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Abstract

A multi-fluid state approach is used to analyse the underlying conditions for burning mode

transitions from close to the corrugated flamelet regime to distributed reactions. Turbulent

(Ret ' 380) premixed DME/air flames were aerodynamically stabilised in a back-to-burnt op-

posed jet configuration with the Damköhler number varied through the mixture stoichiometry.

Simultaneous Mie scattering, OH-PLIF and PIV allowed the delineation of five separate fluid

states (reactants, combustion products, mixing fluid, mildly and strongly reacting fluids) with

associated material surfaces. The analysis shows self-sustained flames in low strain regions

with a collocated flow acceleration for higher Damköhler numbers. By contrast, in highly

strained regions (e.g. beyond the twin flame extinction point) the burning mode is governed

by the counter-flowing hot combustion products resulting in increased levels of vorticity and

an absence of a preferential dilatation direction. The current analysis provides novel insights

into combustion regime transitions by means of (i) strain rate statistics conditioned upon

material surfaces and (ii) the evolution of fluid state interface probabilities as a function of

the Damköhler number. The work further shows (iii) that the combustion mode influences

scalar transport and that increased levels of turbulence retards the transition to non-gradient

transport.
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1. Introduction1

The study of turbulence-chemistry interactions in different combustion regimes2

presents a formidable challenge that favoures the use of canonical burner configura-3

tions to advance fundamental understanding. Examples include the Sandia – Sydney4

piloted jet flames [1, 2] and the opposed jet configuration [3, 4]. The reaction zone5

broadening at low Damköhler (Da) numbers promotes reduced emissions by removing6

sharp reaction fronts [5, 6], but frequently requires an enthalpy source to avoid flame7

extinction [7]. Mastorakos et al. [8] and Goh et al. [9, 10] used a back-to-burnt (BTB)8

opposed jet configuration to stabilise ultra lean flames beyond the extinction point.9

Hampp and Lindstedt [11] used a BTB configuration and a multi-fluid approach to10

quantify combustion regime transitions of premixed methane flames from close to the11

corrugated flamelet regime to distributed reaction zones with 0.06 < Da < 1.6 at a12

constant turbulent Reynolds numbers (Ret ' 380). Coriton et al. [12] investigated the13

impact of strain on turbulent premixed methane flames, stabilised by stoichiometric14

combustion products, in a BTB opposed jet configuration. Local and intermittent15

flame extinction was observed for bulk strain rates that exceeded the extinction con-16

ditions of laminar counterflow flames and Böhm et al. [13] identified the strain rate as17

the driving measure for flame extinction. Hartung et al. [14] studied experimentally18

the impact of turbulence intensity and showed the effects of dilatation induced strain19

on the principal components at Da > 1.0. A preferential alignment of strain with the20

scalar gradient was found experimentally by Steinberg et al. [15, 16, 17] for Da > 121

and 150 < Ret < 500. The impact of the Da on the preferential strain alignment with22

the flame surface normal was investigated by Chakraborty and Swaminathan [18] for23

flames in the thin reaction zone and corrugated flamelet regimes via direct numerical24

simulation (DNS) with Ret ' 50. The impact of dilatation was found to dominate25

turbulent strain effects at high Da causing a preferential alignment of the extensive26

component with the flame normal and consequently scalar gradient dissipation. The27

opposite trend was noted for low Da. The trends were verified by DNS studies in the28

range of 0.2 < Da < 7 at Ret ≤ 110 [19, 20].29

The multi-fluid concept of Spalding [21] was evaluated by Hampp [22] as a possible30
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Figure 1: Schematic of the experimental configuration with the coordinate system convention indi-
cated. SP – stagnation plane; DSI – density segregation iso-contour; HCP – hot combustion products;
CFG – cross fractal grid; FSM – flame stabilising mesh; FBA – flash back arrestor.

extension to bimodal (two-fluid) approaches [23] via quantification of intermediate fluid31

states. The current work provides insight into the underlying causes of burning mode32

transitions from close to the corrugated flamelet regime to distributed zones by means33

of (i) strain rate statistics conditioned upon material surfaces and (ii) the evolution of34

fluid state interface probabilities as a function of the Damköhler number. The work35

further shows (iii) that the combustion mode influences scalar transport and that36

increased levels of turbulence retards the transition to non-gradient transport. The37

fuel selected (DME) is a Diesel replacement [24] with a comparatively well established38

chemistry [25].39

2. Experimental Setup40

The current opposed jet geometry (c.f. Geyer et al. [3]) is schematically depicted in41

Fig. 1. A variant was previously used by Goh et al. [4, 9, 26, 27] with the current con-42

figuration identical to that of Hampp et al. [11, 22]. The burner was operated in a BTB43

mode with premixed reactants injected through the upper nozzle (UN) and stabilised44

against hot combustion products (HCP) emerging the lower nozzle (LN). The BTB45

configuration provides individual control of chemical and turbulence timescales [10, 22],46

accurate boundary conditions [4], excellent optical access [3, 28] and aerodynamic flame47

stabilisation [26]. The nozzle separation was set to 1D (D = 30 mm).48
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Table 1: Overview of experimental conditions. The extinction strain rates aq (s−1) were computed
in the corresponding twin flame configuration [22]. The Euclidean norm (|a| = (a2

n + a2
t )1/2) was

evaluated along the reactant (R) and strongly reacting (SR) fluid surfaces. The integral length scale
(LI = 4.1 mm) and velocity fluctuation (u’ = 1.6 ± 0.04 m s−1) were kept constant.

Φ 0.2 0.4 0.6 0.8 1.0
u’/SL 39.8 26.5 7.57 4.08 3.18
LI/δf 3.15 3.76 8.91 15.2 17.1
Ret 386 ± 15
Da 0.08 0.14 1.2 3.9 5.1
aq s−1 – – 600 2000 3100
|a|R s−1 2669 2627 2355 1761 1603
aq/|a|SR – – 0.58 1.8 3.1

2.1. Upper Nozzle Flow Conditions49

Premixed DME/air mixtures with varying equivalence ratios (Φ = 0.2 – 1.0), a50

constant initial temperature (Tr = 320 K) and bulk velocity (Ub = 11 m s−1), were51

injected through the UN. A cross fractal grid (CFG) [4] was installed 50 mm upstream52

of the UN exit to provide a multi-scale [26] turbulent flow with Ret = LI ·u′/νr ' 380 in53

the absence of bulk flow instabilities [4]. The integral length scale of turbulence (LI =54

4.1 mm) was inferred from hot wire anemometry with the average velocity fluctuation55

(u′ = 1.6 ± 0.04 m s−1) measured using PIV. The Da (= (LI · SL)/(δf · u′)) range56

was estimated to 0.08 < Da < 5.1 based on the 5 – 95 % fuel consumption thickness57

(δf ) and the laminar burning velocity (SL) [22], with details provided in Table 1. The58

values were inferred from strained laminar BTB opposed jet calculations [29] that also59

provided the kinematic viscosity (νr) in the reactants. The relation of Kostiuk et60

al. [30] was used to estimate the turbulent (aI = (εr/νr)
1/2 ' 3200 s−1) and bulk (ab61

= 2 Ub/H ' 750 s−1) strain, where εr is the rate of dissipation in the reactants [31].62

The Kolmogorov length scale (Lη = (ν3r/εr)
1/4) was estimated to 73 ± 1.6 µm.63

2.2. Lower Nozzle Flow Conditions64

The stagnation plane was positioned close to the burner centre by momentum65

matching with Ub = 4.3 m s−1 at STP conditions [22]. Premixed H2/air (Φ = 1.0)66

mixtures were used for stable flame anchoring on the FSM (see Fig. 1) and to provide67

an enthalpy source with close to fully combusted HCP [32]. The reactants were diluted68

with 22 % CO2 by volume to reduce the temperature (THCP = 1700 K).69
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2.3. Measurement Setup70

Simultaneous Mie scattering, particle image velocimetry (PIV) and hydroxyl-planar71

laser induced fluorescence (OH-PLIF) measurements were performed using the tech-72

nique of Kerl et al. [33]. The OH-PLIF (281.7 nm) and PIV (532 nm) laser light sheets73

had a height of 1D, thicknesses < 250 µm and < 500 µm, respectively, and pulse en-74

ergies around 2 mJ and 30 mJ [22]. For statistical accuracy of relatively rare events,75

3000 instantaneous and statistically independent (5 Hz) image pairs were recorded for76

each condition (i.e. Φ). The air streams were seeded separately with aluminium oxide77

particles with dp,90 < 1.66 µm corresponding to a Stokes number (= τp/τη) < 1. The78

Kolmogorov timescale in the reactants (τη = (νr/εr)
1/2) was estimated to 310 µs. The79

particle relaxation times (τp) [34] were τp ≈ 30 µs and 10 µs with the smallest PIV80

timescales [35] estimated to 65 µs and 30 µs for the UN reactants and the LN HCP81

flow. Cross-correlation PIV with adaptive interrogation regions of decreasing size (12882

× 128 to 48 × 48 with 75 % overlap) was performed to incorporate the local flow field83

acceleration, providing a spatial resolution and vector spacing of λPIV = 300 µm [36].84

The spatial resolution (4 · Lη versus 2 − 5 · Lη [15, 37, 38, 39]) and laser sheet thick-85

ness (3.4 · Lη versus 2.5 · Lη [39]) suggest that most (in-plane) fine scale structures86

of the turbulent flow are resolved. For out-of-plane contributions, Nishino et al. [40]87

showed good agreement between the circumferential and radial velocity fluctuation in88

stagnating flows. The maximum radial fluctuations were determined to ∼0.19 Ub [22],89

which corresponds to an out-of-plane displacement [40] of the order of 50 µm (i.e. <90

Lη). The instantaneous planar rates of strain are - to some degree - underestimated91

due to 3D effects. However, the error due to the out-of-plane movement contributing92

to the in-plane particle displacement is estimated to < 7.5 µm (i.e. ∼ 0.1·Lη) [41].93

2.4. Multi–Fluid Post–Processing94

The stabilisation of reactants against an external enthalpy source removes con-95

ventional twin flame extinction criteria [8] and ultra lean flames with Da < 1 can be96

sustained. This suggests the differentiation of self-sustained (flamelet-like) burning97

from supported/distributed chemical activity (e.g. auto-ignition related oxidation). A98
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multi-fluid (MF) analysis [22] can accommodate the identification of intermediate fluid99

states, defined below, in addition to reactants and products.100

Reactant Fluid: PIV tracer particle based density segregation (DS) techniques101

are widely used, e.g. [26, 42, 43], to detect the first thermal alteration of a flow. The102

present algorithm is a variant that is capable of detecting multiple and fragmented103

splines [22] and is used to identify the reactants (R). The UN (LN) stream features a104

high (low) particle seeding density to provide an unambiguous detection of the density105

segregation iso-contour (DSI) due to turbulent mixing or exothermic reactions.106

Mixing Fluid: The turbulent transport of HCP across the stagnation plane into107

cold reactants results in a thermally altered fluid state with a quenched OH signal.108

The detectable change in seeding density can be attributed to mixing (M).109

Product Fluid: The OH arising from DME combustion products and the HCP110

equilibrium concentration are combined to define the product fluid (P).111

Strongly Reacting Fluid: Self-sustained flames detach from the stagnation plane112

and become independent of the HCP. Accordingly, conventional aerothermochemical113

conditions apply. Hence, the mixture specific twin flame extinction strain rate (see aq114

in Table 1) provides a reference point with the corresponding OH concentrations used115

to segregate strongly reacting (SR) self-sustained flames.116

Mildly Reacting Fluid: Regions with modest OH signal levels can stem from117

(i) ignition events, (ii) the decay of OH concentration in combustion products or (iii)118

chemically active material that is diluted and sustained by the HCP. Such regions are119

not further delineated and are denoted as mildly reacting (MR).120

The constant OH signal in the HCP is used as the reference point for intensity121

bands and relates the measured OH signal to theoretically determined concentrations.122

2.4.1. Spatial Multi-Fluid Resolution123

The MF interrogation regions (-11.6 < x < 14.1 and -15.0 < y < 15.0 mm) are124

resolved by 708 × 829 pixels. The spatial accuracy of the MF analysis is governed by125

the required smoothing of the Mie images and was estimated to λMF = 250 µm via an126

USAF target [44]. This is of the order of the thinnest laminar flame thickness (δf =127

222 µm), 3·Lη and the PIV resolution. The mean scalar dissipation layer thickness [45]128
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Figure 2: Multi-fluid probability statistics in physical space along the stagnation point streamline
and aligned at the c = 0.02 iso-contour. Top left: Reactant (black) and product fluid probability
(blue/grey); Right: Mixing fluid probability × 4; Bottom left: Mildly reacting fluid probability × 4;
Right: Strongly reacting fluid probability × 2. Legend entries refer to the equivalence ratio with the
corresponding Da listed in Table 1.

λD ≈ 11.2 · LIRe−3/4t Sc−1/2 = 621 ± 18 µm is resolved. The Batchelor scale [46] in129

the HCP (λB ' 370 µm) is of the order of the spatial resolution and under-resolved in130

the reactants (λB = 86 ± 1.5 µm).131

3. Results and Discussion132

Before exploring the strain distribution along the selected material surfaces, the133

evolution of the fluid states as a function of the Da number is discussed to illustrate134

burning mode transitions. The investigated range of u′/SL and LI/δf for Φ = 0.2 –135

1.0 is listed in Table 1. In terms of a classical Borghi diagram [47], conditions from136

corrugated flamelets to distributed reactions are covered. The analyses in Sections 3.1137

and 3.3 were conducted along the theoretical stagnation point streamline (SPS with138

y = 0 in Fig. 1). The results in Section 3.2 include the movement of the stagnation139

point [28] within the radial limit of ± 0.5 LI away from the SPS.140

3.1. Multi–Fluid Flow Analysis141

The reactant fluid indicates a flame brush thickness (5 – 95 %) limited to around142

2LI by turbulent transport that is only modestly affected by the Da number, see Fig. 2.143

Profiles are aligned on a derived (see Section 3.3) bimodal [26, 42, 43] reaction progress144

variable iso-contour (c = 0.02 [48]) showing a shift of the product fluid away from the145
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reaction onset (xc = 0) with increasing Da due to enhanced dilatation. In physical146

space, the reaction onset shifts upstream with increasing Da due to the increased burn-147

ing velocity, see Section 3.3. The chemistry impact is highlighted by the intermediate148

fluid states with the mixing fluid being favoured at low Da. The mildly reacting fluid149

probability increases and shifts away from the origin with increasing Da number. A150

distinct augmentation of the strongly reacting fluid is evident for Da > 1.0.151

The above findings motivated a statistical analysis of fluid state interfaces encoun-152

tered by traversing through the quinary multi-fluid field along the SPS as shown in153

Fig. 3. No restrictions are imposed on the multi-fluid topology. Fluid pockets thinner154

than the multi-fluid resolution (250 µm) were omitted as shown in Fig. 3, where the155

mixing to product (M – P) fluid interface was omitted (green layer < 100 µm) with156

the mixing to mildly reacting (M – MR) fluid interface defined (MR fluid thickness >157

300 µm). The diagrams in Fig. 4 illustrate the multi-fluid interface probabilities for Φ158

= 0.4 and 1.0. For Φ = 0.4 (Da = 0.14) the mixing fluid is primarily (95 %) adjacent159

to the reactants, i.e. 38 % of all interfaces, see Table 2.160

A distinct change of the fluid states adjacent to the reactants is evident for Φ = 1.0161

(Da = 5.1) with the mixing fluid reduced from 95 % to 16 % in favour of the mildly162

reacting (6 %), strongly reacting (42 %) and product (36 %) fluids. The interface163

statistics are accordingly altered. The mildly reacting fluid for Φ = 0.4 is primarily164

adjacent to the product fluid with a probability around 24 %, while the mixing –165

mildly reacting fluid interface accounts for 6 %. The detachment of the mildly reacting166

fluid from the reactants by mixing and/or product fluid interlayers indicates the need167

for thermal support to initialise OH producing chemical activity for Da ≤ 1.0. The168

balance of fluid states sharing an interface with the mildly reacting fluid is strongly169

Da dependent, see Table 2.170

The observed rates of strain, discussed below, prevent self-sustained burning for171

mixtures with Φ ≤ 0.4 and thus the strongly reacting fluid is only defined for Φ ≥ 0.6172

(Da ≥ 1.0). The probability of the strongly reacting fluid being adjacent to reactants173

decreases from 42 % for Φ = 1.0 (Da = 5.1), to 31 for Φ = 0.8 (Da = 3.9) and 3 %174

for Φ = 0.6 (Da = 1.2) as also shown in Table 2 by means of interface probabilities.175
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Figure 4: Multi-fluid interface diagram for Da = 0.14 (Φ = 0.4) (left) and Da = 5.1 (Φ = 1.0) (right)
with all cases shown in Table 2. A distinct shift towards more reactive and exothermic intermediate
fluids is illustrated by means of the probability weighted arrows indicating adjacent fluid states.

The interface of the mixing and strongly reacting fluid shows the reversed trend and176

dominates in the transitional case with Da ' 1.0 (Φ = 0.6). The residual strongly177

reacting fluid shares interfaces with the mildly reacting or product fluids.178

3.2. Conditional Strain Distribution on Material Surfaces179

The in-plane velocity gradients were conditioned upon the fluid state material180

surfaces (β). The strain rate (eij = 0.5(∂ui/∂xj + ∂uj/∂xi)) and vorticity (ωij =181

∂ui/∂xj −∂uj/∂xi) tensors were determined from the instantaneous planar PIV fields182

and subsequently conditioned upon β: eβ,ij = eij |β and ωβ,ij = ωij |β, where β ≡ 1183

at the iso-contour trajectory and nil elsewhere. The tangent to the iso-contour was184

9



estimated at all positions (ζ) by a 3rd order polynomial that was evaluated in the range185

of ± 16 pixels along β (twice the vector spacing). The strain rate tensor was rotated186

by the angle Θ (= π/2 - θ) via fβ = R · eβ, where R is the rotation matrix and θ is187

the angle between the tangential on β|ζ and the SPS to define the normal (an = fβ,11)188

and tangential (at = fβ,22) strain components. The total strain was here defined as:189

ad = eβ,11 + eβ,22.190

3.2.1. Strain Distribution along the Reactant Fluid Surface191

The probability density function (PDF) of the an along the reactant fluid surface,192

depicted in Fig. 5, decreases progressively from mean compressive values found in the193

stagnation plane proximity (−1550 s−1) for Da < 1.0 to below the bulk strain rate194

based on the nozzle separation (−440 s−1) for Da ' 5. For high Da numbers, the195

PDF(an) is skewed towards extensive strains with its mode shifted from −1680 to196

−330 s−1. This can be attributed to the rapid transition to chemically active fluids197

states and reaction onset away from the stagnation plane. The detachment causes198

a modest reduction of the mean tangential component (950 < at < 690 s−1) with199

a distinctly squeezed PDF spread (i.e. rms reduced by ∼ 30 %) and reversed mode200

shift (550 – 690 s−1) with increasing Da. The zero crossings, elevated skewness and201

reduced spread of the PDF(an) and PDF(at) with increasing Da has been observed202

in experiments [14] and DNS [18]. The impact of the detachment and adjacent flow203

acceleration for Da > 1.0 is shown by the total rate of strain in Fig. 5 (bottom left)204

Table 2: Multi-fluid interface probabilities in percent by traversing along the stagnation point stream-
line in 3000 instantaneous images from reactants (R) to products (P). M – mixing fluid, MR – mildly
reacting fluid, SR – strongly reacting fluid. Interfaces marked with (–) are not defined.

Interface Φ
0.2 0.4 0.6 0.8 1.0

Samples 7466 7777 8802 9402 9762

R M 43 38 36 10 5
R MR <1 <1 <1 <1 2
R SR – – 1 10 14
R P 2 2 1 12 12
M MR 1 6 8 <1 <1
M SR – – 10 2 1
M P 39 30 15 8 5
MR SR – – 7 15 18
MR P 15 24 21 25 27
SR P – – 3 17 15
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Figure 5: Rate of strain and vorticity evaluated along the reactant fluid surface: Top left: Normal
strain; Right: Tangential strain; Bottom left: Total strain; Right Vorticity. Legend as Fig. 2.

with a shift from negative to positive mean values (−610 < ad < 250 s−1). The earlier205

reaction onset further results in a reduced mean vorticity of the order of 50 % for Da206

= 5.1 compared to Da < 1.0 (bottom right of Fig. 5). The Euclidean norm (|a| =207

(a2n+a2t )
1/2) of the conditional strain along the reactant fluid material surface is listed208

in Table 1. The reaction onset of self-sustained flames is located in low strain regions209

(|a|R = 1600 s−1), while at low Da the iso-contour is found in high strain regions (|a|R210

= 2670 s−1). The mixing fluid is found primarily adjacent to the reactant fluid with211

qualitatively the same trends and results are hence not shown.212

3.2.2. Strain Distribution along the Chemically Active Fluid Surfaces213

For Da ≤ 1.0, the mildly reacting fluid was spatially separated (> 90 %) from214

the reactant fluid by a mixing and/or product fluid interlayer that suggests a need215

for thermal support. The strong impact of the HCP on the mildly reacting fluid216

surface results in a Da independent an ' −1340 s−1 (see Fig. 6). The determined an217

is well beyond the extinction strain rate (Table 1) for the transitional case with Da218

' 1.0 (aq = 600 s−1). The tails of the PDF(an) also exceed the extinction point for219

mixtures with Da > 1.0 (aq = 2000 and 3100 s−1 for Φ = 0.8 and 1.0). An increase220

in Da results in a modest tangential acceleration and elevated extensive tangential221

strain (top right in Fig. 6) with mean values progressively increasing (630, 710, 750,222
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950, 990 s−1 for Φ = 0.2 - 1.0) and a reduced PDF spread. The shift of PDF(ad)223

to decreasing compressive strain (∼40 %) with a constant spread is attributed to the224

increased dilatation [18]. The lack of flow alignment for low Da flows was also found225

by Chakraborty and Swaminathan [18] at Ret ' 50. The turbulent mixing driven226

flow and importance of thermal HCP support for the mildly reacting fluid results in227

vorticity levels in the proximity of the stagnation plane (Fig. 6 bottom right) that are228

independent of Da.229
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Figure 6: Rate of strain and vorticity evaluated along the mildly reacting fluid surface: Top left:
Normal strain; Right: Tangential strain; Bottom left: Total strain; Right Vorticity. Legend as Fig. 2.

The transition to strongly exothermic fluid states collocates the flow acceleration230

normal to the flame front and results in a compressive strain reduction from -1050231

to −660 s−1, i.e. around a 40 % reduction for Φ = 1.0 (Da = 5.1) compared to Φ232

= 0.6 (Da = 1.2), as depicted in Fig. 7. This further corresponds to a decrease of233

50 % compared to the MR surface for Φ = 1.0. The tangential acceleration caused by234

combustion results in increased extensive strain (650 < at < 830 s−1). The shift of the235

PDF(an) towards reduced normal strain with a similar mean, but reduced spread of236

the PDF(at) coupled with a more pronounced skewness with increasing Da, was quali-237

tatively also shown in DNS data by Chakraborty and Swaminathan [18]. A transition238

from contracting to dilating ad (−440 to 100 s−1) is evident for high Da as shown in239

the bottom left of Fig. 7. The increased dilatation with Da is further illustrated by240

comparing the strain along the reactant and strongly reacting fluid surface (∆a = a|R241
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- a|SR). For Da ' 1.0, an increase of ∆an = −230 s−1 towards higher normal compres-242

sive strain and a reduced tangential strain (∆at = −250 s−1) is observed. By contrast,243

an reduces by ∆an = 220 s−1 towards extensive values for Da = 5.1 with an increased244

tangential strain (∆at = 80 s−1). The preferential alignment of the flame front nor-245

mal perpendicular to the extensive strain [17] becomes evident at high Da due to the246

favoured stabilisation of self-sustained flames in low compressive strain regions that247

are detached from the stagnation plane. Under such conditions, the strain acting on248

the strongly reacting material surface (|a|SR) is significantly lower than the extinction249

strain (aq), see Table 1. The reduction in turbulent flame speed for lower Da [4] leads250

to a flame anchoring in the proximity of the stagnation plane with elevated normal251

strain levels and attenuated dilatation [20] (|a|SR > aq for Da ≤ 1.2). The more or-252

dered flow field with increasing Da is also reflected by a significant vorticity mitigation253

(bottom right in Fig. 7) of the order of 25 % for Φ = 1.0 (Da = 5.1) compared to Φ254

= 0.6 (Da = 1.2). This also corresponds to a ∼40 % reduction of the mean strongly255

reacting fluid vorticity compared to the mildly reacting value for Φ = 1.0.256
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Figure 7: Rate of strain and vorticity evaluated along the strongly reacting fluid surface: Top left:
Normal strain; Right: Tangential strain; Bottom left: Total strain; Right Vorticity. Legend as Fig. 2.

3.3. Bimodal Flow Analysis257

Bimodal statistics are inferable from the multi-fluid approach by combining the258

thermally altered fluid states (i.e. mixing, mildly reacting, strongly reacting and prod-259
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Figure 8: Mean conditional reactant (Ur, top left) and product (Up, top right) velocities in progress
variable (c) space along with the slip velocity (Us, bottom left) and scalar flux (cu, bottom right).
The legend refers to Φ.

uct fluid) to a bimodal product defining c [23]. The probability of encountering reactant260

fluid is consequently (1 - c). The earlier reaction onset with increasing Da due to the261

higher turbulent burning velocity is illustrated by means of distinctly elevated mean262

axial reactant velocities (Ur/Ub) throughout the entire flame brush as shown in Fig. 8.263

The velocity of the lumped product fluids (Up/Ub) illustrates a flame brush that is264

strongly affected by the counter-flowing HCP for Da ≤ 1.0. The quick transition to265

negative Up/Ub indicate a HCP governed burning mode. Cases with Da > 1.0 exhibit266

a positive Up/Ub, i.e. are aligned with the natural reactant flow direction, up to c =267

0.8 (0.9) for Φ = 0.8 (1.0). The corresponding slip velocity (U s/Ub) shows the im-268

pact of increased dilatation with increasing Da as also illustrated by the scalar flux269

(cu). Distinctly reduced gradient transport is shown in Fig. 8. However, transition270

to counter-gradient transport is suppressed even for the stoichiometric flame. By con-271

trast, a transition from gradient to counter-gradient turbulent transport was shown272

for lean premixed twin [4, 27] and supported BTB flames [9] at Ret ≈ 120.273

4. Conclusions274

The present work used a back-to-burnt opposed jet configurations to stabilise pre-275

mixed DME/air flames against hot combustion products coupled with a multi-fluid276

approach to highlight the underlying causes leading to gradual combustion regime277

transitions from the corrugated flamelet regime towards distributed reactions for Φ278
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= 0.2 – 1.0. The analysis has provided new evidence on the link between Da and279

material surface strain at a constant Ret ' 380 with prominent characteristic changes280

in the burning mode observed. The fluid state that represents self-sustained burning281

was observed with a 40 % probability directly adjacent to the reactant fluid for Φ =282

1.0 (Da = 5.1), which was significantly reduced with Da in favour of interlayers of283

reduced reactivity. The less reactive fluid states were also found to be increasingly284

separated from the reactants by a layer acting as an enthalpy source. This resulted in285

a mildly reacting fluid peak probability that was shifted towards the stagnation plane.286

The proximity of the stagnation plane was characterised by a high compressive axial287

strain that increasingly prevented self-sustained burning for reduced Damköhler num-288

bers. The increasing influence of hot combustion product support resulted in highly289

strained Da independent chemically active zones with no favoured dilatation direction290

– consistent with an auto-ignition related burning mode. By contrast, a preferential291

alignment of the flame front normal with the principal extensive strain and significantly292

reduced vorticity levels were evident for Da > 1.0. The associated dilatation caused a293

reduction of the gradient scalar flux. However, transition to a counter-gradient scalar294

transport was found to be suppressed under the current conditions (Ret ' 380). The295

data are expected to be particularly valuable for establishing the range of validity of296

topologically based approaches and for the development of models that do not presume297

a flame front structure and thus applicable at lower Damköhler numbers.298
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List of Tables365

1 Overview of experimental conditions. The extinction strain rates aq (s−1)366

were computed in the corresponding twin flame configuration [22]. The367

Euclidean norm (|a| = (a2n + a2t )
1/2) was evaluated along the reactant368

(R) and strongly reacting (SR) fluid surfaces. The integral length scale369

(LI = 4.1 mm) and velocity fluctuation (u’ = 1.6 ± 0.04 m s−1) were370

kept constant. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4371

2 Multi-fluid interface probabilities in percent by traversing along the372

stagnation point streamline in 3000 instantaneous images from reac-373

tants (R) to products (P). M – mixing fluid, MR – mildly reacting fluid,374

SR – strongly reacting fluid. Interfaces marked with (–) are not defined. 10375
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surface: Top left: Normal strain; Right: Tangential strain; Bottom left:405
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