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a b s t r a c t 

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. 

© 2023 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 
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. Introduction 

As a carbon-free fuel, hydrogen is widely considered an im- 

ortant future energy vector [1] . Potential advantageous proper- 

ies of hydrogen as a fuel include wide flammability limits, high 

aminar burning velocity, and low ignition energy. However, these 

isted advantages might also be considered disadvantages from a 

afety perspective. The hazardous potential of hydrogen-air mix- 

ures has been studied in the literature extensively by assuming 

erfect mixing of fuel and oxidant. Studies have suggested that re- 

ctive hydrogen and air mixtures may detonate if ignited in con- 

ned areas [2,3] . Under favorable circumstances, small flames or 

parks in hydrogen-oxygen mixtures can also accelerate and un- 

ergo deflagration-to-detonation transition (DDT), posing serious 

afety risks [4,5] . DDT, as a result of flame acceleration, is an im-

ortant topic for a broad range of scientific and engineering prob- 

ems of interest. However, the fundamental mechanisms by which 

mall flames/sparks can lead to detonations have not been fully 

nderstood by combustion theory [6] . This is due, in part, to the 

act that DDT is a highly rapid and nonlinear phenomenon that is 

tochastic and dependent on the details of the confining geometry 

nd the fuel and oxidizer mixture. The physics of the flame accel- 

ration and DDT processes also involve a number of intricate phe- 

omena, including flow instabilities, shock waves, boundary layers, 

urbulence, and detonation initiation. 

For applications such as detonation-based propulsion systems 

7,8] , a deeper understanding of the detonation initialization mech- 

nism is necessary. Detonation initiations can be achieved in differ- 

nt ways, among which the most straightforward one, as described 

y Xiao and Oran [4] , is through direct initiation, where a detona- 

ion is created directly without first producing a deflagration [9,10] . 

s detailed in the literature, direct initiation is possible when a sig- 

ificant amount of external energy is added to a reactive mixture 

t a timescale smaller than the acoustic timescale [11,12] . Alterna- 

ively, the initiation of detonation can be part of the response of a 

eactive gas to an intense localized explosion during deflagration. 

or this scenario, the local background conditions favoring deto- 

ation are created through shock waves created by an accelerat- 

ng flame. This process to form detonation is known as DDT [6] . 

n DDT process, detonation is often produced through a reactivity- 

radient mechanism, initiated by a “hot spot”. This gradient mech- 

nism was first simulated by Zeldovich et al. [13] . The basic idea is

hat a spontaneous reaction wave can propagate through a reactive 

aterial if there is a spatial gradient in chemical induction time 

nd a detonation forms when the spontaneous wave decelerates to 

 CJ [6] . This phenomenon was later observed in experiments con- 

ucted by Lee et al. [14] and was referred to as the SWACER (Shock

ave Amplification by Coherent Energy Release) mechanism. For 

he SWACER mechanism, the reaction front would transit into a 

etonation for an appropriate gradient of the free radical concen- 

ration and the evolution occurs through the amplification of shock 

aves. More recently, Xiao and Oran detailed the shock-focusing 

etonation initiation mechanism at the flame front, where deto- 

ation is found to be initiated through multi-shock collision in an 

nergetic gas [4] . 

The above-mentioned studies have provided significant physi- 

al insights into detonation initiation mechanisms by resolving the 

ame front thickness and the half-reaction thickness where a sig- 

ificant amount of computational cells are allocated. For most of 

he listed studies, conventional diagnostic methods based on in- 

ividual scalars, such as temperature, concentrations of selected 

pecies, or some form of conditional scalars (e.g., progress variable 

nd mixture fraction), have been used to identify detonation ini- 

iation. The use of such diagnostic methods might become partic- 

larly challenging for processing DDT data where a vast range of 

imescales and lengthscales exist within the system. The diagnos- 
2 
ic methods based on individual scalars also typically require semi- 

mpirical criteria (e.g. local pressure threshold [15] ) that need 

o be adjusted for different flame types and conditions, limiting 

heir application to specific flame configurations. With the increase 

n computational cells, the need for three-dimensional simula- 

ions, incorporating detailed chemistry, and developing novel post- 

rocessing tools capable of extracting key information from the 

ataset might be necessary. Previous studies have also suggested 

DT might be a spatially and temporally stochastic process even 

hen the flow is subjected to minimal fluctuations of initial con- 

itions [16,17] . Therefore, it is of great interest to develop a uni- 

ersal data diagnostics tool for delineating DDT mechanisms while 

onventional diagnostic methods may fail. 

Among others, eigenanalysis-based methods have been used 

o resolve complex physiochemical couplings between flows 

nd 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 

elevant to explosive modes in high-fidelity reactive flow simula- 

ions. First developed by Lu et al. [20] , CEMA analyses the domi- 

ant eigenmodes of the chemical Jacobian, highlighting the reac- 

ive mixtures relevant to critical combustion events such as au- 

oignition, flame propagation, and extinction. Xu et al. [21] fur- 

her advanced the CEMA theory by proposing to project the chem- 

cal and non-chemical (e.g., diffusion) source terms in the gov- 

rning equations for reactive flows to the CEM. Different flame 

ropagation modes were thereafter identified by the new crite- 

ia highlighting the role of the competition between projected re- 

ction/diffusion source terms. The proposed CEMA approach has 

een used in various reacting flows, including premixed lami- 

ar and turbulent flames, spray flames, supersonic and detonative 

ames [3,7,8,21–24] . However, the compressibility effects caused 

y the density variation of the local fluid particle, which may 

lay important roles in supersonic flames and DDT processes, are 

ot accounted for in these studies using CEMA. Recently, Wu 

t al. proposed a conservative representation of CEMA (CCEMA) 

or flame diagnostics, attempting to account for the compressibil- 

ty effect in compressible reactive flows [25] . The CCEMA method 

as applied to analyze the flame stabilization mechanisms in the 

urrows-Kurkov supersonic flames, where chemical reactions are 

ound to control the flame kernel formation, indicating that au- 

oignition governs the flame stabilization. However, the density 

ariation effects identified by CCEMA may or may not be related 

o pressure change, and thus its application to complex flame 

cenarios, such as DDT where both deflagration and detonation- 

nduced density variations are present, becomes challenging. It is 

lso worth noting that the eigenmode in CCEMA depends on the 

ow field, and, thus, is not a local chemical property - a key 

eature of the CEM in the original CEMA formulation. As sug- 

ested by various studies, shock focusing can be a critical mech- 

nism for the initiation of DDT, making it essential to consider 

ressure-induced compressibility in computational diagnostics for 

DT. 

In this study, a novel CEMA implementation catering to 

ressure-induced compressibility for DDT processes has been for- 

ulated and tested. The contributions of the chemical reac- 

ion, diffusion, and compressibility projecting to the direction of 

he CEM are detailed to systematically investigate the detona- 

ion initiation mechanisms from DDT processes. The validity of 

he proposed method is first demonstrated in one-dimensional 

1D) subsonic hydrogen-air premixed flames and the Chapman- 

ouguet detonation. The new method is further applied to the two- 

imensional (2D) simulation data of hydrogen-air deflagration to 

etonation and idealized detonation initiation cases where the ca- 

ability of the method in capturing different detonation initiation 

echanisms is examined. 
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Table 1 

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 

T 0 Initial temperature 293 K 

P 0 Initial pressure 1 atm 

ρ0 Initial density 0.87 kg/m 

3 

γ Specific heat ratio 1.17 

M Molecular weight 21 kg/kmol 

A Pre-exponential factor 6.85 × 10 9 m 

3 /(kg-s) 

E a Activation energy 46.37 RT 0 
q Chemical energy release 43.28 RT 0 /M

κ0 = D 0 = μ0 Transport constants 2.9 × 10 −6 kg/s-m-K 0 . 7 

Output 

S L Laminar flame speed 2.98 m/s 

T b Post-flame temperature 7.289 T 0 
ρb Post-flame density 0.137 ρ0 

χl Laminar flame thickness 0.35 mm 

χd Half-reaction thickness 0.193 mm 

D CJ CJ detonation velocity 1993 m/s 

P ZND Post-shock pressure 31.47 P 0 
P CJ Pressure at CJ point 16.24 P 0 
T ZND Post-shock temperature 3.457 T 0 
T CJ Temperature at CJ point 9.01 T 0 
ρZND Post-shock density 9.104 ρ0 

ρCJ Density at CJ point 1.902 ρ0 

λ Detonation cell size ∼ 1–2 cm 
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. Physical models and numerical methods 

.1. Governing equations 

In this paper, governing equations for the conservation of mass, 

omentum, energy, and species for an unsteady, fully compress- 

ble, chemically reactive flow are solved [6,26] : 

∂ρ

∂t 
+ ∇ · (ρU ) = 0 (1) 

∂(ρU ) 

∂t 
+ ∇ · (ρU U ) + ∇p = ∇ · ˆ τ (2) 

∂(ρE) 

∂t 
+ ∇ · ((ρE + p) U ) = ∇ · ( U · ˆ τ) + ∇ · (K∇T ) − ρq ˙ ω (3)

∂(ρY ) 

∂t 
+ ∇ · (ρY U ) + ∇ · (ρD ∇Y ) = ρ ˙ ω (4) 

here ρ , U , p, and T represent the density, velocity, pressure, and 

emperature of the gas, respectively. E is the energy density, ˙ ω is 

he chemical reaction rate, q is the chemical energy release, Y is 

he mass fraction of the reactant, K is the thermal conductivity, 

nd D is the mass diffusivity. 

The gas equation of state follows the ideal gas law, 

p = 

ρRT 

M 

(5) 

here R is the universal gas constant, and M is the molecular 

eight. 

The viscous stress tensor is defined as 

ˆ = ρν((∇ U ) − (∇ U ) T − 2 

3 

(∇ · U ) I ) (6) 

here ν is the kinematic viscosity, I is the unit tensor, and the 

uperscript T denotes the matrix transposition. The specific energy 

ensity E is calculated by 

 = 

p 

(γ − 1) ρ
+ 

1 

2 

( U · U ) (7) 

here γ is the specific heat ratio. 

.2. The chemical diffusive model 

The premixed stoichiometric combustion of hydrogen-air mix- 

ure is studied using a calibrated, one-step chemical-diffusive 

odel (CDM) [16] where the reaction rate follows a first-order Ar- 

henius equation: 

˙  = dY/dt = −AρY exp (−E a /RT ) (8) 

here A and E a represent the pre-exponential factor and the ac- 

ivation energy, respectively. In this model, it is assumed that the 

inematic viscosity, diffusion, and heat conduction all depend on 

he temperature in a comparable way: 

= ν0 
T 0 . 7 

ρ
, D = D 0 

T 0 . 7 

ρ
, 

K 

ρC p 
= κ0 

T 0 . 7 

ρ
(9) 

he diffusive processes of CDM are characterized by transport con- 

tants ν0 , D 0 , and κ0 . C p = γ R/ M(γ − 1) is the specific heat at a

iven pressure, and the temperature exponent 0.7 represents the 

emperature dependency of these coefficients in the reactive sys- 

em. The relation between ν0 , D 0 , and κ0 is expressed by three di- 

ensionless parameters, Lewis, Prandtl, and Schmidt numbers: 

e = 

K 
ρC p D 

= 

κ0 

D 0 
, Pr = 

ρC p ν
K 

= 

ν0 

κ0 
, Sc = 

ν
D 

= 

ν0 

D 0 
(10) 

qs. (1) -(10) are solved using input values for the chemical and 

hermophysical parameters for stoichiometric hydrogen-air mix- 

ure to reproduce the major properties of the flame in the chemical 
3 
eaction. Table 1 provides specific input thermal-chemical param- 

ters for the CDM and the output characteristics for combustion 

aves computed using these parameters. Specifically, the laminar 

ame thickness χl in this table is defined as the distance between 

he isosurfaces of reactant mass fraction Y = 0 . 1 and Y = 0 . 9 . The

nput values for CDM are carefully calibrated to correctly repro- 

uce the one-dimensional laminar flame properties and Zeldovich- 

on Neumann-D ̈o ring (ZND) detonation structure within a reason- 

ble error range where the values used in this study follow earlier 

orks of Gamezo et al. [16] . The calibration procedure for various 

hemical diffusive models is concluded and detailed by Lu et al. 

27] . While modified input CDM values exist in the literature [28] , 

he values in this study are purposely chosen for the development 

f the computational diagnostics tools. Previous studies have also 

evealed the limitations of using one-step chemistry, particularly 

or capturing the accurate chemical ignition response of the gas 

10,29] . More recent studies also highlighted the use of multi-step 

hemistry or detailed chemistry can be more attractive for the on- 

et prediction of transverse detonations near the critical limit [30] . 

hile the inclusion of multi-step/full chemistry might be essen- 

ial for certain conditions, the CDM one-step chemistry used in 

his study was found capable of quantitatively reproducing a wide 

ange of scenarios from slow deflagration, fast deflagration, pre- 

etonation, overdriven detonation, stable detonation, and has been 

idely used to study DDT problems [4] . 

.3. Numerical algorithm 

The equations are solved using a fifth-order WENO algorithm 

ith HLLC fluxes for spatial discretization and a third-order Runge- 

utta scheme for time advancement. To improve the resolution in 

pecific areas and save computational cost, an adaptive mesh re- 

nement (AMR) technique has been integrated using the Boxlib li- 

rary [31,32] . In order to capture the detail of shocks and flames, 

n AMR refinement criterion consisting of several rules is adopted. 

irst, cells with a reactant mass fraction 0 . 005 < Y < 0 . 995 will be

egarded as flame and refined. In addition, increased resolution is 

riggered based on the change of Y values among the neighboring 

ells. 
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To capture shocks, turbulence, and other important flow struc- 

ures, the spatial variation along the x-axis of pressure is calculated 

s: 

0 = max (| p i, j − p i −1 , j | , | p i, j − p i +1 , j | ) 
1 = | p i +1 , j − p i −1 , j | 
2 = | p i +2 , j − p i −2 , j | (11) 

imilar calculations are performed for y direction and two diagonal 

irections. Then, a cell will be tagged as shock and refined if 

AMR δ2 < = δ1 or δ0 > d p shock (12) 

here αAMR and dp shock are parameters to control the refine- 

ent tolerance. In particular, αAMR = 0 . 9 and dp shock = 100 is 

dopted in the following simulations. Moreover, an AMR rule 

ased on the maximum error of density for each grid cell, e i, j = 

ax 
(
ϕ x , ϕ y , ϕ xy , ϕ yx 

)
, in x, y, and both diagonals is applied. Specif- 

cally, ϕ x is calculated as: 

 x = 

∣∣ρi −1 , j − 2 ρi, j + ρi +1 , j 

∣∣
0 . 03 

∣∣ρi, j 

∣∣ + 

∣∣ρi +1 , j − ρi −1 , j 

∣∣ (13) 

imilar calculations are performed for ϕ y , ϕ xy , ϕ yx . In summary, a

ell is tagged for refinement based on local gradients in pres- 

ure, temperature, and reactant concentration. The current AMR 

rid resolution has been shown to resolve flames, shocks, boundary 

ayer, and other important flow and chemical structures [6] . Details 

f the grid size for each case can be found in the results sections. 

.4. Computational flame diagnostic tool 

The chemical explosive mode analysis (CEMA) used in this 

tudy originated from the work by Lu et al. [20] which is an eige-

analysis for the chemical Jacobian to identify critical combustion 

vents such as autoignition, flame propagation, and extinction in 

eactive mixtures. The evolution of the chemical source term in a 

eactive flow system is governed by: 

D ω ( y ) 

Dt 
= J ω 

D y 

Dt 
= J ω ( ω + s ) , J ω = 

∂ ω 

∂ y 
(14) 

here y is the vector form of dependent variables (e.g. tempera- 

ure and species concentrations). ω and s are the chemical source 

erm and the non-chemical source term (e.g., diffusion) associated 

ith the system. A chemical explosive mode (CEM) is identified 

hen the chemical Jacobian ( J ω ) has an unstable eigenvalue char- 

cterized by a positive real part λe with the corresponding left 

igenvector denoted by b e . In order to identify different local com- 

ustion modes in a detonation cycle, an extended criterion devel- 

ped by Xu et al. [21] is adapted here, where Eq. 14 is projected to

he direction of CEM through b e , giving: 

 e · D ω ( y ) 

Dt 
= b e · J ω ( ω + s ) = λe b e · ( ω + s ) (15) 

Dφω 

Dt 
= λe φω + λe φs + 

D b e 

Dt 
· ω (16) 

here, 

ω = b e · ω , φs = b e · s (17) 

ccording to Xu et al. [21] , a local combustion mode indicator, α, 

s further defined as: 

= φs /φω . (18) 

Previous studies on incompressible reactive flows have used 

his definition of α to highlight the relative importance of chemi- 

al and diffusive source terms in the ignition process, where differ- 

nt local combustion modes can be identified using the following 
4

riterion [21] : (i) α > 1 : the assisted-ignition mode, where diffu- 

ion dominates chemistry and promotes ignition; (ii) | α| < 1 : the 

uto-ignition mode, where chemistry plays a dominant role in the 

gnition with diffusion being less important; (iii) α < −1 : the lo- 

al extinction mode, where diffusion dominates chemistry but re- 

erses the ignition process. In order to accommodate the use of 

uch criteria in supersonic or DDT studies, the above criteria were 

sed with conditional variables (e.g. progress variables, Damköhler 

umber) to identify the different regimes of a DDT or detonation 

rocess [3,24] . However, the contributions from mixture compress- 

bility to chemical explosive modes were not included in these 

nalyses, which limits the use of such criteria for the study of deto- 

ation initiation in a DDT process. As highlighted before, Wu et al. 

25] attempted to use a conservative representation of CEMA to 

nalyze the flame stabilization mechanisms. While individual con- 

ributions of diffusion, chemistry, and compressibility for the flame 

tabilization mechanisms are highlighted by Wu et al., no specific 

riterion is established for the study of detonation initiation. Fur- 

hermore, this study, distinct from Wu et al.’s study, isolates the 

ontributions from pressure-induced compressibility splitting the 

on-chemical source terms s into diffusion ( s d ) and compression 

 s p ) terms, that is: 

 = s d + s p (19) 

nd the projections of the two terms to CEM are, 

s d = b e · s d , φs p = b e · s p (20) 

In order to obtain s p , several steps are needed. First, governing 

quations of mass, energy, and species can be rewritten as: 

∂u j 

∂x j 
= − 1 

ρ

Dρ

Dt 
(21) 

c p 

(
∂T 
∂t 

+ u j 
∂T 
∂x j 

)
= −∑ n s 

k =1 
h k ˙ ω k W k + 

Dp 
Dt 

+ 

∂ 
∂x j 

(
λ ∂T 

∂x j 

)
(∑ N 

k =1 ρc p,k Y k V k, j 

)
∂T 
∂x j 

(22) 

(
∂Y k 
∂t 

+ u j 

∂Y k 
∂x j 

)
= ˙ ω k W k −

∂ 
(
ρY k V k, j 

)
∂x j 

(23) 

aking the time derivative of the equation of the state of an ideal 

as Eq. 5 we can get: 

1 

p 

Dp 

Dt 
= 

1 

ρ

Dρ

Dt 
+ 

1 

T 

DT 

Dt 
+ 

n s ∑ 

k =1 

W̄ 

W k 

DY k 
Dt 

(24) 

rom Eq. 24, Eq. 21 can be rewritten as: 

∂u j 

∂x j 
= − 1 

ρ

Dρ

Dt 
= 

1 

T 

DT 

Dt 
+ 

n s ∑ 

k =1 

W̄ 

W k 

DY k 
Dt 

− 1 

p 

Dp 

Dt 
(25) 

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

∂u j 

∂x j 
= 

1 

ρc p T 
( −

n s ∑ 

k =1 

h k ˙ ω k W k + 

Dp 

Dt 
+ 

∂ 

∂x j 

(
λ

∂T 

∂x j 

)
−

( 

N ∑ 

k =1 

ρc p,k Y k V k, j 

) 

∂T 

∂x j 

) 

+ 

1 

ρ

n s ∑ 

k =1 

W̄ 

W k 

( 

˙ ω k W k −
∂ 
(
ρY k V k, j 

)
∂x j 

) 

− 1 

p 

Dp 

Dt 

= 

1 

ρc p T 

( 

−
n s ∑ 

k =1 

h k ˙ ω k W k + 

∂ 

∂x j 

(
λ

∂T 

∂x j 

)
−

( 

N ∑ 

k =1 

ρc p,k Y k V k, j 

) 

∂T 

∂x j 

) 

+ 

1 

ρ

n s ∑ 

k =1 

W̄ 

W k 

( 

˙ ω k W k −
∂ 
(
ρY k V k, j 

)
∂x j 

) 

+ 

(
p 

ρc p T 
− 1 

)
1 

p 

Dp 

Dt 
(26) 

he first two terms of the right-hand side can be defined as the 

hermal divergence term, Q , giving the following: 
T 
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Table 2 

Initial conditions of 1D simulations . 

Initial conditions 

Symbol Descriptions Laminar 40% D CJ ZND 

T 0 Initial temperature 293 K 483 K 293 K 

P Initial pressure 1 atm 4.3 atm 1 atm 
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∂u j 

∂x j 
= Q T − 1 

γ p 

Dp 

Dt 
(27) 

Dp 

Dt 
= γ p 

(
Q T −

∂u j 

∂x j 

)
(28) 

inally, the s p term is defined as Dp 
Dt /ρc p , which can be projected to 

he direction of CEM through the left eigenvector of the chemical 

acobian ( b e ). The evolution of the projected chemical reaction can 

herefore be expressed as: 

Dφω 

Dt 
= λe φω + λe φs d + λe φs p + 

D b e 

Dt 
· ω (29) 

he last term of Eq. 29 represents the nonlinear effect induced by 

he rotation of left eigenvectors. The attractiveness of such an ap- 

roach is that it can be easily implemented where the focus can 

e on the competition between diffusion, chemistry, and pressure- 

nduced compressibility on detonation initiation. It is also worth 

oting that the current formulation is written in the Lagrangian 

orm, to be consistent with the CEMA formulation in the previous 

ork of Lu et al. [20] and Xu et al. [21] . However, when adopt-

ng these terms in the Eulerian CFD solver used in this work, 

he material derivative is converted and expressed in terms of 

ulerian quantities. As a result, the proposed method works as 

 local post-processing tool and is compatible with the Eulerian 

ramework. 

. Results and discussion 

.1. One-dimensional flame 

In order to validate the proposed new CEMA method, three 

anonical one-dimensional premixed hydrogen-air flames are sim- 

lated to investigate the roles of different physiochemical pro- 

esses for the CEMs under DDT conditions. The three representa- 

ive one-dimensional flames chosen for the DDT process include 

aminar flame propagation, fast flame deflagrations, and Chapman- 

ouguet (CJ) detonation, where CEMA analyses are performed for 

ach case for validation. As suggested by earlier experimental and 

umerical works for DDT in a long smooth walled tube, the on- 

et of spontaneous detonation takes place in a deflagration when 

t accelerates to some maximum velocity of the order of about 

alf the CJ detonation speed [33] . Therefore, the fast deflagration 

ame considered in this study corresponds to initiation conditions 

ithout spontaneous detonations. The deflagration is represented 
ig. 1. Profiles of normalized φs d , φω and φs p and temperature for a) 1-D freely propagati

or a shock traveling at 0.4 D CJ . 

5 
y the post-shock laminar flames where initiation conditions are 

btained from the shock detonation (SD) toolbox corresponding to 

he frozen state behind a shock, whose Mach number corresponds 

o 40 % CJ speed. Similar approaches can be found in the litera- 

ure where post-shock laminar flames are found to be representa- 

ive of the chemical structure of the deflagration behind the shock 

n the fast flame regime [24,34,35] . The fast deflagration state ob- 

ained from the SD toolbox (with elevated temperature and pres- 

ure) is then adopted in a 1D domain with no shock and a hot 

pot located at one end of the domain. The hot spot is composed 

f an equilibrated mixture at constant enthalpy and pressure, sim- 

lar to the authors’ previous work [3] . For brevity, the canoni- 

al post-shock deflagrations are referred to as post-shock laminar 

ames in the following section. All 1D simulations listed above 

re performed by the in-house unsteady detonation code. Details 

f the initial conditions of the four 1D flames can be found in 

able 2 . 

Profiles of diffusion, chemistry, and compressibility to the CEMs 

rom the laminar freely propagating premixed flame and post- 

hock laminar flame (40 % D CJ ) are shown in Fig. 1 . It is worth

oting that only explosive mixtures identified by a positive λe are 

hown with projected contributions. Perhaps not surprisingly for 

oth scenarios, it is found that φs d 
is larger than φω at a lower 

emperature where a crossover point of φs d 
and φω can be found 

ear the temperature of 10 0 0 K. When the chemistry becomes 

ominant in the CEM as the temperature becomes higher, the fresh 

ixture is found to ignite in the preheat zone suggesting that the 

ame is a canonical deflagration wave. The reaction zone thickness 

s found significantly shorter for the fast deflagration flame. As ex- 

ected, no compressibility contribution can be found in these two 

ames. These results correspond well with previous studies both 

xperimentally and numerically, where in the case of a deflagra- 

ion, the reaction front will propagate via diffusive transport com- 

ared to autoignition across the leading shock front for a detona- 

ion [33] . 
ng laminar premixed hydrogen-air flame b) laminar flame at post-shock conditions 
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Fig. 2. Profiles of φs d , φω , φs p 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). 
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Fig. 3. Computational setup for 2D calculations. Obstacles of size h × w are evenly 

spaced along the channel wall. 
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Figure 2 shows the profiles of diffusion, chemistry, and com- 

ressibility projection to the CEMs for the ZND solutions of a 

ydrogen-air CJ detonation. Figure 2 (b) focuses on the region near 

he shock front covering the induction zone. The mixture down- 

tream of the shock wave (shown in Fig. 2 (a)) is chemically explo- 

ive dominated by φω , indicating that it is autoignitive after shock 

ave compression, and the compressibility is dominant among the 

onchemical effects. However, for this region, the major differ- 

nce noticed is that the compressibility contributions are negative, 

hich indicates that this could inhibit the ignition process. The 

nding downstream of the shock wave using the current CEMA 

riteria is consistent with the study conducted by Wu et al. using 

onservative CEMA [25] , with the distinction that the compressibil- 

ty contribution in the present study is solely induced by pressure. 

erhaps more relevant to the purpose of this study are the find- 

ngs near the induction zone. From classical theory, deflagration 

an be distinguished from detonation by differences in the igni- 

ion mechanisms, categorizing diffusion (for deflagration) and au- 

oignition (for detonation). The transition can be characterized by 

 switchover from diffusion to autoignition via shock compression. 

his can be clearly demonstrated in Fig. 2 (b) where during the in- 

uction period, a cross-over is found between diffusion ( φs d 
) and 

ompressibility ( φs p ) contributions, which then leads to a domi- 

ant chemistry contribution shown in the reaction zone ( Fig. 2 (a)). 

owever, whether this compressibility contribution comes from 

he adiabatic compression of the reactants by the precursor shock 

r by precursor compression waves is not clear from the current 

nalysis, which warrants further investigation. It is worth mention- 

ng that at the very beginning of the reaction zone, there are fluc- 

uations in pressure projection ( φs p ) that are induced by a small 

umerical perturbation in pressure for the ZND calculation. This 

mall value is then enlarged through the calculation of φs p . The 

eal contribution of chemical, diffusion, and compressibility to the 

EM in this region is negligible as the CEM is at a nearly frozen

tate. 

The new CEMA analysis for 1D flames suggests that the pro- 

osed method is able to identify the relative contributions of dif- 

erent physical processes to the CEMs under various physical pro- 

esses relevant to DDT. Particularly, it is found that the current 

nalysis can clearly distinguish the differences between deflagra- 

ion and shock-induced detonation, which can be used to identify 

he detonation initiation in multi-dimensional high-fidelity DDT 

imulations, particularly for shock-focusing detonation mechanism. 

herefore, the new method is then introduced to analyze the DDT 

cenario in an obstructed channel. 
e

6 
.2. DDT In channels with obstacles 

In this section, numerical simulations on a canonical configura- 

ion [16,26,36,37] , namely an obstructed channel filled with ener- 

etic gas, are carried out. The proposed CEMA is then applied to 

nalyze the local chemical kinetics during the DDT ignition pro- 

ess, with particular emphasis on the contribution of pressure- 

nduced compressibility. The two-dimensional channel geometry is 

hown in Fig. 3 . The computational area is the bottom half of the 

hannel, and the upper boundary is considered a symmetry plane. 

he left and bottom boundaries are modeled as solid walls, where 

o-slip, adiabatic boundary conditions are used, and the right end 

s an open outlet. The channel length ( L ) and width ( D ) are 256 cm

nd 8 cm, respectively. Obstacles with a height of h and a width 

f w = 0 . 5 cm are evenly spaced with 8 cm along the length of

he channel and attached to the top and bottom channel walls. 

he channel is filled with stoichiometric hydrogen-air mixture at 

 atm, and 293 K with parameters defined in Table I. Initially, a 

mall pocket of burned area (red area in Fig. 3 ) is used to ignite

he mixture. The minimum cell size is dx min = 1 / 256 cm, where

amezo et al. [16] showed using a similar computational setup to 

e sufficient to resolve the flames and shocks and achieve grid in- 

ependence for the onset of detonations. Earlier work by Goodwin 

t al. [36] shows that the detonation mechanisms in an obstructed 

hannel are largely affected by the channel blockage ratio ( br). In 

he following section, a blockage ratio, br = 2 h/D of 0.5 is carefully 

elected such that both ignition mechanisms: hot spot ignited in 

 gradient of reactivity, and shock-focusing in an energetic gas are 

ound. 

The evolution of the flame in an obstructed channel has been 

tudied and documented in a number of prior works for differ- 

nt 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. 
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n the hydrogen-air mixture follows a similar trend and the sim- 

lation result is shown in Fig. 4 . Initially, the laminar flame ac- 

elerates as it expands over the obstacles, pushing the unreacted 

aterial along the channel. The flame surface area keeps increas- 

ng as it passes the obstacles due to primarily Rayleigh-Taylor 

nd Richtmyer-Meshkov instabilities. As the flame becomes fast 

nough, a strong shock (marked in the second frame of Fig. 4 ) 

orms ahead of the flame front, and the flame is continuously dis- 

orted through shock-flame interactions. Here, the flame velocity is 

ypically from 1/3 to 1/2 of the CJ detonation speed ( D CJ ), which

orresponds to the 40% D CJ deflagration case shown in the 1D sec- 

ion. 

Transition to detonation occurs as the shock collisions raise the 

emperature and pressure behind the leading shock wave, and the 

eaction is triggered in the unburned area directly by shock com- 

ression. The onset of detonation ignitions is shown in frames 

 to 6 of Fig. 4 . Here, two detonation initiations through differ- 

nt mechanisms are observed, making this configuration a partic- 

larly interesting case. The first ignition occurs at about 3.51 ms 

“D1” in Fig. 4 ) as multiple shock waves reflected from the obsta- 

les and the bottom wall collide on the flame surface, causing the 

ame front to transition to a detonation directly. This process cor- 

esponds to shock-focusing, which could be related to either the 

eactivity-gradient mechanism or the direct initiation mechanism. 
7 
owever, the first detonation fails possibly due to the insufficient 

nburned materials for the detonation wave to propagate. A sec- 

nd ignition (“D2” in Fig. 4 ) is induced by a hot spot at the cor-

er of the next obstacle (#10) due to shock collisions at around 

.58 ms. This second ignition from a hot spot, typically related to 

he reactivity-gradient mechanism, succeeds in transitioning into a 

etonation wave. 

Conventional diagnostics such as shown in Fig. 4 are tradition- 

lly used for numerical investigation of the DDT process. Typ- 

cally, numerical schlieren, pressure, and temperature fields can 

uccessfully capture the flame behavior and the flow features. Post- 

rocessed variables such as shock velocity, flame velocity, energy 

elease rate, etc. are often calculated to further investigate the 

etonation physics. These conventional diagnostics allow for both 

uantification and visualization of the flame and flow behavior. The 

nalysis leads to a general consensus that the detonation ignition 

ccurs as a consequence of shock reflections and compression. Be- 

ond this, however, the fundamental physics of each mechanism, 

specially the combustion features as well as the role of shock- 

nduced compressibility to the detonation initiations are still un- 

lear. The CEMA methodology, described in Section 2.4 , can pro- 

ide new insights into understanding different detonation ignition 

odes by quantifying the relative importance of chemical reaction, 

iffusion, and compressibility. 
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Fig. 5. Scatter plots showing the distribution of (a) temperature and eigenvalue λe ; (b) temperature and φs p of the CEM around detonation points D1 and D2 in the channel. 

Fig. 6. Computed isocontours of temperature, CEM eigenvalue, local combustion modes without/with the contribution from compressibility ( φs p ) before/after the second 

detonation point (D2). The eigenvalue fields are calculated as sign (λe ) × log 10 (1 + | λe | ) . Colors on the combustion mode plots indicate the auto-ignition (red, “I”), assisted- 

ignition (green, “A”) and local extinction (blue, “E”) modes, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 
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The CEMA-based criteria are employed in the simulation re- 

ults, and the contours of temperature, the CEM eigenvalue ( λe ), 

nd the local combustion modes near the two ignition spots (“D2”

nd “D1” marked in Fig. 4 ) are shown in Fig. 6 and 7 . Both com-

ustion modes without and with the consideration of φs p are pre- 

ented as a comparison. The criterion used to identify the auto- 

gnition mode, the assisted-ignition mode, and the extinction mode 

s consistent with the work by Xu et al. [21] and is described in de-

ail in Section 2 D. For the case without φs p , the combustion mode 

ndicator is defined as 

= 

φs d 

φω 
(30) 

here only the relative importance of chemistry and diffusion are 

onsidered and the term φs p is omitted. When including the con- 
8 
ribution of pressure-induced compressibility, the newly defined 

ombustion mode indicator, α∗, reads, 

∗ = 

φs d + φs p 

φω 
(31) 

ithin this definition, α∗ can highlight the relative importance of 

hemical, diffusive, and compressibility contribution to the CEM in 

ompressible flows where the ignition modes can be defined as (i) 
∗ > 1 : the assisted-ignition mode, where diffusion and pressure- 

nduced compressibility dominates chemistry and promotes igni- 

ion; (ii) | α∗| < 1 : the auto-ignition mode, where chemistry plays 

 dominant role in the ignition with diffusion and compressibil- 

ty being less important; (iii) α∗ < −1 : the local extinction mode, 

here diffusion and compressibility dominate chemistry but re- 

erses the ignition process. 
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Fig. 7. Computed isocontours of temperature, CEM eigenvalue, local combustion modes without and with the contribution from compressibility ( φs p ) before and after the 

first detonation point (D1). The eigenvalue fields are calculated as sign (λe ) × log 10 (1 + | λe | ) . 
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In order to review the detonation initiation mechanisms of the 

wo highlighted spots (“D2” and “D1”), the relation between the 

igenvalues of the CEM ( λe ) and the temperatures at local regions 

f these two spots shortly after the detonation ignition is exam- 

ned in Fig. 5 (a). While both spots achieved autoignition indicated 

y the highly positive value of the eigenvalue at high temperatures, 

t ignition onset, the eigenvalues achieved near detonation point 

D2” is found to be significantly higher than that of “D1”. The re- 

ult indicates that the detonation development is manifested by 

he high eigenvalue of CEM prior to the event. The significantly 

ower value of eigenvalues near “D1” can be seen as an indica- 

ion of why the detonation was not sustained further. Accordingly, 

he pressure-induced compressibility contributions to the CEM are 

epicted in Fig. 5 (b). As expected the compressibility contribution 

appens at a much lower temperature possibly corresponding to 

on-reacting flows ahead of the flame in “D1” and regions near 

he obstacles in “D2”. The magnitude of the pressure contribution 

s also comparable compared to the eigenvalue which indicates the 

mportance of pressure contribution in the process of deflagration 

o detonation transition. This is intuitive as detonation can be seen 

s a result of the positive feedback between the heat release in 

he ignition front and the pressure wave [19] . This further demon- 

trates the importance of including pressure-induced compressibil- 

ty in the budget analysis of CEM. With the inclusion of compress- 

bility in the new combustion mode | α∗| , more in-depth analysis 

an be performed to study the details of detonation initiation be- 

ween these two spots. 

The above-mentioned CEMA-based analysis near detonation 

oint “D2”, which later on successively transits into a detonation 

s presented in Fig. 6 . Here, the leading shock wave reflects from 

he obstacle and the bottom channel wall, forming Mach stems. A 

egion with an extreme positive λe is observed at the corner of 

bstacle #10 at 3.57806 ms. This highly reactive region suggests a 

ossible detonation reignition within this area. In fact, a hot spot 

gnites near the local maximum λe at around t = 3.57875 ms. The 

ocal combustion mode analysis presented in Fig. 6 shows that the 

ot-spot induced reignition is mainly driven by the auto-ignition 

ode (red region) where diffusion and compressibility play a neg- 

igible role. Using the previous CEMA criterion (without φs p ), a 

arge region of auto-ignition mode is observed behind the reflected 

ach stem. This is intuitive as the original combustion mode only 
9 
ompares the diffusion and autoignition contribution in a CEM. 

hile diffusion can play a significant role in various flames as in- 

icated by previous studies using such criteria [21] , diffusion can 

e significantly less important in the DDT process as suggested 

y previous studies [3] . Therefore, the comparison of only diffu- 

ion and autoignition can be erroneous in identifying the under- 

ying mechanisms of detonations. This is indeed shown in Fig. 6 , 

hen including the effect of compressibility (last column), only a 

ery small region featuring auto-ignition mode is found at the cor- 

er. This is likely due to the positive contribution of φs p to the 

ombustion mode indicator through shock wave compression from 

he Mach stem-obstacle collisions. This result is consistent with 

he previous finding that the reactivity gradient, which is essential 

or a hot-spot-induced detonation, comes from shock compression, 

nstead of turbulent mixing of the reacted and unreacted materi- 

ls [16] . In addition, the region of local extinction mode (blue re- 

ion) becomes larger when including the effect of compressibility. 

his can be associated with the pressure wave locally expanding to 

ower pressures, and therefore leading to a lower state of energy 

rohibiting the detonation propagation/initiation in this region. In 

eneral, the new CEMA criterion has worked as a much more ac- 

urate precursor in identifying the detonation onset. 

Perhaps what is more interesting, in this case, is the first deto- 

ation (“D1” marked in Fig. 4 ) that is initiated by multiple shocks 

olliding on the flame front. This so-called “shock-focusing” mech- 

nism is one of the primary mechanisms for DDT occurrence in the 

bstructed channels, where the pressure-induced compressibility is 

onsidered to be critical. Figure 7 shows the temperature, eigen- 

alue, and local combustion mode contours near the first detona- 

ion spot. At t = 3 . 51103 ms, multiple shock waves collide on the

ame front, leaving a small region of large positive λe behind. At 

 = 3 . 51187 ms, a detonation is initiated at the colliding point. Sim-

larly, the auto-ignition mode is observed near the detonation spot, 

uggesting that local chemistry plays a predominant role. In the 

urrounding area of the ignited kernel, both assisted-ignition mode 

nd local extinction mode are present. Comparing results from the 

ast two columns of Fig. 7 , a larger area of extinction mode is ob-

erved when taking into account the φs p term. This suggests that 

ressure-induced compressibility could inhibit the ignition process. 

n addition, at t = 3 . 51103 ms, the assisted-ignition mode domi- 

ates 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- 

duced detonation initiation. Units are millimeters. Incident shocks and flame sur- 

faces are colored green and red, respectively. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this 

article.) 
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Fig. 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 s = 2 . 6 . 
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n the other side. As a result, the flame has a propensity of prop-

gating in the direction towards the assisted-ignition region where 

imited reactive gas is available to sustain the detonation propa- 

ation. While in this case, the proposed criteria can serve as an 

nambiguous marker for the resultant explosive dynamics, scarce 

nformation on the detonation initiation mechanisms relevant to 

he shock-focusing mechanism can be extracted due to the limited 

rid resolution at the flame and shock fronts. As suggested by Xiao 

t al. [4] , detonations at the flame front could be initiated by ei-

her a reactivity-gradient mechanism or a direct initiation mecha- 

ism all accompanied by shock-focusing. Therefore, for the channel 

ase presented here, a more detailed analysis regarding each initia- 

ion mechanism for shock-focusing at the flame front is needed to 

alidate the proposed CEMA criteria. Simulation results on ideal- 

zed configurations are provided in the following section to further 

xamine the shock-focusing at the flame front in detail. 

.3. An idealized model of shock-focusing 

Following the same configurations for shock focusing at the 

ame front proposed by Xiao et al. [4] , an idealized case illustrated 

n Fig. 8 is investigated. Here, the computational domain consists 

f a burned region at the bottom and an unburned region at the 

op. Two incident shock waves propagate towards each other with 

he same Mach number, colliding on the flame front. This config- 

ration is designed to study the ignition process similar to condi- 

ions shown in Fig. 7 while excluding excessive disturbances from 

he multiple shock waves for easier analysis. Therefore, the physi- 

al conditions in the initial setup are set to correspond to the state 

ariables of the unburned and burned gases around “D1” in Fig. 4 . 

emperatures in the burned and unburned regions are set to be 

00 and 2500 K, respectively, and the initial pressure is 11 atm. 

aximum and minimum cell sizes are d max = 40 μm and d min = 

.625 μm, which corresponds to approximately 41 grid points in 

 laminar flame thickness. Calculations with shock waves at Mach 

umbers of 2.6 and 3.0 are tested to capture both the reactivity- 

radient mechanism and the direct initiation mechanism. 

Figure 9 shows the temperature and schlieren fields at selected 

imes illustrating the DDT process induced by focusing two shock 

aves with the same Mach number M s = 2 . 6 . As the two shock

aves propagate towards each other, secondary shocks are gen- 

rated into the unburned area while expansion waves propagate 

ownwards (see Fig. 9 at 1.9653 μs). At 3.0353 μs, the two shock 

aves collide with each other. Transmitted shocks and reflected 

hocks are found as a result of the interactions between the shocks 

nd the interface. After the collision, the shocks carry the flame 

n the vertical direction, forming a mushroom-shaped flame struc- 

ure 3.9081 μs. The mushroom-like flame grows in the unburned 

egion, forming a strong leading shock ahead of the flame. Later, 

wo detonation points (indicated by “D” in the last frame of Fig. 9 ) 

re found near the slip lines at 4.0814 μs. In addition, the ide- 

lized configuration with stronger shock waves, M s = 3 . 0 , is exam- 
10 
ned and the detonation ignition process is shown in Fig. 10 . Unlike 

he case with M s = 2 . 6 , where there is a delayed transition to det-

nation, here, the two incident shocks collide on the flame front 

t about 2.5540 μs, and a detonation initiates almost immediately 

fter the collision. These distinct behaviors are likely due to the 

undamental physics underlying the two detonation ignition mech- 

nisms and merit further investigation. 

Figures 11 and 12 show the temperature fields and CEMA com- 

ustion mode analysis in a small DDT region before and after the 

etonation ignition for the two test cases. For the case of M s = 2 . 6 ,

 gradient of temperature is found in front of the flame at the 

lip line (see temperature contour at 4.03778 μs in Fig. 11 ), in- 

ucing a spontaneous wave that soon develops into an overdriven 

etonation. Here, the detonation is ignited through the Zeldovich 

radient mechanism, where a gradient of reactivity or tempera- 

ure is essential [6,39] . This gradient mechanism can be verified 

hrough the distribution of eigenvalue λe , and local combustion 

odes. As shown, a highly reactive region is formed between the 

eading shock wave and the slip line. The detonation initiates at 

he location of the maximum λe , which corresponds to the local 

inimum chemical induction time. In addition, from the last frame 

f Fig. 11 at 4.03778 μs, there is a small region where all three

ombustion modes (auto-ignition, assisted-ignition, and extinction) 

oexist at the flame front, resulting in an obvious reactivity gra- 

ient. This is because the compression waves generated by the 

pontaneous 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 s = 3 . 0 . 
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he flame tip. The compression leads to in a positive contribution 

f the φs p term, raising the value of α∗ to the range of assisted- 

gnition mode at the flame front. In addition, a region dominated 

y the auto-ignition mode (red) and a region dominant by the ex- 

inction mode (blue) is separated by the slip line. This suggests 

hat the detonation spot, once ignited, propagates toward the up- 

er side of the slip line which corresponds well to previous find- 

ngs that detonations will first sweep towards the higher temper- 

ture region and then propagates across the slip line, eventually 
ig. 11. Isocontours of temperature, CEM eigenvalue, local combustion modes with and 

fter the detonation ignition for the case of M s = 2 . 6 . 

11 
ropagates into lower temperature regions [4] . The prediction of 

ame propagation propensity is further confirmed by the solution 

hown at t = 4.06393 μs. Moreover, using the current CEMA for- 

ulation, the detonation onset is clearly demonstrated as a conse- 

uence of the shock-to-shock interactions where detonation can be 

een as a result of the positive feedback between the heat release 

hrough chemistry and the pressure wave. Such a finding is consis- 

ent with recent studies where a stronger pressure wave is found 

o increase the role of transport that enhances the subsequent det- 

nation development [19,40,41] . Such characteristics, however, are 

ot captured with the previous CEMA criterion (third column in 

ig. 11 ). Therefore, the results demonstrated in this study suggest 

hat taking into account the contribution of pressure-induced com- 

ressibility to CEM is essential for analyzing the shock-focusing 

echanism. 

As a comparison, the CEMA analysis is applied to the DDT re- 

ion for the case of M s = 3 . 0 , where ignition occurs directly after

he shock collision (see Fig. 12 ). During this process, a highly reac- 

ive region is formed between the flame and the transmitted shock 

ave. The strong incident shock waves compress the material near 

he colliding point, where only the assisted-ignition mode (green 

egion) is observed at t = 2.53500 μs using the new CEMA cri- 

erion. Here, the assisted ignition primarily driven by the pressure 

ompression leads to a direct detonation initiation. On both sides 

f the colliding point, however, there is again a reactivity gradient 

imilar to the case discussed above. 

To further quantify the reactivity and the effect of pressure- 

nduced compressibility on the two mechanisms, Fig. 13 (a) and 

b) highlight the eigenvalue and the pressure-induced compress- 

bility contribution to the CEM for the two cases. From Fig. 13 (a), 

he highest eigenvalue obtained by the two idealized cases af- 

er the detonation is comparable to that obtained in “D2” (see 

ig. 5 (a)) where successful detonation is formed. The distribution 

f eigenvalues for the two cases has similar shapes. However, the 

ase of M s = 2 . 6 has a much wider span of eigenvalues across

he temperature range compared to the case of M s = 3 . 0 . In ad-

ition, Fig. 13 (b) suggests that for the stronger case ( M s = 3 . 0 ),

he compressibility contribution is significantly greater than that 

f the weaker case ( M s = 2 . 6 ). These results correspond well with

he physical interpretation given by Xiao et al. [4] that two mech- 
without the contribution from compressibility ( φs p ) in the DDT region before and 
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Fig. 12. Isocontours of temperature, CEM eigenvalue, local combustion modes with and without the contribution from compressibility ( φs p ) in the DDT region before and 

after the detonation ignition for the case of M s = 3 . 0 . 

Fig. 13. Scatter plots showing the distribution of (a) temperature and eigenvalue λe ; (b) temperature and φs p of the CEM around detonation points in idealized case with 

M s = 2 . 6 and M s = 3 . 0 . 
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4

nisms of detonation formation might exist at the flame front 

here one refers to focusing of relatively weak shocks leading to 

 delayed transition to detonation through the reactivity-gradient 

echanism ( M s = 2 . 6 ) and the other refers to direct detonation ini-

iation ( M s = 3 . 0 ) triggered at the collision spot by focusing shocks

t the flame front. The wider λe distribution for the M s = 2 . 6 case

uggests a greater reactivity gradient near the detonation spot, 

hich is the key element for a reactivity-gradient mechanism. For 

he case of M s = 3 . 0 , however, the smaller eigenvalue span sug-

ests a small reactivity gradient which could be insufficient to in- 

uce a spontaneous wave for the detonation. Note that despite the 

ower eigenvalue distribution, a few points of high λe value exist 

or the M s = 3 . 0 case. The scarce points of M s = 3 . 0 can also be in-
 c

12 
erpreted as the shock collision deposits energy in a localized spot 

here the timescale of energy deposit is much smaller compared 

o the acoustic timescale of the gas resulting in a direct initiation. 

n summary, the new CEMA works successively in capturing the 

rocess of shock-focusing and identifying the corresponding deto- 

ation ignition mechanism (autoignition-supported gradient mech- 

nism or direct ignition mechanism). 

. Summary and conclusions 

This paper presents a new flame diagnostic method for the 

ompressibility effects in the chemical explosive mode analysis 
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[

CEMA) framework during the deflagration to detonation tran- 

ition (DDT) process, where the compressible reactive flow in- 

olving shocks and turbulence is considered. The new formula- 

ion introduces the effect of pressure-induced compressibility in 

EMA, and the relevant contributions of chemical reaction, diffu- 

ion, and compressibility are compared with each other to identify 

he local combustion modes during the DDT process. The numer- 

cal model solves the compressible reactive Navier-Stokes equa- 

ions by a high-order Godunov algorithm on an adapting grid. 

 single-step, calibrated chemical-diffusive model of the Arrhe- 

ius form is used for the reaction of stoichiometric hydrogen-air 

ixture. 

First, the new formulation has been validated through a series 

f 1D premixed hydrogen-air flame configurations: laminar flame 

ropagation, post-shock laminar flame, and the Chapman-Jouguet 

etonation. For the laminar flame and post-shock laminar flame, 

hemistry dominates at higher temperatures and diffusion dom- 

nates at the lower temperature. No compressibility contribution 

an be found. For the CJ detonation case, however, a switchover 

etween compressibility and diffusion is observed in the induc- 

ion zone, which then leads to an auto-ignition in the reaction 

one. The 1D results show that the new CEMA projection formu- 

ation is able to capture the key contributions of chemical and 

onchemical terms in the main scenarios involved in DDT, and 

an clearly distinguish between deflagration and shock-induced 

etonation. 

Then, multi-dimensional, unsteady simulations of an obstructed 

hannel filled with a stoichiometric hydrogen-air mixture are per- 

ormed with a particular interest in CEMA diagnostics for different 

etonation ignition modes. For the case of blockage ratio br = 0 . 5 ,

wo detonation points are found, one is ignited through shock fo- 

using on the flame front, and the other one through a hot spot 

t the corner of the obstacle. The CEMA analysis shows that both 

f the two detonation processes are well captured, where detona- 

ion initiations are featured by a highly-reactive region and the lo- 

al auto-ignition mode. Comparison between the newly proposed 

nd the previous CEMA projection formulations shows that involv- 

ng the contribution of compressibility leads to a more accurate 

dentification of the detonation onset region, and thus pressure- 

nduced compressibility is essential for CEMA in DDT. Follow- 

ng the channel flow case, an idealized configuration of focus- 

ng two shock waves with M s = 2.6 and 3.0 are tested to in-

estigate the detailed shock focusing mechanism with increased 

esh resolution. The results show that the current CEMA projec- 

ion formulation can well identify the gradient mechanism and 

he direct initiation mechanism. For the gradient-induced mech- 

nism, an apparent reactivity gradient featuring all three CEM 

odes is present in front of the flame and the propensity of the 

ame propagation is correctly captured. For the case of focusing 

wo stronger shocks, a considerably smaller eigenvalue span, and 

reater compressibility contribution have been observed, which 

uggests that the detonation is ignited through a direct initia- 

ion mechanism. Using the current CEMA projection formulation, 

he detonation onset is clearly demonstrated as a consequence 

f the shock-to-shock interactions where detonation can be seen 

s a result of the positive feedback between the heat release 

hrough chemistry and the pressure wave. The role of compress- 

bility is also found enhanced at the edge of the detonation front 

here diffusion was found to have minimal effects on detonation 

evelopment. 
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