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ABSTRACT

A new computational diagnostic method for pressure-induced compressibility is proposed by project-
ing its local contribution to the chemical explosive mode (CEM) in the chemical explosive mode anal-
ysis (CEMA) framework. The new method is validated for the study of detonation development during
the deflagration-to-detonation transition (DDT) process. The flame characteristics are identified through
the quantification of individual CEM contributions of chemical reaction, diffusion, and pressure-induced
compressibility. Numerical simulations are performed to investigate the DDT processes in a stoichiomet-
ric hydrogen-air mixture. A Godunov algorithm, fifth-order in space, and third-order in time are used
to solve the fully compressible Navier-Stokes equations on a dynamically adapting mesh. A single-step,
calibrated chemical diffusive model (CDM) described by Arrhenius kinetics is used for energy release
and conservation between the fuel and the product. The new diagnostic method is first applied to one-
dimensional (1D) canonical flame configurations followed by two-dimensional (2D) simulations of DDT
in an obstructed channel where different detonation initiation scenarios are examined using the new
CEMA projection formulation. Detailed examinations of the idealized configuration of detonation initia-
tion through shock focusing mechanism at a flame front are also studied using the new formulation. A
comparison of the currently proposed CEMA projection and the original formulation by the authors sug-
gests that including the pressure-induced compressibility is essential for the use of CEMA in DDT process.
The results also show that the new formulation of CEMA projection can successively capture the detona-
tion initiation through either a gradient mechanism or a direct initiation mechanism, and therefore can
be used as an effective local analytical tool for the computational diagnostics of detonation initiation in
a DDT process. It was found that detonation development is characterized by a strong contribution of
chemistry role to the CEM which is pivotal to the initiation of detonation. The role of compressibility is
found enhanced at the edge of the detonation front where diffusion was found to have minimal effects
on detonation development.

Novelty and Significance Statement: A new computational diagnostic method for pressure-induced com-
pressibility is proposed by projecting its local contribution to the chemical explosive mode (CEM) in the
chemical explosive mode analysis (CEMA) framework. The proposed method is tested and validated for
the study of detonation development during the deflagration to detonation transition (DDT) process. The
new method is found to be an effective local analytical tool for the computational diagnostics of detona-
tion initiation in a DDT process. The proposed method is versatile and can be used on various different
platforms which makes this study more impactful.
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1. Introduction

As a carbon-free fuel, hydrogen is widely considered an im-
portant future energy vector [1]. Potential advantageous proper-
ties of hydrogen as a fuel include wide flammability limits, high
laminar burning velocity, and low ignition energy. However, these
listed advantages might also be considered disadvantages from a
safety perspective. The hazardous potential of hydrogen-air mix-
tures has been studied in the literature extensively by assuming
perfect mixing of fuel and oxidant. Studies have suggested that re-
active hydrogen and air mixtures may detonate if ignited in con-
fined areas [2,3]. Under favorable circumstances, small flames or
sparks in hydrogen-oxygen mixtures can also accelerate and un-
dergo deflagration-to-detonation transition (DDT), posing serious
safety risks [4,5]. DDT, as a result of flame acceleration, is an im-
portant topic for a broad range of scientific and engineering prob-
lems of interest. However, the fundamental mechanisms by which
small flames/sparks can lead to detonations have not been fully
understood by combustion theory [6]. This is due, in part, to the
fact that DDT is a highly rapid and nonlinear phenomenon that is
stochastic and dependent on the details of the confining geometry
and the fuel and oxidizer mixture. The physics of the flame accel-
eration and DDT processes also involve a number of intricate phe-
nomena, including flow instabilities, shock waves, boundary layers,
turbulence, and detonation initiation.

For applications such as detonation-based propulsion systems
[7,8], a deeper understanding of the detonation initialization mech-
anism is necessary. Detonation initiations can be achieved in differ-
ent ways, among which the most straightforward one, as described
by Xiao and Oran [4], is through direct initiation, where a detona-
tion is created directly without first producing a deflagration [9,10].
As detailed in the literature, direct initiation is possible when a sig-
nificant amount of external energy is added to a reactive mixture
at a timescale smaller than the acoustic timescale [11,12]. Alterna-
tively, the initiation of detonation can be part of the response of a
reactive gas to an intense localized explosion during deflagration.
For this scenario, the local background conditions favoring deto-
nation are created through shock waves created by an accelerat-
ing flame. This process to form detonation is known as DDT [6].
In DDT process, detonation is often produced through a reactivity-
gradient mechanism, initiated by a “hot spot”. This gradient mech-
anism was first simulated by Zeldovich et al. [13]. The basic idea is
that a spontaneous reaction wave can propagate through a reactive
material if there is a spatial gradient in chemical induction time
and a detonation forms when the spontaneous wave decelerates to
D¢y [6]. This phenomenon was later observed in experiments con-
ducted by Lee et al. [14] and was referred to as the SWACER (Shock
Wave Amplification by Coherent Energy Release) mechanism. For
the SWACER mechanism, the reaction front would transit into a
detonation for an appropriate gradient of the free radical concen-
tration and the evolution occurs through the amplification of shock
waves. More recently, Xiao and Oran detailed the shock-focusing
detonation initiation mechanism at the flame front, where deto-
nation is found to be initiated through multi-shock collision in an
energetic gas [4].

The above-mentioned studies have provided significant physi-
cal insights into detonation initiation mechanisms by resolving the
flame front thickness and the half-reaction thickness where a sig-
nificant amount of computational cells are allocated. For most of
the listed studies, conventional diagnostic methods based on in-
dividual scalars, such as temperature, concentrations of selected
species, or some form of conditional scalars (e.g., progress variable
and mixture fraction), have been used to identify detonation ini-
tiation. The use of such diagnostic methods might become partic-
ularly challenging for processing DDT data where a vast range of
timescales and lengthscales exist within the system. The diagnos-
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tic methods based on individual scalars also typically require semi-
empirical criteria (e.g. local pressure threshold [15]) that need
to be adjusted for different flame types and conditions, limiting
their application to specific flame configurations. With the increase
in computational cells, the need for three-dimensional simula-
tions, incorporating detailed chemistry, and developing novel post-
processing tools capable of extracting key information from the
dataset might be necessary. Previous studies have also suggested
DDT might be a spatially and temporally stochastic process even
when the flow is subjected to minimal fluctuations of initial con-
ditions [16,17]. Therefore, it is of great interest to develop a uni-
versal data diagnostics tool for delineating DDT mechanisms while
conventional diagnostic methods may fail.

Among others, eigenanalysis-based methods have been used
to resolve complex physiochemical couplings between flows
and chemical kinetics in incompressible turbulent reactive flows
[18,19]. In particular, the chemical explosive mode (CEM) analysis
(CEMA) method has been developed to identify key flame features
relevant to explosive modes in high-fidelity reactive flow simula-
tions. First developed by Lu et al. [20], CEMA analyses the domi-
nant eigenmodes of the chemical Jacobian, highlighting the reac-
tive mixtures relevant to critical combustion events such as au-
toignition, flame propagation, and extinction. Xu et al. [21] fur-
ther advanced the CEMA theory by proposing to project the chem-
ical and non-chemical (e.g., diffusion) source terms in the gov-
erning equations for reactive flows to the CEM. Different flame
propagation modes were thereafter identified by the new crite-
ria highlighting the role of the competition between projected re-
action/diffusion source terms. The proposed CEMA approach has
been used in various reacting flows, including premixed lami-
nar and turbulent flames, spray flames, supersonic and detonative
flames [3,7,8,21-24]. However, the compressibility effects caused
by the density variation of the local fluid particle, which may
play important roles in supersonic flames and DDT processes, are
not accounted for in these studies using CEMA. Recently, Wu
et al. proposed a conservative representation of CEMA (CCEMA)
for flame diagnostics, attempting to account for the compressibil-
ity effect in compressible reactive flows [25]. The CCEMA method
was applied to analyze the flame stabilization mechanisms in the
Burrows-Kurkov supersonic flames, where chemical reactions are
found to control the flame kernel formation, indicating that au-
toignition governs the flame stabilization. However, the density
variation effects identified by CCEMA may or may not be related
to pressure change, and thus its application to complex flame
scenarios, such as DDT where both deflagration and detonation-
induced density variations are present, becomes challenging. It is
also worth noting that the eigenmode in CCEMA depends on the
flow field, and, thus, is not a local chemical property - a key
feature of the CEM in the original CEMA formulation. As sug-
gested by various studies, shock focusing can be a critical mech-
anism for the initiation of DDT, making it essential to consider
pressure-induced compressibility in computational diagnostics for
DDT.

In this study, a novel CEMA implementation catering to
pressure-induced compressibility for DDT processes has been for-
mulated and tested. The contributions of the chemical reac-
tion, diffusion, and compressibility projecting to the direction of
the CEM are detailed to systematically investigate the detona-
tion initiation mechanisms from DDT processes. The validity of
the proposed method is first demonstrated in one-dimensional
(1D) subsonic hydrogen-air premixed flames and the Chapman-
Jouguet detonation. The new method is further applied to the two-
dimensional (2D) simulation data of hydrogen-air deflagration to
detonation and idealized detonation initiation cases where the ca-
pability of the method in capturing different detonation initiation
mechanisms is examined.
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2. Physical models and numerical methods
2.1. Governing equations
In this paper, governing equations for the conservation of mass,

momentum, energy, and species for an unsteady, fully compress-
ible, chemically reactive flow are solved [6,26]:

ap

L4V (pU) =0 1)
a(gtu)—i-V~(pUU)+Vp=V~f 2)
a(a’f) +V-((PE+pU)=V.(U-3)+V-(KVT) - pgo> (3)
a(g)ty) +V.(pYU) + V- (pDVY) = pi (4)

where p, U, p, and T represent the density, velocity, pressure, and
temperature of the gas, respectively. E is the energy density, w is
the chemical reaction rate, q is the chemical energy release, Y is
the mass fraction of the reactant, K is the thermal conductivity,
and D is the mass diffusivity.

The gas equation of state follows the ideal gas law,

__ PRT

£ (5)
where R is the universal gas constant, and M is the molecular
weight.

The viscous stress tensor is defined as
T =pv((VU) - (VU)" - %(V -U)D (6)

where v is the kinematic viscosity, I is the unit tensor, and the
superscript T denotes the matrix transposition. The specific energy
density E is calculated by

- L lw
o Y 7

where y is the specific heat ratio.
2.2. The chemical diffusive model

The premixed stoichiometric combustion of hydrogen-air mix-
ture is studied using a calibrated, one-step chemical-diffusive
model (CDM) [16] where the reaction rate follows a first-order Ar-
rhenius equation:

w =dY/dt = —ApYexp(—E,/RT) (8)

where A and E, represent the pre-exponential factor and the ac-
tivation energy, respectively. In this model, it is assumed that the
kinematic viscosity, diffusion, and heat conduction all depend on
the temperature in a comparable way:

0.7 0.7 0.7
v=voT—, D=D0T—, L:KOL (9)
Io Io PG P
The diffusive processes of CDM are characterized by transport con-
stants vg, Dy, and kg. G = YR/ M(y — 1) is the specific heat at a
given pressure, and the temperature exponent 0.7 represents the
temperature dependency of these coefficients in the reactive sys-
tem. The relation between vy, Dy, and k is expressed by three di-
mensionless parameters, Lewis, Prandtl, and Schmidt numbers:

_ K _ x _ PG
le =sp=1n Pr==%%

::—Z,Sc :%:l‘;—g (10)
Egs. (1)-(10) are solved using input values for the chemical and
thermophysical parameters for stoichiometric hydrogen-air mix-
ture to reproduce the major properties of the flame in the chemical

Table 1
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Input model parameters and output combustion wave properties for stoichiometric
premixed hydrogen and air initially at 1 atm and 293 K [16].

Parameter Descriptions Value

Input

To Initial temperature 293 K

Py Initial pressure 1 atm

0o Initial density 0.87 kg/m3
y Specific heat ratio 1.17

M Molecular weight 21 kg/kmol
A Pre-exponential factor 6.85 x 109 m3/(kg-s)
Eq Activation energy 46.37 RTy

q Chemical energy release 43.28 RTy/M
Ko = Do = o Transport constants 2.9 x 10-% kg/s-m-K°7
Output

S Laminar flame speed 2.98 m/s

Ty Post-flame temperature 7.289 Ty

Lb Post-flame density 0.137 po

X1 Laminar flame thickness 0.35 mm

Xd Half-reaction thickness 0.193 mm
Dg CJ detonation velocity 1993 m/s
Pnp Post-shock pressure 3147 Py

Py Pressure at CJ point 16.24 P
Tnp Post-shock temperature 3457 Ty

Tg Temperature at CJ point 9.01 Ty

PzND Post-shock density 9.104 po

£q Density at CJ point 1.902 pg

A Detonation cell size ~1-2 cm

reaction. Table 1 provides specific input thermal-chemical param-
eters for the CDM and the output characteristics for combustion
waves computed using these parameters. Specifically, the laminar
flame thickness x; in this table is defined as the distance between
the isosurfaces of reactant mass fraction Y = 0.1 and Y = 0.9. The
input values for CDM are carefully calibrated to correctly repro-
duce the one-dimensional laminar flame properties and Zeldovich-
von Neumann-Déring (ZND) detonation structure within a reason-
able error range where the values used in this study follow earlier
works of Gamezo et al. [16]. The calibration procedure for various
chemical diffusive models is concluded and detailed by Lu et al.
[27]. While modified input CDM values exist in the literature [28],
the values in this study are purposely chosen for the development
of the computational diagnostics tools. Previous studies have also
revealed the limitations of using one-step chemistry, particularly
for capturing the accurate chemical ignition response of the gas
[10,29]. More recent studies also highlighted the use of multi-step
chemistry or detailed chemistry can be more attractive for the on-
set prediction of transverse detonations near the critical limit [30].
While the inclusion of multi-step/full chemistry might be essen-
tial for certain conditions, the CDM one-step chemistry used in
this study was found capable of quantitatively reproducing a wide
range of scenarios from slow deflagration, fast deflagration, pre-
detonation, overdriven detonation, stable detonation, and has been
widely used to study DDT problems [4].

2.3. Numerical algorithm

The equations are solved using a fifth-order WENO algorithm
with HLLC fluxes for spatial discretization and a third-order Runge-
Kutta scheme for time advancement. To improve the resolution in
specific areas and save computational cost, an adaptive mesh re-
finement (AMR) technique has been integrated using the Boxlib li-
brary [31,32]. In order to capture the detail of shocks and flames,
an AMR refinement criterion consisting of several rules is adopted.
First, cells with a reactant mass fraction 0.005 <Y < 0.995 will be
regarded as flame and refined. In addition, increased resolution is
triggered based on the change of Y values among the neighboring
cells.
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To capture shocks, turbulence, and other important flow struc-
tures, the spatial variation along the x-axis of pressure is calculated
as:

8o = max(|p;j — pi-1,jl. |Pij — Pis1,j1)
81 = |Piy1,j — Pi-1jl
82 = |piv2.j — Di—2,jl (11)

Similar calculations are performed for y direction and two diagonal
directions. Then, a cell will be tagged as shock and refined if

d Dshock (12)

where ouyg and dpgp, are parameters to control the refine-
ment tolerance. In particular, asyg =0.9 and dpg = 100 is
adopted in the following simulations. Moreover, an AMR rule
based on the maximum error of density for each grid cell, e; j =
max ((px, Dy, Pxy, (pyx), in x, y, and both diagonals is applied. Specif-
ically, ¢y is calculated as:

aAMR(SZ <= 81 or 80 >

|i0i—1,j —2pij+ pi+1-f|
0.03|,0,-,j| + |,0i+l,j - /Om.j\

Similar calculations are performed for ¢y, @xy, @yx. In summary, a
cell is tagged for refinement based on local gradients in pres-
sure, temperature, and reactant concentration. The current AMR
grid resolution has been shown to resolve flames, shocks, boundary
layer, and other important flow and chemical structures [6]. Details
of the grid size for each case can be found in the results sections.

(13)

$x =

2.4. Computational flame diagnostic tool

The chemical explosive mode analysis (CEMA) used in this
study originated from the work by Lu et al. [20] which is an eige-
nanalysis for the chemical Jacobian to identify critical combustion
events such as autoignition, flame propagation, and extinction in
reactive mixtures. The evolution of the chemical source term in a
reactive flow system is governed by:

bow) _

.’w _.’a)( +S) .,a) = 7 (14)

where y is the vector form of dependent variables (e.g. tempera-
ture and species concentrations). @ and s are the chemical source
term and the non-chemical source term (e.g., diffusion) associated
with the system. A chemical explosive mode (CEM) is identified
when the chemical Jacobian (J,,) has an unstable eigenvalue char-
acterized by a positive real part A, with the corresponding left
eigenvector denoted by b,. In order to identify different local com-
bustion modes in a detonation cycle, an extended criterion devel-
oped by Xu et al. [21] is adapted here, where Eq. 14 is projected to
the direction of CEM through b,, giving:

be~ D‘gi‘y) :be .’w(w+s) :)"Ebe' (w+s) (15)
Dt = AePo + Ae®s + @ (o)

where,

¢ =be @, ¢s=be-s )

According to Xu et al. [21], a local combustion mode indicator, c,
is further defined as:

o = s/ P (18)

Previous studies on incompressible reactive flows have used
this definition of o to highlight the relative importance of chemi-
cal and diffusive source terms in the ignition process, where differ-
ent local combustion modes can be identified using the following
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criterion [21]: (i) o > 1: the assisted-ignition mode, where diffu-
sion dominates chemistry and promotes ignition; (ii) |«| < 1: the
auto-ignition mode, where chemistry plays a dominant role in the
ignition with diffusion being less important; (iii) & < —1: the lo-
cal extinction mode, where diffusion dominates chemistry but re-
verses the ignition process. In order to accommodate the use of
such criteria in supersonic or DDT studies, the above criteria were
used with conditional variables (e.g. progress variables, Damkdéhler
number) to identify the different regimes of a DDT or detonation
process [3,24]. However, the contributions from mixture compress-
ibility to chemical explosive modes were not included in these
analyses, which limits the use of such criteria for the study of deto-
nation initiation in a DDT process. As highlighted before, Wu et al.
[25] attempted to use a conservative representation of CEMA to
analyze the flame stabilization mechanisms. While individual con-
tributions of diffusion, chemistry, and compressibility for the flame
stabilization mechanisms are highlighted by Wu et al., no specific
criterion is established for the study of detonation initiation. Fur-
thermore, this study, distinct from Wu et al.’s study, isolates the
contributions from pressure-induced compressibility splitting the
non-chemical source terms s into diffusion (s4) and compression
(sp) terms, that is:

S=S4+Sp (19)
and the projections of the two terms to CEM are,
@s, =be -84, Ps, =be - $p (20)

In order to obtain s, several steps are needed. First, governing
equations of mass, energy, and species can be rewritten as:

8Uj 1 D,O
e et 21
0x; o Dt (21)
peo( + i) = T howor B+ £ (08)
_(ZQI:] /)Cp,kYka,j>gT<Tj

Y, Y, ) 3(PYiV%.j)
p<3t+u18xj)_wkwk_8xj (23)

Taking the time derivative of the equation of the state of an ideal
gas Eq. 5 we can get:

1Dp 1Dp 1DT WDY,<

pDt — p Dt TDt ZWk Dt (24)
From Eq. 24, Eq. 21 can be rewritten as:

oy __1Dp _1DT Zm%,z% (25)

ax; oDt TDt 'Z<W, Dt pDt

Substituting Eq. 22 and Eq. 23 into Eq. 25:

Dp 3 (, 0T N aT
o+ a—xj()\a—xj> - (;pcnkYka‘j> 3x1>

L1y <ww . a(kaYk.j)> _1Dp
J

Buj
TXJ‘ = ,OCp ( thwk‘/vk

p P ax p Dt

= Z (Wi + a R I XN: A

= pCp < Wi + J an et 1Y p.kTkVk,j an
18w 3(0YeVies) p 1Dp
B 2 W <a), Wk - 78)(]' + pCPT -1 E E (26)

The first two terms of the right-hand side can be defined as the
thermal divergence term, Qr, giving the following:
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Buj
e 7p Dt

Dp an

— = — 28
Dt VP( o, (28)
Finally, the sp term is defined as %f/,ocp, which can be projected to
the direction of CEM through the left eigenvector of the chemical
Jacobian (be). The evolution of the projected chemical reaction can
therefore be expressed as:

D¢, Db,
Ditw = Ae@w + Ae@s, + Aeths, + Dite O]

The last term of Eq. 29 represents the nonlinear effect induced by
the rotation of left eigenvectors. The attractiveness of such an ap-
proach is that it can be easily implemented where the focus can
be on the competition between diffusion, chemistry, and pressure-
induced compressibility on detonation initiation. It is also worth
noting that the current formulation is written in the Lagrangian
form, to be consistent with the CEMA formulation in the previous
work of Lu et al. [20] and Xu et al. [21]. However, when adopt-
ing these terms in the Eulerian CFD solver used in this work,
the material derivative is converted and expressed in terms of
Eulerian quantities. As a result, the proposed method works as
a local post-processing tool and is compatible with the Eulerian
framework.

(27)

(29)

3. Results and discussion
3.1. One-dimensional flame

In order to validate the proposed new CEMA method, three
canonical one-dimensional premixed hydrogen-air flames are sim-
ulated to investigate the roles of different physiochemical pro-
cesses for the CEMs under DDT conditions. The three representa-
tive one-dimensional flames chosen for the DDT process include
laminar flame propagation, fast flame deflagrations, and Chapman-
Jouguet (CJ) detonation, where CEMA analyses are performed for
each case for validation. As suggested by earlier experimental and
numerical works for DDT in a long smooth walled tube, the on-
set of spontaneous detonation takes place in a deflagration when
it accelerates to some maximum velocity of the order of about
half the C] detonation speed [33]. Therefore, the fast deflagration
flame considered in this study corresponds to initiation conditions
without spontaneous detonations. The deflagration is represented

TI[IIYYI[TIIII[YIITI[IIIYYTIIIIIY727500
- 1k [--]]
- ' 42,000
< ]
S ]
< - 1,500
S ]
< ]
=] ]
2 41,000
= ]
g h
5 A4 R 5500
Z S 1

MHHMHHMHHMFO

04 06 038 1 1.2 14
x [m] .10-3

(a)
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Table 2
Initial conditions of 1D simulations .

Initial conditions

Symbol Descriptions Laminar 40% Dg; ZND
To Initial temperature 293 K 483 K 293 K
P Initial pressure 1 atm 4.3 atm 1 atm

by the post-shock laminar flames where initiation conditions are
obtained from the shock detonation (SD) toolbox corresponding to
the frozen state behind a shock, whose Mach number corresponds
to 40% CJ speed. Similar approaches can be found in the litera-
ture where post-shock laminar flames are found to be representa-
tive of the chemical structure of the deflagration behind the shock
in the fast flame regime [24,34,35]. The fast deflagration state ob-
tained from the SD toolbox (with elevated temperature and pres-
sure) is then adopted in a 1D domain with no shock and a hot
spot located at one end of the domain. The hot spot is composed
of an equilibrated mixture at constant enthalpy and pressure, sim-
ilar to the authors’ previous work [3]. For brevity, the canoni-
cal post-shock deflagrations are referred to as post-shock laminar
flames in the following section. All 1D simulations listed above
are performed by the in-house unsteady detonation code. Details
of the initial conditions of the four 1D flames can be found in
Table 2.

Profiles of diffusion, chemistry, and compressibility to the CEMs
from the laminar freely propagating premixed flame and post-
shock laminar flame (40% D) are shown in Fig. 1. It is worth
noting that only explosive mixtures identified by a positive A, are
shown with projected contributions. Perhaps not surprisingly for
both scenarios, it is found that ¢s, is larger than ¢, at a lower
temperature where a crossover point of ¢s i and ¢,, can be found
near the temperature of 1000 K. When the chemistry becomes
dominant in the CEM as the temperature becomes higher, the fresh
mixture is found to ignite in the preheat zone suggesting that the
flame is a canonical deflagration wave. The reaction zone thickness
is found significantly shorter for the fast deflagration flame. As ex-
pected, no compressibility contribution can be found in these two
flames. These results correspond well with previous studies both
experimentally and numerically, where in the case of a deflagra-
tion, the reaction front will propagate via diffusive transport com-
pared to autoignition across the leading shock front for a detona-
tion [33].

3,000
12,000
1 =
1 -
11,000
0
3.7
x [m] .10-3
(b)

Fig. 1. Profiles of normalized ¢s,, ¢, and ¢s, and temperature for a) 1-D freely propagating laminar premixed hydrogen-air flame b) laminar flame at post-shock conditions

for a shock traveling at 0.4 Dg.
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Fig. 2. Profiles of ¢s,, ¢, ¢s, and temperature profiles for a CJ detonation a) full profile b) zoomed-in view of induction period indicated by dashed vertical lines in Fig 2

(a).

Figure 2 shows the profiles of diffusion, chemistry, and com-
pressibility projection to the CEMs for the ZND solutions of a
hydrogen-air C] detonation. Figure 2(b) focuses on the region near
the shock front covering the induction zone. The mixture down-
stream of the shock wave (shown in Fig. 2(a)) is chemically explo-
sive dominated by ¢, indicating that it is autoignitive after shock
wave compression, and the compressibility is dominant among the
nonchemical effects. However, for this region, the major differ-
ence noticed is that the compressibility contributions are negative,
which indicates that this could inhibit the ignition process. The
finding downstream of the shock wave using the current CEMA
criteria is consistent with the study conducted by Wu et al. using
conservative CEMA [25], with the distinction that the compressibil-
ity contribution in the present study is solely induced by pressure.
Perhaps more relevant to the purpose of this study are the find-
ings near the induction zone. From classical theory, deflagration
can be distinguished from detonation by differences in the igni-
tion mechanisms, categorizing diffusion (for deflagration) and au-
toignition (for detonation). The transition can be characterized by
a switchover from diffusion to autoignition via shock compression.
This can be clearly demonstrated in Fig. 2(b) where during the in-
duction period, a cross-over is found between diffusion (¢s,) and
compressibility (¢s,) contributions, which then leads to a domi-
nant chemistry contribution shown in the reaction zone (Fig. 2(a)).
However, whether this compressibility contribution comes from
the adiabatic compression of the reactants by the precursor shock
or by precursor compression waves is not clear from the current
analysis, which warrants further investigation. It is worth mention-
ing that at the very beginning of the reaction zone, there are fluc-
tuations in pressure projection (¢s,) that are induced by a small
numerical perturbation in pressure for the ZND calculation. This
small value is then enlarged through the calculation of ¢s,. The
real contribution of chemical, diffusion, and compressibility to the
CEM in this region is negligible as the CEM is at a nearly frozen
state.

The new CEMA analysis for 1D flames suggests that the pro-
posed method is able to identify the relative contributions of dif-
ferent physical processes to the CEMs under various physical pro-
cesses relevant to DDT. Particularly, it is found that the current
analysis can clearly distinguish the differences between deflagra-
tion and shock-induced detonation, which can be used to identify
the detonation initiation in multi-dimensional high-fidelity DDT
simulations, particularly for shock-focusing detonation mechanism.
Therefore, the new method is then introduced to analyze the DDT
scenario in an obstructed channel.

symmetric
,'flame 8cm | 3
H
w !
f————— ' o)
4cm g g
h a
,/ /
0 ! 256 cm

Fig. 3. Computational setup for 2D calculations. Obstacles of size h x w are evenly
spaced along the channel wall.

3.2. DDT In channels with obstacles

In this section, numerical simulations on a canonical configura-
tion [16,26,36,37], namely an obstructed channel filled with ener-
getic gas, are carried out. The proposed CEMA is then applied to
analyze the local chemical kinetics during the DDT ignition pro-
cess, with particular emphasis on the contribution of pressure-
induced compressibility. The two-dimensional channel geometry is
shown in Fig. 3. The computational area is the bottom half of the
channel, and the upper boundary is considered a symmetry plane.
The left and bottom boundaries are modeled as solid walls, where
no-slip, adiabatic boundary conditions are used, and the right end
is an open outlet. The channel length (L) and width (D) are 256 cm
and 8 cm, respectively. Obstacles with a height of h and a width
of w=0.5 cm are evenly spaced with 8 cm along the length of
the channel and attached to the top and bottom channel walls.
The channel is filled with stoichiometric hydrogen-air mixture at
1 atm, and 293 K with parameters defined in Table I Initially, a
small pocket of burned area (red area in Fig. 3) is used to ignite
the mixture. The minimum cell size is dx;, = 1/256 cm, where
Gamezo et al. [16] showed using a similar computational setup to
be sufficient to resolve the flames and shocks and achieve grid in-
dependence for the onset of detonations. Earlier work by Goodwin
et al. [36] shows that the detonation mechanisms in an obstructed
channel are largely affected by the channel blockage ratio (br). In
the following section, a blockage ratio, br = 2h/D of 0.5 is carefully
selected such that both ignition mechanisms: hot spot ignited in
a gradient of reactivity, and shock-focusing in an energetic gas are
found.

The evolution of the flame in an obstructed channel has been
studied and documented in a number of prior works for differ-
ent fuels-oxidizer mixtures [16,26,36,38]. The flame acceleration
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Fig. 4. Sequence of (a) temperature fields and (b) corresponding numerical schlieren fields showing the flame acceleration and detonation ignition for hydrogen-air mixture

in an obstructed channel with br = 0.5. Detonations D1 and D2 are labeled.

in the hydrogen-air mixture follows a similar trend and the sim-
ulation result is shown in Fig. 4. Initially, the laminar flame ac-
celerates as it expands over the obstacles, pushing the unreacted
material along the channel. The flame surface area keeps increas-
ing as it passes the obstacles due to primarily Rayleigh-Taylor
and Richtmyer-Meshkov instabilities. As the flame becomes fast
enough, a strong shock (marked in the second frame of Fig. 4)
forms ahead of the flame front, and the flame is continuously dis-
torted through shock-flame interactions. Here, the flame velocity is
typically from 1/3 to 1/2 of the (] detonation speed (D), which
corresponds to the 40% D¢; deflagration case shown in the 1D sec-
tion.

Transition to detonation occurs as the shock collisions raise the
temperature and pressure behind the leading shock wave, and the
reaction is triggered in the unburned area directly by shock com-
pression. The onset of detonation ignitions is shown in frames
3 to 6 of Fig. 4. Here, two detonation initiations through differ-
ent mechanisms are observed, making this configuration a partic-
ularly interesting case. The first ignition occurs at about 3.51 ms
(“D1” in Fig. 4) as multiple shock waves reflected from the obsta-
cles and the bottom wall collide on the flame surface, causing the
flame front to transition to a detonation directly. This process cor-
responds to shock-focusing, which could be related to either the
reactivity-gradient mechanism or the direct initiation mechanism.

However, the first detonation fails possibly due to the insufficient
unburned materials for the detonation wave to propagate. A sec-
ond ignition (“D2” in Fig. 4) is induced by a hot spot at the cor-
ner of the next obstacle (#10) due to shock collisions at around
3.58 ms. This second ignition from a hot spot, typically related to
the reactivity-gradient mechanism, succeeds in transitioning into a
detonation wave.

Conventional diagnostics such as shown in Fig. 4 are tradition-
ally used for numerical investigation of the DDT process. Typ-
ically, numerical schlieren, pressure, and temperature fields can
successfully capture the flame behavior and the flow features. Post-
processed variables such as shock velocity, flame velocity, energy
release rate, etc. are often calculated to further investigate the
detonation physics. These conventional diagnostics allow for both
quantification and visualization of the flame and flow behavior. The
analysis leads to a general consensus that the detonation ignition
occurs as a consequence of shock reflections and compression. Be-
yond this, however, the fundamental physics of each mechanism,
especially the combustion features as well as the role of shock-
induced compressibility to the detonation initiations are still un-
clear. The CEMA methodology, described in Section 2.4, can pro-
vide new insights into understanding different detonation ignition
modes by quantifying the relative importance of chemical reaction,
diffusion, and compressibility.
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Fig. 5. Scatter plots showing the distribution of (a) temperature and eigenvalue A.; (b) temperature and ¢s, of the CEM around detonation points D1 and D2 in the channel.
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The CEMA-based criteria are employed in the simulation re-
sults, and the contours of temperature, the CEM eigenvalue (X¢),
and the local combustion modes near the two ignition spots (“D2”
and “D1” marked in Fig. 4) are shown in Fig. 6 and 7. Both com-
bustion modes without and with the consideration of ¢s, are pre-
sented as a comparison. The criterion used to identify the auto-
ignition mode, the assisted-ignition mode, and the extinction mode
is consistent with the work by Xu et al. [21] and is described in de-
tail in Section 2D. For the case without ¢s,, the combustion mode
indicator is defined as

wo P

bo
where only the relative importance of chemistry and diffusion are
considered and the term ¢, is omitted. When including the con-

(30)

tribution of pressure-induced compressibility, the newly defined
combustion mode indicator, o*, reads,

a* — ¢Sd(;;)¢5p

Within this definition, a* can highlight the relative importance of
chemical, diffusive, and compressibility contribution to the CEM in
compressible flows where the ignition modes can be defined as (i)
o* > 1: the assisted-ignition mode, where diffusion and pressure-
induced compressibility dominates chemistry and promotes igni-
tion; (ii) |a*| < 1: the auto-ignition mode, where chemistry plays
a dominant role in the ignition with diffusion and compressibil-
ity being less important; (iii) «* < —1: the local extinction mode,
where diffusion and compressibility dominate chemistry but re-
verses the ignition process.

(31)
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Fig. 7. Computed isocontours of temperature, CEM eigenvalue, local combustion modes without and with the contribution from compressibility (¢s,) before and after the
first detonation point (D1). The eigenvalue fields are calculated as sign(Xe) x logo(1 + [Ae]).

In order to review the detonation initiation mechanisms of the
two highlighted spots (“D2” and “D1”), the relation between the
eigenvalues of the CEM (X.) and the temperatures at local regions
of these two spots shortly after the detonation ignition is exam-
ined in Fig. 5(a). While both spots achieved autoignition indicated
by the highly positive value of the eigenvalue at high temperatures,
at ignition onset, the eigenvalues achieved near detonation point
“D2” is found to be significantly higher than that of “D1”. The re-
sult indicates that the detonation development is manifested by
the high eigenvalue of CEM prior to the event. The significantly
lower value of eigenvalues near “D1” can be seen as an indica-
tion of why the detonation was not sustained further. Accordingly,
the pressure-induced compressibility contributions to the CEM are
depicted in Fig. 5(b). As expected the compressibility contribution
happens at a much lower temperature possibly corresponding to
non-reacting flows ahead of the flame in “D1” and regions near
the obstacles in “D2”. The magnitude of the pressure contribution
is also comparable compared to the eigenvalue which indicates the
importance of pressure contribution in the process of deflagration
to detonation transition. This is intuitive as detonation can be seen
as a result of the positive feedback between the heat release in
the ignition front and the pressure wave [19]. This further demon-
strates the importance of including pressure-induced compressibil-
ity in the budget analysis of CEM. With the inclusion of compress-
ibility in the new combustion mode |«*|, more in-depth analysis
can be performed to study the details of detonation initiation be-
tween these two spots.

The above-mentioned CEMA-based analysis near detonation
point “D2”, which later on successively transits into a detonation
is presented in Fig. 6. Here, the leading shock wave reflects from
the obstacle and the bottom channel wall, forming Mach stems. A
region with an extreme positive A, is observed at the corner of
obstacle #10 at 3.57806 ms. This highly reactive region suggests a
possible detonation reignition within this area. In fact, a hot spot
ignites near the local maximum A, at around t = 3.57875 ms. The
local combustion mode analysis presented in Fig. 6 shows that the
hot-spot induced reignition is mainly driven by the auto-ignition
mode (red region) where diffusion and compressibility play a neg-
ligible role. Using the previous CEMA criterion (without ¢s,), a
large region of auto-ignition mode is observed behind the reflected
Mach stem. This is intuitive as the original combustion mode only

compares the diffusion and autoignition contribution in a CEM.
While diffusion can play a significant role in various flames as in-
dicated by previous studies using such criteria [21], diffusion can
be significantly less important in the DDT process as suggested
by previous studies [3]. Therefore, the comparison of only diffu-
sion and autoignition can be erroneous in identifying the under-
lying mechanisms of detonations. This is indeed shown in Fig. 6,
when including the effect of compressibility (last column), only a
very small region featuring auto-ignition mode is found at the cor-
ner. This is likely due to the positive contribution of ¢s, to the
combustion mode indicator through shock wave compression from
the Mach stem-obstacle collisions. This result is consistent with
the previous finding that the reactivity gradient, which is essential
for a hot-spot-induced detonation, comes from shock compression,
instead of turbulent mixing of the reacted and unreacted materi-
als [16]. In addition, the region of local extinction mode (blue re-
gion) becomes larger when including the effect of compressibility.
This can be associated with the pressure wave locally expanding to
lower pressures, and therefore leading to a lower state of energy
prohibiting the detonation propagation/initiation in this region. In
general, the new CEMA criterion has worked as a much more ac-
curate precursor in identifying the detonation onset.

Perhaps what is more interesting, in this case, is the first deto-
nation (“D1” marked in Fig. 4) that is initiated by multiple shocks
colliding on the flame front. This so-called “shock-focusing” mech-
anism is one of the primary mechanisms for DDT occurrence in the
obstructed channels, where the pressure-induced compressibility is
considered to be critical. Figure 7 shows the temperature, eigen-
value, and local combustion mode contours near the first detona-
tion spot. At t = 3.51103 ms, multiple shock waves collide on the
flame front, leaving a small region of large positive A, behind. At
t = 3.51187 ms, a detonation is initiated at the colliding point. Sim-
ilarly, the auto-ignition mode is observed near the detonation spot,
suggesting that local chemistry plays a predominant role. In the
surrounding area of the ignited kernel, both assisted-ignition mode
and local extinction mode are present. Comparing results from the
last two columns of Fig. 7, a larger area of extinction mode is ob-
served when taking into account the ¢, term. This suggests that
pressure-induced compressibility could inhibit the ignition process.
In addition, at t =3.51103 ms, the assisted-ignition mode domi-
nates on one side of the flame, while extinction mode dominates
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Fig. 8. Schematic of an idealized physical model for analysing shock-focusing in-
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on the other side. As a result, the flame has a propensity of prop-
agating in the direction towards the assisted-ignition region where
limited reactive gas is available to sustain the detonation propa-
gation. While in this case, the proposed criteria can serve as an
unambiguous marker for the resultant explosive dynamics, scarce
information on the detonation initiation mechanisms relevant to
the shock-focusing mechanism can be extracted due to the limited
grid resolution at the flame and shock fronts. As suggested by Xiao
et al. [4], detonations at the flame front could be initiated by ei-
ther a reactivity-gradient mechanism or a direct initiation mecha-
nism all accompanied by shock-focusing. Therefore, for the channel
case presented here, a more detailed analysis regarding each initia-
tion mechanism for shock-focusing at the flame front is needed to
validate the proposed CEMA criteria. Simulation results on ideal-
ized configurations are provided in the following section to further
examine the shock-focusing at the flame front in detail.

3.3. An idealized model of shock-focusing

Following the same configurations for shock focusing at the
flame front proposed by Xiao et al. [4], an idealized case illustrated
in Fig. 8 is investigated. Here, the computational domain consists
of a burned region at the bottom and an unburned region at the
top. Two incident shock waves propagate towards each other with
the same Mach number, colliding on the flame front. This config-
uration is designed to study the ignition process similar to condi-
tions shown in Fig. 7 while excluding excessive disturbances from
the multiple shock waves for easier analysis. Therefore, the physi-
cal conditions in the initial setup are set to correspond to the state
variables of the unburned and burned gases around “D1” in Fig. 4.
Temperatures in the burned and unburned regions are set to be
400 and 2500 K, respectively, and the initial pressure is 11 atm.
Maximum and minimum cell sizes are dmax = 40 wm and dy, =
0.625 pwm, which corresponds to approximately 41 grid points in
a laminar flame thickness. Calculations with shock waves at Mach
numbers of 2.6 and 3.0 are tested to capture both the reactivity-
gradient mechanism and the direct initiation mechanism.

Figure 9 shows the temperature and schlieren fields at selected
times illustrating the DDT process induced by focusing two shock
waves with the same Mach number M; = 2.6. As the two shock
waves propagate towards each other, secondary shocks are gen-
erated into the unburned area while expansion waves propagate
downwards (see Fig. 9 at 1.9653 us). At 3.0353 us, the two shock
waves collide with each other. Transmitted shocks and reflected
shocks are found as a result of the interactions between the shocks
and the interface. After the collision, the shocks carry the flame
in the vertical direction, forming a mushroom-shaped flame struc-
ture 3.9081 ws. The mushroom-like flame grows in the unburned
region, forming a strong leading shock ahead of the flame. Later,
two detonation points (indicated by “D” in the last frame of Fig. 9)
are found near the slip lines at 4.0814 us. In addition, the ide-
alized configuration with stronger shock waves, Ms = 3.0, is exam-
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Fig. 9. Time sequence of (a) temperature fields (left half of the domain) and (b)
corresponding schlieren fields (right half) showing shock focusing and detonation
by two propagating shock waves with Mach number M = 2.6.

ined and the detonation ignition process is shown in Fig. 10. Unlike
the case with Mg = 2.6, where there is a delayed transition to det-
onation, here, the two incident shocks collide on the flame front
at about 2.5540 us, and a detonation initiates almost immediately
after the collision. These distinct behaviors are likely due to the
fundamental physics underlying the two detonation ignition mech-
anisms and merit further investigation.

Figures 11 and 12 show the temperature fields and CEMA com-
bustion mode analysis in a small DDT region before and after the
detonation ignition for the two test cases. For the case of Ms = 2.6,
a gradient of temperature is found in front of the flame at the
slip line (see temperature contour at 4.03778 us in Fig. 11), in-
ducing a spontaneous wave that soon develops into an overdriven
detonation. Here, the detonation is ignited through the Zeldovich
gradient mechanism, where a gradient of reactivity or tempera-
ture is essential [6,39]. This gradient mechanism can be verified
through the distribution of eigenvalue A, and local combustion
modes. As shown, a highly reactive region is formed between the
leading shock wave and the slip line. The detonation initiates at
the location of the maximum A., which corresponds to the local
minimum chemical induction time. In addition, from the last frame
of Fig. 11 at 4.03778 s, there is a small region where all three
combustion modes (auto-ignition, assisted-ignition, and extinction)
coexist at the flame front, resulting in an obvious reactivity gra-
dient. This is because the compression waves generated by the
spontaneous wave lead to a localized pressure increase ahead of
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Fig. 10. Time sequence of (a) temperature fields (left half of the domain) and (b)
corresponding schlieren fields (right half) showing shock focusing and detonation
by two propagating shock waves with Mach number M; = 3.0.

the flame tip. The compression leads to in a positive contribution
of the ¢s, term, raising the value of a* to the range of assisted-
ignition mode at the flame front. In addition, a region dominated
by the auto-ignition mode (red) and a region dominant by the ex-
tinction mode (blue) is separated by the slip line. This suggests
that the detonation spot, once ignited, propagates toward the up-
per side of the slip line which corresponds well to previous find-
ings that detonations will first sweep towards the higher temper-
ature region and then propagates across the slip line, eventually
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propagates into lower temperature regions [4]. The prediction of
flame propagation propensity is further confirmed by the solution
shown at t = 4.06393 us. Moreover, using the current CEMA for-
mulation, the detonation onset is clearly demonstrated as a conse-
quence of the shock-to-shock interactions where detonation can be
seen as a result of the positive feedback between the heat release
through chemistry and the pressure wave. Such a finding is consis-
tent with recent studies where a stronger pressure wave is found
to increase the role of transport that enhances the subsequent det-
onation development [19,40,41]. Such characteristics, however, are
not captured with the previous CEMA criterion (third column in
Fig. 11). Therefore, the results demonstrated in this study suggest
that taking into account the contribution of pressure-induced com-
pressibility to CEM is essential for analyzing the shock-focusing
mechanism.

As a comparison, the CEMA analysis is applied to the DDT re-
gion for the case of Ms = 3.0, where ignition occurs directly after
the shock collision (see Fig. 12). During this process, a highly reac-
tive region is formed between the flame and the transmitted shock
wave. The strong incident shock waves compress the material near
the colliding point, where only the assisted-ignition mode (green
region) is observed at t = 2.53500 us using the new CEMA cri-
terion. Here, the assisted ignition primarily driven by the pressure
compression leads to a direct detonation initiation. On both sides
of the colliding point, however, there is again a reactivity gradient
similar to the case discussed above.

To further quantify the reactivity and the effect of pressure-
induced compressibility on the two mechanisms, Fig. 13 (a) and
(b) highlight the eigenvalue and the pressure-induced compress-
ibility contribution to the CEM for the two cases. From Fig. 13 (a),
the highest eigenvalue obtained by the two idealized cases af-
ter the detonation is comparable to that obtained in “D2” (see
Fig. 5(a)) where successful detonation is formed. The distribution
of eigenvalues for the two cases has similar shapes. However, the
case of My =2.6 has a much wider span of eigenvalues across
the temperature range compared to the case of My =3.0. In ad-
dition, Fig. 13 (b) suggests that for the stronger case (Ms = 3.0),
the compressibility contribution is significantly greater than that
of the weaker case (Ms = 2.6). These results correspond well with
the physical interpretation given by Xiao et al. [4] that two mech-
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Combustion mode
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Fig. 11. Isocontours of temperature, CEM eigenvalue, local combustion modes with and without the contribution from compressibility (¢s,) in the DDT region before and

after the detonation ignition for the case of M = 2.6.
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after the detonation ignition for the case of M = 3.0.
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Fig. 13. Scatter plots showing the distribution of (a) temperature and eigenvalue A; (b) temperature and ¢;s, of the CEM around detonation points in idealized case with

M; = 2.6 and M, = 3.0.

anisms of detonation formation might exist at the flame front
where one refers to focusing of relatively weak shocks leading to
a delayed transition to detonation through the reactivity-gradient
mechanism (Ms = 2.6) and the other refers to direct detonation ini-
tiation (Ms = 3.0) triggered at the collision spot by focusing shocks
at the flame front. The wider A, distribution for the Ms = 2.6 case
suggests a greater reactivity gradient near the detonation spot,
which is the key element for a reactivity-gradient mechanism. For
the case of M; = 3.0, however, the smaller eigenvalue span sug-
gests a small reactivity gradient which could be insufficient to in-
duce a spontaneous wave for the detonation. Note that despite the
lower eigenvalue distribution, a few points of high A. value exist
for the Ms = 3.0 case. The scarce points of Mg = 3.0 can also be in-

12

terpreted as the shock collision deposits energy in a localized spot
where the timescale of energy deposit is much smaller compared
to the acoustic timescale of the gas resulting in a direct initiation.
In summary, the new CEMA works successively in capturing the
process of shock-focusing and identifying the corresponding deto-
nation ignition mechanism (autoignition-supported gradient mech-
anism or direct ignition mechanism).

4. Summary and conclusions

This paper presents a new flame diagnostic method for the
compressibility effects in the chemical explosive mode analysis
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(CEMA) framework during the deflagration to detonation tran-
sition (DDT) process, where the compressible reactive flow in-
volving shocks and turbulence is considered. The new formula-
tion introduces the effect of pressure-induced compressibility in
CEMA, and the relevant contributions of chemical reaction, diffu-
sion, and compressibility are compared with each other to identify
the local combustion modes during the DDT process. The numer-
ical model solves the compressible reactive Navier-Stokes equa-
tions by a high-order Godunov algorithm on an adapting grid.
A single-step, calibrated chemical-diffusive model of the Arrhe-
nius form is used for the reaction of stoichiometric hydrogen-air
mixture.

First, the new formulation has been validated through a series
of 1D premixed hydrogen-air flame configurations: laminar flame
propagation, post-shock laminar flame, and the Chapman-Jouguet
detonation. For the laminar flame and post-shock laminar flame,
chemistry dominates at higher temperatures and diffusion dom-
inates at the lower temperature. No compressibility contribution
can be found. For the C] detonation case, however, a switchover
between compressibility and diffusion is observed in the induc-
tion zone, which then leads to an auto-ignition in the reaction
zone. The 1D results show that the new CEMA projection formu-
lation is able to capture the key contributions of chemical and
nonchemical terms in the main scenarios involved in DDT, and
can clearly distinguish between deflagration and shock-induced
detonation.

Then, multi-dimensional, unsteady simulations of an obstructed
channel filled with a stoichiometric hydrogen-air mixture are per-
formed with a particular interest in CEMA diagnostics for different
detonation ignition modes. For the case of blockage ratio br = 0.5,
two detonation points are found, one is ignited through shock fo-
cusing on the flame front, and the other one through a hot spot
at the corner of the obstacle. The CEMA analysis shows that both
of the two detonation processes are well captured, where detona-
tion initiations are featured by a highly-reactive region and the lo-
cal auto-ignition mode. Comparison between the newly proposed
and the previous CEMA projection formulations shows that involv-
ing the contribution of compressibility leads to a more accurate
identification of the detonation onset region, and thus pressure-
induced compressibility is essential for CEMA in DDT. Follow-
ing the channel flow case, an idealized configuration of focus-
ing two shock waves with M; = 2.6 and 3.0 are tested to in-
vestigate the detailed shock focusing mechanism with increased
mesh resolution. The results show that the current CEMA projec-
tion formulation can well identify the gradient mechanism and
the direct initiation mechanism. For the gradient-induced mech-
anism, an apparent reactivity gradient featuring all three CEM
modes is present in front of the flame and the propensity of the
flame propagation is correctly captured. For the case of focusing
two stronger shocks, a considerably smaller eigenvalue span, and
greater compressibility contribution have been observed, which
suggests that the detonation is ignited through a direct initia-
tion mechanism. Using the current CEMA projection formulation,
the detonation onset is clearly demonstrated as a consequence
of the shock-to-shock interactions where detonation can be seen
as a result of the positive feedback between the heat release
through chemistry and the pressure wave. The role of compress-
ibility is also found enhanced at the edge of the detonation front
where diffusion was found to have minimal effects on detonation
development.
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