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Abstract

Front propagation speeds from fully resolved unsteady one dimensional simulations with dimethyl-ether
(DME)/methane (CH4)/air mixtures under engine relevant conditions are presented using complex kinetics and trans-
port. Different time-scales of monochromatic inhomogeneities in DME concentration with varying DME/CH4 blend-
ing ratios are simulated to unravel the fundamental aspects of auto-ignition and flame propagation under the influence
of reactivity stratification. To understand the influence of different stratification time-scales on the flame-ignition in-
teraction, two sets of conditions are simulated such that low temperature chemistry is present in only one of them.
For a given amplitude of stratification, it is found that the instantaneous propagation speed is significantly affected
by the level of CH4 concentration in the binary fuel blend. Specifically, for cases with low temperature chemistry, at
relatively smaller time-scales, the overall fluctuation in the instantaneous propagation speed is found to subside as the
level of CH4 concentration in the mixture is increased. However, for both sets of conditions, at comparatively larger
time-scales, a rapid change in the instantaneous propagation speed is observed with an increase in the level of CH4
concentration in the mixture. The intrinsic effects of stratification time-scales on the low temperature chemistry and
the high temperature chemistry are further examined to assess the flame-ignition interaction. A displacement speed
analysis is also carried out to elucidate the underlying combustion modes that are responsible for such a variation in
flame response.
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1. Introduction1

Over the last decade, various experimental and nu-2

merical studies have demonstrated that advanced strate-3

gies for internal combustion (IC) engines, such as ho-4

mogeneous charge compression ignition (HCCI) and re-5

activity controlled compression ignition (RCCI), often6

involve mixed modes of combustion due to the presense7

of a highly reactive premixed charge [1–9]. In such8

cases, flames and auto-ignition processes are simultane-9

ously contributing to the overall process of combustion10

∗Corresponding author:
Email address: swapnildesai1989@gmail.com (Swapnil

Desai)

and heat release. The presence of multiple combustion11

modes presents challenges in controlling the pressure12

rise rate and ignition timing, particularly under high13

load conditions. Furthermore, front propagation speeds14

influence knocking events in IC engines and play an im-15

portant role in their performance and emissions. In SI16

engines, a lower combustion rate increases the combus-17

tion duration and moves it away from being a constant-18

volume combustion process, thereby reducing the ther-19

mal efficiency. On the other hand, a higher combustion20

rate allows a near constant-volume combustion process,21

at a risk of engine knock, at high load conditions. Sim-22

ilarly, a critical parameter in CI engines is the lift-off23

length (LOL) which affects the mixing and pollutant24
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formation processes [10]. The prediction of the LOL25

depends upon the underlying method of flame stabiliza-26

tion i.e. auto-ignition or flame propagation. Therefore,27

an accurate prediction of front propagation speeds at en-28

gine relevant conditions is of fundamental importance29

to better understand RCCI and similar mixed modes of30

combustion.31

Traditionally, the deflagrative flame speed is evalu-32

ated as an eigenvalue for a freely propagating laminar33

flame in an infinite domain [11], wherein the mixture is34

presumed to be non-reactive at far upstream. The flame35

speed is an inherent property of the mixture state and36

is independent of the domain size or the location of the37

flame. If the upstream mixture is not reactive, diffusion38

of heat and radicals from the reaction layer to the up-39

stream preheat layer is necessary for sustained propaga-40

tion. However, if the upstream mixture is nearly at auto-41

igniting conditions, as often encountered in IC engines,42

the front speed is no longer an eigenvalue and depends43

on various system parameters, such as the flame position44

relative to the end wall. In this case, the ignition delay45

of the mixture coupled with the residence time ahead46

of the front determines the propagation speed of the47

flame. As such, the dependence of propagation speed48

on the evolution of a mixture’s state during its residence49

time within the system is critical in describing the mixed50

mode combustion characteristics. The sensitivity of51

the auto-ignitive laminar flame solutions to the domain52

size has also been observed in previous numerical stud-53

ies [12]. More recently, Krisman et al. [13] explored the54

sensitivity of the flame location and the characteristic55

flow-through time to the inlet velocity for fuels exhibit-56

ing single and two-stage ignition in order to estimate57

a reference laminar flame speed at auto-ignitive condi-58

tions. It was found that single (two) stage ignition fuels59

exhibit one (two) peak(s) in the flame location sensitiv-60

ity. The study also showed that the transition from flame61

propagation to spontaneous auto-ignition front occurs62

gradually over a wide range of inlet velocities. It was63

further estimated that the laminar flame speed at auto-64

ignitive conditions is ≈ 1 - 2 m/s for fuels exhibiting65

single- as well as two-stage ignition.66

Compared to single fuel premixed compression ig-67

nition strategies, dual fuel strategies such as RCCI68

were suggested as a better way to control the combus-69

tion process without sacrificing efficiency or low emis-70

sions [14, 15]. RCCI uses in-cylinder fuel blending71

with at least two fuels of different reactivity and mul-72

tiple injections to control combustion phasing, duration73

and magnitude. More recently, a variety of fuel options74

are being pursued for powering RCCI engines, such as75

blends of conventional gasoline and diesel fuels with76

natural gas, bio-derived alcohols and ethers [16–19]. In77

general, the multi-fuel combustion process involves in-78

troduction of a low reactivity fuel through port or early79

injection to create a well-mixed charge of the low reac-80

tivity fuel, air and recirculated exhaust gases. The high81

reactivity fuel is later injected close to top dead center82

using single or multiple injections directly into the com-83

bustion chamber [15, 20]. The sequential direct injec-84

tion of the high reactivity fuel results in pockets of strat-85

ified composition fields in the combustion chamber. Un-86

der such conditions, it is difficult to determine the effect87

of different stratification length scales on the propaga-88

tion speed and the combustion mode of the emerging re-89

action fronts. In the present study, the binary fuel blend90

of dimethyl-ether (DME)/methane (CH4) is selected as91

a model problem, since DME is one of the simplest fuel92

molecules that exhibits multi-stage ignition, a charac-93

teristic exhibited by many practical hydrocarbon fuels.94

DME blended with CH4, the main component of natural95

gas with its high anti-knock quality, has been shown to96

extend the high load limit of RCCI combustion [18, 21].97

Earlier studies (Refs. [5, 22] and references therein)98

have demonstrated that RCCI engines are capable99

of supporting reaction fronts propagating at subsonic100

speeds ranging from 10 m/s to 60 m/s without any high101

frequency oscillations in the cylinder pressure. The102

wide range of propagation speeds suggests that the re-103

action fronts arising under such conditions have con-104

trolling mechanisms that may be distinct from typical105

flame fronts. Zeldovich [23] first identified the regimes106

of a reaction front propagating through a non-uniform107

reactive mixture. Of particular relevance to modern IC108

engines utilizing mixed modes of combustion are: (i)109

spontaneous propagation, where propagation is driven110

by the sequential auto-ignition of the mixture and (ii)111

premixed deflagration, in which conduction and diffu-112

sion play a major role in propagation. Subsequently, a113

number of studies have been carried out to characterize114

the different front propagation regimes [4, 13, 24–26].115

Identifying the role of these two regimes as well as the116

transition between the two is of fundamental interest for117

high-fidelity modeling of modern IC engines utilizing118

mixed-mode combustion [27].119

While there has been a significant amount of stud-120

ies on the transition from ignition to premixed deflagra-121

tion [28] as well as from premixed deflagration to end-122

gas auto-ignition and detonation [24, 29–31], few stud-123

ies are found on the transition from premixed deflagra-124

tion to spontaneous propagation under the influence of125

reactivity stratification. Deng et al. [32, 33] investigated126

the flame dynamics at elevated temperatures and pres-127

sures under the influence of oscillating inlet velocities.128
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They found that in an oscillating reacting flow, tran-129

sition between a multibrachial auto-ignition front and130

a tribrachial flame occurs periodically. However, un-131

like the harmonic velocity oscillation, the combustion132

mode transition exhibited hysteresis behavior, which133

was attributed to the finite induction time for auto-134

ignition. Although a cyclic transition from tribrachial135

deflagration to multibrachial auto-ignition was demon-136

strated, these investigations mainly focused on single137

fuel blends and did not investigate the effect of reactivity138

stratification. In our recent work [34], flame dynamics139

at auto-ignitive conditions under the influence of ther-140

mal stratification was studied and it was demonstrated141

that the combustion behavior under modern IC engine142

conditions may exhibit intricate interplay between de-143

flagration, auto-ignition, and spontaneous propagation144

modes, and the level of complexity depends on the145

length/time-scales of fluctuations in temperature within146

the reactant mixture, which affects the time-scales of the147

flame-ignition interaction.148

The current study is an extension of the work in149

Ref. [34] by further exploring the effects of fuel-150

reactivity stratification on the evolution of front propa-151

gation speeds. Contrary to the competing effects of tem-152

perature and equivalence ratio distributions, the equiv-153

alence ratio and fuel-reactivity distributions are com-154

plementary. That is, neglecting inhomogeneities in the155

background methane (low-reactivity fuel) distribution,156

the regions with the largest DME (high-reactivity fuel)157

concentrations have both the highest equivalence ra-158

tios and the highest fuel reactivity. Hence, further in-159

vestigation into flame dynamics under equivalence ra-160

tio/fuel reactivity stratification may unravel more inter-161

esting flame dynamics. Additionally, majority of com-162

bustion in RCCI occurs via compression ignition at con-163

stant pressure. In a periodic domain, pressure rises con-164

tinuously as the simulation progresses. As such, the ef-165

fects of compression heating on the propagation speed166

of emerging reaction fronts can not be isolated. On the167

other hand, an inflow-outflow configuration, which has168

been adopted in the present study, can be kept at con-169

stant pressure and statistically stationary. This, in turn,170

allows simulations to be run continuously until substan-171

tial flame statistics are obtained.172

The objectives of the present study are: (i) to provide173

a parametric mapping of unsteady deflagration speed174

of an auto-ignitive methane (CH4) blended dimethyl-175

ether (DME)/air mixture under monochromatic DME176

concentration stratification at different time-scales, (ii)177

to explain the influence of varying DME/CH4 blend-178

ing ratio on the dynamic flame response and (iii) to179

elucidate the effects of composition stratification time-180

scales on the flame-ignition interaction. In the present181

study, stratification is imposed only in DME concentra-182

tion since the low reactivity fuel (i.e. CH4) is typically183

premixed whereas the high reactivity fuel (i.e. DME) is184

direct-injected in RCCI engines. As a result, CH4 dis-185

tribution is nearly uniform throughout the combustion186

chamber. The direct-injected DME then causes a distri-187

bution of the overall equivalence ratio φoverall, defined in188

section 2, together with the uniform CH4 distribution.189

The stratification of direct-injected, high reactivity fuel190

(i.e. DME) in RCCI engines is controlled by adjusting191

the start-of-injection timing [8]. The large scale spatial192

stratification is represented by temporal fluctuations in193

DME concentration as the flame propagates into a strat-194

ified DME concentration field of a given length scale.195

One-dimensional parametric simulations are conducted196

and the results are analyzed.197

2. Numerical method and initial conditions198

Fully resolved numerical simulations are performed199

using KARFS (KAUST Adaptive Reacting Flow200

Solver) [35] which solves the compressible Navier-201

Stokes, continuity, species and energy equations. Spa-202

tial derivatives are approximated with an eighth-order203

finite difference operator [36] along with a tenth-order204

explicit filter. Solution is advanced in time with a six-205

stage fourth-order Runge-Kutta method [37] using a206

constant time step size of 5 nanoseconds. A reduced207

DME chemical mechanism [38] consisting of 30 species208

and 175 reactions and an additional 9 species identi-209

fied as global quasi-steady state species is used in the210

present study. Previous studies [39–41] have demon-211

strated that the detailed DME model [42] is able to ac-212

curately reproduce the flame speeds and ignition de-213

lay times of DME/air, CH4/air and DME/CH4/air mix-214

tures for a wide range of operating conditions. For the215

blending ratios of DME/CH4 that have been used in the216

present study, the relative difference between the steady217

propagation speed and the two homogeneous ignition218

delay times obtained using both the detailed and the re-219

duced mechanism is found to be less than 4%.220

The blending ratio, c, for the binary fuel blend is de-221

fined as:222

c =
YCH4

YDME + YCH4

(1)

To investigate the effects of blending ratio, c, and strat-223

ification time-scale, τ0, on the front propagation speed,224

one dimensional simulations are conducted for two dif-225

ferent mean unburned temperature conditions at T0=800226
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Case τ1 (ms) τ2 (ms) λ1 (mm) λ2 (mm) S (m/s) Tb (K) L (mm) c 4x (µm) φDME φCH4 φoverall
LT0 0.37 1.18 0.69 2.98 2 1770 8 0 3.4 0.4 0 0.4

LT25 0.39 2.13 0.68 5.61 2 1753 10 0.25 5.3 0.3 0.1 0.4
LT37.5 0.41 3.34 0.7 8.95 2 1745 20 0.375 7 0.25 0.15 0.4

HT0 - 1.05 - 2.20 2 1950 5 0 2.15 0.4 0 0.4
HT25 - 1.46 - 3.13 2 1933 6 0.25 2.17 0.3 0.1 0.4

HT37.5 - 1.84 - 4.00 2 1924 10 0.375 2.25 0.25 0.15 0.4

Table 1: Physical and numerical parameters used in LTC and HTC cases

and 1000 K, denoted as LT (low temperature) and HT227

(high temperature) cases. For each temperature condi-228

tion, three blending ratios of 0, 25, and 37.5 % are con-229

sidered. Details of the important numerical and phys-230

ical quantities for the six cases under study are sum-231

marized in Table 1. Case labels with prefix LT repre-232

sent the cases involving both low temperature chemistry233

(LTC) and high temperature chemistry (HTC) whereas234

those with prefix HT represent cases involving only235

HTC. Number in each of the case labels indicates the236

% blending ratio. S is the steady propagation speed and237

L is the corresponding domain length. Tb indicates the238

burned gas temperature in each case. At the present un-239

burned conditions, the difference in the equilibrium gas240

temperature under constant enthalpy and pressure for a241

pure CH4/air mixture (c=1) and a pure DME-air mix-242

ture (c=0) is found to be only 70 K as the heat of com-243

bustion of CH4 and DME are comparable. As a result,244

there is no substantial effect of the different blending ra-245

tios on the burned gas temperature. In each case, the246

uniform grid resolution, 4x, corresponds to a minimum247

of 12 grid points across the thinnest species reaction rate248

layer (CH3O in LT cases and C2H2 in HT cases) in the249

combustion front. The mean pressure is set at 40 atm in250

all cases.251

For the six cases considered, the baseline calculations252

are carried out as follows. Constant pressure homoge-253

neous ignition calculations were made to identify the254

characteristic ignition delay times. Figure 1(a) shows255

the temporal evolution of temperature. Clearly, most256

of the cases show multi-stage ignition, which is notably257

different than two-stage heat release typically reported258

for stoichiometric fuel/air mixtures. The three-staged259

DME auto-ignition has also been previously reported260

by Oshibe et al. [43]. Moroever, in a recent study by261

Sarathy et al. [44], lean n-heptane/air mixtures were also262

found to exhibit three-stage heat release at high pres-263

sures and low-to-intermediate temperatures. Hence, the264

observed multi-stage ignition is not an artifact of the265

kinetic model employed herein. Note that in most of266

the LT cases, 2
nd

and main stage ignition delay times267

are of the same order as opposed to 1
st

and last. Sim-268

ilarly, in cases HT25 and HT37.5, there is a negligible269

difference between the 2
nd

and main stage ignition de-270

lay times. Meanwhile, intermediate ignition is absent271

from case HT0. From constant pressure, adiabatic ki-272

netic simulations, it is found that almost all the domi-273

nant reactions at the 2nd and main stage ignition are the274

same in the respective LT and HT cases (see Figures S4275

and S5 in the supplementary material). Therefore, in the276

present study, only the initial and the final (i.e. main)277

ignition stages have been identified so as to facilitate a278

better comparison between the obtained results for the279

different cases. It is also seen that the LT cases involve280

low-temperature ignition (during which the rise in tem-281

perature is the smallest) whereas the HT cases do not.282

In the present study, the first- and last-stage ignition de-283

lay times are denoted as τ1 and τ2, respectively, defined284

based on the instants of maximum heat release.285

As a reference steady flame calculation, a series of286

solutions are computed by varying the high temperature287

flame position i.e. λ2, for which the correct inflow ve-288

locity is determined as an eigenvalue in Cantera [45].289

The computed inflow velocity under such conditions290

corresponds to the steady propagation speed, S . Fig-291

ure 1(b) shows the final steady solutions where S = 2292

m/s and λ1 and λ2 denote the locations of the cool and293

hot flames, defined based on the maximum heat release.294

Again, the low-temperature ignition is observed for all295

LT cases. Note that, as c is increased, τ2 and λ2 increase296

considerably due to the lower reactivity of methane,297

whereas τ1 and λ1 remain mostly unaffected, as they298

are inherent properties of DME. In Figure 1(c), the spa-299

tial temperature distributions in the respective cases as300

depicted in Figure 1(b) are transformed to temporal evo-301

lution (dotted lines) by the operator:302

t(X) =

∫ X

0
dx/u(x) (2)

where u(x) is the local flow velocity. Comparison with303

the homogeneous ignition (solid lines) results presented304

in Figure 1(a) indicate that transport should have little305

effect on the front propagation in all the respective cases306

since both the temporal profiles overlap each other as307
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(a)

(b)

(c)

Fig. 1: (a) temporal temperature evolution for homogeneous ignition, (b) spatial temperature distribution and (c) temporal evolution from (a) shown
as solid lines along with the spatial temperature distribution from (b) transformed to a temporal evolution and shown as dotted lines

previously demonstrated in Ref. [46]. However, a trans-308

port budget analysis presented in section 3.1 indicates309

that diffusion has a non-negligible contribution to front310

propagation under the chosen conditions.311

For the unsteady calculations, a selected steady ob-312

tained from Cantera [45] is used as an initial condition,313

while the inflow DME concentration is varied in time314

as:315

YDME(t) = YDME(t) + Asin
(

2πt
τ0

)
(3)

and at all times the deficit or excess of DME concen-316

tration is compensated for by adjusting the air concen-317

tration in cases LT0 and HT0 and by adjusting the air318

as well as CH4 concentration in the remaining cases.319

In equation 3, A is the amplitude, t is time and τ0 is320

5



the period of oscillation. Non-reflective boundary con-321

ditions are imposed at the inlet and the outlet to avoid322

large pressure waves within the domain as described in323

Ref. [47]. Due to open boundaries, the thermodynamic324

pressure remains constant, thereby allowing a limit cy-325

cle behavior to be produced for the unsteady simula-326

tions. In all cases, a reaction front with a steady propa-327

gation speed, S = 2 m/s (as shown in Figure 1) is used328

to initialize the unsteady simulations. This is done to329

compare the maximum instantaneous propagation speed330

achievable by a reaction front in the presence/absence331

of LTC under the influence of imposed stratification.332

The reference laminar flame speed, S R, in the differ-333

ent cases is also evaluated based on the methodology334

presented in Ref. [13] (see Figure S1 in the supplemen-335

tary material). Multiple values of S R are obtained in336

all the LT cases. Moreover, reaction fronts with S <337

1 m/s resulted in flames attached to the inlet in the LT338

cases. Such burner attached flames could not be used in339

the present study due to interference with the imposed340

boundary conditions. Hence, a reaction front propa-341

gating at 2 m/s has been used as an appropriate initial342

condition in the unsteady simulations in the LT cases.343

To perform a direct comparison of the flame response344

to the imposed stratification in the presence/absence of345

low-temperature chemistry, S = 2 m/s is purposefully346

chosen as an initial condition in the HT cases as well,347

even though S R is much smaller in the HT cases. It348

should also be noted that S = 2 m/s is of the same or-349

der as that of the reference laminar flame speed at auto-350

ignitive conditions estimated in Ref. [13].351

Since binary fuel blends make it difficult to define the352

mixture fraction or equivalence ratio unambiguously,353

three different equivalence ratios are defined as per the354

previous approaches [8, 38]. The equivalence ratio with355

respect to DME and CH4 are computed as:356

φDME = νDME
YDME,u

YO2,u
(4)

φCH4 = νCH4

YCH4,u

YO2,u
(5)

where νDME and νCH4 are the stoichiometric oxygen-to-357

fuel mass ratios for the respective fuels [48]. YDME,u,358

YCH4,u and YO2,u are the unburned mass fractions of359

DME, CH4 and O2 respectively. Equations 4 and 5 as-360

sume that all of the local oxygen is available to react361

with both fuels, which is not the case in real operating362

conditions. Therefore, they do not necessarily represent363

the equivalence ratios in a strict sense, but rather indi-364

cate the normalized concentrations of DME and CH4,365

respectively. Additionally, an overall equivalence ratio,366

φoverall, is computed at every grid point from the mixture367

fraction, ξ, which is evaluated as:368

ξ =

1
2 ( ZH−ZH,air

MH
) + 2( ZC−ZC,air

MC
) − ( ZO−ZO,air

MO
)

1
2 ( ZH,fuel−ZH,air

MH
) + 2( ZC,fuel−ZC,air

MC
) − ( ZO,fuel−ZO,air

MO
)

(6)

In equation 6, ZH, ZC and ZO are the elemental mass369

fractions of hydrogen, carbon and oxygen at a given370

grid point respectively. Similarly, ZH,fuel, ZC,fuel and371

ZO,fuel are the elemental mass fractions of hydrogen, car-372

bon and oxygen in the binary fuel blend whereas ZH,air,373

ZC,air and ZO,air are the elemental mass fractions of hy-374

drogen, carbon and oxygen in air. MH, MC and MO are375

the atomic weights of hydrogen, carbon and oxygen re-376

spectively. Once ξ is evaluated, the overall equivalence377

ratio, φoverall, is computed as:378

φoverall =
1/ξst − 1
1/ξ − 1

, (7)

where379

ξst =

ZO,air

MO
− 1

2 ( ZH,air

MH
) − 2( ZC,air

MC
)

1
2 ( ZH,fuel−ZH,air

MH
) + 2( ZC,fuel−ZC,air

MC
) − ( ZO,fuel−ZO,air

MO
)

(8)

ξst in equation 8 is the stoichiometric mixture fraction.380

The overall equivalence ratio, φoverall, computed using381

equation 7 is identical to the equivalence ratio definition382

that is typically used in single fuel systems.383

Ref. [5] demonstrated that a larger concentration of384

the high reactivity fuel results in a greater tendency of385

deflagrative flame propagation. As such, φDME is in-386

tentionally kept higher than φCH4 in each case as noted387

in Table. 1. It is expected to further promote deflagra-388

tion as the dominant mode of propagation under un-389

steady conditions. For the LT cases, calculations are390

carried out with DME concentration stratification at six391

different timescales i.e. τ0 = τ1/2, τ1, 2τ1, τ2/2, τ2, 2τ2.392

Similarly, for the HT cases, simulations are performed393

with DME concentration stratification at three different394

timescales i.e. τ0 = τ2/2, τ2, 2τ2. The temporal vari-395

ation in DME concentration at the inlet translates into396

pockets of stratified composition field due to flow ad-397

vection. The frequency of oscillation along with the398

inlet flow velocity determines the characteristic length399

scale of stratification, which is of the same order as re-400

cently measured in an optical IC engine [49]. The am-401

plitude of stratification in DME concentration, A, is se-402

lected such that there is sufficient flame response while403

ensuring stability and avoiding flame blow-off. Specifi-404

cally, in cases LT0, LT25 and LT37.5,405
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Fig. 2: Variation in S with λ2 for the respective cases. The horizontal dotted line corresponds to S = 2 m/s

A =

0.06, τ0 = τ1/2, τ1, 2τ1

0.02, τ0 = τ2/2, τ2, 2τ2
(9)

and in cases HT0, HT25 and HT37.5,406

A = 0.06, τ0 = τ2/2, τ2, 2τ2. (10)

Note that the purpose of the present investigation is not407

to reproduce the exact conditions from a specific set of408

engine experiments, but rather to reproduce a possible409

evolution of front propagation speeds under the influ-410

ence of fuel reactivity stratification induced by direct411

injection at different length scales. In addition, even412

though fuel reactivity stratification usually affects the413

corresponding distribution of temperature, it has been414

neglected in the present study to solely investigate flame415

dynamics at auto-ignitive conditions under the influence416

of reactivity stratification.417

3. Results and discussion418

3.1. The steady flame behavior419

Previous studies have evaluated the steady front prop-420

agation speed at auto-ignitive conditions under the in-421

fluence of varying inlet temperature [50] and inlet flow422

velocity [13]. In the present study, the steady state anal-423

ysis is carried out mainly for assessing the rise in S with424

respect to the high temperature flame location, λ2. Fig-425

ure 2 shows the dependence of S on λ2. For a given λ2,426

S is determined as an eigenvalue in Cantera [45]. For427

all cases, S increases linearly with λ2. Specifically, S428

increases from 2 m/s to ≈ 3.5 m/s as the reaction front is429

moved from points F1, F2, F3, F7, F8 and F9 to points430

F4, F5, F6, F10, F11 and F12, respectively. For both431

temperature conditions, S increases at the fastest rate432

for 100% DME case (LT0 and HT0). Between the two,433

the rate of change of S with λ2 in the HT0 case is much434

larger, which is attributed to its lower τ2 at higher tem-435

perature resulting in a lower characteristic flow-through436

time (that can be evaluated using equation 2), which is437

required for the upstream mixture to auto-ignite and en-438

ter the spontaneous propagation regime before it reaches439

the flame. This finding is also consistent with the obser-440

vations in [34].441

For distinguishing the combustion modes at the442

points marked in Figure 2, the reaction and diffusion443

rates of species O2 are evaluated as shown in Figure 3.444

At all conditions, the reaction term is found to be much445

higher than the diffusion term, suggesting that the mix-446

ture upstream of the front is highly reactive due to pre-447

heating. The diffusion term, however, is not negligible448

across the reaction fronts, as shown by the peaks. Be-449

tween the left and right columns of the figures, the mag-450

7
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nitude of the diffusion term diminishes consistently as451

the front speed increases (at S = 3.5 m/s). The results452

are consistent with the findings in [51] wherein the ab-453

solute value of reaction term was 5 times larger than454

the diffusion term. It also supports the observations in455

[13, 33] where the transition from deflagration to spon-456

taneous propagation usually required an order of mag-457

nitude increase in the inlet velocity. Hence, it is con-458

cluded that diffusive transport plays a role in accelerat-459

ing the combustion even when the mode of propagation460

is nearly spontaneous. To this end, the reaction front at461

points F1, F2, F3, F7, F8 and F9 are classified to be in462

the auto-ignition-assisted deflagration regime as per the463

definition used in [13].464

3.2. Response to unsteady DME concentration fluctua-465

tions466

In this subsection, the effect of imposed monochro-467

matic oscillation in DME concentration on the front468

propagation speed is presented. The steady flame solu-469

tions at points F1, F2, F3, F7, F8 and F9 with a constant470

S = 2 m/s depicted in Figure 2 are used as an initial471

condition in the respective cases. The initial tempera-472

ture profiles of these reaction fronts have been shown473

in Figure 1. The amplitude of stratification at the in-474

let in the respective cases is imposed following equa-475

tions 9 and 10. Considering the unsteady nature, the476

flame speed variations are examined in terms of the con-477

sumption speed based on O2, defined as [48]:478

S c = −
1

ρu(YO2,u − YO2,b)

∫ L

0
ω̇O2 dx (11)

where ρu is the unburned gas density, YO2,u and YO2,b are479

the mass fractions of oxygen in the unburned and burned480

gas, respectively, and ω̇O2 is the oxygen reaction rate.481

Figure 4 shows the unsteady S c as a function of overall482

equivalence ratio, φoverall, at the inlet after a limit cycle is483

reached in each case. It is clearly seen that the variation484

in S c with respect to φoverall is not harmonic but rather485

hysteretic as previously observed [33, 34, 52]. How-486

ever, unlike the observation in Ref. [34], there is neg-487

ligible flame response at the smallest time-scale (τ1/2)488

in all the LT cases. As τ0 is increased, the limit cy-489

cle exhibits a complex shape with peaks, as previously490

observed in Ref. [34] but different from the elliptical491

shapes observed in [33, 52]. The overall variation in in-492

stantaneous S c gradually subsides with an increase in c493

for τ0 ≤ 2τ1 in the LT cases. This is evident from the494

flame response at τ0 = τ1 and τ0 = 2τ1 in case LT25495

compared to case LT0. Further increase in c shows an496

even higher suppression of the dynamic response, as no-497

ticed in case LT37.5. These observations provide fur-498

ther insight into the effect of increasing blending ratio499

which was not investigated in Ref. [34]. In contrast, for500

τ0 > 2τ1, the peak and overall amplitude of the unsteady501

response rises with an increase in c, at τ0 = τ2/2, τ2,502

and 2τ2. The dynamic flame response in the HT cases503

is found to be qualitatively similar to that observed for504

the LT cases at τ0 = τ2/2, τ2, 2τ2. Therefore, the un-505

steady response at time scales related to the hot reaction506

fronts appears consistent. These observations are again507

found to be significantly different from those observed508

in Ref. [34]. Furthermore, for an identical A = 0.06,509

the peak S c in the HT cases is seen to be substantially510

higher compared to that in the LT cases, even though the511

mean S c is the same for both sets of conditions.512

In order to explain the contrasting unsteady response513

in the LT and HT cases, the effect of τ0 relative to514

the corresponding characteristic time-scales, τ1 and τ2,515

needs to be examined. The key intermediate species516

in the low-temperature ignition process of DME is517

the methoxy-methyl-peroxy (CH3OCH2O2) radical [42,518

53], while one of the main species in the high temper-519

ature ignition process of methane is the methyl (CH3)520

radical [54]. The methyl radical is also found to be521

produced/consumed during the 1st-stage and the main-522

stage ignition of an unblended DME/air mixture [42].523

Therefore, the reaction rates of these radical species are524

monitored, in terms of their total integrated quantity,525

Ω̇k =
∫ L

0 ω̇k dx, where ω̇k is the reaction rate of species526

k.527

Figure 5 shows the temporal evolution of the instanta-528

neous propagation speed and key radical reaction rates529

for the three blending ratios at different τ0 in the LT530

cases. The time axis is normalized by τ0 and two cy-531

cles after reaching the limit cycle behavior are shown.532

It is seen that, irrespective of the blending ratio, c, the533

LTC reaction rate exhibits nearly a sinusoidal shape. As534

τ0 is increased, the amplitude in the fluctuation dimin-535

ishes noticeably, indicating that LTC becomes progres-536

sively non-responsive to unsteady fluctuations. In con-537

trast, the variation in S c is neither found to be sinusoidal538

nor in synchronization with Ω̇CH3OCH2O2 . Hence, it is539

concluded that the effect of LTC on S c is minimal. On540

the other hand, the spiky responses in S c coincide more541

with the reaction rate of the methyl radical, a represen-542

tative of HTC characteristics, in terms of their tempo-543

ral phasing, the attenuation of the amplitude with an in-544

crease of τ0 from τ1/2 to 2τ1, and the increase in the545

amplitude with an increase of τ0 from τ2/2 to 2τ2.546

The corresponding analysis is performed for the HT547

9
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Fig. 4: Variation in Sc with φoverall at the inlet for different τ0 in (a) Cases LT0, LT25 and LT37.5, (b) Cases HT0, HT25 and HT37.5

cases i.e. HT0, HT25 and HT37.5, and the results are548

shown in Figure 6. Even in the absence of LTC, it is549

evident that the response of instantaneous S c is directly550

correlated with the reaction rate of the methyl radical,551

in terms of both phasing and amplitude. Similar corre-552

lations between S c and the reaction rate of the hydroxyl553

(OH) radical have been obtained in LT as well as HT554

cases. These findings, which are consistent with those555

in Ref. [34], indicate that the flame speed depends more556

strongly on the HTC process which dictates the ultimate557

heat release characteristics, at both LT and HT condi-558

tions. Hence, it is concluded that HTC is mainly respon-559

sible for the observed variation in dynamic response as560

well as the rise in instantaneous S c.561

While Figures 5 and 6 provide qualitative correlation562

between S c and the reaction rate of the methyl radical,563

Figure 7 provides quantification of this correlation. In-564

terestingly, in all the cases, the limit-cycle behavior of565

Ω̇CH3 with respect to S c exhibits a helical shape. Com-566

pared to the larger time-scales, the dynamical response567

exhibits a narrow range of instantaneous S c at smaller568

time-scales, in both LT and HT cases. This observa-569

tion indicates that HTC gets increasingly more respon-570

sive with an increase in stratification time-scale which571

in turn affects the overall variation in instantaneous S c.572

Ω̇CH3 is found to be positive at smaller values of S c,573

in both LT and HT cases. This is suggestive of pro-574

duction of the methyl radical which is found to be sig-575

nificantly dependent on the imposed stratification time-576

scale. However, Ω̇CH3 becomes negative at larger values577
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of S c which is indicative of consumption of the methyl578

radical. As such, the observed rise in instantaneous S c579

is mainly driven by the amount of CH3 consumption at580

a given time-scale. These results indicate that CH3 pro-581

duction tends to slow down the reaction front whereas582

its consumption tends to accelerate it.583

3.3. Identification of combustion modes584

Thus far, S c has been used to represent the global585

propagation speed of a reaction front exhibiting char-586

acteristics of both auto-ignition and deflagration. How-587

ever, a density weighted displacement speed, S d is more588

appropriate local metric to identify the distinct charac-589

teristics of multiple reaction fronts and their respective590

speeds. The displacement speed S d is defined by the591

movement of a scalar iso-contour that corresponds to592

the reaction front. For a given iso-contour of a species,593

the density weighted displacement speed [55] is defined594

as595

S d =
1

ρu|∇Yk|
(−ω̇k − ∇ · (ρDYk)) (12)

where ρu is the density of the unburned mixture, ω̇k is596

the reaction rate of species k, Yk is the mass fraction of597

species k and D is the species diffusivity. In this sub-598

section, a displacement speed analysis is performed to599

identify the nature of combustion mode. Since differ-600

ent shapes of limit cycles are observed based on the601

imposed value of τ0 and c, S d analysis has been car-602

ried out for three specific limit cycles as representative603

cases. The instantaneous S d is evaluated at the spatial604

location where 50% of the cumulative CO2 is produced.605

O2 is used as the marker species to maintain consistency606

with the evaluation of S c. Under steady conditions,607

CO2 was identified to have the narrowest spatial distri-608

bution among either of the reactant or product species609

(see Figure S2 in the supplementary material). As such,610

the choice of iso-contour is the least ambiguous in case611

of CO2. Moreover, CO2 was noticed to be predomi-612

nantly produced during the main ignition stage in the613

respective cases. This makes it an apt choice for per-614

forming the S d analysis for the high temperature reac-615

tion front. The steady and unsteady displacement speed616

results based on the chosen iso-contour ensure that the617

analysis is always performed within the high tempera-618

ture heat release zone. The temperature at the chosen619

location of the iso-contour is ≈ 2 × T0 in the LT cases620

and ≈ 1.75 × T0 in the HT cases.621

In addition, the individual contributions of different622

combustion modes to the total consumption speed, S c623

is also evaluated. This is accomplished by first parti-624

tioning the domain based on the rate of change of tem-625

perature with the horizontal spatial location i.e. dT /dx626

(see Figure S3 in the supplementary material) and then627

integrating the oxygen reaction rate within the individ-628

ual sub-domains. As an illustration, Figure 8 shows629
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Fig. 7: Correlation between S c and Ω̇CH3 in a) LT, and b) HT cases at different τ0

the simulation domain that has been partitioned based630

on the local temperature gradients in case LT0 at τ0631

= 2τ1. At point 3, three separate regions are identi-632

fied namely the cool reaction front (CF), pre-ignition633

(PI) upstream of the hot reaction front, and hot reaction634

front (HF). Accordingly, the integrated oxygen reaction635

rate within each of the sub-domains is then computed636

to measure the individual contributions of the respec-637

tive combustion modes to the total consumption speed,638

S c. At point 4, the upstream pre-ignition matures into639

spontaneous ignition fronts (identified on the basis of640

iso-contour representing 50% of the cumulative CO2641

production). Consequently, the oxygen reaction within642

three separate regions namely, the cool reaction front643

(CF), spontaneous-ignition front (SF) and the hot reac-644

tion front (HF) is evaluated to measure the individual645

contributions of the respective combustion modes to S c.646

The same procedure has been adopted in the other two647

cases. It can be noticed from Figure 8 that the peak648

heat release rate, Q̇, in the PI as well as the SF zone649

is significantly higher than that in the HF zone. More-650

over, significant amount of CO2 production along with651

CH3OCH3 (DME) consumption is observed during the652

PI stage which is contrary to that under steady con-653

ditions. This observation suggests that under specific654

time-scales, 2nd-stage and main stage ignition could oc-655

cur simultaneously. As such, PI and SF are related to656

both 2nd-stage and main-stage heat release rate. This657

is another reason for only identifying the 1st-stage and658

the main stage ignition in the present study. The re-659

action rate profile of CH3OCH2OH (representing LTC)660

further confirms that the different regions including the661
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(a)

(b)

Fig. 8: Individual contributions of the cool reaction front (CF), pre-ignition (PI), spontaneous ignition front (SF) as well as the hot reaction front
(HF) to the total consumption speed, S c in case LT0 at τ0 = 2τ1. The temperature, T, heat release rate, Q̇, and the species reaction rate profiles
correspond to points 3 and 4 depicted in Fig. 9 (a)
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cool flame have been correctly identified by monitoring662

the variation in dT /dx.663

It should be noted that the domain segmentation anal-664

ysis performed in the present study is mainly to pro-665

vide additional quantification of the mechanisms lead-666

ing to very high instantaneous consumption speeds that667

have been observed at specific time-scales in each of668

the chosen cases. It is indeed not trivial to perform sim-669

ilar domain segmentation for multi-dimensional turbu-670

lent flames. Hence, before moving to multi-dimensional671

studies, a simple 1D configuration was specifically672

adopted in the present study to enable additional diag-673

nostics of the obtained results, which may generally be674

not possible in multi-dimensional studies. For the 1D675

flame configuration used in the present study, results676

obtained in the presence as well as absence of multi-677

stage ignition have shown consistent behavior while us-678

ing the aforementioned domain segmentation approach.679

However, it may not be applicable to an arbitrary 1D680

flame wherein a CF region is embedded between PI/SF681

and HF regions. In such cases, an additional threshold682

could potentially be identified first, based on the max-683

imum temperature attained in the cool flame (which is684

usually lower than the minimum temperature either in685

PI/SF or HF regions). The second CF region embedded686

between PI/SF and HF regions in such an arbitrary 1D687

flame could then be identified based on this temperature688

threshold and subsequently verified by analyzing the re-689

action rate profiles of the representative LTC and HTC690

radicals.691

Figure 9 shows the results of mode contributions for692

the three representative limit cycles at τ0 = 2τ1, τ2693

and τ2/2 in cases LT0, LT25 and HT37.5, respectively.694

Points 1 to 4 in each sub-figure denote the temporal pro-695

gression during a given oscillatory cycle. As before, the696

time axis is normalized by τ0. The black dashed line697

in the right column of figures denotes the mean prop-698

agation speed of 2 m/s which separates auto-ignition699

assisted deflagration (HF) from spontaneous propaga-700

tion (SF) modes. For un-stretched, one-dimensional701

flames, the consumption speed through a flame front702

is equal to the density weighted displacement speed.703

Refs. [13, 32, 33] have demonstrated that the transi-704

tion from deflagration to spontaneous (i.e. ignition-705

controlled) propagation occurs very gradually over a706

wide range of inlet velocities. Therefore, there is po-707

tentially a number of inlet velocities that could be used708

to differentiate deflagration from spontaneous propaga-709

tion. This is also reflected in the non-unique reference710

laminar flame speeds that have been obtained as per the711

methodology suggested in Ref. [13] (see Figure S1 in712

the supplementary material). The range of reference713

laminar flame speed, S R, obtained in each case provides714

bounds to the value of S that can be used to differen-715

tiate deflagration from spontaneous propagation. Since716

S = 2 m/s is used as an initial condition in each case717

at which the reaction front is in the auto-ignition as-718

sisted deflagration regime and not in the spontaneous-719

ignition controlled regime (established via a transport720

budget analysis presented in Figure 3), the chosen pa-721

rameter of S = 2 m/s is found to be the most logical722

choice for distinguishing SF from HF. At all points, the723

front propagation is made of multiple modes at vary-724

ing degrees. In particular, rise in the instantaneous S c725

at point 4 is mainly attributed to an increased contribu-726

tion from spontaneous ignition fronts (SF). Most other727

points are found to be in the auto-ignition assisted defla-728

gration regime (S d < 2 m/s) with negligible contribution729

from either pre-ignition or spontaneous ignition fronts.730

It is also notable that maximum S d in case LT25 is much731

higher than any other cases.732

In case LT25, there is no contribution from pre-733

ignition at any point on the limit cycle. Furthermore, the734

contribution of the cool reaction front does not change735

noticeably throughout the limit cycle. This is consis-736

tent with the conclusions in section 3.2, where HTC was737

found to be mainly responsible for the observed rise in738

instantaneous S c. The simultaneous presence of such739

dual combustion modes coupled with the periodic tran-740

sition of the high temperature reaction front from de-741

flagration to spontaneous propagation provides further742

explanation for the complex shapes of the limit cycles743

that have been observed in each case. Note that S c is744

an integrated quantity while S d is a local measure, and745

thus the two quantities do not necessarily match quanti-746

tatively.747

To validate that the selected iso-contour accurately748

differentiate auto-ignition assisted deflagration fronts749

(HF) from spontaneous ignition fronts (SF), the instan-750

taneous temperature profiles for the three chosen limit751

cycles is shown in Figure 10. For the chosen cases in-752

volving LTC (i.e. LT0 and LT25), it can be seen that753

there is no significant change in the temperature profile754

of the cool reaction front due to the imposed stratifica-755

tion. However, at τ0 = 2τ1 in case LT0, the upstream756

mixture spontaneously ignites and establishes multiple757

reaction fronts ahead of the existing hot reaction front.758

On the other hand, at τ0 = τ2 in case LT25, a periodic759

transition of the hot reaction front from auto-ignition as-760

sisted deflagration to spontaneous propagation regime761

is observed. The sequence of combustion mode transi-762

tion at τ0 = τ2/2 in case HT37.5 is found to be quali-763

tatively similar to that in case LT0 at τ0 = 2τ1, wherein764

pre-ignition in the upstream mixture establishes mul-765
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Fig. 9: Individual contributions of cool reaction front (CF), pre-ignition (PI), spontaneous ignition front (SF) and hot reaction front (HF) to Sc and
Sd analysis for the limit cycle at a) τ0 = 2τ1 in case LT0, b) τ0 = 2τ2 in case LT25, c) τ0 = τ2/2 in case HT37.5
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(a)

(b)

(c)

Fig. 10: Variation in temperature profiles at a) τ0 = 2τ1 in case LT0, b) τ0 = τ2 in case LT25 and c) τ0 = τ2/2 in case HT37.5. Here, DF =

Deflagration front, SF = Spontaneous ignition front, PI = Pre-ignition
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Case τ0 (µs) Peak S c (m/s) trise (µs) tfall (µs) A Pre-ignition observed?

LT0

τ1/2 2.4 26 19.5 0.06 Yes
τ1 3.84 102 63 0.06 Yes

2τ1 4.74 117.5 219.5 0.06 Yes
τ2/2 3.96 217 41.5 0.02 Yes
τ2 3.22 249 211 0.02 No

2τ2 2.41 404 691.5 0.02 No

LT25

τ1/2 2.34 20 71 0.06 Yes
τ1 2.99 41.5 87 0.06 Yes

2τ1 4.75 262.5 98.5 0.06 Yes
τ2/2 4.24 111 256 0.02 Yes
τ2 6.82 296 200.5 0.02 Yes

2τ2 3.33 765.5 964.5 0.02 No

LT37.5

τ1/2 2.13 15 18.5 0.06 Yes
τ1 3.05 121.5 51.5 0.06 Yes

2τ1 3.85 74 113.5 0.06 Yes
τ2/2 4.09 81.5 818.5 0.02 Yes
τ2 6.9 263 313 0.02 Yes

2τ2 4.35 1087.5 1409.5 0.02 No

HT0
τ2/2 8.33 64.5 68.5 0.06 Yes
τ2 6.65 118.5 193 0.06 No

2τ2 3.54 352 563 0.06 No

HT25
τ2/2 9.85 121.5 145.5 0.06 Yes
τ2 11.9 175.5 292 0.06 No

2τ2 6.83 315 744.5 0.06 No

HT37.5
τ2/2 7.88 41 146.5 0.06 Yes
τ2 12.25 268.5 436.5 0.06 Yes

2τ2 18.94 343 936 0.06 Yes

Table 2: Time required to transition from mean S c (i.e. 2 m/s) to peak S c and vice-versa at different time-scales in the respective cases.

tiple reaction fronts ahead of the existing hot reaction766

front. From these observations, it can deduced that the767

sequence of transition in the front propagation regime is768

highly dependent on the value of τ0 and c, which in turn769

affects the the overall front propagation speed as well as770

the shape of the limit cycle.771

Finally, it is also useful to measure the time a reac-772

tion front takes to accelerate from mean S c (i.e. 2 m/s)773

to peak S c, trise and then decelerate back from peak S c774

to mean S c, tfall. Specifically, trise and tfall were eval-775

uated from the results shown in Figures 5 and 6. The776

computed values of trise and tfall for the different cases777

are listed in Table 2. It is found that, for a given am-778

plitude of stratification, the magnitudes of trise and tfall779

increase with an increase in τ0, in majority of the LT780

cases and all the HT cases. As stated earlier, the tempo-781

ral variation in DME concentration at the inlet translates782

into pockets of stratified composition field due to flow783

advection. The frequency of oscillation along with the784

inlet flow velocity determines the characteristic length785

scale of the stratification. As such, larger stratification786

time-scales give rise to hot/cold spots of larger sizes.787

Therefore, the time required by a given hot/cold spot to788

combust completely is directly dependent upon its size.789

Hence, both trise and tfall increase with τ0. It can also790

be seen that, irrespective of the amplitude of stratifica-791

tion or the stratification time-scales, if there is enough792

induction time (which is dependent on the concentra-793
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tion of CH4 in the binary blend and hence magnitude of794

τ2), the upstream mixture auto-ignites and establishes795

additional reaction fronts ahead of the main flame front796

which causes a swift rise in instantaneous S c.797

4. Conclusions798

A parametric study of front propagation speeds799

from fully resolved unsteady one-dimensional simula-800

tions with dimethyl-ether/methane/air mixtures under801

engine relevant conditions was presented using com-802

plex kinetics and transport. Different time-scales of803

monochromatic inhomogeneities in DME concentration804

with varying DME/methane blending ratios were simu-805

lated to understand the effect of reactivity stratification806

on the flame dynamics. In each case, the simulation807

was run until a statistically stationary limit-cycle be-808

havior was observed. Different shapes of limit cycles809

were observed based on the imposed value of stratifi-810

cation time-scale and the blending ratio. The variation811

in the cumulative reaction rate of methyl radical (rep-812

resenting high temperature chemistry) as well as the813

methoxy-methyl-peroxy radical (representing low tem-814

perature chemistry) over a given limit cycle was exam-815

ined. Unlike the low temperature chemistry, the feed-816

back of high temperature chemistry to the imposed strat-817

ification predominantly affected the propagation speed.818

For all the cases being studied here, it was found that819

the magnitude of unsteady global consumption speed,820

S c, scales proportionally to the corresponding variation821

in the cumulative reaction rate of methyl radical.822

At smaller time-scales, with an increase in the level823

of CH4 concentration in the binary fuel blend, there824

was a suppression in the dynamic response of a reac-825

tion front involving low temperature chemistry. Ad-826

dition of CH4 made the binary fuel blend more resis-827

tant to auto-ignition. As a result, the high temperature828

chemistry remained mostly unaffected, which was man-829

ifested by the reduced variation in the cumulative reac-830

tion rate of methyl radical. At larger time-scales, how-831

ever, increasing the level of CH4 concentration in the832

binary fuel blend caused a noticeable increase in the833

dynamic response of a reaction front, irrespective of834

the presence/absence of low temperature chemistry. It835

was shown that this behavior was mainly due to a more836

responsive high temperature chemistry. Concurrently,837

based on the variation in the cumulative reaction rate of838

methoxy-methyl-peroxy radical over a given limit cy-839

cle, at relatively smaller time-scales, the low tempera-840

ture chemistry showed a similar dynamic response irre-841

spective of the level of CH4 concentration in the binary842

fuel blend. On the other hand, at larger time-scales, it843

became increasingly non-responsive with an increase in844

the level of CH4 concentration in the binary fuel blend.845

The displacement speed analysis together with the846

temporal evolution of temperature profile provided ev-847

idence of cyclical transition of the combustion mode848

from auto-ignition assisted deflagration to spontaneous849

propagation. The induction time available for the up-850

stream mixture to pre-ignite increased with an increase851

in the CH4 concentration in the binary fuel blend. As852

such, multiple reaction fronts were observed ahead of853

the main flame front, irrespective of either the ampli-854

tude or the time-scale of stratification. These reaction855

fronts propagated at much higher speeds than the main856

flame front itself and predominantly lead to a substantial857

rise in the overall propagation speed.858
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Fig. S1: Position of the hot reaction front away from the inlet, λ2, and derivative of the hot ignition front
position with respect to the inlet velocity, dλ2/dUin, vs. inlet velocity, Uin.

To identify a reference laminar flame speed, SR, the method proposed in [1] was followed. A series
of steady state flame solutions were evaluated in Cantera [2] by varying the flame position, λ2 (based on
the location of maximum heat release rate), for which the correct inflow velocity, Uin was determined
as an eigenvalue. Figure S1 presents λ2 as a function of Uin. The derivative dλ2/dUin vs. Uin is also
shown. Distinguishable peaks in dλ2/dUin at specific values of inlet velocity can be clearly identified
in the respective cases. These results are consistent with those presented in Ref. [1], wherein multiple
peaks in dλ2/dUin were obtained for a two-staged reaction front. As such, for reaction fronts with multi-
staged ignition, multiple reference flame speeds under auto-ignitive conditions can be expected. As per
the argument provided in [1], the inlet velocity where dλ2/dUin becomes maximum corresponds to SL.
Based on that, the reference laminar flame speeds identified in the respective cases are listed in Table 1.

Case SR (m/s)
LT0 0.28, 1.12, 3.83

LT25 0.17, 3.41
LT37.5 2.95, 3.29

HT0 0.51, 1.1
HT25 0.44

HT37.5 0.41

Table 1: Reference flame speeds in the respective cases

For the range of Uin investigated in the present study, multiple values of SR were identified in all the
LT cases and case HT0. In case LT37.5, the first peak in dλ2/dUin occurred at 0.15 m/s (not visible).
However, the magnitude of dλ2/dUin at the next peak which occurred at 2.95 m/s far exceeded the first
one. Since, the reference laminar flame speed at auto-ignitve conditions is identified solely based on
maximum dλ2/dUin, 2.95 m/s was identified as the first reference laminar flame speed in case LT37.5.
The most probable reason for this discrepancy, compared to the other cases, could be the larger separation
between the different ignition delay times and how this spatial separation changes with respect to a

2



change in the inlet velocity. As such, a reaction front with S = 2 m/s as an initial condition in the
unsteady cases is apt for the present study. To perform a direct comparison of the flame response to the
imposed stratification in the presence/absence of low-temperature chemistry, S = 2 m/s was purposefully
chosen for the HT cases as well (even though SR is much smaller in the HT cases). This choice is also
supported via the analysis presented in section 3.1 in the article. Note that the present steady-state 1D
calculations were carried out with significant care to avoid any spurious numerical errors. The spikes
in the LT and HT results are a consequence of a very fine increase in λ2 during each subsequent steady
flame calculation and not due to numerical errors.
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Fig. S2: Spatial distribution of temperature and progress variable of different species in the respective
cases.

Figure S2 shows the spatial distribution of progress variable for the different species as well as
temperature in the respective cases. Of all the major product or reactant species, CO2 has the narrowest
spatial profile. Specifically, cCO2 changes from 0.3 to 0.9 with almost no change in the horizontal spatial
location, x. This makes the choice of iso-contour based on 50% cumulative CO2 production the least
ambiguous in evaluating the displacement speeds in the chosen cases. It can also be seen that unlike
CH3OCH3, O2 or H2O, CO2 is predominantly produced during the main ignition stage which makes it
an apt choice for performing the displacement speed analysis for the high temperature reaction front. To
confirm this argument, displacement speed was evaluated at three different iso-contours - cCO2 = 0.45,
cCO2 = 0.5 and cCO2 = 0.55 and the overall difference in the computed value of displacement speed at the
three different iso-contours was found to be less than 5% in the respective cases. Hence, only the results
corresponding to cCO2 = 0.5 have been presented in the article.
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Fig. S3: Partitioning the domain based on temperature gradient for evaluating the individual contribu-
tions of the cool reaction front (CF), pre-ignition (PI), spontaneous ignition front (SF) as well as the hot
reaction front (HF) to the total consumption speed, Sc, in case LT0 at τ0 = 2τ1

CF, PI, SF and HF zones depicted in Figure 8 in the article are all identified by monitoring the rate
of change of temperature with the horizontal spatial location i.e. dT /dx as shown in Figure S3. The
CF region was demarcated between the origin and the spatial location where the temperature plateaued,
i.e. either dT /dx = 0 or dT /dx reached a constant value between two consecutive grid points. From the
evolution of temperature profiles, both PI and SF propagation modes were observed to give rise to two
separate reaction fronts with opposing temperature gradients. Hence, the first part of the PI/SF region
was demarcated from the end point of CF to the point where the temperature reached a constant value.
From this point, the second part of the PI region was demarcated up-to the point where the temperature
became constant again. Once the PI/SF region was identified, the rest of the domain was identified as
the HF region. PI was separated from SF based on the criterion used for performing the displacement
speed analysis i.e. spatial location of 50% cumulative CO2 production.
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(a)

(b)

(c)

Fig. S4: The 4 most dominant reactions at (a) 1st, (b) 2nd and (c) main ignition in the LT cases.
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(a)

(b)

Fig. S5: The 4 most dominant reactions at (a) 2nd and (b) main stage ignition in the HT cases.

A sensitivity analysis of 1st, 2nd and main stage ignition delay times to temperature was carried
out using constant pressure, adiabatic kinetic simulations for determining the most dominant reactions at
each stage. All the 3 ignition delay times in the respective cases were determined based on the instants of
maximum heat release and their magnitudes are listed in Table 2. Reactions with a negative sensitivity
to temperature tend to delay the ignition delay time whereas reactions with a positive sensitivity to
temperature tend to advance it. It is found that the 4 most dominant reactions at the 1st stage ignition are
identical in the LT cases as shown in Figure S4 (a). Only the magnitude of sensitivity of the respective
reactions is noticed to reduce with an increase in the amount of CH4 concentration in the binary fuel
blend. At the same time, majority of the reactions at 2nd and main stage ignition in the respective LT
cases are also the same, with differences in magnitudes of sensitivity. A similar observation is made
in the HT cases as well. Moreover, it is clearly seen from Figures S5 (a) and S5 (b) that the 4 most
dominant reactions at the 2nd and main stage ignition in the HT cases are the same, albeit with different
magnitudes of sensitivity. These observations further support the choice of only identifying the 1st and
main stage ignition delay times in the article. Note that τmain in the current discussion represents τ2 in
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the article.

Case τ1 (ms) τ2 (ms) τmain (ms)
LT0 0.37 0.99 1.18

LT25 0.39 1.55 2.13
LT37.5 0.41 2.13 3.34

HT0 - 0.99 1.05
HT25 - 1.3 1.46

HT37.5 - 1.55 1.84

Table 2: Ignition delay times in the respective cases
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