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� Numerical study of one-dimensional pulsating detonation is performed.

� Ammonia and hydrogen fuel blends with various compositions are considered.

� The effects of driver pressure and fuel/air equivalence ratio are examined.

� Different pulsating detonation frequencies are observed from parametric studies.

� Chemical explosive mode analysis reveals chemistry dominates thermal diffusion at detonation front.
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In this study, one-dimensional detonations in ammonia/hydrogen-air mixtures are

numerically investigated by solving the fully compressible Navier-Stokes equations with

detailed chemistry. Pulsating instabilities with single-mode are observed during the

detonation wave propagation, accompanied by periodic coupling and decoupling of the

lead shock wave and the reactive front. The ratio between driver pressure and initial

pressure determines the overdrive degree and thus the oscillatory mode of detonation for a

premixture with certain composition. The effects of hydrogen dilution and mixture

equivalence ratio on pulsating detonations are also examined under a constant driver

pressure. The growing hydrogen fraction in fuel blends significantly increases the oscil-

lation frequency. In addition, the pulsating detonation frequency rises with increasing

equivalence ratio under fuel-lean conditions, peaks under stoichiometric conditions, and

falls under fuel-rich conditions as the equivalence ratio increases further. Evolutions of

reactants, main intermediate radicals, and products are analysed in both fuel-lean and

fuel-rich conditions. A chemical explosive mode analysis further confirms the highly-

autoignitive nature of the mixture in the induction zone between reaction front and

shock front where thermal diffusion plays a negligible role.
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Introduction

Detonation engines, e.g. pulse detonation engines (PDE) [1] and

rotating detonation engines (RDE) [2], have received significant

research interest for several decades. The utilisation of deto-

nation for air-breathing propulsion would require steady for-

ward propagating detonation waves. The basic structure

of a stable detonation wave can be described using the

ZeldovichevonNeumanneD€oring (ZND)model, which consists

of a leading shock and a trailing reaction zone. In this model,

the minimum sustainable detonation speed is known as the

Chapman-Jouguet (CJ) speed [3]. However, while the ZND

model assumes a stable detonation wave, both experimental

and numerical studies have shown that real detonation waves

are unstable with flow perturbations [4]. Temporal and spatial

instabilities in complex detonation systems, including three-

dimensional (3D) cellular structures and one-dimensional (1D)

pulsating (galloping) detonations, are found in practical sys-

tems. Pulsating instability with longitudinal oscillations of the

detonation front has also been experimentally observed when

a blunt body travels through a reactive gas at near CJ velocities

[5,6]. While prior studies have suggested that a detonation is

three-dimensional in nature, transient, multi-dimensional

numerical simulations with adequate mesh resolution that

solve the exothermic reaction layer and the complex wave

structures are still challenging. Previous studies have suggested

that 1D pulsating detonation with periodic longitudinal varia-

tions of the coupled shock wave and reaction zone should be

associated with 3D cellular structures [7]. Thus, fully resolved

simulations of 1D detonation, which is representative of the

complicated physics involved in unstable detonation propaga-

tion, can further the understanding of detonation initiation and

wave interactions in pulsating detonations.

The sensitivity analysis of steady planar detonations to

perturbations was pioneered by Erpenbeck via linear stability

theory based on 1D simulations with an idealised single irre-

versible reaction, and Arrhenius reaction rate [8]. Since then,

different oscillatory modes have been studied in 1D piston-

supported overdriven pulsating detonations [9]. McVey and

Toong [10] and Alpert and Toong [11] developed a two-zone

detonation structure theory, which indicates that the lead

shock and the intense chemical reaction zone are separated by

a thermally neutral induction zone. The McVey-Toong wave-

interaction theory suggested that the detonative pulsating

instability is caused by the periodic wave interactions behind

the lead shock. Bourlioux et al. [12] later highlighted that pul-

sating detonations tend to occur at lower degrees of overdrive

while steady solutions are more likely to be achieved through

highly overdriven detonation waves. The numerical studies of

He and Lee [13] further showed that a detonation wave fails to

be self-sustained with an autoignition mechanism when

overdrive degrees are too low. At these failed regimes, the

oscillatory period becomes infinitely large.

The above numerical studies mainly focused on oscillation

modes via the shock pressure development calculated with the

simplified one-step chemistry. With one-step chemistry, a

distributed heat release occurs in the detonation reaction zone,

where the detonation structure is controlled by the activation

energy only. However, practical gaseous detonation involves
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chain-branching reactions, primarily in an induction zone,

where radical species proliferate, followed by a reaction zone,

where radicals recombine and release a large amount of en-

ergy. Sanchez et al. [14] applied a three-step chain-branching

reaction model to pulsating detonations and found that the

ratio of chain-branching induction length to the length of the

exothermic recombination zone determines the stability and

oscillatorymode. Ng et al. [15] observed similar phenomena via

two-step chemistry where unstable detonations tend to occur

when the induction zone dominates the reaction zone. They

further defined a stability parameter as the activation energy

for the induction process multiplied by the ratio of the induc-

tion length to the reaction length. Leung et al. [16] also high-

lighted a novel regime with a pulsation period smaller than the

induction time using a two-step chain-branching model with

separate induction and reaction zones. These studies indicate

that the complex interactions between chemical kinetics and

wave structures play important roles in unstable detonations.

The utilisation of realistic chemistry can therefore help

improve the understanding of initiation, branching, and

recombination characteristics at the shock-flame front.

A series of numerical studies with more detailed chemical

reaction models have further elucidated pulsating detonation

mechanisms. Sussman [17] observed two oscillation modes in

stoichiometric hydrogen-air mixtures that depend on the ratio

of the heat release time to the induction time with detailed

chemistry. Yungster and Radhakrishnan [18] studied the high-

frequency and small-amplitude pulsating mode in hydrogen-

air mixtures where small unreacted pockets behind the over-

driven front were observed. By applying the Euler and the

diffusive Navier-Stokes (NS) equations with a detailed

hydrogen-oxygen mechanism, Han et al. [19] pointed out that

diffusion can have a relatively prominent role in the burning of

unreacted hydrogen pockets. Romick et al. [20] also verified the

major role that the physical mass, momentum, and energy

diffusion play in highly unstable 1D piston-driven hydrogen-air

detonations due to unburned hydrogen pockets. Many studies

with more detailed chemistry have proved the significant ef-

fects of premixture compositions, overdrive degrees, and initial

conditions on oscillatory modes of unstable detonation prop-

agation in hydrogen blends [18,21]. More recently, Ma et al. [22]

found that the mixture inhomogeneity has significant effects

on the pulsating behaviour due to the interaction of the leading

shock and the local gradient in a hydrogen-oxygen mixture

with a sinusoidal distribution of hydrogen molar fraction. Pul-

sating detonations in realistic hydrocarbon fuels have also been

investigated with detailed chemistry models containing many

chemical reactions and intermediates. Radulescu et al. [23]

numerically studied 1D acetylene-oxygen pulsating detona-

tions and found that the detonations become unstable as the

argon dilution decreases. Zhao et al. [24] observed the low-

frequency oscillatory mode in both fuel-lean and fuel-rich n-

heptane/air mixtures, but the stable detonation propagation

mode for near-stoichiometric conditions.

Hydrogen, as a promising clean fuel for detonation pro-

pulsion engines, has attracted most research efforts over the

years as mentioned above due to its high chemical reactivity,

wide flammability limit and low ignition energy [25]. Experi-

ments and Numerical studies have found the addition

of hydrogen can enhance the ignition and combustion
nation in ammonia-hydrogeneair mixtures, International Journal
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performances of some hydrocarbon fuels, such as methane

[26,27], propane [28]. and various liquid fuels [29]. However,

the shortfalls associated with hydrogen storage and supply

have driven researchers to explore other sustainable fuel

sources. Ammonia has been recognised as a hydrogen carrier

with a high potential for development. The study of ammonia

as a fuel for propulsion systems can be dated back to the

middle of 20th century. Liquid ammonia was found to be a

stable fuel with good volumetric energy density, cooling

properties, and potential for hydrogen engine development.

Rocket fuel studies with a combination of acetylene and liquid

ammonia also showed a great improvement in fuel properties

and, more importantly, higher stability when compared to

other fuel blends at various conditions during launch.

Recently, there has been renewed interest in the development

of ammonia, as a carbon-free fuel, for combustion systems

[30,31] where hydrogen/nitrogen/ammonia/air mixtures have

been shown to have similar combustion characteristics as

gasoline [32]. Recent numerical studies have also observed

end-gas autoignition and deflagration-to-detonation transi-

tion phenomena in ammonia-hydrogen-oxygen/air mixtures

[33,34] where the explosion pressure of hydrogen/ammonia

fuel is evaluated by Li et al. [35]. While nitrogen oxides (NOx)

emissions are one of the major concerns when using

ammonia as a fuel, studies have found that NOx emissions

from ammonia-hydrogen blends can considerably decrease

from medium pressure to high pressure, while slightly rising

with increasing temperature [36]. As the pressure and tem-

perature of detonative combustion is much higher than those

of deflagration, it is attractive to study the possibility of using

ammonia-hydrogen blends in detonation-based engines.

Literature on using ammonia as a propulsion fuel is still

scarce as the feasibility and safety of its application in

detonation propulsion systems are still not well understood.

Therefore, the objective of this work is to understand the

complex physics and shock-flame interactions in pulsating

detonations for ammonia-hydrogen-air mixtures via 1D

simulations and the chemical explosive mode analysis

(CEMA). This study is the first step to understand the feasi-

bility of using ammonia-hydrogen blends as the fuel for

detonation-based engines. Navier-Stokes equations with

detailed chemistry solver for ammonia and hydrogen

oxidation will be solved. The influence of premixture com-

positions, including the volume fraction of hydrogen in fuel

and equivalence ratio, on pulsating detonation, will be

investigated. The rest of this paper is organised as follows:

the governing equations, numerical method, and computa-

tional setup are introduced in Section Modelling details,

followed by the presentation and discussion of simulation

results in Section Results and discussion. Conclusions are

drawn in Section Conclusions.
Modelling details

Governing equations

Fully compressible Navier-Stokes equations of mass, mo-

mentum, energy, and species mass fraction are solved for

multi-component, reacting flows, read as:
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vr

vt
þ V,ðruÞ ¼ 0 (1)

vðruÞ
vt

þ V,ðuðruÞÞ þ Vp� V,t ¼ 0 (2)

vðrEÞ
vt

þ V,ðuðrEÞÞ þ V,ðupÞ � V,ðt,uÞ � V,ðkVTÞ ¼ _uT (3)

vðrYiÞ
vt

þ V,ðuðrYiÞÞ � V,ðrDVYiÞ ¼ _ui; ði¼1;/NÞ (4)

p ¼ rRT
M

(5)

Where t, r, u, p, T and E refer to the time, density, velocity

vector, gas pressure, temperature, and total non-chemical

energy, respectively. R and M in Eq. (5) refer to the universal

gas constant and the molar weight of the mixture, respec-

tively. The viscous tensor, t, in Eq. (2) is modelled as

t ¼ m

�
Vuþ ðVuÞT � 2

3
ðV ,uÞI

�
(6)

Here the dynamic viscosity m is estimated via

Sutherland's law, m ¼ As

ffiffiffi
T

p
=ð1þTs =TÞ, where As ¼ 1:67212�

10�6 kg=m,s,
ffiffiffiffi
K

p
and Ts ¼ 170.672 K are respectively the

Sutherland coefficient and the Sutherland temperature. The

thermal conductivity, k, in Eq. (3) is estimated based on the

Eucken approximation [37] as

k ¼ mCvð1:32þ1:37R =CvÞ (7)

With unity Lewis number assumption, the mass diffusion,

D, in Eq. (4) is calculated by

D ¼ a ¼ k
�
rCp (8)

Here Cv and Cp refer to the heat capacity at constant vol-

ume, and at constant pressure, respectively. _uT in Eq. (3) ac-

counts for the combustion heat release and the net production

rate of i-th species in Eq. (4) is given by _ui.
Numerical methods

The governing equations, i.e. Eqs. (1)e(4) are solved with a

density-based, multi-component reactive solver, RYrhoCen-

tralFoam [38], which was developed based on the standard

compressible flow solver, rhoCentralFoam [39], in the open-

source CFD toolbox OpenFOAM 6.0. The finite volume

method is used for the spatial discretisation. The numerical

flux of the convective term is calculated using a second-order,

non-staggered, Godunov-type central-upwind scheme,

known as the Kurganov, Noelle, and Petrova [40] (KNP)

method. A Van Leer limiter is adopted for correcting flux cal-

culations by the KNPmethod. Detailed chemistry calculations

are performed, and the convective terms in the energy and

species mass fraction equations are solved with a total vari-

ation diminishing scheme to ensure the scalar boundness.

The diffusive terms in Eqs. (1)e(4) are calculated with a

second-order central differencing scheme. The chemical

source terms are obtained by integrating local chemical
nation in ammonia-hydrogeneairmixtures, International Journal
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Fig. 2 e Half-reaction length as a function of fuel/air

equivalence ratio and volume fraction of hydrogen in fuel

(initial temperature: 300 K, initial pressure: 1 atm).
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ordinary differential equations with a stiff solver, i.e. Seulex

solver [41]. A semi-implicit second-order scheme is applied for

time discretisation. The maximum Courant number is

adjusted between 0.02 and 0.05 according tomesh resolutions,

which results in the maximum physical time step of approx-

imately 10�9 s.

The original non-reacting solver, rhoCentralFoam, has been

validated by Greenshields et al. [39] in 1D shock tube and 2D

forward-facing step simulations. The reactive solver, RYrho-

CentralFoam [38,42], was proved to be able to accurately predict

the statistics of the velocity and/or reactive scalar fields of

laboratory-scale supersonic hydrogen-air autoigniting flames

[43] and a model supersonic combustor [44]. Moreover, the

capability of the solver to capture flow discontinuities (e.g.

shock wave and expansion wave), autoignition, and shock-

induced ignition, has also been demonstrated via rotating

detonation simulations by capturing the transient behaviours

of detonation wave propagation [45,46]. The solver has been

recently adopted in the study of pulsating propagation and

extinction of hydrogen detonations in water sprays by Xu

et al. [47,48]. This solver also accurately predicted various

oscillatory modes for 1D pulsating detonation in n-heptane-

air mixtures under off-stoichiometric conditions [24]. For this

study, the reactive solver is coupled with a detailed chemical

mechanism for ammonia-hydrogen blends. The mechanism,

with 34 species and 204 elementary reactions, was developed

by Song et al. [49] and has previously been applied to studies of

ammonia-hydrogen oxidation at high pressure and tempera-

ture conditions in a jet stirred flow reactor [50,51].

Computational setup

Pulsating detonation propagation in ammonia-hydrogen-air

mixtures under different conditions is numerically studied

in a one-dimensional detonation tube. Fig. 1 shows the sche-

matic of the computational domain. The detonation tube is

closed at the left end and the right end. In this study a high-

pressure (pdrive), high-temperature (2500 K) hot spot (2 mm

thick) is placed at the left end of the detonation tube to initiate

the detonationwave. The hot spot is chosen to initiate a right-

propagating detonation in the domain. The validity of this

ignition method was previously studied by Yungster and

Radhakrishnan [18,52] for hydrogen-air and ethylene-air

mixtures. The initial velocity is set to be zero, and the

ammonia-hydrogen-air mixture ahead of the detonation

wave is in a quiescent state. Zero-gradient conditions are

enforced for all variables at both the left and right boundaries

of the domain.

The initial composition of premixtures is parameterised

through the volume fraction of hydrogen in ammonia-

hydrogen blends ðXH2 Þ and the equivalence ratio (f). The
Fig. 1 e Schematic of one-dimensional detonation tube. The red

(pdrive) is the hot spot to initiate the flame. The initial gas is am

references to colour in this figure legend, the reader is referred
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dilution effect of hydrogen is studied by varying the hydrogen

volume fraction from 0.2 to 0.7. The effects of mixture

strength on pulsating detonations are studied by varying the

equivalence ratio from 0.6 to 2.5. The initial temperature of the

unburned mixture is 300 K, and the initial pressure is 1 atm.

The length of the detonation tube (L) shown in Fig. 1 is

adjusted with respect to the mixture composition to ensure

sufficiently long detonation propagation and long-lasting

pulsation phenomenon due to the varying unsteady charac-

teristics (e.g., pulsating period). For example, L is 1.5 m for

f ¼ 0.8, but longer for leaner mixtures (2.5 m for f ¼ 0.6) with

XH2 ¼ 0:2.
Results and discussion

Grid convergence tests

In order to fully resolve detonation structures and wave in-

teractions in the induction zone, an adequatemesh resolution

for each case is needed. Therefore, the effects of spatial res-

olution on ammonia-hydrogen blend pulsating detonations

are first studied. A baseline case when XH2 ¼ 0:2, f ¼ 0.8 is

selected for the analysis of mesh resolution. The grid size

needed for each condition is estimated via the Half-Reaction

Length (HRL) of the ZND structure, defined as the distance

from the leading shock front to the location of peak heat

release rate. Previous studies of 1D ZND detonation for

ammonia suggested the HRL can vary considerably with the

initial composition ofmixtures [53]. Therefore, ZND structures
pocket with high temperature (2500 K) and high pressure

monia-hydrogen-air premixtures. (For interpretation of the

to the Web version of this article.)

nation in ammonia-hydrogeneair mixtures, International Journal
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of 1D detonations for differentmixtures are first calculated via

the Shock andDetonation Toolbox [54]. Significant variation of

HRL (L1/2) as a function of fuel/air equivalence ratio and vol-

ume fraction of hydrogen in fuel can be observed in Fig. 2. For

a fixed hydrogen mass fraction and initial pressure, HRL rea-

ches a minimum around stoichiometry while larger HRL is

found for lean and rich conditions. Increasing hydrogen mass

fraction also lowers the value of HRL. This indicates that the

reactivity of the mixture rises when the XH2 is increased,

resulting in shorter ignition delay and induction length.

Grid convergence tests are performed on the 1D pulsating

detonation forXH2 ¼ 0:2, f¼ 0.8, p0¼ 1 atm and T0¼ 300 K. The

driver pressure at the hot spot is first set to 150 atm. Four

different meshes with uniform cell sizes of 0.3 mm, 0.15 mm,

0.08 mm, and 0.04 mm are selected, corresponding to 40, 80,

150, and 300 computational grids per HRL (12.04 mm for this

condition). Fig. 3 shows the time histories of pressure at the

leading shock front (referred to as the shock pressure) with

different mesh sizes. The position of leading shock is identi-

fied where the pressure gradient is maximum. As shown in

Fig. 3, stable detonation with slight pressure variations is

observed at 40 cells/L1/2, whereas, pulsating detonations with

constant oscillatory frequencies are captured with all other

threemesh resolutions. Similar pulsating frequencies exist for

150 cells/L1/2 and 300 cells/L1/2, though lower peak values of

shock pressure are predicted with 150 cells/L1/2. The oscilla-

tory frequency is slightly under-predicted for 80 cells/L1/2, and

a further reduction in peak shock pressure is observed.

Therefore, a mesh resolution between 150 cells/L1/2 and

300 cells/L1/2 is adopted for all following studies balancing

numerical accuracy and computational cost.

Effects of hydrogen volume fraction in fuel

In this study, the effect of hydrogen addition in ammonia for

pulsating detonation is investigated. The ratio between the

high driver pressure (pdrive) and the initial pressure in the
Fig. 3 e Time history of shock pressure with different mesh

sizes (initial temperature: 300 K, initial pressure: 1 atm,

volume fraction of hydrogen in fuel: 0.2, equivalence ratio:

0.8).

Fig. 4 e Time histories of propagation speeds of reaction

and shock fronts with volume fraction of hydrogen in fuel

of (a) XH2 ¼ 0:2, (b) XH2 ¼ 0:3, (c) XH2 ¼ 0:5, (d) XH2 ¼ 0:7

(initial temperature: 300 K, initial pressure: 1 atm,

equivalence ratio: 0.8).
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detonation tube (rp ¼ pdrive/p0) is set to be 150 for all the sim-

ulations, and the effect of the driver pressure can be found in

Appendix. Fig. 4 shows the temporal evolution of the reaction

front (RF) and shock front (SF) pulsating propagation speeds of

various hydrogen volume fractions, i.e. XH2 ¼ 0:2� 0:7, in

ammonia-hydrogen blends (initial conditions at: p0, rp, T0,

f ¼ 1 atm, 150, 300 K, 0.8). Here, the position of the RF is

defined as that of the maximum heat release rate (HRR) in the

detonation tube. Significant pulsating instabilities of RF and

SF propagation are observed for relatively low volume frac-

tions of hydrogen in fuel when XH2 ¼ 0:2;0:3 and 0.5. For the
nation in ammonia-hydrogeneairmixtures, International Journal
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same driver pressure ratio of 150, stable detonation with a

constant propagation speed can be achieved when XH2 is

increased to 0.7. While the results shown here suggest the

detonation stability would monotonically increase with the

increasing volume fraction of hydrogen, previous studies have

pointed out that for pure hydrogen-air mixtures detonation

did not reach stability until a higher drive ratio of 200 [18]. This

indicates addition of ammonia in hydrogen-air mixture can

possibly stabilise detonation waves at a lower drive ratio.

However, the optimal mixture ratio for each condition to

reach stability would require further investigations. The CJ

speed (DCJ), overdrive degree (f), oscillation frequency (u) and

amplitude ðDp =p̄ Þ for all conditions tested in this study are

summarised in Table 1. The overdrive degree is defined as f ¼
D2=D2

CJ, where D is the actual detonation propagation speed

and DCJ refers to the theoretical Chapman-Jouguet detonation

speed. The oscillatory amplitude is given by Dp=p
̄
, where Dp is

the computed peak-to-trough shock pressure and p
̄
is the

computed average value. A slight increase in CJ speed is

observed for the increasing hydrogen volume fraction

together with increasing average propagation speeds of RF

and SF. The oscillation frequency dramatically rises with a

growing hydrogen fraction. The overdrive degree of SF is

found to minimally affected by the XH2 in fuel-lean ammonia-

hydrogen-air mixtures (f ¼ 0.8). The Dp=p
̄
of SF only decreases

from 0.77 for XH2 ¼ 0:2 to 0.69 for XH2 ¼ 0:5 with small

fluctuations.

To further study the effect of hydrogen addition, the in-

teractions between RF and SF are detailed for different

hydrogen volume fractions, as shown in Fig. 4. The coupling of

RF and SF can be roughly characterised by equal speeds of the

two fronts (i.e. intersections labelled 1, 2, 3, 4) as indicated in

Fig. 4(a) and (b). The RF always accelerates slightly earlier than

the SF within each pulsating detonation cycle. The period

between instants 1 and 2 corresponds to detonative combus-

tion when the two coupled fronts synchronously propagate

forward (coupling period). Between instants 2 and 4, RF and SF

are decoupled, featured by their distinct speeds (decoupling

period). The RF speed catches up with SF speed at instant 3.

According to this, the decoupling period can be further divided

into two stages: accelerated decoupling (i.e. 2-3) and acceler-

ated recoupling (i.e. 3-4) periods. Accelerated decoupling is

characterised by gradually increasing distance between the RF

and SF as the trailing RF travels slower than the lead SF, while

accelerated recoupling corresponds to the gradual approach-

ing of the two travelling fronts. The coupling interval (Tc) and

decoupling interval (Td) last about 0.002 ms (0.167e0.169 ms)
Table 1 e The CJ speed, overdrive degree, oscillation
frequency and amplitude for various hydrogen volume
fraction in fuel (f ¼ 0.8, p0 ¼ 1 atm, rp ¼ 150, T0 ¼ 300 K).

XH2 DCJ (m/s) f u (Hz) Dp=p
̄

0.2 1767.21 1.53 27027 0.77

0.3 1776.44 1.54 52632 0.79

0.5 1796.83 1.55 126582 0.69

0.7 1820.21 1.51 N.A. N.A.

Please cite this article as: Zhu R et al., Pulsating one-dimensional deto
of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2022.04.265
and 0.019 ms (0.169e0.188 ms) for XH2 ¼ 0:3 and f ¼ 0.8,

respectively. The coupling period accounts for about 10% of

the whole pulsating detonation cycle for XH2 ¼ 0:3 compared

to 14% (Tc ¼ 0.005 ms, Td ¼ 0.032 ms) for XH2 ¼ 0:2, suggesting

the pulsating detonation cycle is shortened with increasing

XH2 accompanied by reduced the proportion of Tc. Previous

studies highlighted that the decrease in activation energy

could shorten the intervals between the death and re-

initiation of pulsating detonation [13], suggesting the addi-

tion of hydrogen in ammonia reduces the activation energy of

the blends for pulsating detonation.

Fig. 5 depicts the spatial and temporal distributions of

temperature, pressure gradient, density gradient, and hy-

droxide (OH) mass fraction in one pulsating detonation cycle

marked by the dashed boxed area in Fig. 4(a). The reactive

front and the lead shock wave demonstrate a coupling dura-

tion (Tc) and a relatively long decoupling duration (Td), as seen

in Fig. 5(a). The coupling or decoupling instants, similar to the

criteria set out in the literature [24,55], are identified based on

the distance between the RF and the SF; in this case, distances

less than 0.1 mm are considered as coupled, otherwise

considered as decoupled. The Td lasts about 0.032ms, which is

much longer than Tc of 0.005 ms. It is also observed from 5(a)

that the temperature of the RF is significantly elevated when

SF is coupled with RF within the short Tc duration, while

reduced when the two fronts are decoupled. A larger amount

of OH is also produced near the high-temperature RF within

the Tc period than that of the Td period, as seen in Fig. 5(d).

Moreover, the secondary reaction front (SRF) in Fig. 5(a) and (d)

can be clearly observed with changes of temperature and OH

concentration across it. The SRF stems from the continuous

chemical reactions of undetonated intermediate radicals

behind the RF, and the temperature behind it can reach

3000 K.

The dynamic behaviour and complex interactions of the RF

and SF within the pulsating cycle can be presented via pres-

sure and density gradients shown in Fig. 5(b) and (c). The early

part of Td is the accelerated decoupling stage, and the rest is

the accelerated recoupling stage, separated by the first bifur-

cation (labelled as B1) in Fig. 5(b). B1 occurs at around 0.250 ms

when a new SF forms ahead of the RF, which is a developing

detonative front accompanied by the formation of a series of

compression waves (i.e. CW1). The new detonative front

moves faster than and gets closer to the old SF between B1 and

the second bifurcation (i.e. B2) at around 0.260 ms. The heat

release rate (HRR) between them increases due to compres-

sion effects until the old SF turns into another detonative front

together with a new RF in the shocked gas at B2, accompanied

by the formation of the second series of compression waves

(i.e. CW2). In the meantime, the first new-formed developing

detonative front degenerates into an intense reaction front

with high HRR as the pressure growth across it is not sufficient

enough to support a detonation wave. These compression

waves, CW1 and CW2 (termed as “reaction shock” by Alpert

and Toong [6]), are caused by rapid heat release around

detonative fronts. This phenomenon of a detonative front

leading an intense RF is marked with a circle in Fig. 5(c), and

will be further presented in Fig. 6. The third bifurcation B3
occurs at around 0.262 ms when the trailing reaction front

merges into the lead detonative front and produces the
nation in ammonia-hydrogeneair mixtures, International Journal
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Fig. 5 e Spatial and temporal distributions of (a) temperature (in K), (b) pressure gradient (Pa/m), (c) density gradient (kg/m4),

(d) mass fraction of OH. RF: reaction front; SRF: secondary reaction front; SF: shock front; CW1, CW2: compression waves; EW:

expansion wave; TD: decoupling period; TC: coupling period; B1, B2, B3: bifurcation point (hydrogen volume fraction: 0.2,

equivalence ratio: 0.8, initial temperature: 300 K, initial pressure: 1 atm).
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detonation wave for the next pulsating detonation cycle, and

it generates a backward-propagating expansion wave (EW)

relative to the lead SF. The complex interactions of EW, CW1,

and CW2 are generated periodically within each pulsation

cycle, which leads to spatial pressure fluctuations behind the

detonation wave. The foregoing process of new detonation

wave formation roughly happens in each accelerated recou-

pling period.

The spatial distributions of pressure and temperature

around B2 (0.26 ms) and B3 (0.262 ms) with HRR curves are

shown in Fig. 6. The left-propagating compression waves (e.g.

CW1 and CW2) relative to the RF are observed, and the in-

tensity of CW2 is much higher than that of CW1. The two peak

values of HRR at the RF (i.e. at 0.566 m) of detonative front

ahead and the following intense reaction front (i.e. 0.565 m)

are almost the same in Fig. 6(a) at 0.260ms,which corresponds

to the phenomenon observed in Fig. 5(b) and (c). The tem-

perature between two peaks of HRR slightly decreases first as

it crosses the lead forward-propagating detonative front; then

a pronounced temperature rise is observed, arising from the

intense reaction front with strong heat release as shown in

Fig. 6(b). This reaction front wave later combines with the lead

detonative front and they evolve into a new detonation wave

at 0.262 ms for the next pulsating detonation cycle, together

with the generation of the expansion wave EW in Fig. 6(c). In

addition, the intensity of CW2 decreases from 0.26 ms to

0.262 ms as it moves backward relative to the SF.
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To further elaborate the unsteady physics in one pulsating

detonation cycle for different ammonia-hydrogen blends,

Fig. 7(a)-(c) and (d)-(e) show periodic spatial variations of the

pressure, temperature and HRR under XH2 ¼ 0:2 and XH2 ¼ 0:5,

respectively. The shock pressure in Fig. 7(a) first decreases

from 0.225ms (line #1) to 0.230ms (line #3) within the coupling

period (Tc), accompanied with evident HRR decrease in

Fig. 7(c). During the accelerated decoupling period between

0.230 ms (line #3) and 0.250 ms (line #7), the shock pressure

levels off, and the HRR of the RF is continuously reduced. At

these instants, the locations of peak HRR slightly lag behind

those of the leading SF where the pressure jumps, which

travels faster than the RF marked by the red dashed line in

Fig. 7(a)e(c). Meanwhile, a two-stage growth of the tempera-

ture profile is observed in Fig. 7(b), induced by the SF

compression effects and the heat release of trailing RF,

respectively. The accelerated recoupling period happens from

0.250 ms (line #7) to 0.262 ms (line #11). After B1 in Fig. 5(b) at

0.250 ms, localised pressure rise is observed just ahead of the

peak HRR of RF (marked with the black dashed line) at

0.255ms (line #8), resulting in a newdetonative front, and thus

the previous SF turns into a lead shock wave. A new RF with

increasing HRR occurs closely downstream of the lead shock

wave at 0.259 ms (line #9) and later produces another new

detonative front at 0.260 ms (line #10) when it almost has the

same peak HRR of 1.5 � 1013 J/m3/s as the RF of the following

detonative front, which accords with B2 in Fig. 5(b). At the
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Fig. 6 e Spatial profiles of heat release rate and (a) pressure, (b) temperature at t¼ 0.260ms, and (c) pressure, (d) temperature

at t ¼ 0.262 ms (hydrogen volume fraction: 0.2, equivalence ratio: 0.8, initial temperature: 300 K, initial pressure: 1 atm).
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same time, the previously newly-formed detonative wave

decays into an intense reaction front with high HRR, which

finally penetrates into the later-formed lead detonative front

at 0.262ms, concurrently B3 is generated, as shown in Fig. 5(b).

The shock pressure, shock temperature and HRR get back to

66.88 atm, 3100 K and 2.3 � 1013 J/m3/s, respectively, as the

detonation wave of coupled RF and SF is reinitiated, and then

the next repeated process starts. In addition, the spatial fluc-

tuations of temperature behind the detonation wave at 0.225

or 0.265mswithin Tc are in line with those of pressure, caused

by the complex of EW, CW1, and CW2 generated in each pul-

sation cycle. Such phenomena were also observed by Sharpe

and Falle [56] by 1D pathological detonation simulation and

termed as “explosions in the explosion”, which is related to

the pockets of partly burned fuels in the shocked gaswhen the

activation temperature is high or a constant energy addition is

supported by the piston.

Likewise, the spatial distributions of pressure, temperature

and HRR in a pulsating detonation cycle for XH2 ¼ 0:5 are

successively presented in Fig. 7(d)e(f). Similar unsteady phe-

nomena to those forXH2 ¼ 0:2 are observed in the coupling (i.e.

line #1*-3* from 0.1 ms to 0.101 ms) and accelerated
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decoupling durations (i.e. line #3*-7* from 0.101 ms to

0.105 ms). The values of both the SF pressure and RF tem-

perature of detonation forXH2 ¼ 0:5 are close to those forXH2 ¼
0:2 during Tc, at around 70 atm and 2825 K; however, theHRR is

much higher here (6.97� 1013 J/m3/s), stemming from the high

chemical energy pulse from hydrogen addition. A significant

pressure increase, i.e. the SF, is observed ahead of the RF at

0.104 ms (line #6*) during Td, marked by the red dashed line in

Fig. 7(d)e(f). A two-stage temperature growth is also observed

during Td in this case, with one from the compression effect of

preceding shock and the other from the combustive heat

release backwards. Whereas, there is a much smoother tran-

sition from the decoupling to coupling of the SF and RF for

XH2 ¼ 0:5 in the accelerated recoupling period (i.e. line #8*-11*

from 0.106 ms to 0.108 ms) than that for XH2 ¼ 0:2. Ahead of

the RF marked by the black dashed line in Fig. 7(d)e(f), the

new-formed forward-propagating SF relative to the lead shock

occurs at around 0.106 ms (line #8*) with comparatively low

intensity. The trailing complex of the original RF and new SF

starts to gradually get close to the old SF until 0.108 ms (line

#11*) when the two SF merge together. This process is

accompanied by the increase of shock pressure from
nation in ammonia-hydrogeneair mixtures, International Journal
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Fig. 7 e Spatial profiles of (a) pressure, (b) temperature and (c) heat release rate with hydrogen volume fraction XH2 ¼ 0:2, the

time stamps for lines 1e11 are: 1: 0.225 ms, 2: 0.227 ms, 3: 0.230 ms, 4: 0.235 ms, 5: 0.240 ms, 6: 0.245 ms, 7: 0.250 ms, 8:

0.255 ms, 9: 0.259 ms, 10: 0.260 ms, 11: 0.262 ms, and of (d) pressure, (e) temperature and (f) heat release rate with XH2 ¼ 0:5,

the time stamps for lines 1*-11* are: 1*: 0.1 ms, 2*: 0.1005 ms, 3*: 0.101 ms, 4*: 0.102 ms, 5*: 0.103 ms, 6*: 0.104 ms, 7*:

0.105 ms, 8*: 0.106 ms, 9*: 0.107 ms, 10*: 0.1075 ms, 11*: 0.108 ms (equivalence ratio: 0.8, initial temperature: 300 K, initial

pressure: 1 atm).
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43.67 atm to 70.19 atm and HRR from 1.28 � 1013 J/m3/s to

8.07� 1013 J/m3/s. Meanwhile, the temperature just behind the

SF of the new detonative front gets back to about 2813 K at

0.108 ms for the next pulsation cycle.

As indicated in Fig. 4, stable detonation can be achieved

with further increase in hydrogen volume fraction. Fig. 8

shows the spatial and temporal temperature and pressure

gradient profiles in the detonated ammonia-hydrogen-air

mixture with initial conditions (XH2 , f, p0, pdrive, T0 ¼ 0.7, 0.8,

1 atm, 150 atm, 300 K). Stably propagating detonation is

observed from 0.06ms to 0.09ms. It is found that the RF and SF

are always coupled with a HRL of 1.01 mm and propagate

forward synchronously. The steady detonation propagation is

achieved for f ¼ 1.51 and rp ¼ 150 in the mixture condition

here, while the short-period pulsating detonation propagation

has been observed by Yungster and Radhakrishnan [18] in

hydrogen-air mixtures with initial conditions (f, p0, rp,

T0 ¼ 0.8, 0.42 bar, 140, 298 K or 0.8, 0.8 bar, 190, 298 K). This

indicates that small amounts of ammonia addition to

hydrogen (ammonia volume fraction in fuel XNH3 ¼ 0.3 here)

can help obtain a stable detonation wave. Here, the shock

pressure is around 36.9 atm, the HRR can reach 2� 1013 J/m3/s,

and the temperature of burned gas is over 3000 K, all of which

are quite close to those of detonation propagation of a stoi-

chiometric hydrogen-air mixture [57].
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Effects of equivalence ratio

Previous studies have suggested pulsating instabilities of

different fuel/airmixtures can behave differently with varying

equivalence ratios [18,24]. Studies on the dynamics of

ammonia/air mixtures autoignition have also highlighted

significant differences between ammonia and hydrocarbon

fuels, particularlymethane [58]. Therefore, parametric studies

were carried out over equivalence ratios varying from 0.6 to

2.5 for ammonia-hydrogen-air mixtures (initial conditions at:

p0, rp, T0, XH2 ¼ 1 atm, 150, 300 K, 0.2). Fig. 9 shows the variation

of detonation speed with respect to time for different mixture

compositions. Significant pulsating instabilities for the prop-

agation of RF and SF are observed in all studied mixture

compositions. The coupling (1e2), accelerated decoupling

(2e3), and accelerated recoupling (3e4) relations of the two

fronts are identified and marked in Fig. 9. It is found that both

lean and rich mixtures pertain longer Tc and Td periods

compared to the stoichiometric mixture. This is consistent

with the finding shown in the literature suggesting when

activation temperature is low (near stoichiometric conditions)

the duration of one pulsating detonation cycle decreases

while the pulsating frequency increases [13,59]. The CJ speed,

overdrive degree, oscillation frequency, and amplitude for all

simulated cases are presented in Table 2. Note that although
nation in ammonia-hydrogeneairmixtures, International Journal
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Fig. 8 e Spatial and temporal distributions of (a)

temperature (in K), (b) pressure gradient (Pa/m) RF: reaction

front; SF: shock front (hydrogen volume fraction: 0.7,

equivalence ratio: 0.8, initial temperature: 300 K, initial

pressure: 1 atm).
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the driver pressure ratio is fixed for all cases, the degree of

overdrive increases for both leaner and richer mixtures.

Similar phenomena in hydrogen-air mixtures were reported

by Yungster and Radhakrishnan [18]. The current study of

ammonia/hydrogen blends suggests the CJ speed is peaked

near stoichiometry, while the previous study on hydrogen-air

mixtures suggested that the CJ speed increasesmonotonically

when the equivalence ratio is between 0.4 and 2 [18]. Similar

characteristics of ammonia/hydrogen blends that the laminar

burning velocities (LBV) peak near stoichiometry in LBV

measurements of ammonia/hydrogen mixtures have been

reported [60]. The oscillatory amplitude Dp=p
̄
of the SF shows

different trends compared to f, first rising from 0.83 for f ¼ 0.6

to 0.92 for stoichiometry, then declining to 0.46 for f ¼ 2.5 as

the mixture getting richer.

The temporal and spatial distributions of temperature and

pressure gradient for a fuel-lean (f ¼ 0.6) and a fuel-rich

(f ¼ 2.5) ammonia-hydrogen-air mixture are shown in

Fig. 10. Only one pulsation period is presented here for both

lean (0.257e0.322ms) and rich mixtures (0.185e0.246ms). The

transients observed in Fig. 5 are also observed here for both

fuel-lean and fuel-rich conditions, including the coupling,

accelerated decoupling, and recoupling periods of the RF and
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SF, compression and expansion waves from shock bi-

furcations, and secondary reaction fronts (i.e. SRF). The tem-

perature is elevated abruptly across the SRF due to chemical

reactions of undetonated intermediate radicals, while it is

found that the temperature behind the SRF is around 2700 K

for f ¼ 0.6, and 2500 K for f ¼ 2.5, much lower than that of

3000 K for f ¼ 0.8 in Fig. 5. The pressure gradient of SF in the

fuel-rich premixture is lower than that of the fuel-lean

counterpart for almost one order of magnitude as shown in

Fig. 10(b) and (d).

The Tc of this pulsating cycle for f ¼ 0.6 lasts between

0.257 ms and 0.262 ms. Thereafter, the first bifurcation B1
separates the death and re-initiation of detonation at 0.303ms

when a new SF occurs ahead of the RF. Before the appearance

of B2, a trifurcation point marked as T1 in Fig. 10(b) is observed

at around 0.311 ms. A forward-propagating compressible

wave is found to be accompanied by a series of relativelyweak

backward-propagating compression waves relative to the RF

(marked as CW). The forward-propagating compressible wave

appearing around T1 finally merges with and strengthens the

new-formed SF at around 0.317ms. After this period, a new RF

with increasing HRR is produced at around 0.319 ms and

produces a new detonative front via the compression effects

of the strengthened SF and the old lead SF at around 0.320 ms

(B2). This process can be further presented in Fig. 11 through

spatial distributions of pressure and HRR over time between

0.314 ms and 0.320 ms. The RF is just behind the new-formed

SF with the peak value of pressure at 0.314 ms. The two

compression waves generated from T1 are clearly marked in

Fig. 11(a). The new-formed SF rapidly catches up and com-

bineswith the right-propagating compressionwave relative to

the RF at 0.317ms, relatively far away from the RF, while close

to the lead SF as Fig. 11(b) demonstrates. A new RF starts to

appear due to the compression between the new and the

original SF at around 0.319 ms; meanwhile, the CW2 with a

higher intensity than the left-propagating CW is produced.

The growing HRR of the new-formed RF at 0.657 m has over-

taken that of the old RF at 0.656 m from 0.320 ms, and turns

the old RF to an intense reaction front (labelled in Fig. 11(d)).

The trailing intense reaction front with evident heat release

and pressure growth combines with the lead detonative front

at B3 of around 0.322 ms, accompanied with the occurrence of

an expansion wave EW as Fig. 10(b) shows. During this

accelerated recoupling period (0.303e0.322 ms), a detonation

wave of coupled RF and SF is generated for the new pulsation

cycle.

The physics and dynamics of one pulsating detonation

cycle in the fuel-rich ammonia-hydrogen-air mixture (f ¼ 2.5)

is presented in Fig. 10(c) and (d). The duration of Tc is from

0.1855 ms to 0.189 ms, and then the accelerated decoupling of

the RF and SF occurs until B1 at 0.220 ms. Thereafter, it comes

to the accelerated recoupling period (0.220e0.246 ms) of Td.

The generation of a new SF is observed closely ahead of the RF,

and thus a developing detonative front is formed in the

shocked gas behind the original SF, accompanied with a series

of backward-propagating compression waves relative to the

RF (i.e. CW). This new-formed detonative front propagates

forward with a higher speed than and thus gradually ap-

proaches the SF. The second bifurcation B2 occurs at 0.246 ms

when the detonative front overtakes the SF and generates a
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Fig. 9 e Time histories of propagation speeds of reaction and shock fronts with equivalence ratio of (a) f ¼ 0.6, (b) f ¼ 0.7 (c)

f ¼ 1, (d) f ¼ 2, (e) f ¼ 2.5 (initial temperature: 300 K, initial pressure: 1 atm, volume fraction of hydrogen in fuel: 0.2).

Table 2 e The CJ speed, overdrive degree, oscillation
frequency and amplitude for various equivalence ratio
(p0 ¼ 1 atm, rp ¼ 150, T0 ¼ 300 K, XH2 ¼ 0:2).

f DCJ (m/s) f u (Hz) Dp=p
̄

0.6 1619.04 1.62 15385 0.83

0.7 1698.34 1.57 21277 0.91

1.0 1870.29 1.49 35714 0.92

2.0 1853.03 1.63 23256 0.74

2.5 1804.97 1.74 16667 0.46
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detonation wave for the next pulsation cycle; meanwhile, the

formation of a backward-propagating expansion wave (i.e.

EW) relative to the lead SF is found. Periodic interactions be-

tween the SF and RF of this pulsating detonationwith only two

bifurcation points are similar to those of fuel-lean n-heptane

pulsating detonation propagation. However, a relatively

complex process was observed in fuel-rich n-heptane-air

premixtures suggesting different autoignition dynamics of

ammonia/hydrogen blends [24].
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Fig. 12 shows the spatial profiles of pressure and HRR in

accelerated recoupling durations for both f ¼ 0.6 and f ¼ 2.5,

corresponding to the same initial conditions and pulsating

detonation cycles in Fig. 10. For f ¼ 0.6, significant pressure

rise is observed ahead of the RF from 0.309 ms to 0.317 ms as

the forward-propagating compression wave occurring at

around 0.311 ms (T1) strengthens and merges into the new-

formed SF, accompanied with the gradually increasing HRR.

The original RF pressure abruptly rises from 43.59 atm at

0.317 ms to 57.17 atm at 0.320 ms due to the formation of a

new SF with increasingly intense HRR in the shocked gas. The

SF and RF are mutually enhanced in the process, leading to

extremely high peak values of pressure (79.96 atm) and HRR

(2.84 � 1013 J/m3/s). The eventual combination of the lead

detonative front and following intense reaction front occurs at

around 0.321 ms. The shock pressure and HRR of the new

detonation front are 65.32 atm and 1.62 � 1013 J/m3/s,

respectively. The transition from the decoupling to coupling of

the SF and RF for f ¼ 2.5 is much smoother than that for

f ¼ 0.6. The new SF generated in the shocked gas ahead of the

RF almost has the same intensity with, and gradually
nation in ammonia-hydrogeneairmixtures, International Journal
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Fig. 10 e Spatial and temporal distributions of (a) temperature (in K) and (b) pressure gradient (Pa/m) with equivalence ratio

f ¼ 0.6, and of (c) temperature (in K) and (d) pressure gradient (Pa/s) with equivalence ratio f ¼ 2.5. RF: reaction front; SRF:

secondary reaction front; SF: shock front; CW: compression waves; EW: expansion wave; TD: decoupling period; TC: coupling

period; B1, B2: bifurcation point (hydrogen volume fraction: 0.2, initial temperature: 300 K, initial pressure: 1 atm).
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approaches the old SF from 0.235 ms to 0.246 ms. Meanwhile,

the shock pressure rises from 48.23 atm to 61.40 atm, simul-

taneously the HRR increases from 1.67 � 1012 J/m3/s to

5.95 � 1012 J/m3/s. Then the coupled RF and SF start the next

cycle of pulsating detonation. Both the shock pressure and

HRR of detonation propagation for f ¼ 2.5 are much smaller

than those for lean conditions of f ¼ 0.6 and 0.8 in ammonia-

hydrogen-air mixtures, as indicated in Fig. 7(a)e(c) and Fig. 12.

The spatial distributions of ammonia (NH3), hydrogen (H2),

medium molecule pyrolytic products from ammonia (NH2),

and nitrogen monoxide (NO) mass fractions from the same

pulsating detonation cycle as in Fig. 10 are demonstrated in

Fig. 13. Under the fuel-lean condition, premixed fuel of

ammonia and hydrogen blends are almost completely

consumed between the leading SF and trailing RF in the whole

pulsating detonative combustion (line #1e11) as shown in

Fig. 13(a) and (b). However, a considerable residual mass

fraction of ammonia is found under the fuel-rich condition,

and hydrogen is even produced from redundant ammonia

decomposition, especially during coupling period with

comparatively high temperature (about 2800 K) in the narrow

induction zone, demonstrated in Fig. 13(e) and (f).

As for intermediate active radicals and oxidation products

simultaneously, peaks of NH2 first decrease in accelerated

decoupling period (line #4e7 or line #4*-7*), and then increase

in accelerated recoupling period (line #8e11 or line #8*-11*)

with respect to time in Fig. 13(c) and (g), keeping pace with

HRR peaks under both f ¼ 0.6 and f ¼ 2.5 conditions. This is

consistent with the autoignition behaviour of ammonia/air
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combustion where NH2 increases from the very start of the

autoignition process as a result of the initial fuel decomposi-

tion [58]. The high temperature (over 3000 K) and corre-

sponding HRR between the RF and SF when they are coupled

in fuel-lean burned gas in Fig. 10(a) and Fig. 12(b) comes from

the oxidation of medium or small pyrolytic products by

ammonia, as evidenced by the rapidly reduced NH2 and

increasedNO as Fig. 13(d) shows near the RF between 0.257ms

(line #1) and 0.262 ms (line #3). Large amounts of NO are

generated from NH2 oxidation within the coupling period, but

much less when the RF and SF are decoupled from 0.309ms to

0.320 ms (line #4e11). As the predominant pollutant in the

fuel-lean detonated ammonia-hydrogen-air mixture, the re-

sidual mass fraction of NO is approximately 0.025 for f ¼ 0.6.

Whereas, differently, the production of NO is always

synchronised with the HRR for f ¼ 2.5 in Fig. 13(h), which first

apparently produced due to the SF compression effects and

then rapidly declines around the RF during both the coupling

period from 0.186 ms (line #1*) to 0.191 ms (#3*) and the

decoupling period from 0.196 ms (line #4*) to 0.230 ms (#11*).

Meanwhile, the peak concentrations of NO are relatively high

within Tc, but low within Td, consistent with temporal varia-

tions of HRR. The peak values of NO mass fraction

(0.004e0.009) are much lower than those in the fuel-lean case,

and the concentration is around 0.0005 in the detonated gas,

even below the detection limit. The spatial evolutions of NO

between the SF and RF suggest that its formation and con-

sumption process under fuel-rich conditions may have

different dominant reaction paths from fuel-lean conditions.
nation in ammonia-hydrogeneair mixtures, International Journal
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Fig. 11 e Spatial profiles of pressure and heat release rate at t ¼ (a) 0.314 ms, (b) 0.317 ms (c) 0.319 ms and (d) 0.320 ms

(hydrogen volume fraction: 0.2, equivalence ratio: 0.6, initial temperature: 300 K, initial pressure: 1 atm).
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Chemical explosive mode analysis (CEMA)

In this study, the propagationmode of the combustionwave is

investigated through a computational flame diagnostic tool,

chemical explosive mode analysis (CEMA), first developed by

Lu et al. [61]. CEMA characterises the propensity of a mixture

to ignite in an isolated system, by analysing the chemical Ja-

cobian of the local reactive system, described as

DuðyÞ
Dt

¼ Ju
Dy
Dt

¼ Juðuþ sÞ; Ju ¼ vu

vy
(9)

where y is the vector of dependent variables (e.g. temperature

and species mass fractions). u and s, respectively, are the

chemical source term and the non-chemical source term

associated with system. A CEM is identified when the chem-

ical Jacobian (Ju) has an unstable (i.e., explosive) eigenvalue

characterised by a positive real part, le, with the correspond-

ing left eigenvector being be.
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To further quantify interactions between chemistry and

other processes, Xu et al. [62] projected Eq. (9) to the direction

of CEM, resulting in:

be,
DuðyÞ
Dt

¼ be,Juðuþ sÞ ¼ lebe,ðuþ sÞ (10)

Dfu

Dt
¼ lefu þ lefs þ

Dbe

Dt
,u (11)

where

fu ¼ be,u; fs ¼ be,s (12)

Xu et al. [62] further defined a local combustion mode in-

dicator, a:

a ¼ fs=fu: (13)

The value of a highlights the relative importance of the

chemical source and non-chemical source terms, such as
nation in ammonia-hydrogeneairmixtures, International Journal
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Fig. 12 e Spatial profiles of (a) pressure, (b) heat release rate with equivalence ratio f ¼ 0.6, and of (c) pressure, (d) heat

release rate with f ¼ 2.5 (hydrogen volume fraction: 0.2, initial temperature: 300 K, initial pressure: 1 atm).
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diffusion, in the ignition process. a [ 1 suggests diffusion

dominates chemistry in promoting ignition, e.g., in the pre-

heat zone of deflagrative flames, while detonation regime

characterised by autoignition can be identified as |a|≪ 1 where

chemistry plays a dominant role. a ≪ � 1 indicates the local

extinction mode where diffusion dominates chemistry but

reverses the ignition process. For a pulsating detonation cycle,

it is worth studying the mixture combustion modes in both

the coupling and decoupling periods.

As discussed before, mixture composition plays an

important role in pulsating detonation. Therefore, CEMA

analysis will focus on both lean and rich ammonia/hydrogen

blends. Figs. 14 and 15 present the profiles of fu and fs at

various instants within the pulsating detonation cycles for

f ¼ 0.6 and f ¼ 2.5. The spatial distributions of temperature

are coloured by the CEM eigenvalue of Re(le), whose positive

value indicates the presence of explosive modes. The local

combustion mode indicator, a, is shown in different colours
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projected on the bottom horizontal line. The t3, t*3 are critical

instants (i.e. instant 3marked in Fig. 9), instants t1-t2, t*1-t
*
2 are

within the accelerated decoupling periods, whereas instants

t4-t5, t*4-t
*
5 are within the accelerated recoupling periods. It is

found that both fuel-lean and fuel-rich ammonia-hydrogen-

air mixtures are under chemically-frozen preignition condi-

tions ahead of detonation waves (indicated by a near-zero

eigenvalue). The gases in induction zones between the SF

and RF become chemically explosive (indicated by large

positive eigenvalues) due to shock compression and heating

effects in both accelerated decoupling and recoupling stages,

accompanied by temperature increases. The mixtures

downstream of the RF are in non-explosive post-ignition

states (i.e. marked as large negative eigenvalues and “Burn”

by the combustion mode), indicating the mixtures are

burned and evolving toward chemical equilibrium.

It is seen that the projected chemical source term fu is

significantly larger than the projected diffusion source term
nation in ammonia-hydrogeneair mixtures, International Journal
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Fig. 13 e Spatial profiles of (a) NH3, (b) H2, (c) NH2 and (d) NO with equivalence ratio of 0.6, the time stamps for lines 1e11 are:

1: 0.257 ms, 2: 0.259 ms, 3: 0.262 ms, 4: 0.270 ms, 5: 0.280 ms, 6: 0.290 ms, 7: 0.297 ms, 8: 0.303 ms, 9: 0.309 ms, 10: 0.317 ms,

11: 0.320 ms, and of (e) NH3, (f) H2, (g) NH2 and (h) NO with equivalence ratio of 2.5, the time stamps for lines 1*-11* are: 1*:

0.186 ms, 2*: 0.188 ms, 3*: 0.191 ms, 4*: 0.196 ms, 5*: 0.205 ms, 6*: 0.210 ms, 7*: 0.220 ms, 8*: 0.230 ms, 9*: 0.235 ms, 10*:

0.243 ms, 11*: 0.246 ms (hydrogen volume fraction: 0.2, initial temperature: 300 K, initial pressure: 1 atm).
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fs for the entire domain in all presented instants. This sug-

gests that chemistry plays a more important role than ther-

mal diffusion (|a|≪ 1) in the decoupling and recoupling

processes of the SF and RF under both lean and rich condi-

tions, and thus the detonative front is propagating as a purely

autoigniting front (marked by “Ign”). The current study is

significantly different compared to the previous study by

Zhao et al. [24] for n-heptane/air mixtures where during the

decoupling-recoupling process non-negligible competition

between thermal diffusion and chemical heat release may

separate the induction zone into two parts: a preheat zone

dominated by thermal diffusion immediately behind the

shock front followed by an autoignition dominated reaction

zone. Studies on other carbon-containing fuels also indicated

that the autoignitive system can reside in the thermal

runaway regime close to the end of the autoignition process.

The current study also relates to the study by Wu et al. [63]

which focused on premixed supersonic reactive hydrogen-air

flows with and without shock waves. In that study, chemical
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contributions were seen to exceed non-chemical contribu-

tions in the mixture behind the lead shock wave in

ChapmaneJouguet detonation and also behind the relatively

high-speed deflagrative flame. In addition, the relative

importance of chemical and diffusion process strongly de-

pends on the temperature immediately after the shock. Xu

et al. [62] have suggested that at a relatively high initial

temperature, chemistry always plays a dominant role in a

burner-stabilised hydrogen/air premixed flame configura-

tion. Recent studies on ammonia autoignition behaviour

have also suggested that, compared to other fuels, the

ammonia system enters the thermal runaway regime rela-

tively early during the autoigniton process and the steep in-

crease in chemical runaway signifies the transition from the

one regime to the other [58]. Their study also demonstrated

that the portion of the ignition delay spanned by chemical

runaway increases with initial temperature which in the

current case is much higher than normal combustion.

Therefore, the high driver pressure and high propagation
nation in ammonia-hydrogeneairmixtures, International Journal
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Fig. 14 e (a) Time evolutions of reaction and shock front propagation speeds and (bef) distributions of temperature and

normalised projections to CEM. Colours on temperature profiles are values of sign ðleÞ� log10ð1þ jjle Þ; while colours on the

horizontal line indicate the auto-ignition mode (red, ‘Ign’, |a|≪ 1), the diffusion assisted-ignition mode (green, ‘Diff’, a ≫ 1),

the extinction mode (blue, ‘Ext’, a ≪ ¡ 1), non-explosive burned mixtures (grey, ‘Burn’, le < 0), and fresh mixtures (light

grey, ‘Fresh’, T < 600K). (hydrogen volume fraction: 0.2, equivalence ratio: 0.6, initial temperature: 300 K, initial pressure:

1 atm). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this

article.)
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Fig. 15 e (a) Temporal evolution of reaction and shock front propagation speeds and (bef) distributions of temperature and

normalised projections to CEM. Colours on temperature profiles are values of sign ðleÞ� log10ð1þ jjle Þ; while colours on the

horizontal line indicate the auto-ignition mode (red, |a|≪ 1), the diffusion assisted-ignition mode (green, a ≫ 1), the

extinctionmode (blue, a≪¡ 1), and non-explosive mixtures (grey, le < 0). (hydrogen volume fraction: 0.2, equivalence ratio:

2.5, initial temperature: 300 K, initial pressure: 1 atm). (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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speed induced high local temperature immediately after the

shock front can lead to autoignitive dominated ammonia-

hydrogen-air mixtures downstream of the SF seen in this

study where the contribution of chemistry is prominent to

the CEM rather than that of thermal diffusion.
Conclusions

Reactive Navier-Stokes equations coupled with the calorically

perfect gas equation are numerically solved with a detailed

chemical mechanism to investigate the propagation dy-

namics of pulsating detonations in a one-dimensional deto-

nation tube filledwith ammonia/hydrogen-airmixtures. A hot

spot with high driver pressure and temperature is adopted to

directly initiate the detonation wave. It is found, for the first

time, that detonation can be initiated and propagate in

ammonia/hydrogen-air mixtures, indicating their feasibility

to be applied to detonation-based engines. The effects of

hydrogen volume fraction in fuel, and fuel/air equivalence

ratio on pulsating detonations are detailed.While the addition

of hydrogen to ammonia suggests that stable detonation can

be achieved at favourable conditions (i.e. high driver pres-

sure), detonation and emission characteristics are found to be

considerably affected by the blending fuel composition and

equivalence ratio.

For a certain premixture, relatively low ratios between

driver pressure to initial pressure exhibit highly unsteady

oscillatory detonation propagation modes with low over-

drive degrees. Under a constant pressure drive ratio of 150,

the oscillation mode of pulsating detonation is considerably

affected by hydrogen dilution in fuel blends. Evident pul-

sating instabilities with single frequencies are observed

when the volume fraction of hydrogen in fuel is equal to 0.2,

0.3, and 0.5, and the transition from decoupling to coupling of

shock front and reaction front becomes smoother with the

addition of hydrogen in fuel. The phenomenon of “explo-

sions in explosion” leads to the formation of a new detona-

tion wave for the next pulsation cycle at the end of

decoupling period, whereas a stable detonation with fixed

travelling speed is achieved with a comparatively high

hydrogen concentration in fuel of 0.7. When hydrogen ac-

counts for 0.2 in fuel, pulsating detonation propagation with

the regular decoupling and recoupling between lead shock

wave and trailing reaction front occurs over an equivalence

ratio from 0.6 to 2.5. Both fuel-lean and fuel-rich mixtures

present lower oscillatory frequency compared to the stoi-

chiometric mixture. The interactions between flame and

shock fronts from decoupling to coupling relations are more

complex under lean conditions than rich conditions. Nitro-

gen monoxide is the predominant pollutant in detonated

mixtures for an equivalence ratio of 0.6, making up for

approximately 0.025, but its residual mass fraction is only

around 0.0005 for an equivalence ratio of 2.5. Considerable

residual ammonia and hydrogen in the reacted fuel-rich gas

may trigger explosions again if fresh air remixes with it.

Further studiesmight be required to determinewhether fuel-

rich or fuel-lean ammonia/hydrogen-air mixtures are more

appropriate for practical applications considering both

thermal efficiency and emission requirements.
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The chemical explosive mode analysis suggests that the

mixture in the induction zone between reaction and shock

fronts is highly explosive. Moreover, the contribution of

chemical reactions always dominates that of thermal diffu-

sion in the whole decoupling and recoupling periods under

both lean and rich conditions, indicating that the propagating

detonation pertains to a combustion mode of autoignition.
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