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ABSTRACT

Dynamics of ethylene autoignition and deflagration-to-detonation transition (DDT) are first numerically investigated in a one-dimensional
shock tube using a reduced chemistry including 10 species and 10 reactions. Different combustion modes are investigated through consider-
ing various premixed gas equivalence ratios (0.2 � 2.0) and incident shock wave Mach numbers (1.8–3.2). Four ignition and DDT modes are
observed from the studied cases, i.e., no ignition, deflagration combustion, detonation after reflected shock, and deflagration behind the inci-
dent shock. For detonation development behind the reflected shock, three autoignition hot spots are formed. The first one occurs at the wall
surface after the re-compression of the reflected shock and contact surface, which further develops to a reaction shock because of “the explo-
sion in the explosion” regime. The other two are off the wall, respectively, caused by the reflected shock/rarefaction wave interaction and reac-
tion induction in the compressed mixture. The last hot spot develops to a reaction wave and couples with the reflected shock after a DDT
process, which eventually leads to detonation combustion. For deflagration development behind the reflected shock, the wave interactions, wall
surface autoignition hot spot as well as its induction of reaction shock are qualitatively similar to the mode of detonation after incident shock
reflection, before the reflected shock/rarefaction wave collision point. However, only one hot spot is induced after the collision, which also devel-
ops to a reaction wave but cannot catch up with the reflected shock. For deflagration behind the incident shock, deflagration combustion is
induced by the incident shock compression whereas detonation occurs after the shock reflection. The chemical timescale increases after the
reflected shock/contact surface collision, whereas decreases behind the incident and reflected shocks, as well as after the reflected shock/rarefac-
tion wave interaction. Therefore, mixture reactivity behind the reflected shock is weakened by the contact surface, but is intensified by the rare-
faction wave. The multi-dimensionality characteristics, including reflected shock/boundary layer interactions, reflected shock bifurcation,
destabilization, and detonation, are further present in a two-dimensional configuration. Planar autoignition occurs because of reflected shock
compression and detonation combustion is formed first in the central region due to the collision of the reflected shock wave/reflected compres-
sion wave. The left and right bifurcations of the separation region in the wall boundary layer are then sequentially ignited.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0103013

I. INTRODUCTION

Due to the simplicity of geometrical configuration and conve-
nience in controlling the thermodynamic conditions of the post-shock
gas, shock tube experiments are popularly used to measure ignition
delay time of various fuels1 or investigate two-phase gas-droplet inter-
actions.2 Two essential characteristics of the gas dynamics in shock
tubes (either reactive or non-reactive) are various wave interactions (e.
g., those between reflected shock, contact surface, and rarefaction
wave)3–5 and shock-boundary layer interactions.6–8 However, to pro-
long the test time usable in ignition delay measurements, “tailored”

driver-driven gas interface is widely used in previous shock tube stud-
ies, both experimentally9–11 and analytically.12 In many numerical
studies,13–17 the interactions between the reflected shock wave and
incident contact surface as well as the rarefaction wave are also
avoided deliberately. In these cases, the gas behind the reflected shock
is not further disturbed by any wave interactions.

Nevertheless, the interactions between the reflected shock wave
and contact surface as well as rarefaction wave may be important
for the practical ignition behaviors of combustible gas.5,18

One-dimensional (1D) interaction of a detonation wave with a contact
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discontinuity is investigated analytically and experimentally for the
oxygen–hydrogen mixture.5 The results show that the shock can either
be amplified or attenuated when it transmits through the contact sur-
face and then propagates into an inert gas (helium/air mixture),
depending on the reflection type at the contact surface as well as the
ratio of acoustic impedance across it. The reflection type is found to
depend on the ratio of internal energies across the contact surface.19

However, the ignition and combustion development of hydrocarbon
fuels like ethylene, under complex wave interactions (include but are
not limited to the shock/contact surface interaction), are still not fully
understood from the above studies. Furthermore, the behavior of the
shock when it further propagates into combustible mediums after its
interaction with the contact surface and rarefaction wave has not been
well investigated in the above studies.5,18,19

Generally, two ignition modes, i.e., mild17,20,21 and strong (or
sharp)22–24 ignitions, are observed both experimentally and numeri-
cally. According to Meyer and Oppenheim,23 mild ignition starts from
distinct flame kernels which grow slowly, whereas strong ignition is
planar ignition that covers the cross-section of a shock tube instanta-
neously. In the work of Yamashita et al.,6 the ignition modes are classi-
fied as near-wall (strong) and far-wall (mild) ignitions. The local
ignition hot spots in mild ignition are induced by the non-uniformity
behind reflected shock waves,6 which can occur in, e.g., the boundary
region near the sidewall of the shock tube,25–27 the bulk flow,28,29 or
the both regions but with some delay in time.17,30 The switch between
the different localized ignition modes is found to be sensitive to e.g.,
ignition temperature6,31,32 and shock wave intensity,8,33,34 which
implies that different mechanisms may be responsible for the forma-
tion of ignition hot spot. Therefore, it is of interest to further investi-
gate ignition and deflagration/detonation development under complex
wave interactions for hydrocarbon fuels.

In this work, detailed numerical studies are performed to investi-
gate the autoignition and deflagration-to-detonation transition (DDT)
in ethylene/air mixtures subject to the shock wave reflection on the
wall. A reduced ethylene mechanism is used, which includes 10 species
and 10 reactions.35 In the context of hydrocarbon fuels, ethylene is
chosen here mainly because it is generally the major component from
kerosene cracking reactions. The most famous kerosene surrogate may
be the binary mixture of 36% CH4 þ 64% C2H4 in volume, which is
primarily recommended to mimic the thermally or catalytically
cracked JP-7 like fuels.36 Different premixed gas equivalence ratios
and incident shock wave Mach numbers are studied. 1D and two-
dimensional (2D) domains are used with high mesh resolutions to
capture the detailed and unsteady gas dynamics.

The novelties of this study are twofold. First, the multi-wave sys-
tems are considered, e.g., the incident shock wave, contact surface and
rarefaction wave as well as their reflected counterparts. This differs
from the previous work, e.g., Refs. 13, 14, and 37, which deliberately
avoid the wave interactions and therefore their effects on combustion
evolutions cannot not be reproduced. Second, automated reaction
analysis based on chemical explosive mode analysis (CEMA)38–41 is
performed through an eigen-decomposition of the chemical Jacobian
matrix.39,42 This enables us to extract the quantitative chemical infor-
mation behind the wave–chemistry interactions, which is not unveiled
in the previous studies. The implication of this study for shock tube
experiments mainly lies in understanding detailed scenario of the
complex wave interactions, which are not readily to be obtained with

optical diagnostics. The high-fidelity numerical simulations enable
detailed examination on the complicated autoignition and DDT phe-
nomenon behind a reflected shock, which are generally challenging for
measurement.

II. PHYSICAL PROBLEM

Autoignition and deflagration-to-detonation transition in com-
bustible mixtures behind reflected shock waves with a semi-closed
shock tube are studied. Figure 1(a) shows a schematic of the 1D com-
putational domain, which starts at x¼ 0 and is 0.2m long (x-direction).
The length scale in y- and z-directions is 20lm, which does not affect
the results because the reduced directions (i.e., y- and z-directions for
1D cases and z-direction for 2D cases) are discretized with one cell,
and the “empty” condition is applied (hence no numerical fluxes).43

The left boundary is a reflective, adiabatic non-slip wall, whereas the
right is a supersonic inlet with Dirichlet conditions enforced for all
variables. The supersonic inlet gas enters the domain at the right end
(x¼ 0.2 m) at t¼ 0, with an initial Mach numberMsi,0. Its composition
is identical to the mixture in the shock tube, which further naturally
triggers a leading shock (i.e., incident shock wave) followed by a contact
surface and a rarefaction wave [see Fig. 1(a)]. The interactions between
the left wall and incident shock wave would lead to a right-propagating
reflected shock wave and therefore second compression of the com-
bustible mixture. The reflected shock may further interact with the
incident contact surface and rarefaction wave as seen in Fig. 1(b),
which schematically shows the evolutions of wave reflections and
interactions. Details will be further presented for three representative
cases in Sec. IVA. The strengths of the incident shock wave, contact
surface, and rarefaction wave can be readily controlled by the super-
sonic inlet gas conditions. This further enables the investigation of
various wave interactions with different patterns and strengths on the
combustion mode and detonation evolution in practical shock tubes.

FIG. 1. Schematics of (a) the computational domain for a one-dimensional shock
tube and (b) spatial-temporal evolutions of the leading shock, contact surface, and
rarefaction wave.
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Note that the multi-dimensionality effects in experimental shock tubes
may be also important because of boundary layer growth and/or
shock/boundary layer interactions, which further leads to non-
uniform ignition.6,7,44 This will be examined through high-resolution
two-dimensional simulations in Sec. IVC.

The initial gas composition in the shock tube is ethylene/air mixture
with equivalence ratios of/0¼ 0.2 – 2.0. The initial pressure and temper-
ature are, respectively, 10kPa and 300K. The inlet gas Mach numbers
considered in this study areMsi,0¼ 1.8, 2.0, 2.4, 2.8, and 3.2. The gas con-
ditions at the inlet, behind the incident shock, and behind the reflected
shock for stoichiometric ethylene/air mixture (mass ratio YC2H4/YO2/YN2
¼ 0.064/0.218/0.718) are detailed in Table I. Here, the studied conditions
behind the reflected shock wave are comparable to the ethylene experi-
ments of Penyazkov et al. (prs,0 ¼ 5.9–16.5 atm, Trs,0 ¼ 1060–1520K),9

Saxena et al. (prs,0¼ 2, 10, 18 atm, Trs,0¼ 1000–1650K),10 andWan et al.
(prs,0 ¼ 0.97–20.54atm, Trs,0 ¼ 721–1307K).11 Note that the gas condi-
tions behind the incident and reflected shocks (e.g., psf,0/Tsf,0 and prs,0/Trs,0,
respectively) are naturally resulted from the supersonic inlet gas. They are
read from non-reactive simulations under the identical inlet conditions to
those in the reactive cases.

III. NUMERICAL METHOD AND COMPUTATIONAL
DIAGNOSTIC TOOL
A. Numerical method

The governing equations of mass, momentum, energy, and spe-
cies mass fractions are solved for compressible, multi-species, reacting
flows. The governing equations are solved by a density-based multi-
component reactive flow solver, RYrhoCentralFoam.43,45,46 It is devel-
oped from rhoCentralFoam solver in OpenFOAM 5.0 package.47 The
RYrhoCentralFoam solver is verified and validated with a series of
benchmark cases against analytical solutions and/or experimental data
in our recent work.43,48 It can accurately predict gaseous detonation
properties in different fuels (e.g., hydrogen and methane), including
reaction-shock interaction, propagation speed, frontal structures, and
cell size.43 Recently, it is successfully used for simulations of supersonic
combustion and detonations.43,46,48

A second-order implicit Crank � Nicolson scheme49 is used for
temporal discretization. A Godunov-type Riemann-solver-free scheme
developed by Kurganov et al.50 is used, with Minmod flux limiter51 for
convective fluxes for accurate shock capturing. The diffusive fluxes are
predicted with a second-order central differencing scheme.52 The physi-
cal time step is 10�9�10�10 s. Detailed information about the equations
and numerical method can be found in Refs. 43, 45–48, and 53.

The stiff ODE solver seulex54 is used to integrate the chemical
reaction system. A reduced chemical mechanism for ethylene combus-
tion is used, which contains 10 species (C2H4, O2, CO, H2, O, CO2,
OH, H, H2O, and N2) and 10 reactions.35 The Arrhenius kinetic
parameters can be found in Ref. 35, whilst the thermodynamic ones
are estimated with JANAF polynomials.55 This mechanism is validated
against the detailed mechanism (25 species and 77 reactions, assem-
bled from the experimental data in Ref. 56) over a range of operating
conditions, and the results agree well with the measured data for, e.g.,
evolutions of temperature, pressure and key species concentrations.35

It is used for simulations of supersonic flames57,58 and detonations.59,60

Comparisons of ignition delay time and constant volume ignition pro-
files with experimental data as well as detailed mechanism are pro-
vided in Sec. A of the supplementary material. It is found that this
mechanism preserves acceptable accuracies with least computational
cost compared with the detailed mechanisms, which exhibits the high-
est cost-benefit ratio for high mesh resolutions (e.g., 10lm in the pre-
sent study).

Furthermore, a representative case with /0 ¼ 1.0 andMsi,0 ¼ 2.0
(see Table I) is simulated with both the reduced mechanism35 and the
detailed one of Wang and Laskin (75 species and 529 reactions).61

Comparison of the results is provided in Sec. B of the supplementary
material, and it is found that the major characteristics including wave
interactions and final stable detonation speed are close for the two
mechanisms.

Three uniform meshes with 10 000, 20 000, and 40 000 cells are
adopted to discretize the 1D domain in Fig. 1(a). They correspond to
the cell sizes of 20, 10, and 5lm, respectively. The grid dependence
analysis is provided in Sec. C of the supplementary material, and it is
found that the differences in autoignition and DDT development with
three meshes are negligible. Therefore, in the subsequent analysis, the
resolution of 10lm is used. This leads to about 98 cells in the half-
reaction zone of Chapman–Jouguet (C–J) detonation under the condi-
tions behind the reflected shock wave withMsi,0¼ 2.0 (see Table I).

B. Chemical reaction analysis

CEMA38–41 is an automated approach for studying ignition and
detonation development in premixed gas. It can extract the compre-
hensive reaction information from local chemical Jacobian matrix.39,42

For a reaction system, the evolutions of thermochemical composition
follow:

Du
Dt

¼ gx uð Þ þ s uð Þ; (1)

where u ¼ (c1, c2, …, cN, T) is the vector of species molar concentra-
tions ci and temperature T from the detailed reactive flow simulations.
D(�)/Dt is the material derivative. The term gx uð Þ is the vector of
chemical source terms, whereas sðuÞ denotes all the non-chemical
terms. In CEMAmethod, eigen-analysis of the local chemical Jacobian
matrix is performed,39,40,42 i.e.,

Dgx uð Þ
Dt

¼ J � Du
Dt

¼ J � gx uð Þ þ s uð Þ½ �; (2)

where J ¼ @gx uð Þ
@u is the local chemical Jacobian matrix. Chemical

modes are associated with the eigenvalues of J , among which the one

TABLE I. Gas conditions corresponding to different inflow Mach numbers in stoichio-
metric ethylene/air mixture. psi,0/Tsi,0, psf,0/Tsf,0, and prs,0/Trs,0 are, respectively, the
pressures/temperatures at the inlet (x¼ 0.2 m), behind incident shock and reflected
shock.

Msi,0 psi,0 (kPa) Tsi,0 (K) psf,0 (kPa) Tsf,0 (K) prs,0 (kPa) Trs,0 (K)

1.8 56.6 472.4 79.6 646.9 364.1 1009.8
2.0 77.4 509.2 104.6 751.7 540.9 1215.4
2.4 147.5 590.5 177.1 1036.8 1122.5 1774.7
2.8 285.2 680.2 289.7 1443.2 2144.1 2588.9
3.2 554.6 777.5 456.2 2009.1 3797.0 3743.1
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with the maximum real part is denoted as ke. A chemical explosive
mode is identified when the real part of ke, Re(ke), is positive.

The contribution of species or temperature to a CEM is quanti-
fied through explosion index,39,42 i.e.,

EIj ¼ max sign Re keð Þ½ �; 0� � � diag lerej jjXNþ1

i¼1
diag lerej ji

; (3)

where sign(x) and max(x,y) are, respectively, the sign and maximum
functions, diagj�jj is the absolute value of diagonal element for j-th var-
iable, le and re are the left and right eigenvectors corresponding to ke.
EIj closes to 1 means that the corresponding variable (species concen-
tration or temperature) is dominant in the CEM. Full details of the
CEMAmethod can be found in Refs. 39, 40, and 42.

IV. RESULTS AND DISCUSSION
A. Combustion mode

Four combustion modes of ethylene/air mixtures subject to inci-
dent/reflected shock waves are observed based on our simulation
results: (1) no ignition, (2) deflagration combustion behind reflected
shock, (3) detonation combustion behind reflected shock, and (4) def-
lagration combustion behind the incident shock wave (also develops
to detonation after the shock is reflected at the wall). A combustion
mode map is shown in Fig. 2, which is parameterized by premixture
equivalence ratio and inflow Mach number. These two global parame-
ters are the direct reasons that determine the patterns and strengths of
various wave interactions. However, the various wave interactions fur-
ther physically affect the evolution of different combustion modes. It is
found that under low inflow Mach numbers and/or low equivalence
ratios, modes 1 (e.g., Msi,0� 1.8, or Msi,0 ¼ 2.0 but /0� 0.4) and 2
(two cases withMsi,0¼ 2.0 and /0¼ 0.6,Msi,0¼ 2.4 and /0¼ 0.2) are
more likely to occur. Mode 3 becomes more prevalent when the inflow
Mach number is further increased. When Msi,0 ¼ 3.2, mode 4 occurs

for all the considered equivalence ratios. One can also see that the
dependence of combustion mode on the mixture equivalence ratio is
weaker than that of inflow Mach number. For instance, when /0 is
above 0.8, the predicted modes in Fig. 2 are solely affected by theMsi,0.
In the following, detailed transients in combustion modes 2 � 4 and
the underlying interactions between chemical reaction and gas dynam-
ics will be discussed through the representative cases.

It is worth noting that all detonation waves in the 1D simulations,
when applicable, are stable for the studied conditions in the present
work. No pulsating detonation is observed, which however, has been
found in our recent work for n-heptane/air mixture,62 and in Ref. 63
for hydrogen/oxygen mixture. Furthermore, both explosion and deto-
nation limits of the ethylene/air mixture are extended under the high
temperature and pressure conditions behind the reflected shock wave
(see Table I). This makes detonation possible whenMsi,0� 2.8 with /0

¼ 0.2. As a reference, the explosion limit of ethylene in the ambient air
is 2.7%–36% in volume.64

1. Autoignition and detonation development

Figure 3 shows the evolutions of pressure gradient, pressure, tem-
perature, and heat release rate in x-t diagram. In the following, the
white zones in variable contours are clipped by the lower limit of the
shown legend for readability. The initial conditions areMsi,0 ¼ 2.0 and
/0¼ 1.0, which corresponds to mode 3. In Fig. 3(a), the incident shock
wave A impinges on the wall at point a (t� 193 ls) and is reflected
(shock wave D). The latter intersects with incident contact surface B at
point b (x� 16.2mm and t� 239 ls), and both are decelerated after
they collide. The reason will be further discussed in Sec. IVB. Then, a
reflected shock is generated due to the collision of A/B, which further
impinges on the wall at point d (t� 255 ls), and a wall-reflected shock
(hereafter, it is termed as reflected compression wave to distinguish it
from many other waves and their reflections) F is formed.5,18 It subse-
quently merges with the transmitted shock D at point e (x� 35.8mm
and t� 314 ls) and D is intensified because the pressure gradients of
F and D are in the same direction.

FIG. 2. Diagram of the combustion modes in ethylene/air mixture subject to inci-
dent/reflected shocks. The numbers indicate four combustion modes.

FIG. 3. x-t diagrams of (a) pressure gradient, (b) pressure, (c) temperature, and (d)
heat release rate. Msi,0 ¼ 2.0 and /0 ¼ 1.0, mode 3.
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Moreover, a shock wave G is induced at point f (t� 302 ls).
This is caused by “the explosion in the explosion,”9,14,65 i.e., the near-
wall autoignition hot spot f induced by the shock compression, mani-
fested by locally high pressure, temperature, and heat release rate in
Figs. 3(b)–3(d), respectively. This reaction shock G propagates toward
the shocked gas, and then catches up with the reflected shock D at
point g (x� 47.4mm and t� 348 ls) and part of it is reflected back
(see the backward propagating bifurcation at point g). Nevertheless, the
reflected shock D is slightly intensified after point g (flatter slope of the
trajectory), which then collides with the incident rarefaction wave C at
point c (x� 59.8mm and t� 366 ls). Both waves are intensified, and
a second reactive hot spot c0 is initiated, which originates from D–C
collision location c.

A third reactive hot spot appears in the compressed mixture at
point i (x� 70.2mm and t� 406 ls), which generates two bifurcated,
right- and left-running, reaction waves. The former reaction wave, H,
catches up with D at point h (x� 93.0mm and t� 423 ls) after a
DDT process. D and H mutually enhance and couple with each other,
thereby generating a new detonation wave E at point h. The propagat-
ing speed of detonation wave E is 1787m/s, which is close to the C–J
speed (1797m/s based on the gas conditions behind the incident
shock, see Table I). Note that the interactions between the reflected
shock wave with reflected compression wave only make sense after
point e where they collide. This collision has little influence on the
near-wall mixture. Furthermore, the reflection of rarefaction wave on
the wall is of no interest because at that time the detonation wave E
almost gets out of the domain.

Figure 4 shows the chemical explosive mode and explosion indi-
ces [Eq. (3)] of temperature and dominant species (i.e., OH and O rad-
icals) in x-t diagrams. The CEM is visualized through

kcem ¼ max sign Re keð Þ½ �; 0� � � log10 1þ Re keð Þ�� ��h i
: (4)

In Fig. 4(a), only the mixture roughly between the incident shock A
and contact surface B is chemically explosive before the shock reflec-
tion on the wall. However, kcem is relatively low there, which indicates

that the chemical timescales are large (say, above 1 s). After the
reflected shock wave, the near-wall mixture (before point b) is found
to have increased propensity of chemical explosion (high kcem),
sequentially experiencing chemical runaway (or chain-branching reac-
tions), thermal runaway, and ultimate autoignition (i.e., point f), as
can be seen from Figs. 4(b) to 4(d). Note that chemical (thermal) run-
away corresponds to a high dependence on radical species (tempera-
ture). It is also seen that on the left side of point b0, across the reaction
shock G the chemical mode abruptly transitions from explosive one to
dissipative one (white area, i.e., the slowest decaying mode in a non-
explosive mixture39,40). Moreover, a significant increase in kcem is
observed behind G, on the right side of point b0, with high chemical
runaway and hence strong chain-branching reactions [see explosion
indices for OH and O in Figs. 4(c) and 4(d)]. As time increases, ther-
mal runaway propensity becomes significant, ultimately generating the
second and third hot spots, c0 and i [see Figs. 3(b) and 3(c)]. When
detonation is developed, the CEM region is only observed in the
induction zone of the detonation wave E, which is consistent with the
observations from two-dimensional detonation structures.66

In addition, there is also a distinct boundary between chemical
runaway and thermal runaway (starts at t� 248 ls on the wall), right
below line F as seen in Fig. 4. This is a natural transition process
caused by the reaction induction in the near wall region after the inci-
dent shock reflection point a. However, it happens right before point d
where the compression wave is reflected. Above line F, kcem gradually
increases again. This will be further confirmed in Figs. 5 and 11.

To further elaborate on the interactions between the gas dynam-
ics and chemical reactions, Fig. 5(a) shows the evolutions of chemical
timescale, te, (i.e., the reciprocal of jRe(ke)j from CEM39) at x¼ 0, 47.4,

FIG. 4. x-t diagrams of (a) CEM distribution and explosion indices for (b) tempera-
ture, (c) OH, and (d) O radicals.

FIG. 5. Evolutions of (a) chemical timescale (in logarithmic scale) and (b) OH
mass fraction at various locations. Letter symbols same as in Figs. 3 and 4.
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70.2, and 93.0mm, which, respectively, correspond to the locations of
points a, g, i, and h in Fig. 3(a). Figure 5(b) shows the evolutions of
OH mass fraction YOH at these locations. In Fig. 5(a), the mixture is
not chemical explosive (e.g., te > 105 s) before the incident shock wave
arrives. When the incident shock wave sweeps the four locations at
t� 193, 148, 126, and 104 ls, respectively, there is a sharp decrease in
te, to about 1 s (indicated by A1). However, te recovers to above 103 s
after the incident contact surface passage (at t� 203, 173, and 143 ls)
for the latter three points. For the wall surface x¼ 0, it is re-
compressed by the reflected shock wave, and te decreases to about
10�5 s (i.e., after point a). Then, te slightly increases due to thermal
expansion from combustion heat release (not observable in Fig. 3(d)
because _q is clipped below 1010 W/m3, which however actually exists
and leads to decreased wall pressure). This ends at point d, when the
compression wave [generated due to the collision between the reflected
shock wave and incident contact surface at point b in Fig. 3(a)] is
reflected on the wall. The mixture is compressed again and therefore te
decreases. Meanwhile, the OH radical rapidly increases after d and
peaks at f, where finally the first autoignitive spot is formed as seen in
Fig. 3(a). After that, slow recombination reactions proceed and te
nearly keeps constant whereas OH is slowly reacted.

For x¼ 47.4mm, te sharply decreases from above 103 s (i.e., the
state behind the incident contact surface), to about 10�5 s [the state
behind G in Fig. 3(a)] at point g. Then, te slowly decreases because of
continuous chain-branching reactions, but it peaks at t� 409 ls (a1)
because the combustion is weakened by the incident rarefaction wave.
After that, te slowly decreases, whereas OH radical is slowly built up,
indicating lasting reaction induction at this location.

For the reactive hot spot at x¼ 70.2mm, the chemical timescale
te increases to above 104 s behind the incident rarefaction wave at
t� 343 ls (a2), which ends when the reflected shock wave D arrives
here at t� 384 ls (a3). Meanwhile, pronounced OH radical occurs
since then, which peaks when the autoignitive spot occurs at point i.
There is another peak of YOH after point i, which is caused by the left-
propagating reaction wave originated from point h [see Fig. 3(a)]. For
the detonation initiation location at x¼ 93.0mm, it also experiences
the influences of incident shock wave and contact surface, as well as
incident rarefaction wave [t� 281 ls, a4 in Fig. 5(a)]. Then, te
decreases to about 10�6 s while YOH sharply increases at point h, when
the detonation flame front is formed.

2. Deflagration flame propagation

Figure 6 shows the evolutions of pressure gradient, pressure, tem-
perature, and heat release rate in x-t diagram. The initial conditions
are Msi,0 ¼ 2.0 and /0 ¼ 0.6, which corresponds to mode 2. Different
from the stoichiometric results in Sec. IVA1, in this case, only defla-
gration combustion is developed after the reflected shock wave. The
interactions between the leading shock, contact surface, rarefaction
wave and their reflections on the wall, as well as the reaction shock
wave G before point c are qualitatively similar to those discussed in
Sec. IVA1. After point c, only one hot spot is present, which can be
seen from Fig. 6(c). The right-running reaction wave cannot catch up
with the leading shock to support a propagating detonation, before the
latter arrives at the right end. In Fig. 6(a), it is seen that the reaction
front (the white zone following D) significantly lags behind D. With
further decreased equivalence ratio (e.g., /0 ¼ 0.2), there is even no

propagating reaction front behind the leading shock (off the wall, no
hot spot can be formed), and only the near-wall mixture burns after
shock compression.

Figure 7 shows the chemical explosive mode and explosion indices
of temperature and dominant species in x-t diagram. In Figs. 7(a)–7(d),
the evolutions of kcem, EIT, EIOH, and EIO are qualitatively similar to the
counterparts in Fig. 4 before point c. Beyond point c, the CEM regions
exist between the leading shock and reaction wave [see Fig. 7(a)].
Within these regions, there are two stages, i.e., first chemical runaway
(high EIOH or EIO values) immediately behind the shock wave and
then thermal runaway (high EIT values) ahead of the reaction wave. A
sharp increase in gas temperature and pressure is resulted from the
compression of the reflected shock wave. Chain-branching reactions
(i.e., those producing intermediate species like OH and O radicals)

FIG. 6. x-t diagrams of (a) pressure gradient, (b) pressure, (c) temperature, and (d)
heat release rate. Msi,0 ¼ 2.0 and /0 ¼ 0.6, mode 2.

FIG. 7. x-t diagrams of (a) CEM distribution and explosion indices for (b) tempera-
ture, (c) OH, and (d) O radicals.
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have a strong propensity to occur. Therefore, chemical runaway is
first observed right behind the shock front. As chain-branching reac-
tions proceed, remarkable heat release rate starts to occur toward the
reaction wave [see Fig. 6(d)]. The mixture has a strong propensity of
autoignition after some distance of reaction induction. Thermal run-
away is then observed until the mixture is fully autoignited at the
reaction wave front. They can be observed from the local explosion
indices of species and temperature, respectively, in Figs. 7(b)–7(d).
The reaction front has a propensity to catch up with the leading
shock D. However, they are still not fully coupled within the compu-
tational domain. It is worth noting that when the shock tube is suffi-
ciently long, say 1m for this case, it is possible to finally achieve
detonation combustion.

Figure 8 further shows the evolutions of chemical timescale and
OHmass fraction at x¼ 0, 15.1, and 55.8mm, which, respectively, cor-
respond to the locations of points a, b, and g in Fig. 6(a). In Fig. 8(a),
the mixture is not chemically explosive (e.g., te> 105 s) before the inci-
dent shock wave arrives. When the incident shock reaches the three
locations at t� 192, 178, and 139 ls, respectively, te sharply decreases
to about 1 s. For the wall surface x¼ 0, it is similar to the results in
Fig. 5. For x¼ 15.1mm, te slowly decreases after the incident shock
wave passage because slow reactions with weak heat release are
induced behind the shock (see Fig. 7). At point b, te sharply decreases
from above 0.4 s (i.e., the developing state behind the incident shock
wave), to about 10�5 s (the state that is sequentially compressed by the
incident shock wave and contact surface). Then, te slowly increases
and decreases because of continuous chain-branching reactions, but it
peaks at t� 322 ls (a1), affected by the reaction shock wave G. After
that, te slowly increases, whereas OH radical is slowly dissociated,

indicating a quasi-stable state after a deflagration flame passage. This
is similar to the evolution of te after point f at location x¼ 0.

For x¼ 55.8mm, te increases above 10
3 s behind the incident con-

tact surface at t� 192 ls (a2), which ends when the reflected shock wave
D and reaction shock wave G intersect here at t� 366 ls (i.e., point g).
The chemical timescale drops to about 10�6 s behind g andmildly evolves
as the second hot spot is slowly induced [see Fig. 6(c)]. However, unlike
the similar point g in the stoichiometric case in Fig. 5, no pronounced
YOH occurs till t¼ 500 ls as no detonation is developed.

3. Deflagration behind incident shock

Figure 9 shows the counterpart results for Msi,0 ¼ 3.2 and /0

¼ 1.0 frommode 4. In this case, deflagration flame even occurs behind
the incident shock wave, and detonation combustion is formed shortly
after the reflected shock enters the combustible mixture behind the
incident contact surface. In some studies, this is called the shock-
induced detonation.67–69 In Fig. 9(a), the incident shock wave A
reflects on the wall at point a (t� 86 ls). The reflected shock wave D
then interacts with the incident contact surface B at point b
(x� 12.5mm and t� 105 ls) and both waves are decelerated. From
points a to b, there is no obvious heat release because the mixture there
is fully burned by the deflagration flame developed behind the incident
shock wave A [see the high temperature between lines A and B in
Fig. 9(c)]. This differs from the lower incident shock Mach numbers in
Figs. 3 and 6, where no flame occurs before the incident shock reflec-
tion. However, a deflagration flame is again immediately developed
once D enters the unburned mixture behind B as seen from the heat
release rate distributions in Fig. 9(d). At point e (x� 15.6mm and
t� 132 ls), the shock front is significantly intensified when it collides
with the reflected compression wave F. Coupling between the reaction
front and shock front occurs, leading to a developing detonation G.
Although the detonation front may further interact with other waves
(e.g., slightly intensified by the collision with incident rarefaction wave
C at point c), it can propagate in a self-sustainable manner.

Note that the near-wall temperature is extremely high (�4800K)
in Fig. 9(c), caused by the repeat compression from various waves and
their reflections on the wall. The local mixture may not be treated as
calorically perfect gas. However, this situation is ameliorated by two
factors in present work. First, this high-temperature region almost
stays near the wall, which has little influence on the initiation and
development of the traveling detonation front far from the wall.
Second, except this near-wall region, the gas temperature is much
lower even behind the detonation wave [about 3700K after point e in
Fig. 9(c)]. Actually, the detonation front propagates in a medium that
is only compressed by the rarefaction wave after point c, where the
pre-detonation gas pressure and temperature are much lower than
that right behind the reflected shock wave near the wall (see Table I).

Figure 10 further shows the evolutions of chemical timescale and
OH mass fraction at x¼ 0, 12.5, and 15.6mm, which, respectively, cor-
respond to the locations of points a, b, and e in Fig. 9(a). In Fig. 10(a),
te is considerably reduced to about 7	 10�6 s when the incident shock
arrives at these locations at t� 86, 81, and 80 ls, respectively. For the
wall surface, te further drops to below 5	 10�8 s because of the shock
reflection on the wall. Meanwhile, YOH also increases at point a in
Fig. 10(b). After the shock reflection, te increases to 3	 10�7 s and YOH
generally levels off over the period of interest. At t� 113 ls (arrow a1),

FIG. 8. Evolutions of (a) chemical timescale (in logarithmic scale) and (b) OH
mass fraction at various locations. Letter symbols are same as in Figs. 6 and 7.
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te drops again to about 4.5	 10�8 s, because the mixture is further
compressed by the reflected compression wave.

For x¼ 12.5mm, te is slightly increased at point b, but soon
decreases as a deflagration flame is still sustained as seen in Fig. 9(d).

Then, te increases to about 0.1 s at t� 109 ls (arrow a2) because of the
contact surface. Shortly, the unburned mixture is ignited by the
reflected compression wave F and is fully burned at t� 127 ls (arrow
a3), both te and YOH tend to be stable. For x¼ 15.6mm, the unburned
mixture behind the incident contact surface is directly detonation
combusted by the interaction of reflected shock wave E and reflected
compression wave F at point e.

B. Further interpretations about wave interaction
effects on chemical reaction

In the above section, it is found that interactions between the
reflected shock wave and contact surface, as well as rarefaction wave,
have significant effects on hot spot formation and reaction front devel-
opment. Therefore, how they affect the chemical reactions behind these
unsteady events will be further investigated in this section based on one
representative case in Sec. IVA1, i.e., withMsi,0¼ 2.0 and /0¼ 1.0.

Figure 11 shows the evolutions of pressure, temperature, velocity,
and chemical timescale, before and after shock wave/contact surface
collision [i.e., at point b in Fig. 3(a), t� 239 ls]. Note that across a
contact surface, pressure and velocity are continuous [see Figs. 11(a)
and 11(c)], whereas temperature and density are not (temperature
decreases seen in Fig. 11(b) and density increases). The pressure ratio
across a normal shock reads (in shock reference frame)70

p2
p1

¼ 2k
kþ 1

Ma21 � 1
� �þ 1; (5)

where the subscripts “1” and “2,” respectively, denote the parameters
before and behind the shock front, and k is the specific heat ratio (here
assumed to be constant for simplicity). Before the two-wave collision,
the reflected shock wave propagates in the medium compressed by the

FIG. 9. x-t diagrams of (a) pressure gradi-
ent, (b) pressure, (c) temperature, and (d)
heat release rate. Msi,0 ¼ 3.2 and /0

¼ 1.0, mode 4.

FIG. 10. Evolutions of (a) explosion timescale (in logarithmic scale) and (b) OH
mass fraction at various locations. Letter symbols same as in Fig. 9.
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incident shock wave, with p1 ¼ 104.6 kPa and T1 ¼ 751.7K. However,
after collision, they are changed to p1 ¼ 104.6 kPa and T1 ¼ 550.5K,
swept by the contact surface. Therefore, after wave collision, the
reflected shock propagates into a denser but colder gas. In Fig. 11(a), it
is found that the pressure ratio (p2=p1) is increased after the collision
(e.g., increased from 5.21 to 5.87, from t¼ 230 to 240 ls). Therefore,
the pressure behind the reflected shock (p2) is also increased as p1
remains unchanged across the contact surface. According to Eq. (5),
the shock Mach number,Ma1, is increased after collision.

In addition, the temperature ratio across a normal shock reads70

T2

T1
¼ 2kMa21 � k� 1ð Þ� �

k� 1ð ÞMa21 þ 2
� �

kþ 1ð Þ2Ma21
: (6)

Hence, the temperature ratio (T2=T1) is also increased with Ma1
after the collision. In Fig. 11(b), T2=T1 is increased from 1.62 to

1.75 when the two waves collide. However, before the collision,
T1 ¼ 751.7K (behind the incident shock), whereas after that,
T1 ¼ 550.5K (behind the contact surface). The pronounced decrease
in pre-shock gas temperature leads to significant decrease in T2 after
collision, as seen from Fig. 11(b). From 230 to 240 ls, the tempera-
ture behind the reflected shock wave decreases from 1218.8 to
965.3K. The pronounced decrease in post-shock temperature leads
to the significant increase in chemical timescale, and hence after col-
lision, the reflected shock is weakened in chemical reactivity [see the
increased te from 230 to 240 ls, right behind the shock front indi-
cated by a3 in Fig. 11(d)].

Figure 12 shows the evolutions of pressure, temperature, velocity,
and chemical timescale, before and after the reflected shock wave/
incident rarefaction wave collision [i.e., at point c in Fig. 3(a), t� 366 ls].
It is well known that across a rarefaction wave, pressure, tempera-
ture, and density decrease, whereas the velocity magnitude increases.

FIG. 11. Evolutions of (a) pressure, (b)
temperature, (c) velocity, and (d) chemical
timescale, before (t� 230 ls) and after
(t� 240 ls) the reflected shock wave/
incident contact surface interaction. Msi,0

¼ 2.0 and /0 ¼ 1.0. Arrows a1 and a2
indicate the propagation direction of
reflected shock wave front and contact
surface (after collision), respectively.

FIG. 12. Evolutions of (a) pressure, (b)
temperature, (c) velocity, and (d) chemical
timescale, before (t� 360 ls) and after
(t� 370 ls) the reflected shock wave/
incident rarefaction wave interaction. Msi,0

¼ 2.0 and /0 ¼ 1.0.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 086105 (2022); doi: 10.1063/5.0103013 34, 086105-9

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


The density, pressure and temperature ratios across the reflected
shock are also determined by Eqs. (5) and (6). Before interaction,
the shock wave propagates in the medium that is compressed by the
incident contact surface, with p1 ¼ 104.6 kPa and T1 ¼ 550.5K.
After wave collision, the reflected shock propagates in the medium
behind the rarefaction wave, with p1 ¼ 77.4kPa and T1 ¼ 509.2K. This
also indicates a decreased speed of sound in the pre-shock gas after colli-
sion. Furthermore, it is found that the propagation speed of the reflected
shock increases after the collision, e.g., usf ¼ 1414.1 and 1490.6m/s at
t¼ 360 and 370 ls, respectively. This means that the pre-shock Mach
number relative to the shock front increases (i.e., Ma1 : because u1 :,
whereas a1 ;). Based on Eqs. (5) and (6), the pressure and temperature
ratios all increase after collision. However, it does not mean that the pres-
sure and temperature behind the shock front increase accordingly,
because those in front of the shock front all decrease after the collision.
Actually, the pressure and temperature behind the shock, respectively,
change from 113.5kPa and 1312.1K to 101.5kPa and 1363.5K, from
t¼ 360 and 370 ls. The chemical reactivity behind the reflected shock
increases [see the decreased te from t¼ 360 to 370 ls, behind the shock
front indicated by a2 in Fig. 12(d)] with the post-shock temperature after
collision. These justify why the reflected shock is intensified through
colliding with the incident rarefaction wave, as observed in Sec. IVA.
The phenomena unveiled from Figs. 11 and 12 are also true for the reac-
tive cases in Fig. 2.

Theoretical analysis on the interaction between a shock wave and
a contact surface has been performed previously.5,18,19 It has been
found that the transmitted shock through the contact surface can
either be amplified or attenuated, whereas either a shock wave or a rar-
efaction wave can be reflected depending on the initial configuration.
However, as far as we know, a similar theoretical analysis on the inter-
action between a shock wave and a rarefaction wave is still not avail-
able yet, which may be significant in the future work. The difficulty
partly comes from the variation of gas property. In our specific case,
before collision the reflected shock wave propagates in the mixture
that is compressed by the incident contact surface. After collision,
however, the leading shock propagates in a mixture that is compressed
by the incident rarefaction wave. Theoretical analysis requires the
known of gas thermodynamic conditions in front of and behind the
wall-reflected shock wave, incident contact surface, and incident rare-
faction wave. It is complex when only the input gas state (i.e., Msi,0,
psi,0, and Tsi,0 in Table I) is available.

C. Multi-dimensionality effects

The 1D simulations presented above are computationally effi-
cient, which enable the parametric study on various combustion
modes. However, they are unable to account for the multi-
dimensionality effects, which generally require at least 2D highly
resolved simulations. Non-uniformity behind the reflected shock wave
is observed both experimentally6,67 and numerically,15–17,34,71 which is
mainly caused by the interactions between the reflected shock wave
and boundary layer developed behind incident shock wave.
Furthermore, it is found that under “untailored” conditions, i.e., when
the reflected shock interacts with a contact discontinuity, the
Richtmyer–Meshkov instability can be induced.5,18,72–74 The reflected
shock is bifurcated and the uniformity (i.e., one-dimensionality)
behind it is violated.6 The multi-dimensionality effects on the combus-
tion mode are investigated in this section.

A two-dimensional computational domain is considered. It is
0.1m in length and 0.025m in height (x¼ 0–100, y¼ 0–25mm, see
Fig. 13). The 2D domain is discretized with a uniform mesh size of
10lm, resulting in a heavy 2D calculations with 25 	 106 cells in total.
This resolution is the same as those in the 1D simulations in Secs. IVA
and IVB and makes the present case to be a quasi-DNS (Direct
Numerical Simulation) study. Such resolution is obviously finer than

FIG. 13. Evolutions of pressure gradient (in Pa/m). A/A0, B/B0, and C, respectively,
denote the incident/reflected shock waves, incident/reflected compression waves,
and incident rarefaction wave. Msi,0 ¼ 2.4 and /0 ¼ 1.0, mode 3.
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the recent similar 2D simulations of Yamashita et al. (25lm for C2H2/
O2 mixture),6 Kiverin et al. (100–200lm for stoichiometric hydrogen/
air mixture),17 (50, 25, 12.5lm for H2/O2/AR mixture),27 (25lm for
stoichiometric H2/O2/AR mixture),71 and 3D simulations of Lipkowicz
et al. (100, 50, and 25lm for stoichiometric H2/O2 mixture),15 (50lm
for H2/O2 mixture).16 It is also comparable to the 2D simulations of
Grogan and Ihme (minimum size of 3.125lm after four levels of adap-
tive mesh refinement, about 10 cells per C–J detonation induction
length for stoichiometric H2/O2 mixture).7

The left and right boundaries are identical to those in the 1D sim-
ulations, whereas the bottom boundary is an adiabatic7,75,76 non-slip
wall and the top one is symmetric (see Fig. 13). Note that using adia-
batic or isothermal wall boundary conditions may cause differences in
the combustion mode in some situations,7 which however is not the
case here. Later, it will be found that the first autoignition hot spot and
detonation formation is little affected by the wall. The inflow Mach
number is Msi,0 ¼ 2.4 (see Table I), and the initial pressure and tem-
perature of the stoichiometric mixture are also consistent with those in
1D cases, i.e., 10 kPa and 300K. As a complementary to the 1D simu-
lations in Secs. IVA and IVB, the following discussion is focused on
the multi-dimensionality effects. The wave reflections on the wall, vari-
ous wave interactions, and combustion mode transition discussed in
detail in the 1D simulations are not repeated here.

Figure 13 shows the evolutions of pressure gradient to visualize
the various wave interactions and their effects on wall boundary layers.
At 70 ls, the incident shock wave A is close to the left wall, whereas
the contact surface B and rarefaction wave C follow. At 80 ls, the inci-
dent shock A is reflected into A0. Meanwhile, a small separation bubble
in the boundary layer occurs at the corner between the reflected shock
and bottom wall (green arrow). It is induced by the reflected shock
and wall boundary layer (developed behind the incident shock wave)
interactions.6–8,44 At 85 ls, the separation bubble slowly grows before
the reflected shock A0 collides with contact surface B. Furthermore, at
90 ls, noticeable growth of the bubble is observed after A0/B collision.
At 100 ls, B evolves into B0 after reflection, and A0 is significantly
bifurcated by the bubble. The mechanism of the reflected shock wave
bifurcation is demonstrated in e.g., Refs. 6, 8, 17, 77, and 78, which is
mainly caused by the reflected shock/boundary layer interactions. A
k-shaped flow separation region is formed between the reflected shock
and bottom wall. However, above this region, A0 is generally planar in
the central flow (also termed as the planar part of reflected shock6).

At 110 ls, the planar part of A0 is also destabilized because of its
collision with reflected compression wave B0. Shortly after that, at 113
and 115 ls, the planar part of A0 is distorted, i.e., above the k-shaped
region, the shock front moves slower in x-direction, closer to the cen-
ter plane. Similar observation is also made by Yamashita et al.6 This is
because the flow close to the bottom wall is compressed and hence
slightly accelerated by the left bifurcation of the k-shaped bubble
(ellipses). At 125 ls, however, the shock front closer to the central
region moves faster. This is because detonation combustion first
occurs in the central region, after the collision of the reflected shock A0

and incident rarefaction wave C, which will be further confirmed in
Fig. 14. It is worth noting that the growth of the separation bubble is
suppressed at 110–125 ls, due to the extensive heat release in the cen-
tral region [see Fig. 14(b)]. At 150 ls, the central section of the
reflected shock A0 is significantly compressed by the k-shaped region
due to pronounced heat release also occurs in the boundary layer,
which hence expands outward and acts as an aerodynamic throat.79

Figures 14(a) and 14(b), respectively, show the evolutions of
temperature and heat release rate in the foregoing process. At 70 ls,
the temperature behind the incident shock A is about 1036.8 K (see
Table I), and there is no observable heat release rate. At 80 ls, the
mixture temperature is increased to 1 774.7K with obvious heat
release rate (e.g., about 5	 1011 W/m3) behind the reflected shock
A0. At 85 ls, a planar deflagration flame front (with strong heat
release rate of about 4	 1012 W/m3) is developed above the separa-
tion bubble, behind the reflected shock. Therefore, the first autoigni-
tion front is purely induced from the reflected shock compression,
instead of wave interactions or wall boundary layers. At 90 ls, how-
ever, the deflagration flame is significantly weakened (with heat
release rate decreased to about 1011 W/m3 behind the shock) because
of the reflected shock wave/incident contact surface interactions. On
the other hand, wall boundary layers significantly grow after the
two-wave collision at 100 ls, which distort and extrude the adjacent
shock, hence increase the post-shock gas temperature on the left
bifurcation of the k-shaped region (which is termed as tail
shock15,16). Therefore, noticeable heat release rate first recovers
around the shock/bubble interfaces [but still lags behind the leading
shock, see the ellipse in Fig. 14(b)].

At 110 ls, above the separation bubble a slightly distorted def-
lagration flame is fully recovered after the collision of the reflected
compression wave B0/shock wave A0 (see Fig. 13). The flame front is
close to the shock front with heat release rate above 1012 W/m3. At
113 and 115 ls, the DDT process proceeds and temperature right
behind the shock front is significantly increased compared with that
at 110 ls. However, inside the boundary layers, temperature is
pretty low with no obvious heat release, mainly because that the gas
is not compressed by the reflected shock like the central flow. At
125 ls, noticeable heat release rate also occurs inside the wall
boundary layers, which increases the bubble temperature and
expands it outwards. The expansion of the wall boundary layers
compresses the planar part of the detonation front, and the height
(i.e., y-direction) of the latter is decreased at 150 ls. The left bifurca-
tion of the k-shaped region (ellipse) is also ignited by the hot burned
gas. In addition, there is also increased propensity of autoignition in
the right bifurcation of the bubble (arrow, which is also an oblique
shock15,16). This is because as the bubble grows, it has increased
resistance on the left-flowing gas on its right side and hence the
oblique shock gets stronger. This will be further stressed in Fig. 15.
Furthermore, no near-wall hot spots ever occur after 90 ls because
the mixture there is already burned [see Fig. 14(b)]. However, the
near-wall temperature is still increased after 90 ls due to various
wave compression.

Figure 15 shows the time sequence of chemical timescale distribu-
tion to quantify the mixture reactivity affected by wave interactions
and boundary layers. Behind the incident shock te� 10�3 s, and for the
un-shocked gas te 
 10 s. Behind the reflected shock A0, te� 10�5 s.
At 85–90 ls, te further drops to about 10�6 s behind the reflected
shock A0 after A0/B collision, because although the deflagration flame
is weakened (see Fig. 14), it is not fully quenched. At 110–115 ls, the
separation bubble also shows increased reactivity. Note that the small-
est te lies between the reaction front and leading shock. However, at
125 and 150 ls, the reaction front and leading shock is fully coupled.
The distribution of te is also significantly affected by the various wave
interaction in the post-shock region.
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It should be mentioned that the preceding results may be differ-
ent for hydrogen/oxygen mixtures in the following two aspects. First,
the ignition delay time of H2/O2 is generally much shorter than that of
C2H4/air under the similar thermodynamic conditions. This would
extend the upper and lower limits of equivalence ratio for detonation
in Fig. 2. Similarly, detonation can occur under lower inflow Mach
numbers. Second, the gas properties (e.g., density, heat capacity, and
specific heat ratio) of H2/O2 system are significantly different from
those of C2H4/air. This also applies for their final products, i.e., H2O vs
H2O þ CO2 þ N2. These differences may lead to different behaviors
of wave interaction as discussed in Figs. 11 and 12. It is worthy to per-
form similar investigations on the H2/O2 mixture in the future, consid-
ering the various wave interactions.

V. CONCLUSION

Autoignition and deflagration-to-detonation transition in pre-
mixed ethylene/air mixtures behind reflected shock are investigated
with highly resolved numerical simulations. Reduced mechanism
for ethylene combustion is considered. Different premixture equiva-
lence ratios (/0 ¼ 0.2 � 2.0) and incident shock Mach numbers (Msi,0

¼ 1.8–3.2) are studied.
A diagram describing combustion modes of ethylene/air mixture

compressed by the shock is first developed. Four modes can be identi-
fied, including (1) no ignition, (2) deflagration combustion behind
reflected shock, (3) detonation combustion behind reflected shock,
and (4) deflagration combustion behind the incident shock (also

FIG. 14. Evolutions of (a) temperature
and (b) heat release rate. Letter symbols
same as in Fig. 13.
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develops to detonation behind reflected shock). Equivalence ratios and
shock Mach numbers strongly affect the combustion development
process. Under low Msi,0 and/or low /0, no ignition (Msi,0� 1.8 or
Msi,0 ¼ 2.0 but /0� 0.4) or deflagration-only mode (two cases with
Msi,0 ¼ 2.0 and /0 ¼ 0.6,Msi,0 ¼ 2.4 and /0 ¼ 0.2) is observed. Mode
3 becomes more prevalent when Msi,0 and /0 increases (/0� 0.8 and
Msi,0 ¼ 2.0, /0� 0.4 and Msi,0 ¼ 2.4, /0 ¼ 0.2–2.0 and Msi,0 ¼ 2.8).
When Msi,0 ¼ 3.2, mode 4 is observed for all the considered equiva-
lence ratios. Moreover, the influence of equivalence ratio on combus-
tion mode is weaker than that of inflowMach number.

For modes 2 and 3, the gas between the incident shock and con-
tact surface is only in the reaction induction period, whereas for mode
4 a deflagration flame is formed right behind the incident shock.
Moreover, three autoignition hot spots are observed in mode 3. The
first one occurs at the wall surface, induced from the sequentially re-
compression of the reflected shock wave and reflected compression

wave, which further develops to a reaction shock because of “the
explosion in the explosion” regime. The second one is induced from
the interactions between the reflected shock and incident rarefaction
wave. The last one is induced by the intensified reflected shock after
interacting with rarefaction wave, in the compressed mixture. It fur-
ther develops to a reaction wave and couples with the reflected shock
after a DDT process, and eventually detonation combustion is formed.
However, in mode 2 besides the first hot spot at the wall surface, only
one more hot spot is induced off the wall. It is also induced from the
reflected shock/rarefaction wave collision, however, with pronounced
delay. Furthermore, although it also develops to a reaction wave, it
cannot catch up with the reflected shock to support a propagating det-
onation, before the latter arrives at the right end. For mode 4, deflagra-
tion combustion is induced by the incident shock compression
whereas detonation occurs after the shock reflection.

The influence of wave interactions on chemical reactions behind
the foregoing combustion modes is also interpreted. The chemical
timescale from CEMA shows that the mixture reactivity decreases after
the reflected shock/contact surface interaction but increases behind
the incident and reflected shocks, as well as after the reflected shock/
rarefaction wave interaction. Therefore, chemical reactions behind the
reflected shock are weakened by contact surface, whereas intensified
by rarefaction wave. The time series analysis of primitive variables
including pressure, temperature and gas velocity shows that the weak-
ening/strengthening of chemical reactions behind the reflected shock
by contact surface/rarefaction wave is mainly caused by the change of
pre-shock gas thermodynamic state in the reflected shock frame.

The multi-dimensionality effects are also examined with high-
resolution two-dimensional simulations. The reflected shock wave/
boundary layer interaction, reflected shock bifurcation, destabilization,
and detonation are all observed. Bifurcation and destabilization of the
reflected shock first occur in the near wall region because of boundary
layer development behind the incident shock wave. Furthermore,
destabilization of the central planar part of the reflected shock is inten-
sified by incident contact surface because of the Richtmyer–Meshkov
instability mechanism. Planar autoignition is purely induced from
reflected shock compression, whereas detonation combustion is
formed first in the central region due to the collision of reflected shock
and reflected compression wave. The left and right bifurcations of the
separation region in the wall boundary layer are then sequentially
ignited, respectively, caused by the strengthened compression from the
central detonation region and intensified oblique shock.

SUPPLEMENTARY MATERIAL

See the supplementary material for the sensitivity analysis about
mesh resolution and chemical mechanism.
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