen

that the ReðleÞ keeps positive before end-gas autoignition oc-

curs. Compared with the results in Fig. 3, the contributions of

HO2 and H2O2 are also dominant at the early stage, the dif-

ference is there are minor oscillations of the chemical time-

scale which are related to the pressure wave disturbance.

These minor oscillations can only be observed in chemical

runaway stage. The temperature contribution becomes most

important (see the circle in Fig. 14(b)) since t ¼ 4.3 m s, indi-

cating that the thermal runaway stage begins. Compared with

homogeneous ignition, another difference is that the end-gas

autoignition occurs much earlier. Besides, same with the re-

sults in Fig. 3(c), R14, R13, R49, and R12 are dominant. Note

that R14 and R13 are respectively related to consumption and

formation of HO2 in the chemical runaway period. During the

thermal runaway period, R49 and R12 become dominant, as

discussed for the homogeneous ignition in Section 3.1.

The time dependent EIs and PIs at the position of auto-

ignition initiation of rest cases are summarized in Table 4. It is

noted that no nitrogen-containing species is found to be

dominant through EIs in these cases except for case H. Spe-

cifically, HO2 or H2O2 are found to be dominant in cases B, F

and G, H is found to be dominant in cases C and D. Whilst in

case H, nitrogen-containing species NH2 is identified to be

dominant. Besides, seen from PIs, R14, R13, and R12 are crucial

reactions in all cases, and R49 is identified to be important for

cases F � H. The PIs are similar with those shown in Table 1.

Moreover, it is found that the proportion of thermal runaway
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process is smaller than that of homogeneous ignition (see

Fig. 3). This is because the end-gas is disturbed by pressure

wave and continuously compressed by the propagating flame

front. Therefore, one can conclude that the controlling

mechanisms of end-gas near the reactor wall during end-gas

autoignition are generally similar to those from homoge-

neous ignition, but the pressure wave and propagating flame

front can reduce the ignition delay as well as the proportion of

thermal runaway process.
Knocking intensity and timing

Knocking intensity can be quantified from the evolution of the

pressure oscillations near the reactor wall. A normalized

maximumpressure, PKI ¼ Pmax
Pe

[31,37], is introduced to measure

the knocking intensity. Here Pmax and Pe are the first peak

pressure and equilibrium pressure obtained from the pressure

history, respectively. Note that PKI ¼ 1 indicates the knocking-

free combustion, and higher PKI (>1) corresponds to stronger

knocking combustion. Besides, the knocking timing tPmax is

also introduced to denote the instant when the pressure rea-

ches its maximum.

Fig. 15 shows the time histories of pressure extracted

from the reactor wall (probe location 4.0 cm). The initial

hydrogen contents are aH2 ¼ 0.9 and 0.1, respectively. The

corresponding changes of knocking intensity and timing are

shown in Fig. 16. It is seen from Fig. 15(a) that, the near-wall

pressure increases slowly at early stage, caused by the

pressure wave disturbance. When the initial temperatures

are 700 and 800 K, no pulsed pressure rises are observed, the

corresponding PKI is close to 1, as seen from Fig. 16(a). They

are knocking-free combustion (e.g., case A in Section 3.2).

With increased initial temperature, the end-gas reactivity is

enhanced, pressure peaks near the reactor wall are detected,

caused by end-gas autoignition and/or detonation develop-

ment (e.g., cases B � D). They correspond to knocking com-

bustion, and the corresponding PKI is larger than 1 (see

Fig. 16(a)). After reaching the peak, the pressure decreases

and begins oscillating.

When the hydrogen mole ratio is 0.1, the initial tempera-

tures of knocking-free combustion are less than 800 K (e.g.,

case E), which can be confirmed by the corresponding PKI (see

Fig. 16(a)). For higher initial temperatures, knocking
Please cite this article as: Yu Z, Zhang H, End-gas autoignition and
confined reactor, International Journal of Hydrogen Energy, https://d
combustion happens (e.g., 900 K, case F). Compared with the

results in Fig. 15(a), the pressure oscillations in Fig. 15(b) are

generally weaker, due to higher ammonia mole ratio and

hence lower reactivity. Moreover, the higher initial tempera-

ture does not always lead to a higher PKI, which can be found

in both Fig. 16(a) and (b). For instance, the PKI of 950 K (4.8) is

lower than that of 900 K (15.3) for aH2 ¼ 0.9 and the PKI of 1000 K

(2.1) is lower than that of 950 K (2.2) for aH2 ¼ 0.1. This is also

found in 1D simulations of stoichiometric hydrogen/air and n-

heptane/air end-gas autoignition performed by Pan et al.

[28,37]. This is because PKI is not only determined by the

chemical reactivity in end-gas, but also affected by the in-

teractions of flame propagation, pressure wave disturbance

and end-gas combustion mode.

Besides, Fig. 16 also shows the changes of knocking in-

tensity and timing of other three initial hydrogen contents,

i.e., aH2 ¼ 0, 0.4, and 0.6. In general, the lower hydrogen mole

ratio aH2 , theweaker end-gas reactivity. Nonetheless, it is seen

from Fig. 16(a) that, similar with the effects of initial temper-

ature, higher aH2 does not always lead to a higher PKI. For

instance, the PKI of aH2 ¼ 0.6 (6.8) is higher than that of aH2 ¼ 0.9

(4.8) for 950 K. Besides, see from Fig. 16(b), knocking timing

monotonically decreases with higher initial temperature and

higher aH2 .

Conclusions

End-gas autoignition and detonation development in

ammonia/hydrogen/air mixtures in a confined reactor is

studied through detailed numerical simulations. One-

dimensional planar confined chamber filled with NH3/H2/air

mixtures is studied. Various initial end-gas temperatures (T0)

and hydrogen concentrations (aH2 ) in the binary fuels are

considered.

Homogeneous ignition of stochiometric NH3/H2/air mix-

tures is firstly calculated. The results show that H2 addition

significantly promotes autoignition. Beyond a critical value of

aH2 (about 0.15), the dependence of ignition delay on hydrogen

mole ratios aH2 is gradually reduced. For NH3/air mixtures and

NH3/H2/air mixtures with low hydrogen mole ratios, NH2 and

H2NO are most important nitrogen-containing species, and

R49 (NH2þNO<¼>N2þH2O) is a crucial reaction during thermal

runaway process, based on the chemical explosive mode
knocking combustion of ammonia/hydrogen/air mixtures in a
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analysis.When the hydrogenmole ratio is high (e.g., aH2 ¼ 0.9),

the nitrogen-containing species and reactions on the chemi-

cal explosive mode becomes less important.

Then a series of 1D detailed simulations is carried out.

Based on the simulation results, three end-gas autoignition

and combustion modes are observed, including forcibly

ignited flame propagation, autoignition (no detonation), and

detonation development. Knocking is not observed when T0 is

less than or equal to 800 K. It is seen that combustion of NH3/

H2/air end-gas occurs when the initial temperature is above

800 K. Furthermore, end-gas autoignition can be observed

when aH2 is less than or equal to 0.2. When the hydrogenmole

fraction is greater than 0.2, besides autoignition, detonation in

the end-gas can be initiated and develop under some favour-

able conditions. Moreover, when aH2 > 0.7, detonation is al-

ways present when T0 > 800 K.

Thermochemical state evolutions near the reaction front

(i.e., flame front, autoignition front, and detonation front) and

the reactor wall are revealed with chemical explosive mode

analysis. It is found that the flame front in ammonia/

hydrogen blend fuels is controlled by both thermal runaway

and chemical runaway, autoignition front by thermal

runaway, and detonation front mainly by chemical runaway.

The controlling mechanisms at the position of autoignition

initiation are generally like those from homogeneous ignition,

but the pressure wave and/or propagating flame front can

reduce the ignition delay as well as the proportion of thermal

runaway process.

Finally, through the changes of knocking intensity and

timing of different thermochemical conditions, a higher initial

temperature or a higher H2 content does not always lead to a

higher knocking intensity. The knocking timing decreases

with end-gas reactivity, such as higher initial temperature or

higher H2 content.
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