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Abstract: The occurrence and intensity of the detonation phenomenon at spark-ignition (SI) engine 1

conditions is investigated, with the objective to successfully predict super-knock and to elucidate the 2

effect of kinetics and transport at the ignition front. The computational singular perturbation (CSP) 3

framework is employed in order to investigate the chemical and transport mechanisms of deflagration 4

and detonation cases in the context of 2D high-fidelity numerical simulations. The analysis revealed 5

that the detonation development is characterized by: (i) stronger explosive dynamics and (ii) enhanced 6

role of convection. The role of chemistry was also found to be pivotal to the detonation development 7

which explained the stronger explosive character of the system, the latter being an indication of the 8

system’s reactivity. The role of convection was found to be enhanced at the edge of the detonating 9

front, thereby suggesting that it is the result and not the cause of the detonation onset. Moreover, the 10

increased contribution of convection was found to be related mainly to heat convection. Remarkably, 11

the detonation front was mainly characterized by dissipative and not explosive dynamics. Finally, 12

diffusion was found to have negligible role to both examined cases. 13

Keywords: detonation; super-knock; CSP; explosive dynamics; 14

1. Introduction 15

Internal combustion engines (ICE) have been powering the transport industry for 16

over a century and recent evidence suggests that they will remain the predominant mode 17

powering the transport sector in a global scale for decades to come [1]. At the same 18

time, the transport sector (hence ICEs) is a major contributor to greenhouse gases (GHG), 19

contributing 14% to global CO2 emissions, of which road transport consists 74% [2]. In 20

addition, exhaust emissions such as NOx, CO, HC, CO2, SO2, and particulate matter 21

(PM) [3,4], can frequently cause illnesses in densely populated areas [5]. As a result, local 22

governments all around the globe have been imposing strict regulations that aim to mitigate 23

the adverse effects of ICEs. For instance, in 2021 the United Kingdom was the first major 24

economy to ban all new gasoline and diesel passenger vehicles by 2030. Similar initiatives 25

have also been undertaken by other countries such as Norway, Denmark and Japan, banning 26

the sales of new diesel/gasoline vehicles by 2025, 2030 and 2035, respectively. On the other 27

hand, countries like China and the USA do not currently have any plans for phasing out 28

gasoline/diesel engine vehicles, however, they have all pledged to a net zero target by 2050 29

or 2060. Similarly, three of the world’s biggest auto manufacturers, Toyota, Volkswagen, 30

and the Nissan-Renault alliance, did not join the pledge of six major automakers, including 31

Ford, Mercedes-Benz, General Motors and Volvo, to work toward phasing out sales of 32

new gasoline and diesel-powered vehicles by 2035 in “leading markets” and by 2040 33

worldwide. This suggests that IC engines will maintain a large share in the global car 34

market. To meet the increasing demands of lower carbon footprint, however, the current 35

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 May 2022                   doi:10.20944/preprints202205.0377.v1

©  2022 by the author(s). Distributed under a Creative Commons CC BY license.

https://www.mdpi.com
https://orcid.org/0000-0001-5086-4913
https://orcid.org/0000-0002-7245-2968
https://orcid.org/0000-0001-8849-1251
https://orcid.org/0000-0001-7080-1266
https://doi.org/10.20944/preprints202205.0377.v1
http://creativecommons.org/licenses/by/4.0/


2 of 20

engine technology needs to be significantly improved in terms of both efficiency and 36

emissions, with flexibility in fuels derived from petroleum or renewable sources. 37

One approach towards this direction is the downsized IC engines [6] that can produce 38

comparable power of a larger engine through the use of different techniques: turbocharging 39

or supercharging, often coupled with direct injection (DI), advanced exhaust gas recircula- 40

tion (EGR) or variable valve timing (VVT). The main benefits from the downsized engines 41

are the increased thermal and fuel efficiencies [7–11] and the inherent high-power density 42

[12]. Downsized engines have been reported to mitigate successfully CO2 emissions by 43

reducing the fuel consumption [13,14], making it a serious contender in reducing green- 44

house emissions and harmful pollutants [6,15]. Furthermore, the combustion at higher 45

pressure potentially leads to fuel flexibility, as the variability in the fuel reactivity is reduced 46

at elevated pressure. 47

One of the major technical challenges in downsized and boosted engines is the pre- 48

ignition and super-knock [9,16]. The phenomenon refers to a premature autoignition of 49

the reactant mixture prior to the spark ignition due to various ignition sources [17–22], 50

creating an reactant front propagation that may undergo deflagration-to-detonation (DDT) 51

transition. This leads to intense pressure oscillations in the combustion chamber and create 52

severe mechanical damage [23]. Optical diagnostics carried out by Wang et al. [16] showed 53

that the mechanism of super-knock is described as hotspot-induced DDT followed by 54

high-pressure oscillation. Detonation develops if there is a coherent coupling between the 55

acoustic wave and the reaction front [24,25]. At these conditions, the front speed exceeds 56

the Chapman-Jouguet detonation speed [26]. 57

Considering its practical significance, many engineering strategies to suppress pre- 58

ignition and super-knock have been reported. Gong et al. [27] demonstrated a successful 59

implementation of an early or late secondary injection, resulting in a decreased super-knock 60

frequency, fuel consumption, and emissions, while NOx level was found to be increased. 61

Dai et al. [28] also reported that local NOx concentrations play a role in detonation develop- 62

ment in dimethyl ether (DME)/air mixtures within negative temperature coefficient (NTC) 63

regime, in engines using EGR. Attenuation of fuel reactivity was also considered. Liu et 64

al. [29] performed experiments with rapid compression machine (RCM), where replacing 65

part of gasoline fuel with less reactive methane or propane was found to transition the 66

combustion mode from detonation to flame propagation. They also reported that methanol 67

was effective in suppressing the detonation development. The effect of spark location and 68

timing were also found to have an impact [30], such that advancing the spark timing was 69

found to induce super-knock at high compression ratio conditions [26,31,32]. 70

Fundamental description of the ignition and detonation development has also been 71

studied extensively. Since theoretical classification of ignition regimes by Zeldovich [24], 72

Bradley and coworkers [17,33–35] proposed the regime diagram to identify the detonation 73

propensity in terms of two nondimensional parameters based on the reactivity of the 74

mixture and the temperature distribution in the hot spot. A number of one-dimensional 75

simulations were conducted to reproduce the "detonation peninsula" for a specific choice of 76

fuels [36–45]. Sow et al. [46] also reported that the temperature gradient in the bulk mixture 77

affects the run-up time and intensity of the detonation. Luong et al. [47,48] extended the 78

theory into multidimensional direct numerical simulations to characterize the ignition 79

behavior in terms of turbulence intensity and temperature fluctuations in a statistical 80

context. 81

While considerable fundamental insights have been obtained to predict the critical 82

condition at the onset of the detonation development, the dynamics of the phenomena, 83

such as the interplay between the relevant transport processes and dominant chemical 84

pathways are of interest in universal understanding of the complex phenomena. To this 85

end, a mathematical theory that considers the dynamical features of the system serves as a 86

systematic analytical tool. 87

Based on the geometric singular perturbation (GSP) concept introduced in the 1970s 88

[49–51], the computational singular perturbation (CSP) is an algorithmic asymptotic analy- 89
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sis developed by Lam and Goussis [52,53], initially applied in problems of chemical kinetics 90

[54–56] and later extended to other fields, such as reacting flows [57–61], biology [62–66], 91

metabolic networks [67–69], pharmacokinetics [70,71] and others. In problems of reacting 92

flows with detailed chemistry, CSP allows a characterization of dynamical structures and 93

their properties in the phase space, by identifying the fastest timescales that become quickly 94

exhausted to equilibrium, thus establishing certain constraints called slow invariant mani- 95

folds (SIM), on which the system dynamics evolve at fast and slow active timescales. The 96

simplified form of the governing equations produces the reduced model, which governs 97

the flow along the SIM. In addition, various mathematical formulas were developed to 98

identify the important reactions that contribute to the mode amplitude or the time scales, 99

in order to provide physical interpretation of the phenomena. 100

The objective of this study is to apply the CSP algorithm and various tools in order 101

to identify key changes in the system’s dynamics and to examine the interplay between 102

transport processes (convective and diffusive) and chemistry towards the development of 103

detonation phenomena. The results from this examination aim to inform the development 104

of future algorithms, potentially related to machine learning, that will be used for the 105

prediction of detonation events in SI engines. The analysis is based on data produced 106

by two-dimensional simulations representing engine conditions, investigated under two 107

distinguished conditions with and without detonation occurrence. 108

2. Material and Methods 109

2.1. Numerical Setup 110

CONVERGE software was utilized for simulating two 2D cases, representative of 111

SI engine conditions, carried out on Shaheen II supercomputer at KAUST. The CFD soft- 112

ware is widely used for engine applications with the capability to capture detonation 113

phenomena [30,47,72–75]. To integrate in time the fully compressible Navier-Stokes, energy 114

and species equations, a pressure-implicit with splitting of operator (PISO) algorithm is 115

used, involving a predictor and two corrector steps, computing the pressure and velocity 116

terms. High resolution simulations were run in the direct numerical simulation (DNS) 117

mode without turbulence submodels, with detailed chemical reaction terms solved by the 118

SAGE subroutine [76], fully coupled with the flow solver. The time integration is performed 119

with a variable time step, with ∆tmin ranging from 5e-10 to 5e-09 s. For the boundary 120

conditions, the four boundaries are represented as solid walls at which no-slip velocity 121

and zero-gradient conditions for scalar variables are imposed. The spatial discretization 122

is handled by the monotonic upstream-centred scheme for conservation laws (MUSCL) 123

scheme, providing a 2nd order of accuracy for the convection term. In all cases, a square 2D 124

domain was employed with dimensions of 20.464×20.464 mm. The domain is made up 125

of a base grid of size of 32 µm with level 2 adaptive mesh refinement (AMR) computed 126

at every timestep, yielding the minimum grid size of 8 µm. As shown in Table 1, a single 127

Gaussian hot spot representing the spark plug in an SI engine is imposed at the center 128

of the left domain boundary with distribution σ = 1 mm, and its resolution is further 129

improved by setting up a level 3 fixed embedding (FE) over it, at r = 5 mm, yielding a 130

local cell refinement of 4 µm. The hot spot maximum temperature is set at Tmax = 1400 K, 131

representing practical engine conditions. Two cases were considered; Case A is representa- 132

tive of detonation (supersonic behaviour), while Case B is a representative of deflagration 133

(subsonic behaviour). 134

Figure 1 displays the mesh resolution at the initial timestep (a), t0, for both cases, 135

and at the timestep of 99% τign for Cases A and B ((b) and (c)). It is shown that the grid 136

refinement increases significantly in the areas of high temperature gradients. At the very 137

initial timestep, this area is near the hotspot, while as time evolves autoigniting kernels 138

emerge and the AMR algorithm adds the grid refinement accordingly. 139
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Figure 1. Grid resolution after AMR and FE refinement at (a) t0 for both Cases A and B, (b) 99% τign

for Case A and (c) 99% τign for Case B.

In addition, the inherent temperature inhomogeneity found in IC engines was ad- 140

dressed by imposing a temperature stratification in the mixture of uniform composition 141

as the initial condition, as shown in Fig. 2. The most energetic length scale of temperature 142

fluctuation, lT , is 5 mm and 1.5 mm for Cases A and B, respectively, and the temperature 143

fluctuations in the domain were imposed by the root mean square (RMS) temperature 144

∆TRMS = 5 K. 145

A B 

Figure 2. Temperature fields for Case A (left) and Case B (right) at the initial timestep t0.

Table 1. Summary of the numerical setup.

Simulation Setup Characteristics

Domain 20.464 x 20.464 mm
Grid 32 x 32 µm, AMR level 2

Gaussian hotspot Tmax = 1400 K, σ= 1 mm, Fixed Embedding
scale 3, r = 5 mm

Temperature field Tmean = 1100 K, ∆TRMS = 5 K, lT = 5 mm, 1.5
mm

Pressure Pin = 35 atm
Reactive fuel C2H5OH, ϕ = 1

Chemical mechanism 40 species, 180 elementary reactions

The initial pressure, Pin in both cases was set at 35 atm, representing the case of 146

the in-cylinder pressure at the top dead centre (TDC), while the von Neumann pressure 147

PZND based on the initial mean temperature is 34.8 MPa, and the Chapman-Jouguet 148

velocity UCJ is 1834.2 m/s. Ethanol is chosen as a fuel because it is considered to be 149

a representative non-NTC related renewable biodiesel. Additionally, due to the high 150

autoignitive resistance provided by the high octane number (ON) of ethanol, triggering 151

detonation in such conditions is physically harder. Therefore, the results of this study is 152

applicable to fuels/blends at higher ON ratings. The chemical mechanism consists of 40 153
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species and 180 elementary reactions [77]. The equivalence ratio of the bulk mixture is 154

initially set to ϕ = 1. The strong detonation case (Case A) and the deflagration case (Case B) 155

both have a mean temperature of 1100 K. The high bulk mixture temperatures of both cases 156

aim to reflect the end gas autoignition conditions in order to reduce the computational 157

cost, following the practice of Luong et al. [73,74]. A good balance between computational 158

expenses and fidelity is achieved. 159

2.2. Ignition regime characterization 160

The Bradley ignition regime diagram was developed on the basis of one-dimensional 161

setup, but serves as a representative metric for the 2D simulations. The Bradley diagram 162

employs two non-dimensional numbers, (ξ and ε), to identify the developing detonation 163

peninsula, thus distinguishing the zones of subsonic and supersonic autoignitive fronts, as 164

well as thermal explosion [35]. The ξ parameter represents the ratio of the speed of sound 165

(a) to the propagation speed (Ssp). 166

ξ = a/Ssp (1)

Note that the upper and lower ξ limits of the C-shaped curve of the the developing 167

detonation regime strongly depend on the initial conditions, fuel types, and the kinetic 168

model used in simulations [41,42]. In general, a strong detonation development is expected 169

when ξ ranges between 1 to O(10) [41,42], and for ξ values lower than unity homogeneous 170

thermal explosion occurs. 171

The ε parameter denotes the ratio of the residence time of the pressure wave in the 172

radius of the autoignition kernel (rhs) to the excitation time (τe): 173

ε = (rhs/a)/τe (2)

where τe is determined from the heat release rate profile at the reference mixture condi- 174

tion [35]. 175

In multi-dimentional problems, the representative ξ in a uniform mixture with temper- 176

ature inhomogeneities is approximated as ξ ∼= a
∣∣dτign/dT

∣∣|∇̃T| [48,73,74,78–80] where ∇̃T 177

is the statistical mean temperature gradient. In the isotropic temperature field fluctuations, 178

Peters et al. [81] found that the characteristic length scale representing the size of hot spots 179

rhs is comparable with the mean distance of the dissipation elements, lDE. As such, ∇̃T 180

is approximated as ∇̃T ∼= TRMS/lDE. lDE is found to be approximately equal to a half of 181

the two-point autocorrelation integral length scale, lDE ∼= let/2, for the isotropic energy 182

spectrum adopted in this study [48]. 183

Similarly, ε for the multidimensional field is approximated as [48]

ε = lDE/(lm/α) , (3)

where lm is the minimum runup distance to form direct detonation initiation from a hot 184

spot [82]. α is the weighting factor, α = 4, that accounts for the shortened runup distance of 185

detonation formation quantitatively observed in the DNS, resulting from the interaction 186

and collision of multiple ignition fronts in the highly-reactive transient mixture conditions. 187

The significance of ξ and ε is that no detonation is expected for ε � 1 regardless 188

of the magnitude of the ξ parameter. As ε approaches unity, the transient mixture state 189

shifts towards the boundary of the detonation peninsula, and the developing detonation is 190

expected. For ε� 1 fully developed detonation is expected to occur for ξ ∼ 1 to O(10) [48]. 191

In this study, it was found that ε = 1.3 and ξ = 9.3 for Case A, and ε = 0.4 and ξ = 31 192

for Case B, thereby suggesting that Case A exhibits strong detonation as opposed to the 193

non-detonating (deflagrative) Case B. 194
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2.3. Computational singular perturbation (CSP) and its algorithmic tools 195

The details of the CSP method used herein and its algorithmic tools have been dis- 196

cussed elsewhere (see for instance [83–87]), and only a brief summary is provided here. Con- 197

sider the system of species and temperature equations in the general form of 198

∂z
∂t

= LT(z) + g(z), LT(z) = LC(z) + LD(z) (4)

where z the system’s (N + 1) state vector that includes the N mass fractions (y) and 199

temperature (T), LD(z), LC(z), LT(z) the spatial transport operators denoting diffusion, 200

convection and their sum, respectively, and g(z) the chemical source term. In the absence of 201

any spatial inhomogeneities (i.e., LT(z) = 0) Eq. 4 degenerates to: 202

∂z
∂t

= g(z), LT(z) = 0 (5)

According to the CSP framework, the system of Eq. 4 can be transformed to []: 203

∂z
∂t

=
N+1

∑
i=1

aihi, hi = bi(LT + g) (6)

where ai, bi the i-th dual (row and column, respectively) CSP basis vectors, so that 204

bjai = δ
j
i . In essence, CSP allows us to decompose the state vector to a set of (N + 1) 205

CSP modes. Each CSP mode is characterized by a timescale τi and an amplitude hi; the 206

former dictates the frame of action of the i-th mode, while the latter defines its impact to 207

the system’s slow evolution [88,89]. When M (fast) modes become exhausted, the system is 208

confined to evolve on a slow invariant manifold (SIM) under the action of the remaining 209(
(N + 1)−M

)
slow (active) ones, and the reduced model can be obtained: 210

∂z
∂t
≈

N+1

∑
i=M

aihi, hj ≈ 0, j = 1, ...M (7)

For leading order accuracy, the CSP basis vectors ai, bi can be approximated by the right 211

and left eigenvectors αi, βi, respectively, of the Jacobian J of the chemical source term 212

g(z) [90–92]. Then, the i-th timescale τi can be calculated on the basis of the respective 213

eigenvalue λi, i.e., τi =
1
|λi |

. The sign of the eigenvalue (positive or negative) determines 214

the nature of the respective CSP mode; a negative eigenvalue indicates a dissipative mode 215

that tends to drive the system towards equilibrium, while a positive eigenvalue is called 216

explosive [2,93,94] that drives the system away from the equilibrium. Explosive modes have 217

been extensively investigated in reacting flows because they are inherently related to limit 218

phenomena and flames [95–97]. As previously discussed, however, their mere existence 219

does not qualify them as dominant ones for the system’s slow evolution. In fact, their 220

action may be largely cancelled by the action of other more active dissipative modes, hence 221

their net effect can be insignificant. In any case, their consideration as dominant ones has 222

to always be subject to investigation. In fact, according to Eq. 7, two conditions must be 223

satisfied in order for a mode to have a strong effect on the system’s slow evolution [98,99]: (i) 224

its timescale τi must be among the fastest of the slow ones, i.e., τM+1 ≤ τi ≤ τM+k, where 225

k > 1 but sufficiently small, and (ii) its amplitude hi must be the largest one in magnitude 226

(or at least sufficiently close to the largest one). 227

To assess the contribution of each physical process (chemical or transport-related) to 228

the development of the i-th amplitude hi, the amplitude participation index (API) is used 229

[59]. For a chemical source term expressed as 230

g(z) =
2K

∑
k=1

ŜkRk (8)
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where Ŝk the generalized stoichiometric vector of the k-th reaction, Rk the respective 231

reaction rate and 2K the total number of unidirectional reactions, the amplitude hi is written 232

in the form [100]: 233

hi = βi(LT + g) =
N+1

∑
j=1

βi
jLT,j +

2K

∑
k=1

βiŜkRk =
2K+N+1

∑
m=1

γi
m (9)

Then, the API is defined as: 234

Pn
k =

γn
k

∑2K+N+1
m=1 |γn

m|
(10)

thereby measuring the contribution of the k-th process to the n-th CSP mode [101,102]. The 235

signs of the eigenvectors αi, βi are properly adapted in order to ensure that the amplitudes 236

of all slow (active) modes are positive. The positive API values then indicate that the 237

associated processes enhance the impact of the respective mode while the opposite holds 238

for negative API values [103,104]. 239

An additional tool recently developed in the CSP framework is the tangential stretch- 240

ing rate (TSR) [105–108], which is the resultant effect of all eigenvalues with weights that 241

depend on the amplitudes of the modes, i.e., 242

ωτ̃R+T =
N+1

∑
i=M+1

Wi,R+Tλi, Wi,R+T =
hi

LT + g

N+1

∑
k=M+1

hk

LT + g
(11)

where LT and g the norms of LT and g, respectively. In the absence of any spatial inhomo- 243

geneities, Eq. 11 degenerates to: 244

ωτ̃R =
N+1

∑
i=M+1

Wi,Rλi, Wi,R =
hi

g

N+1

∑
k=M+1

hk

g
(12)

Note that in the above definition TSR only considers the action of the slow (active) modes. 245

As such, the TSR on the basis of Eq. 11 is called reactive-transport TSR while that from 246

Eq. 12 is reactive TSR, to reflect the presence or absence of the transport process in the 247

formulation [109,110]. Furthermore, due to the large dynamic range of values that both 248

ωτ̃R+T and ωτ̃R obtain, they are both represented in logarithms, i.e.: 249

ΩR+T = Sign(ωτ̃R+T ) · Log10|ωτ̃R+T |, ΩR = Sign(ωτ̃R) · Log10|ωτ̃R | (13)

In the following analysis, the system’s fast explosive eigenvalue is similarly logarithmically 250

scaled, i.e., Λe, f = Log10λe, f . To avoid clutters, values of ωτ̃R+T , ωτ̃R and λe, f less than unity 251

are not presented because they bear little impact on the system’s slow dynamics. Hence, 252

positive and negative values of ΩR+T and ΩR denote explosive and dissipative behavior. All 253

physical timescales are normalized by a nominal time of 1 second, such that the magnitudes 254

shown in the results are non-dimensional. 255

By definition, ΩR+T ≈ ΩR implies that the system becomes nearly homogeneous, 256

hence the chemical reactions dominate the system dynamics. However, when ΩR+T 6= 257

ΩR, no simple conclusion can be drawn for the relative significance of the transport and 258

chemical reactions. In that case, an alternative approach is required, and the TSR amplitude 259

participation index (TSR-API) provides valuable insights. The TSR-API is a weighted 260

average of the API values of the k-th process from all active modes with weights that 261

depend on the contribution of each mode to the construction of TSR, i.e. 262

HR+T
k = V R+T APIk (14)
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where V R+T a ((N + 1)−M) row vector which contains the weights of all active modes to 263

ωτ̃R+T , i.e., 264

VR+T
n = Sign(Re(λn)) ·

Wn,R+T |λn|
∑N+1

i=M+1 |Wi,R+T |λi||
(15)

and APIk a ((N + 1)−M) column vector containing the API values Pn
k of the k-th process 265

across all n active modes, (n = M + 1, ..., N + 1). Since the TSR-API tool HR+T
k is defined 266

for both chemical reactions and transport-related processes, both effects are aggregated 267

to obtain the net contribution of chemistry and transport to the magnitude and nature 268

(dissipative or explosive) of the TSR (ωτ̃R+T ), i.e.: 269

HR+T
R =

2K

∑
k=1

HR+T
k , HR+T

D =
N+1

∑
k=1

HR+T
k , HR+T

C =
N+1

∑
k=1

HR+T
k , HR+T

T =
2(N+1)

∑
k=1

HR+T
k (16)

In the above Eq. 16, HR+T
R , HR+T

D , HR+T
C , HR+T

T denote the overall contributions of chem- 270

istry, diffusion, convection and transport (i.e., both convection and diffusion), respectively, 271

to ωτ̃R+T . 272

In the following, for all presented results related to the CSP analysis, the CSPTk 273

package [106,111,112] integrated with the TChem [113] package for thermo-kinetic database 274

management was employed. 275

3. Results and discussion 276

3.1. Overall combustion characteristics 277

To properly analyze the ignition dynamics of two distinct Cases A and B, which exhibit 278

the detonation development and regular deflagration, respectively, instantaneous data 279

fields at comparable stages were selected for analysis in order to compare the evolution 280

characteristics in both cases. Scaling the temporal evolution of both systems against the 281

respective ignition delay times (determined on the basis of the maximum rate of change of 282

the mean temperature), five instants (t1-t5) were selected as shown in Table 2. 283

Table 2. Timestep selection for Case A and Case B .

Timestep Case A Case B
t [ms] Pmax/PZND Tmean [K] t [ms] Pmax/PZND Tmean [K]

t1 0.975τign 0.21999 0.16 1,386.9 0.22167 0.15 1,441.9
t2 0.980τign 0.22112 0.32 1,468.7 0.22281 0.17 1,519.1
t3 0.988τign 0.22292 0.96 1,620.4 0.22463 0.21 1,714.6
t4 0.990τign 0.22337 1.26 1,692.9 0.22508 0.25 1,789.3
t5 1.000τign 0.22563 3.37 2,463.9 0.22736 0.65 2.526.7

Figure 3 shows that the selected instants capture the critical moments as both the 284

mean pressure and temperature evolve significantly during the ignition. In addition, for 285

the detonating case, Case A, the first three instants are before the detonation onset, t4 286

is immediately after the detonation onset and at t5 the detonation event has evolved 287

further. A time is referred to as “before” or “after” the detonation onset based on whether 288

the local pressure normalized by the von Neumann pressure (PZND) is less or greater than 289

unity. Considering that PZND = 34.8 MPa for both cases, Fig. 3 shows that Pmax of Case A 290

clearly exceeds PZND, reaching Pmax/PZND values of 9.7. In fact, at t3 the pressure ratio 291

is just below unity (value of 0.96) while at t4 it has just become greater than unity (value 292

of 1.26), and at t5 it has increased further to 3.37. As will be shown next, the Pmax values 293

detailed in Table 2 and Fig. 3 all relate to the same ignition kernel. On the contrary, the 294

pressure of Case B does not exceed PZND, Pmax/PZND < 1. 295

To further assess the detonability of Case A, the temperature field at five selected 296

instants are shown in Fig. 4. A notable difference between the two cases is the significantly 297

larger number of ignition kernels established in Case B, which is a direct consequence of 298
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Figure 3. (a) Normalized maximum pressure, (b) Normalized mean pressure; (c) Maximum tempera-
ture, (d) Mean temperature. Red lines and markers denote Case A, blue lines and markers denote
Case B. The respective values for Cases A and B are marked for the five time selections. For the exact
values of the highlighted instants see Table 2.

the smaller lT of Case B compared to Case A (1.5 mm and 5.0 mm, respectively). Hence, in 299

Case A larger high-temperature spots allow a longer run-up distance to develop detonation, 300

resulting in favorable conditions for detonation [114]. On the other hand, in Case B the 301

smaller lT leads to a larger number of smaller pockets of gases that autoignite concur- 302

rently. This results in less energetic, smaller spots unable to develop into detonation due to 303

their competition with the consumption of the unburned fuel. 304

Fig. 4 shows that the ignition kernels created in Case A develop further in time and 305

undergo collision and merging, thereby establishing new and stronger ignition fronts. The 306

merging of ignition fronts directly results in strengthening the associated pressure waves. 307

Closed-up views in Fig. 5 clearly show that the detonation onset in Case A is a consequence 308

of the shock-to-shock interaction among at least three ignition kernels which appear to 309

merge at t3 and induce detonation development as manifested by the high pressure ratio 310

(P/PZND) achieved at t4. On the other hand, in Case B, the merging of the ignition kernels 311

does not affect the pressure waves which remain uncoupled from the ignition propagation 312

fronts, hence no noticeable detonation occurs. 313

3.2. Computational singular perturbation (CSP) analysis 314

Having examined the physical characteristics of pressure and temperature fields, the 315

next step is to examine the dynamics of the system in both cases, in view of the CSP 316

diagnostics and particularly ΩR, ΩR+T and Λe, f . Recall that ΩR and ΩR+T can take both 317

positive (explosive) and negative (dissipative) values, while Λe, f by definition takes only 318

positive values and indicates explosive dynamics. As a result, ΩR and ΩR+T are defined 319

everywhere in the computational domain, whereas Λe, f only exists in certain parts of the 320
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Figure 4. Temporal evolution of temperature contours for the five selected times for Case A (first
row) and B (second row). In subfigures a–c of Case A, the red circle indicates the location where the
detonation event is first established. For the details of the selected times see Table 2 and Fig. 3.
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Figure 5. Temporal evolution of the normalized (against PZND) pressure for Case A (upper row) and
B (lower row), for three selected times, t2-t4. For the details of the selected times see Table 2 and Fig. 3.

domain. This is confirmed in Fig. 6 which shows the spatial distributions of ΩR, ΩR+T and 321

Λe, f for both cases at t4, i.e., the instants of the detonation onset for Case 4. 322

Comparing ΩR and ΩR+T in both cases, it is first noted that hardly any qualitative 323

and quantitative differences are observed. As will be discussed next, this is a misleading 324

observation, since in some key locations they do exhibit notable differences and it is these 325

locations that contribute the most to the detonation development. 326

Second, Λe, f appears to exist in a wider region of the computational domain in contrast 327

to ΩR and ΩR+T which become positive (hence suggesting explosive dynamics) at a much 328

smaller fraction of the computational domain. The difference between Λe, f and ΩR+T is 329

more clearly highlighted in subfigures 6(d) and (h) where the positive ΩR+T regions (color) 330

are overlaid on positive Λe, f regions (black and white). It is evident that positive Λe, f does 331

not always represent the explosive nature of the system’s dynamics, since its action is 332

cancelled by that of more active dissipative mode(s). Only a smaller subset of positive 333

ΩR+T regions are considered truly explosive. Hence, the diagostics solely based on Λe, f 334

may lead to an erroneous interpretation of the explosion characteristics, thereby rendering 335

the drawn conclusions, in the best case, questionable [115–122]. This is in agreement with 336

earlier work in turbulent and MILD combustion that reached the same conclusion and 337

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 May 2022                   doi:10.20944/preprints202205.0377.v1

https://doi.org/10.20944/preprints202205.0377.v1


11 of 20

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 6. Results for Cases A (a - d) and B (e - h) at t4. From left to right, spatial distributions of ΩR

(a, e), ΩR+T (b, f), Λe, f (c, g) and Λe, f overlaid with ΩR+T > 0 (d, h).

highlighted that Λe, f can compete with dissipative modes which become more active (i.e., 338

faster in terms of their timescales and stronger in terms of their amplitudes), hence the a 339

priori use of solely Λe, f for the characterisation of the system’s dynamics is inappropriate 340

[109,110,123,124]. 341

Another observation from comparing Fig. 6 and Fig. 4 is that ΩR, ΩR+T and Λe, f all 342

become negative (or undefined in the case of Λe, f ) in the regions where the fuel has been 343

consumed and the temperature is high. However, the converse holds true only for Λe, f 344

but not for ΩR and ΩR+T , that is, regions of unburned mixture and low temperature are 345

not always associated with positive values of ΩR and ΩR+T . Finally, the energetic length 346

scale of temperature (lT) in Case B directly impacts the spatial distribution of ΩR, ΩR+T 347

and Λe, f . 348

(a) (b) (c) (d) (e) 

t1 t2 t3 t4 t5

Case A 
Case B 

Figure 7. Scatter plots of ΩR+T against temperature, for Cases A and B, at the five selected times. For
the details of the selected times, see Table 2 and Fig. 3.

The relation between ΩR+T and temperature is examined further in Fig. 7 which 349

compares the highly positive values of ΩR+T against temperature for both cases at the five 350

selected times in the form of scatter plots. At t1, the two cases exhibit minor differences and 351

reach the same maximum values. At t2, however, a noticeable difference in the maximum 352

ΩR+T values becomes apparent, with Case A obtaining higher ΩR+T values than Case 353

B. At t3, when Case A is just before the knock onset, the difference between the two cases 354

becomes more pronounced and ΩR+T obtains even higher values than those obtained at 355

t2. At t4, Case A has just passed the detonation onset and the difference in the high ΩR+T 356

values between the two cases becomes attenuated. Eventually, at t5 the two cases look very 357

similar in terms of their highest ΩR+T values. 358

These results indicate that the detonation development is manifested by the highest 359

ΩR+T mostly prior to the event (i.e., t2, t3) and remains visible immediately after the 360

detonation occurrence at t4. In fact, a careful examination of the data revealed that ΩR+T in 361

Case A is higher than that in Case B only within the ignition kernels where the detonation 362

develops. This is a significant finding, indicating that the detonation development can 363

be accurately predicted using the appropriate CSP tools. The finding is intuitive because 364
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detonation is a result of the positive feedback between the heat release in the ignition front 365

and the pressure wave. The TSR metric serves as an unambiguous marker for the resultant 366

explosive dynamics. 367

(a) (b) (c)

t2 t3 t4

(d) (e) (f)

t2 t3 t4

(g)

t2

(h) (i)

t3 t4

Figure 8. Scatter plots of ΩR+T against temperature, for Cases A and B, at three selected times (t2-t4),
where each cell has been colored based on the contribution of chemical reactions (a - c), convection (d
- f) and diffusion (g - i). For the details of the selected times, see Table 2 and Fig. 3.

Having identified ΩR+T as a proper metric to predict detonation, the next question is 368

about the role of transport relative to chemical reactions in driving the explosive dynamics. 369

Figure 8 shows scatter plots of ΩR+T against temperature as shown in Fig. 7, but the data 370

points are colored according to the TSR-API, i.e., contribution of chemistry (subfigures a-c), 371

convection (d-f) and diffusion (g-i) for Cases A (square symbols) and B (circle symbols 372

with solid edges), at three selected times (t2-t4). First, the results indicate that chemical 373

reactions indeed play the most important role for both cases at all times. However, note 374

that the data points where ΩR+T in Case A exceeds that in Case B are characterized 375

by the increased role of transport processes, especially convection. This is manifested 376

at all times but it becomes more pronounced as the detonation onset is approached (at 377

t3). Immediately after the detonation onset, the increased role of the transport processes 378

becomes attenuated. Moreover, the points that extend the explosive dynamics to higher 379

temperatures in Case A are also characterized by the increased role of transport and 380

particularly of convection. On the other hand, the highest contribution of convection is also 381

seen at low and intermediate temperatures (see t2 in Fig. 8). Diffusion also appears to have 382

its role increased in the detonating case, but its contribution is relatively small compared to 383

that of convection. 384
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Figure 9. Pressure and temperature fields along with the spatial distributions of HR+T
R , HR+T

C and
HR+T

D , conditioned with ΩR+T > 0, for Case A at t2 - t4. The analysis focuses on the specific region
where the detonation is developed.

All these findings consistently underscore the enhanced role of the transport processes 385

(particularly convection) in the detonation development. However, since Fig. 8 shows the 386

entire data points in the computational domain, a subsequent analysis is conducted by 387

confining the observation near the region of the detonation development sites. Figure 9 388

displays the spatial distributions of pressure and temperature along with the HR+T
R , HR+T

C 389

and HR+T
D , conditioned to the areas where ΩR+T > 0, i.e. where detonation develops, at 390

three different times, t2, t3 and t4. The first notable finding is that the area where pressure 391
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reaches high values at t3 and t4 is largely characterized by dissipative and not explosive 392

dynamics. This is an important point to note, although it may not be surprising considering 393

that the fuel is mostly consumed to yield the high temperature equilibrium state. In the 394

meantime, the explosive dynamics is observed in the upstream of the periphery of the 395

ignition fronts, with its magnitude decaying over time as the ignition fronts collide and 396

merge. 397

Second, the explosive dynamics is largely characterized by the enhanced role of chem- 398

istry, as evidenced by the high values of HR+T
R . However, transport processes (primarily 399

convection) appear to have an increased role. In particular, even at the early stage of t2, the 400

locations of explosive dynamics exhibit increased values of HR+T
C , which become magnified 401

as time progresses. At t3, some regions of explosive dynamics show the value of HR+T
C 402

exceeding 40%. By comparing with the pressure distribution, it is evident that this area is 403

at the edge of the detonation front. In all cases, except for some small regions as seen in 404

(j), the contribution of diffusive transport, HR+T
D , is found to be much smaller. At t4, after 405

the detonation front is established, while the peak pressure behind the front reaches even 406

higher values, the contribution of convection diminishes. 407

Note that the increased role of the transport processes manifested in Fig. 9 (and 408

particularly that of convection, HR+T
C ) occurs at regions located at the edge of the localized 409

pressure wave. This can be explained by considering that the temporal evolution of the 410

localized pressure waves depends on the onset of ignition kernels which grow in space 411

and eventually collide. The collision and interaction of the multiple ignition kernels (3 412

in the detonation event displayed in Fig. 9) and their associated ignition fronts leads to 413

the increase of the amplitude of the localised pressure wave. Hence, the increased role of 414

transport is highly associated with the augmented amplitude of localised pressure wave, 415

i.e., a stronger pressure wave increases the role of transport that enhances the subsequent 416

detonation development. 417

This finding is demonstrated both prior to the detonation onset, i.e., at t2 and t3 but 418

also at t4, i.e., when detonation has just started evolving. The established cause-and-effect 419

relationship between detonation onset and the increased role of convection is a unique 420

feature that may be utilized as an important observable for predicting detonation using 421

the machine learning (ML) algorithm based on the data analysis; the role of convection, 422

conditioned with explosive dynamics along with the ΩR+T , would serve as features for the 423

training algorithm. 424

To quantify the differences between the detonation development in Case A and the 425

deflagration in Case B, a statistical analysis was performed by computing the averages 426

of ΩR, ΩR+T , HR+T
R , HR+T

C and HR+T
D conditioned against temperature, as the metric to 427

indicate the explosive dynamics, i.e., either ΩR>0 or ΩR+T>0. For Case A, the statistical 428

average was performed on the regions of detonation development only, as displayed in 429

Fig. 9, while for Case B, the entire computational domain was considered. The results 430

for times t2, t3 and t4 are shown in Fig. 10. The rationale for the different averaging 431

procedures between Cases A and B, was to isolate the physical characteristics pertinent 432

to the detonation development, thereby allowing them to stand out in the comparison 433

against non-detonating events (i.e., deflagration and autoignition). Since Case A includes 434

both detonating and non-detonating events, averaging data from the whole domain would 435

smooth out the features associated with the detonating events. 436

As for the main explosive features, ΩR and ΩR+T , Case A exhibits consistently higher 437

level of explosiveness at all times and at medium to high temperatures where the detonation 438

front forms. At low to medium temperatures, both ΩR and ΩR+T are comparable for 439

Cases A and B. Consistent with the behavior seen in Fig. 7, these findings imply that 440

stronger explosive dynamics associated with detonation is manifested in both ΩR and 441

ΩR+T , although the latter exhibits more pronounced difference between Cases A and B, 442

suggesting that the inclusion of transport component in predicting explosive dynamics is 443

likely to result in better prediction. Therefore, the training of a ML algorithm in the progress 444

variable space using ΩR or ΩR+T as features and data representative of deflagration 445
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Figure 10. (a - c) ΩR, (d - f) ΩR+T , contributions of (g - i) chemical reactions, (j - l) convection, (m
- o) diffusion to ΩR+T , where Case A is denoted with red diamond symbols and for Case B blue
triangles are used. The results for Case A are produced on the basis of the computational domain
that detonation first develops, i.e., the computational domain illustrated in Fig. 9, while for Case B
the whole computational domain. In both cases only the points characterized by explosive dynamics
were considered (ΩR>0 or ΩR+T>0).

combustion mode, would be effective in allowing it to identify points in the physical space 446

that are likely to develop detonation. 447

Figure 10 (g)-(o) reveals that the explosive dynamics of deflagration is primarily 448

driven by chemical reactions, while for detonation the relative contribution of convection 449

increases noticeably. For all cases at all times, the contributions from the diffusive transport 450

to explosive dynamics remain small. 451

A further analysis of the individual indices revealed that the dominant process respon- 452

sible for the increase in HR+T
C in the detonating case is heat convection, and this serves as a 453

main observable in detecting the detonation characteristics. This finding further corrobo- 454

rates the selection of HR+T
C as a feature of a ML algorithm that will predict the occurrence 455

of detonation events. As discussed earlier, however, the increased role of convection occurs 456

at the edge of the detonating front and not at the main section, thereby suggesting that it is 457

the outcome of the detonation development. 458

4. Conclusions 459

In the present study, two 2D high-fidelity numerical simulations were used as a 460

parametric study to identify key differences in the dynamics of a detonating case against 461
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deflagration, in view of asymptotic analysis. Advanced mathematical tools developed 462

through the computational singular perturbation framework were used in order to: (i) iden- 463

tify the locations where the dynamics of the system becomes explosive and (ii) investigate 464

the interplay between chemistry and transport processes. The analysis revealed that: 465

• the detonating case exhibited stronger explosive dynamics, as manifested both in 466

the higher values obtained for the ΩR+T metric and the wider region in the progress 467

variable space that the dynamics became explosive. This finding suggests a more 468

reactive state obtained for the detonation development. 469

• the contribution of the chemical reactions were largely the main force driving both the 470

detonation and the deflagration cases. 471

• in the detonating case, the explosive dynamics was generally characterized by the 472

enhanced role of convection, occurring at the edge of the detonating front. 473

• the enhanced role of convection in the detonating case was mainly due to heat convec- 474

tion. 475

• the dynamics of the main part of the detonating front was primarily characterized by 476

dissipative and not explosive dynamics, since there the fuel was largely consumed 477

and the temperature was very high. 478

• the role of diffusion was found to be insignificant in both examined cases. 479

We believe that the results proposed herein could assist in the design of effective ma- 480

chine learning algorithms which will predict the detonation onset at real-engine conditions. 481
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