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Summary

In order to fulfil increasingly stringent regulations on emission of oxides of nitrogen and
particulates, novel combustion devices increasingly operate in the absence of distinct flame
fronts e.g. via flameless combustion modes. The approach has potentially significant ad-
vantages in terms reduced signatures and improved fuel efficiency resulting in increased
range. The operating conditions often exceed conventional extinction criteria and require
thermal support and/or careful aerodynamic balancing for sustained chemical activity.

The final report for Grant Award FA9550-17-1-0021 outlines work performed to quan-
tify the transition to distributed combustion modes that no longer adhere to the conven-
tional bimodal distribution of reactants and products characterised by a negligible prob-
ability of finding intermediate fluid states. This was achieved through the experimental
quantification of the probability of encountering at least five separate fluid states (e.g. re-
actants, combustion products, mixing fluid, fluids with low and high chemical reactivity)
as a function of the Damköhler (Da) number(a) through the use of simultaneous Mie scat-
tering, OH-PLIF and PIV. The flames were aerodynamically stabilised flames in a back–
to–burnt opposed jet configuration, featuring fractal grid generated multi-scale turbulence
(Re ' 18,400 and Ret > 370), due to the exceptional control and flexibility of the con-
figuration. The chemical timescale was varied via the mixture stoichiometry resulting in a
wide range of Damköhler numbers (0.08  Da  5.1) with the nominal mode transition
point at Da ' 1. The approach was further used to analyse the underlying conditions for
burning mode transitions(b) and it was shown that self-sustained flames can exist low strain
regions. By contrast, in highly strained regions (e.g. beyond the conventional extinction
point) the burning mode is governed by enthalpy support resulting in increased levels of
vorticity and an absence of a preferential dilatation direction.

Deviations from conventional bimodal flame structures for Da < 1 were further
analysed(c) by quantifying the impact of the external enthalpy support by varying the tem-
perature from 1200  THCP (K)  1600. The diagnostics were extended to include
CH2O–PLIF and the transition to spatially distributed chemical reactions to reaction zones
was further quantified. It was shown that flamelet-like structures are only present at high
THCP following the onset of high temperature chain branching reactions. By contrast, the
low temperature chemistry is continuously active with CH2O increasingly more spatially
distributed with reducing support temperature. The work extended the multi-fluid probabil-
ity statistics by investigating the structure of formaldehyde and hydroxyl layers with their
cross–correlation used to identify heat release layers. The impact of the fuel chemistry on
burning mode transitions was also investigated(d) using premixed dimethyl ether (DME),
ethanol (EtOH) and methane (CH4) flames for equivalence ratios 0  �  1 resulting in a
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Damköhler number range 0.06 Da 5.1. The use of DME and ethanol follows the need
to establish the level of impact of substantially different fuel oxidation pathways. The fuels
are isomeric forms (CH3-O-CH3 and CH3-CH2-OH) with the same elemental composition
(H6C2O) and effectively the same transport properties yet with profoundly different com-
bustion characteristics (ie. Diesel (DME) and gasoline (EtOH) replacements). The external
enthalpy support was kept constant (THCP = 1700 K) along with the level of turbulence. A
more rapid transition towards self-sustained (e.g. flamelet type) combustion was observed
for DME. By contrast, the transition was significantly delayed for methane with EtOH
showing an intermediate behaviour. The strain rate distribution on the reactant fluid sur-
face remained similar to the (non-reactive) mixing layer for stoichiometric methane flames,
while the corresponding DME and EtOH flames detach from the stagnation plane leading
to stablisation in lower compressive strain rate regions.

Overall, the work performed shows that low Damköhler numbers lead to a separation
of reaction zones and flame structures that are distinctly different from those associated
with burning in the flamelet regime of combustion. The work further suggests that turbu-
lent mixing of separated reaction zones can be expected to become of significant impor-
tance and merit further investigation. It has also been shown that conventional combustion
regime diagrams are inadequate, that auto-ignition based combustion may become a feature
and that corresponding Damköhler number definitions are required. Autoignition based
combustion regimes are dominant in augmentors, may become dominant in advanced gas
turbines and are in need of further quantification.

Selected quoted references acknowledging support from Grant FA9550-17-1-0021.

(a) F. Hampp, R.P. Lindstedt, Strain distribution on material surfaces during combus-
tion regime transitions, Proc. Combust. Inst. 36 (2017) 1911-1918.

(b) F. Hampp, R.P. Lindstedt, Quantification of combustion regime transitions in pre-
mixed turbulent DME flames, Combust. Flame 182 (2017) 248-268.⇤

(c) F. Hampp, S. Shariatmadar, R.P. Lindstedt, Quantification of low Damköhler num-
ber turbulent premixed flames, Proc. Combust. Inst. 37 (2019) 2373-2381.

(d) F. Hampp, R.P. Lindstedt, Quantification of fuel chemistry effects on burning modes
in turbulent premixed flames, Submitted to Combust. Flame, Revised February
2020.

⇤ Awarded the Sugden Prize for the most significant UK contribution to combustion research in
2017 by the Combustion Institute (British Section).
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1 Introduction

State-of-the-art combustion technologies, e.g. spark ignition engines and gas turbines for
power generation, operate under conditions where turbulence governs (partially-) premixed
flame propagation [1]. Related burning modes can exhibit a flamelet-like structure char-
acterised by fast chemical timescales (⌧c) [2] with Damköhler numbers (Da) generally
above unity. Savard and Blanquart [3] estimate that the flamelet assumption is valid with
reasonable accuracy for Karlovitz numbers (Ka) < 10. The modelling of premixed turbu-
lent flame propagation under such conditions is one focal point of combustion research [1]
with the underlying flamelet assumption providing the basis for developments such as the
Bray-Moss-Libby (BML) [4], coherent flame [5] and level set [6] models. In order to
fulfil increasingly stringent regulations on NOx and particulate emissions, novel combus-
tion devices increasingly operate in the absence of distinct flame fronts e.g. via flameless
combustion modes [7]. The approach has potentially significant advantages in terms re-
duced signatures and improved fuel efficiency resulting in increased range. The operat-
ing conditions often exceed conventional extinction criteria and require thermal support,
e.g. from exhaust gases [8], for sustained chemical activity. Practical examples that realise
stable fuel-lean operation at low Da include flameless oxidation gas turbine engines [9]
and industrial furnaces [10]. Minamoto et al. [11] investigated the reaction zone structure
under flamelet and moderate or intense low-oxygen dilution (MILD) conditions using di-
rect numerical simulation (DNS). The data showed the coexistence of thin and fragmented
flamelets with spatially distributed chemical reactions. The broadening or fragmentation
of a reaction zone is strongly dependent on the chemical timescale. A mixture with low
reactivity (e.g. low equivalence ratio or high dilution levels) requires substantially reduced
turbulence levels [12] to alter the reaction zone away from a bimodal structure. The blend-
ing of hot diluents with extremely fuel rich or lean mixtures can lead to conditions where
the chemical timescale dominates the interaction with the turbulent flow [13] and where the
combustion chemistry assumes a decisive role [3, 11, 14]. Duwig et al. [15] investigated
reaction zone broadening of vitiated methane/air jet flame with significant differences for
lean (� = 0.4, 0.8) and rich (� = 6.0) conditions observed. A deep penetration of the CH
and HCO radicals into the OH layer and a CH layer broadening of up to an order of magni-
tude compared to the laminar thickness was observed by Zhou et al. [12, 16, 17, 18]. Goh
et al. [19] investigated the transition to flameless oxidation of fuel lean premixed JP-10
(exotetrahydrodicyclopentadiene) flames using a back-to-burnt (BTB) opposed jet config-
uration and compared to corresponding twin flames approaching extinction [20].

As part of Grant Award FA9550-17-1-0021 Hampp and Lindstedt [21] initially quan-
tified the probability of encountering up to five separate fluid states (reactants, combustion
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1 Introduction 10

products, mixing fluid, fluids with low and high reactivity) in premixed turbulent DME
flames as a function of the Damköhler number. The flames were aerodynamically sta-
bilised in a back–to–burnt opposed jet configuration featuring fractal grid generated multi-
scale turbulence (Re ' 18,400 and Ret > 370). The chemical timescale was varied via the
mixture stoichiometry resulting in a wide range of Damköhler numbers (0.08  Da  5.1).
The mean turbulent strain (� 3750 s�1) exceeded the extinction strain rate of the corre-
sponding laminar flames for all mixtures. Simultaneous Mie scattering, OH-PLIF and PIV
were used to determine the probability of encountering the different fluid states. For mix-
tures where the bulk strain (' 750 s�1) was close to (or less than) the extinction strain
rate, fluids with low and high reactivity were segregated by introducing thresholds based
on the OH concentration at extinction. The sensitivity of the distribution between the fluid
states to the thresholds was also evaluated. The flow conditions were further analysed in
terms of Damköhler and Karlovitz numbers based on chemical time scales corresponding
to laminar flames and auto–ignition events. It was shown that a multi–fluid approach can
be used to quantify combustion regime transitions of relevance to low polluting combustion
technologies. The study provided (i) the evolution of multi–fluid probability statistics as a
function of the Damköhler number, (ii) mean flow field statistics, (iii) conditional velocity
statistics and (iv) a tentative combustion regime classification.

Hampp and Lindstedt [22] subsequently analysed the underlying conditions for burn-
ing mode transitions from close to the corrugated flamelet regime to distributed reactions.
Turbulent (Ret ' 380) premixed DME/air flames were aerodynamically stabilised in the
same opposed jet configuration with the Damköhler number varied through the mixture
stoichiometry. The analysis showed self-sustained flames in low strain regions with a col-
located flow acceleration for higher Damköhler numbers. By contrast, in highly strained
regions (e.g. beyond the twin flame extinction point) the burning mode was governed
by the counter-flowing hot combustion products resulting in increased levels of vorticity
and an absence of a preferential dilatation direction. The analysis provided 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 showed (iii) that the combustion mode in-
fluences scalar transport and that increased levels of turbulence retards the transition to
non-gradient transport. The above work [21, 22] found that high Da counterflow flames
exhibit a clear flamelet-like structure with steep gradients and a distinct dilatation direc-
tion. By contrast, the low extinction strain rates typically associated with low Da flames
prevented conventional flame propagation leading to a strong deviation from a bimodal
structure and OH gradients well below the (theoretical) flamelet limit due to turbulent
transport. The burning mode and reaction progress of such flames becomes dominated by
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1 Introduction 11

the thermochemical state of the external enthalpy support. The use of external enthalpy
support (e.g. via heat recirculation) can enable stable combustion under highly strained
conditions or at low Damköhler numbers and lead to significantly reduced emissions and
fuel consumption. However, the flame structures deviate from the conventional bimodal
flame structure and chemically active fluid states become statistically relevant. Hampp and
Lindstedt [23] quantified the impact of such support on the combustion of lean (� = 0.6)
turbulent premixed DME / air flames with a Damköhler number around unity. The bulk
strain (ab = 750 s�1) slightly exceeded the extinction strain rate (aq = 600 s�1) of the
corresponding laminar opposed twin flame with the mean turbulent strain (aI = 3200 s�1)
significantly higher. The HCP temperature (1600  T (K)  1800) was varied from close
to the extinction point (Tq ' 1570 K) of the corresponding laminar twin flame to beyond
the unstrained adiabatic flame temperature (Tad ' 1750 K). The flames were characterised
using simultaneous Mie scattering, OH-PLIF and PIV measurements and subjected to a
multi-fluid analysis (i.e. reactants and combustion products, as well as mixing, weakly re-
acting and strongly reacting fluids). The study quantified the (i) evolution of fluid state
probabilities and (ii) interface statistics, (iii) unconditional and (iv) conditional velocity
statistics, (v) conditional strain along fluid interfaces and (vi) scalar fluxes as a function of
the external enthalpy support. The work showed, among other matters, that the presence
of strongly reacting fluid elements nearly vanished as the support temperature approached
that of the extinction temperature of the corresponding twin flame. Hampp and Lindst-
edt [24] extended the multi-fluid analysis in order to quantify the impact of such conditions
on a turbulent (Ret ' 350) lean (� = 0.50) premixed DME / air flame with Da ' 0.29.
The flames were aerodynamically stabilised in the back-to-burnt opposed jet configuration
with the temperature of the external enthalpy support varied from 1200  THCP (K) 
1600. Simultaneous Mie scattering, CH2O and OH – PLIF and PIV were used to quantify
the transition from spatially distributed chemical reactions to reaction zones that appear
flamelet-like. The analysis showed that in the current configuration such structures are
only present at high THCP . By contrast, the low temperature chemistry is continuously
active with CH2O increasingly more spatially distributed with reducing support tempera-
ture. The analysis provided novel insights into low Damköhler number combustion and
burning mode transitions by means of (i) multi-fluid probability statistics, (ii) the structure
of formaldehyde and hydroxyl layers and (iii) their cross–correlation as well as (iv) the
underlying strain rate statistics on material surfaces. It can be noted that while the flames
exhibited very different characteristics depending on the level of enthalpy support, the
nominal Da number was unchanged thus highlighting the need for additional definitions.

External enthalpy stabilised combustion exhibits complex turbulence–chemistry inter-
actions that may lead to a competition between auto-ignition related oxidation and con-
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ventional flame propagation [25]. While laminar burning properties of many hydrocarbon
fuels are similar, the auto-ignition delay time can vary by multiple orders of magnitude.
Sabia et al. [26, 27] investigated propane auto-ignition for a wide range of MILD condi-
tions and noted a strong inert gas dilution effect. Fuel lean prevaporised acetone, ethanol
and n-heptane were investigated by Ye et al. [28] in a MILD combustor with distinct dif-
ferences in flame stability observed. Chen et al. [29] studied the high temperature ignition
of dimethyl ether (DME)/methane (CH4)/air blends. Small amounts of DME addition
resulted in advantageous combustion characteristics due to significantly reduced ignition
delay times and augmented strain resilience. Wang et al. [30, 31] explored the extinc-
tion characteristics of premixed and non-premixed DME and ethanol (EtOH) flames in an
opposed jet geometry with DME showing a higher strain resilience than EtOH.

In addition to presenting selected results from a variation in the external enthalpy, the
present report is focused on a quantification of the impact of combustion chemistry on
burning mode transitions through the use of of DME, EtOH and CH4 over a wide range
of Damköhler (0.06  Da  5.1) numbers [32]. Combustion regime transitions were
obtained by means of chemical timescale adjustments with 0.2  �  1.0 under constant
turbulence conditions (Ret ' 361 ± 12) and external enthalpy support (THCP = 1700 K).
The choice of DME (Diesel replacement) and EtOH (spark ignition engine replacement)
was based on their relevance as alternative automotive fuels [33, 34], similar laminar flame
properties and significantly different auto-ignition characteristics [35] with their relatively
well established chemistries [36] an advantage. It should be emphasised that the use of
DME and EtOH was due to the very different combustion characteristics and the need to
establish the level of impact of the different oxidation pathways in an unambiguous manner.
The fuels are isomeric forms (CH3-O-CH3 and CH3-CH2-OH) with the same elemental
composition (H6C2O) and effectively the same transport properties yet with profoundly
different combustion characteristics. These fuels can be replaced by increasingly complex
hydrocarbons leading up to aviation fuels, such as JP-10 [19], that highlight additional
complexities. Methane is extensively used in gas turbines for power generation and was
selected to provide reference cases. The impact of the fuel reactivity on the burning mode
transition was investigated via a multi-fluid description [21]. Information on the conditions
leading to burning mode transitions via (i) multi-fluid probabilities, (ii) turbulence-flame
interactions delineated by means of conditional velocity statistics and (iii) strain along
fluid iso-contours. The fuel chemistry differences are shown to cause large changes in
conditional velocity statistics and the impact is hence not subtle. Consequently, in addition
to such findings, the data are expected to be particularly valuable for the development of
models applicable to combustion processes that transition to distributed modes.
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1.1 Specific Objectives

Project FA9550-17-1-0021 features extended studies that permit a delineation of combus-
tion regimes and the impact on the associated chemical pathways leading to fuel con-
version. The work covered extended studies that have permitted a general delineation of
combustion regimes in the context of relevant flow-field physics. A principal objective was
to provide a route leading to a quantitative evaluation of the relative importance of flow and
high temperature chemistry regions in the context of combustion regime transitions under
reduced peak temperature conditions. The principal objectives of the research programme
can be summarised as:

• Analyse the relative importance of low temperature chemistry by extending the
quantification of the transition to a distributed combustion mode using simultaneous
OH/CH2O/Rayleigh thermometry measurements and simultaneous OH/CH2O/PIV
(e.g. Hampp et al. [24]).

• Extend the parameter range investigated to include substantial changes in conditions
that lead to an increased influence of auto-ignition supported combustion modes
and a corresponding reduction in the associated Damköhler numbers (e.g. Hampp
et al. [21, 23].

• Determine the probability distribution of temperature and rate of strain on flame
surfaces in regions with evidence (e.g. via elevated CH2O concentrations) of low
temperature chemistry (e.g. Hampp and Lindstedt [22] and Hampp et al. [24]).

• Identify the dominant chemical pathways and combustion characteristics, using de-
tailed chemistry, under the conditions determined experimentally as relevant (e.g.
Hampp and Lindstedt [21]).

• Extend the current fuel matrix to include a fuel that features distinct low temperature
chemistry and contrast with fuels that do not [32].

The work performed directly relates to the BAA-AFRL-AFOSR-2015-0001 call for work
on key turbulent combustion phenomena and game-changing energy conversion processes
(combustion at extreme time-scales). The fuels used, methane, dimethyl ether (a poten-
tial Diesel fuel replacement) and ethanol (a spark ignition engine fuel replacement) span a
significant reactivity range [32]. Ethanol and DME have very different combustion charac-
teristics and were used to establish the level of impact of the different oxidation pathways
for fuels of practical relevance. Methane is extensively used in gas turbines for power gen-
eration and serves as a foundation for the extension of past studies of aviation fuels such
as JP-10 [19].
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2 Methods, Assumptions and Procedures

The current BTB opposed jet configuration has distinct advantages for the systematic in-
vestigation of burning mode transitions from flamelet-like structures towards distributed
reaction zones. These include (i) relatively well developed turbulence [38, 39]; (ii) sep-
arate control of chemical and turbulent timescales [40]; (iii) adjustable boundary condi-
tions [41]; (iv) excellent optical access [38, 42]; (v) flame stabilisation related to the intrin-
sic aerothermochemistry [21, 22, 43]; and (vi) a well controlled burnt gas state to stabilise
flames beyond conventional extinction condition [21].

2.1 Measurement Setup

The cross fractal grid (CFG) opposed jet configuration, schematically depicted in Fig. 1,
was operated in a back-to-burnt mode. The original facility was developed by Geyer et
al. [42]. Geipel et al. [38] and Goh et al. [19, 20, 41] optimised the nozzle inflow geometry
to eliminate low frequency instabilities [38, 44]. The use of CFGs [38] induced a turbulent
flow field with multi-scale character [43] and realised a high turbulence to bulk strain
ratio in absence of bulk flow instabilities [41]. The current optimal burner is identical to
that used by Hampp et al. [21, 22, 45]. The nozzle separation (H) was set to one nozzle
diameter (D = 30 mm).

Two separate gas mixing systems provided the reactants, i.e. dried and filtered Howden
air, DME (99.9%), CH4 (99.9%), H2 (99%) and CO2 (99%). Digital Bronkhorst mass flow
controllers were used to control the reactant flow rates with an uncertainty < 0.8% at full
scale [38]. Liquid ethanol (purity 99.9%) was injected by a feedback controlled rotary
pump (Model LP132) and regulated by a Bronkhorst Cori-Flow M53 flow meter. The
liquid fuel was mixed with a secondary air stream and evaporated using a temperature
controlled Bronkhorst CEM W-303A unit [45]. The flow control system was operated via
a purpose written LabView interface. Calibrated rotameters were used to regulate co-flow
velocities to 30% of the upper nozzle (UN) bulk velocity [38].

The diagnostic setup, summarised below, has been discussed by Hampp and Lindst-
edt [21] including comprehensive uncertainty and error analyses. Simultaneous Mie scat-
tering, PIV and OH-PLIF measurements were conducted using the barium nitrate crystal
technique of Kerl et al. [46]. The two superimposed light sheets (532 nm and 281.7 nm)
exhibited a height of 1D and thickness < 0.25 mm and < 0.50 mm, respectively. The
Mie scattering signal was recorded using a LaVision ProX 4M camera (2 ⇥ 2 binning)
equipped with a Tokina AF 100 mm lens (f/2.8) and narrow bandpass filter (3 nm centred
at 532 nm). A dichroic beam splitter was used to spectrally separate the OH fluorescence
signal from the Mie scattering. The OH signal was recorded using an interline-transfer
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CCD-camera (LaVision Imager Intense) connected to an intensified relay optics (LaVision
IRO) unit. The IRO was equipped with a 105 mm ultraviolet lens (f/2.8) from LaVision.
The used filter combination created a bandpass with a transmissivity > 85% from 300 –
320 nm and an optical density > 5 to block the laser lines. A temporal separation of 25 µs
between the PIV laser pulses was found ideal to minimise spurious vectors. The OH-PLIF
images were obtained from the first pulse. Aluminium oxide powder (dp,50 = 0.44 µm and
dp,90 = 1.7 µm) was used as a velocity tracer with both nozzles seeded separately.

In addition, Hampp et al. [24] performed simultaneous Mie scattering, PIV, CH2O and
OH – PLIF measurements using the 2nd harmonic of a Litron Nano LG 175-10 Nd:YAG
(Mie scattering and PIV) and a frequency tripled Spectra Physics Quanta-Ray Lab-150
Nd:YAG (CH2O – PLIF) laser. The residual 2nd harmonic of the latter light source was
used to pump a Sirah Cobra Stretch dye laser to probe OH via the Q1(8) line. The three
spatially overlapped light sheets (i.e. Mie scattering and PIV at 532 nm, light sheet height
HLS = 27 mm, pulse power Pl ' 30 mJ; CH2O – PLIF at 355 nm, HLS = 18 mm, Pl '

150 mJ; OH – PLIF at 283.55 nm, HLS = 18 mm, Pl ' 14 mJ ) were located symmet-
rically around the theoretical stagnation plane. The light sheet thickness was estimated
to ⇠100 µm in the centre of the interrogation region using burn marks. The first pulse
of the Mie scattering was recorded 200 ns prior to the LIF signals in order to eliminate
elastic scattering in the LIF detection systems. Dichroic filters were used to spatially and
spectrally segregate the signals. The PIV camera (LaVision LX 8M) was equipped with
a 180 mm f/2.8 Sigma lens and a narrow width bandpass filter centred at 532 nm. Two
LaVision intensifier relay optic units and imager intense cameras were used to the record
the CH2O and OH – PLIF signals. The former was equipped with a 85 mm (f/1.2) lens and
a 400 nm long-pass filter due to the absence of polycyclic aromatic hydrocarbons (PAH)
interference [47]. The OH – PLIF was recorded using a 105 mm UV lens (f/2.8) and a filter
combination that featured an optical density above 5 for all laser lines and a transmissivity
in excess of 85% from 300–320 nm. An intensifier gate time of 50 ns and a low gain level
of 60% minimised flame luminescence and noise. The detection system was calibrated
using a multi-frequency target.

Cross-correlation PIV with decreasing interrogation regions size (128 ⇥ 128 to 48 ⇥

48 with a 75% overlap) was conducted using LaVision Davis 8.1. A high accuracy mode
with adaptive interrogation window shape modulation was used for the final pass [48].
The velocity field was resolved by 115 ⇥ 88 vectors, providing a spacing of 0.30 mm
and spatial resolution of 0.60 mm [21]. A minimum of 3000 realisations per condition
were recorded to achieve statistical independence. Pre-processing steps of the recorded
images (i.e. alignment, data reduction, noise reduction, shot-to-shot intensity fluctuations
and white image correction) were described by Hampp et al. [21, 45]. Predefined interro-
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gation windows close to the upper and lower nozzle exit were used to obtain well defined
calibration data [21].

2.2 Flow Conditions

The premixed fuel / air mixtures [32] were injected through the upper nozzle and stabilised
against hot combustion products (HCP) emerging the lower nozzle. The flow conditions
are summarised in Table 1 and detailed below.

2.2.1 Upper Nozzle Conditions

The CFG was installed 50 mm upstream of the UN exit providing a relatively well devel-
oped turbulent flow field [38]. The grid features a blockage ratio of 65% with a maximum
to minimum bar width ratio of tr = 4. The equivalence ratio of the premixed fuel / air
mixtures was varied from 0.20  �  1.0 with the mixing layer (� = 0) case also in-
vestigated. The volumetric reactant mixture flow rate was maintained constant at V̇UN '

7.07⇥10�3 m3 s�1 (at STP). In order to avoid re-condensation of ethanol, the reactants
were preheated to Tr = 320 K [45]. This resulted in a constant bulk velocity at the nozzle
exit of Ub = 11.2 m s�1, a bulk strain rate of ab = 2·Ub/H ' 750 s�1 and a turbulent strain
� 3200 s�1 [21]. The current flow conditions realised a constant Re' 19,550 with Ret '

361 ± 12. The turbulent Reynolds number was determined based on an integral length
scale of turbulence (LI = 3.9 ± 0.2 mm) and velocity fluctuations (urms ' 1.6 m s�1)
measured at the UN exit using hot wire anemometry [24]. The latter value is within 10%
of the velocity fluctuations measured via PIV 1 mm away from the UN nozzle exit and
assuming locally axisymmetric turbulence, i.e. urms = 1/3(u0 + 2 · v0), where u

0 and v
0

are the axial and radial velocity fluctuations, respectively. The variation of the burnt gas
state temperature was conducted for a premixed DME / air at � = 0.50 with a Ret ' 350,
Da ' 0.29 and Ka = 64.

2.2.2 Lower Nozzle Conditions

The lower nozzle burnt gas state was obtained using premixed stoichiometric H2/air flames
diluted with 22% CO2 by volume prior combustion to control the temperature. The flames
were stabilised on a mesh (FSM: blockage ratio 62%, aperture 0.40 mm, wire thickness
0.25 mm) [22]. A second finer mesh acted as flashback arrestor (FBA). The mesh com-
bination was installed 100 mm upstream of the nozzle exit. The nozzle exit temperature
was set to THCP = 1700 ± 3.5 K, measured via a 50 µm type R thermocouple, with an
estimated heat loss of 10% to the burner assembly [21]. The stagnation plane was located
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in the proximity of the burner centre by matching jet nozzle momenta via a burnt gas ve-
locity of 24 m s�1. The long residence time (⇠6 ms) of the burnt gases in the lower nozzle
provides hot combustion products in close-to thermochemical equilibrium at the exit and
the products consist primarily (> 99.8 %) of N2, O2, H2O and CO2. Consequently, the OH
concentration of the HCP is constant with a computed value of [OH]‡ ⇡ 8.82 ⇥ mol m�3

and a clearly detectable OH fluorescence intensity (I‡) with a signal to noise ratio (SNR)
= 3.5 [21]. The measured I

‡ and computed [OH]‡ provide well defined reference values
used to calibrate the applied OH intensity segregation technique [21].

In addition, deviations from conventional bimodal flame structures for Da < 1 were
further analysed by Hampp et al. [24]. In this context, the impact of the external enthalpy
support was quantified by varying the temperature from 1200  THCP (K)  1600 via
the equivalence ratio (�) and H2 / CH4 blending ratio (see Table 2). The addition of CH4

to H2 / air flames broadens the regime of stable flame anchoring on the perforated plate
(PP) by eliminating instabilities of the lower nozzle flame. The PP had a 50% blockage
ratio with 1.0 mm diameter holes and was located 100 mm upstream of the lower nozzle
exit. Flames could not be stabilised on the perforated plate below 1200 K and this defined
the lower THCP limit. The upper limit of 1600 K was above the weakly strained (75 s�1)
adiabatic flame temperature (Tad = 1536 K) of the upper nozzle reactants. Differences in
the HCP density were compensated by jet momentum matching and modest adjustments
of the HCP bulk velocity (see Table 2).

2.3 Data Analysis Procedures

2.3.1 Chemical Timescales and Limiting Conditions

The current experimental conditions provide both thermally supported and self-sustained
flames [21, 22]. The latter, higher Da flames, detach from the stagnation plane and anchor
in low strain regions. With reducing Da, the strain acting on the flame surface increasingly
results in local extinction, with global extinction prevented by the turbulent transport of
HCP fluid across the stagnation plane [19, 22, 49]. Chemical timescales and laminar flame
properties were determined computationally to support the analysis of experimental data in
terms of non-dimensional groups (e.g. Da numbers). The reaction mechanism of Park [36]
was used in combination with the hydrogen chemistry of Burke et al. [50]. The mechanism
was validated against laminar burning velocities [51, 52, 53] and species profiles [54, 55]
by Park [36] and auto-ignition delay times (⌧ign) by Hampp [45] with good agreement.
The calculations were further validated here for flame extinction using experimental data
from Wang [31] for DME and EtOH and Law et al. [56] for CH4 with good agreement as
shown in Table 3.
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Strained Laminar Flame Extinction Points
Self-sustained high Da flames decouple from the external enthalpy support and conven-
tional aerothermochemistry criteria apply. A minimum (critical) integrated heat release
rate (

R
Q̇q) was found to be required for self-sustained flame propagation [21]. Values ofR

Q̇BTB <
R
Q̇q led to flame extinction in the twin flame or thermally supported burn-

ing in the back-to-burnt configuration. The thermochemical state (e.g. peak temperature
and peak species concentrations of OH, CH and CH2O) of self-sustained burning flames
was well correlated with

R
Q̇ and segregated self-sustained from thermally supported burn-

ing in BTB flames. Strained laminar counterflow calculations [57] provided the chemical
timescales and flame properties as a function of equivalence ratio and fuel type. The com-
putational domain was well resolved with > 25 cells across the CH peak. The extinction
strain (aq) and peak OH concentration at extinction [OH]q were determined in a twin flame
configuration with results in Table 4 along with the peak temperature at extinction (Tq) andR
Q̇q . The laminar burning velocity SL and laminar flame thickness �f were determined

using a BTB configuration (corresponding to the experiment) with results in Table 5. The
extinction strain of low Da flames (i.e. � = 0.2) was significantly lower than the strain
conditioned on the reaction onset iso-contour [22] and data thus excluded.

Flame Parameters and Dimensionless Groups
The Ret was maintained constant in the current study. The Damköhler and Karlovitz
numbers, see Eq. (1), were varied by means of the chemical timescale (⌧c) through the
equivalence ratio and fuel type.

Da =
⌧I

⌧c
; Ka =

⌧c

⌧⌘
(1)

The chemical timescale was obtained from the calculated laminar flame thickness (�f )
based on the 5 – 95% fuel consumption layer [58] and the laminar burning velocity (SL)
as defined in Eq. (2). The integral timescale of turbulence (⌧I ) was based on the measured
urms = 1.6 m s�1 and LI = 3.9 mm. The Kolmogorov timescale (⌧⌘) was estimated based
on the rate of dissipation ("r = u

3
rms

·L
�1
I

) and the kinematic viscosity (⌫r) in the reactants
with values listed in Table 5.

⌧I =
LI

urms

; ⌧c =
�f

SL

; ⌧⌘ =

r
⌫r

"r
(2)

The resulting ranges of Damköhler numbers and Karlovitz numbers were 0.06 < Da

< 5.1 and 3.7 < Ka < 300, respectively. The data can be readily plotted in a conven-
tional Borghi diagram, see Fig. 2, to estimate the expected burning mode. The condi-
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tions cover the range 3.2  urms/SL  40 with the intense turbulence regime limit
urms/SL ' 19 [59]. The ratio of the adiabatic to the initial reactant temperature (Tad/Tr)
decreases from 7.2 to 2.7 as the Da is reduced (see Table 5). The fuel reactivity is directly
related to, and fully consistent with, the corresponding cetane number for DME or RON /
MON numbers of EtOH and CH4 as well as the spontaneous auto-ignition temperatures.
DME is a diesel-like fuel with a high cetane number of 55 – 60 [60], while EtOH and
methane exhibit high octane numbers, i.e. RON / MON of 110 / 90 [61] and > 120 [62],
respectively. Hydrocarbon based aviation fuels can typically be expected to have combus-
tion characteristics between these extremes. Spontaneous auto-ignition temperatures vary
significantly at 508 [63], 642 [64], 868 K [65] for DME, EtOH and CH4, respectively.

2.3.2 Multi–Fluid Post–Processing

Turbulence – chemistry interactions in low Da flows cannot be comprehensively quantified
by bimodal (i.e. reactants and products) descriptions as combustion intermediates become
statistically relevant [11]. Therefore we recently adopted a multi-fluid description that
incorporates a wider range (e.g. mixing, weakly and strongly reacting fluids) of states [21,
22]. The methodology, briefly outlined below, was found instrumental for low Da flows
and is here used to quantify fuel chemistry effects on burning mode transitions.

The current multi-fluid analysis used a conventional PIV tracer particle based density
segregation technique, e.g. [43, 66, 67] in combination with a threshold based OH intensity
band classification. The first threshold was based on experimental observations (see ⇤p

below) and the second on well established combustion theories (see ⇤q in Sec. 2.3.2).
For the conditions of interest, a linear relation was found sufficient (uncertainty < 10%)
to link relative theoretical OH concentrations to the experimentally observed fluorescence
intensity and to identify characteristic intensity bands [21, 45, 68]. The fluids states are:

Reactants: Fresh reactants emerging from the UN that had not undergone any thermal
alteration (i.e. no oxidation or mixing processes). The reactants were detected via
a conventional PIV tracer particle based density segregation technique e.g. [43, 66,
67] capable of detecting multiple and fragmented splines.

Mixing fluid: A fluid state that had been exposed to a thermal change prior the onset of
OH producing chemical reactions (i.e. via mixing with HCP). The mixing fluid was
detected by the superposition of the Mie scattering and OH-PLIF image and was
identified in regions with low seeding density and no OH signal.

Strongly reacting fluid: Regions with a high OH signal intensity consistent with self-
sustained (e.g. flamelet) burning (see Sec. 2.3.2). Conventional extinction criteria
apply [49, 69].
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Weakly reacting fluid: A fluid state with modest levels of OH, e.g. ultra lean flames
sustained by thermal support from an external enthalpy source and/or combustion
products approaching equilibrium (see Sec. 2.3.2).

Hot combustion products: The HCP emerge from the lower nozzle in close–to chemical
equilibrium at 1700 K and provide a well defined reference state with a constant
OH concentration (see Sec. 2.3.1) and signal intensity (I‡) that was used to calibrate
the OH band segregation. The maximum measured OH signal for a mixing layer
case (� = 0.0) was used to separate the HCP from fluid elements containing OH
originating from combustion with � > 0. The limiting threshold ⇤p = dI/I

‡
e =

2.0 was independent of the UN conditions (i.e. � and fuel type). The excess (1.0
< I/I

‡
< 2.0) is from the oxidation of residual reactants contained in the HCP.

The density segregation technique, the delineation of the mixing fluid and the defini-
tion of the product fluid threshold (⇤p) are identical to Hampp and Lindstedt [21]. The
segregation of the weakly and strongly reacting fluids was extended, as outlined below, to
accommodate the different fuels.

OH Containing Fluid States
The thermochemical state at the twin flame extinction point (e.g. [OH]q see Table 4) seg-
regates self-sustained from thermally supported burning in the current BTB configura-
tion [21]. Regions with an OH fluorescence intensity ratio beyond the non-dimensional
(extinction) threshold (see Table 4) defined by Eq. (3) were consequently assigned to the
strongly reacting fluid (i.e. self-sustained burning).

⇤q(�) =
[OH]q(�)

[OH]‡
=

Iq(�)

I‡
8 fuels and � � 0.6 (3)

The weakly reacting fluid (e.g. thermally supported burning) follows as ⇤p < I/I
‡
< ⇤q

and can originate from (i) ignition events, (ii) decaying OH concentration in combustion
products or (iii) chemically active material that was diluted by the HCP.

Extended Multi-Fluid Analysis
Hampp et al. [22] considered the following three fluid states in addition to reactants and to
combustion products due to the change in diagnostic setup:

Low Temperature Reactive (LTR) Fluid: Regions with a distinct CH2O – PLIF signal
in the absence of detectable OH levels [70].

Heat Release (HR) Fluid: The cross-correlation of CH2O and OH – PLIF signals used
to mark regions of heat release [71].
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High Temperature Reactive (HTR) Fluid: Regions with an OH – PLIF signal � 2 times
the HCP OH intensity were used to delineate high temperature oxidation [21]. The
HTR fluid thus combines the weakly and strongly reacting fluids defined above.

The above diagnostic and data processing methodology is applicable for all hydrocarbon
based fuels and has recently been extended to include fuel rich ethylene flames with Poly-
Aromatic Hydrocarbon (PAH) layers [72]. The latter is important in the context of aviation
fuels with aromatic content and ethylene is also the dominant breakdown product of en-
dothermic fuels as well as of conventional aviation fuels [73].

Multi-Fluid Fields and Velocity Conditioning
The superposition of the segregated fluid states (e.g. Mie scattering image into reactants
and thermally altered fluid material and the three intensity bands of the OH – PLIF image
into products, weakly and strongly reacting) yielded a multi-fluid image as exemplified
in Fig. 3. The spatial resolution of the multi-fluid analysis was determined to �MF '

250 µm, i.e. LI / �MF ' 16 [21]. The mean scalar dissipation layer thickness (�D =

11.2 · LIRe
�3/4
t

Sc
�1/2) [74] was resolved (�D / �MF ' 2.5), while the Batchelor scale

(�B = L⌘Sc
�1/2) [75] was under-resolved (�B / �MF ' 0.22). Values for the Schmidt

number (Sc) are listed in Table 5. Multi-fluid velocity conditioning (see Eq. (4)) was used
to extend the analysis based on bimodal statistics [41, 43, 66, 67, 76].

Uk,FS,i,j =
1

N

NP
n=1

cFS,n,i,j · Uk,n,i,j 8 i, j

(u0
u
0)k,FS,i,j =

1

N

NP
n=1

cFS,n,i,j ·
�
Uk,n,i,j � Uk,FS,i,j

�2
8 i, j

CFS,i,j =
1

N

NP
n=1

cFS,n,i,j 8 i, j

P
FS

CFS := 1

(4)

In Eq. (4), cFS,n is the instantaneous conditioning variable, i.e. unity within the fluid state
(FS) and nil outside, k the velocity component, n the instantaneous image, N the number
of images (3000) with i and j indices.

3 Results and Discussion

The multi-fluid probability and conditional velocity statistics were aligned at the first ther-
mal alteration iso-contour (i.e. xs = 0 and detected via the density segregation technique,
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see Fig. 3) to eliminate modest variations of the stagnation plane location. The multi-fluid
probabilities (Sec. 3.2) and conditional velocity statistics (Sec. 3.3) were evaluated along
the theoretical stagnation point streamline (SPS), i.e. y = 0 in Fig. 3. The strain analysis in
Sec. 3.5 was condition on y = 0 ± 1/2 LI to include the radial movement of the stagnation
point [38].

3.1 Detached and Self-Sustaining Flames

The leading edge of the c scalar field was determined from the statistics of the location
of the c = 0.02 iso-contour. Thus, for self-sustained flames u⇤ = u|c=0.02 [77] defined
the corresponding turbulent burning velocity. However, for thermally supported low Da

flames u⇤ corresponded to the velocity at the leading edge of the mixing layer. The � = 0.0

case provided the reference for pure mixing in the absence of heat release and was located
at u⇤/u0 = 2.7. For the current conditions, the HCP influence became reduced for DME
flames with � � 0.60 and for stoichiometric EtOH flames as shown in row of values of
u⇤/u0 listed in Table 5. By contrast, for methane the HCP influence remained dominant
for all �. The above definition [77] can also be used to determine unique (not influenced
by HCP support) turbulent burning velocities in the twin flame opposed geometry.

The gradual detachment of the flame from the stagnation plane was illustrated by the
thickness of the layer �l defined as the distance between the axial position of the leading
edge of c and the leading edge of the stagnation plane. The latter was determined from the
statistics of the location of the HCP iso-contour. The mixing layer for the � = 0.0 case had
a thickness �l/LI = 0.23. With increasing � (i.e. Da) the leading edge of c shifted away
from the stagnation plane. For DME, �l/LI increased from 0.42 to 1.0 for � = 0.20 to
1.0, respectively. By contrast, the EtOH (CH4) cases showed an attenuated detachment of
�l/LI = 0.17 (0.23) and 0.93 (0.52) for � = 0.20 and 1.0, respectively (see Table 5).

3.2 Multi-Fluid Probability Statistics

The reactant fluid probability, conditioned on the SPS and aligned at xs = 0, was found to
be fuel and equivalence ratio independent and has hence been omitted as the case of DME
has been discussed by Hampp and Lindstedt [21].

3.2.1 Fuel Chemistry Effect on Multi-Fluid Probabilities

The mixing fluid probability (P (m)) exhibited distinct fuel type and � related differences
as shown in Fig. 4, where the UN is at xs < 0 and vice versa. The peak probability for low
Da flames (i.e. �  0.60) was broadly constant for a given fuel with peak probabilities
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of 0.9 for DME, 0.7 for CH4 and 0.5 for EtOH. This reduction was repeatable and consis-
tent [45]. The residual percentiles at xs = 0 were allocated to the HCP fluid due to the low
OH signal intensity consistent with this fluid state. Mixing layers with a thickness below
the multi-fluid resolution were not considered. The DME mixing fluid peak probability and
its spatial extent reduced significantly with increasing Da (i.e. � = 1.0) as chemical active
fluid states were favoured. The EtOH mixing fluid showed the same trend, but with an at-
tenuated reduction in P (m) with increasing Da. By contrast, the need for thermal support
for the CH4 flames remained with a peak mixing fluid probability ⇠70% for the stoichio-
metric case. The observation is consistent with the iso–contour based analysis relating to
self–sustained flames presented in Sec. 3.1.

The weakly reacting fluid probability (P(w)) is also shown in Fig. 4 for all fuels. The
DME and EtOH cases showed similar distributions with peak values increasing from ⇠10
to 38% with � from 0.2 to 0.6. The shape and spatial variation of P(w) for CH4 differed
substantially from the oxygenated fuels, yet the increase in peak value was approximately
maintained (5 – 27%). The probability tail showed a nearly linear decay for CH4 compared
to an exponential decay for DME and EtOH. The phenomena was repeatable [37] and was
qualitatively also observed by Shen and Sutton [78]. For Da > 1.0, the peak of P (w)

reduced in favour of a gradual transition to the strongly reacting fluid – particular evident
for DME. The weakly reacting fluid probability was only modestly reduced for EtOH and
CH4, which indicated the distinct need of thermal support to initiate and sustain chemical
activity under current turbulence conditions.

The strongly reacting fluid probabilities P (s) are also depicted in Fig. 4. At Da ⌧

1 (i.e. � = 0.20) self–sustained combustion was not observed. With Da of O(1) at � =
0.60 peak probabilities of P (s)  20% were obtained. The stoichiometric flames showed
a substantial increase in the strongly reacting fluid for DME and EtOH and a modest in-
crease for CH4, realising peak probabilities of 72, 47 and 25%, respectively. The trend is
consistent with the determined laminar flame extinction points listed in Table 4.

3.2.2 Burnt Gas Effect on Multi-Fluid Probabilities

The low temperature reactive (LTR) fluid is depicted in the top of Fig. 5. The peak proba-
bility of the presence of formaldehyde directly adjacent to the reactants was 92% for THCP

= 1600 K and reduced gradually to 48% for THCP = 1200 K. The probability was grad-
ually reduced away from the origin with increasing THCP as more reactive fluid states
were favoured. The spatial extent of the low temperature reactive fluid at high THCP

was effectively limited by the integral length scale of turbulence (LI ) as formaldehyde
was consumed by high temperature reactions (e.g. CH2O ⇥ OH). By contrast, the tail
of the LTR probability extended to 2·LI for low THCP . This was attributed to turbulent
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transport away from the reaction onset as the thermochemical state favoured a persistent
CH2O concentration. The probability of the heat release fluid (i.e. CH2O ⇥ OH cross-
correlation) is depicted in the middle of Fig. 5. Peak probabilities of 11 and 34% were
determined for THCP = 1500 and 1600 K, respectively, with a peak value around 5% for
lower THCP . The latter suggests that high temperature chain branching reactions were
not triggered effectively. The peak location at THCP = 1600 K was xs/LI ' 0.25 and
shifted away from the reaction onset to xs/LI ' 1.0 at THCP = 1500 K. The second was
attributed to turbulent mixing of the LTR fluid with the OH containing HCP resulting in a
spatially distributed heat release zone. By contrast, the former case exhibited relatively thin
formaldehyde layers that were quickly consumed by OH in exothermic reactions. The high
temperature reactive fluid (i.e. the combined weakly and strongly reacting fluid) was only
evident for THCP = 1600 K with a peak probability of ⇠7.3% at xs/LI ' 0.5. The spatial
extent was limited to 1.5 LI , which can be attributed to dilatation. By contrast, Hampp
and Lindstedt [22, 21] showed the presence of high temperature reactive fluids (i.e. distinct
[OH] levels) in an ultra-lean (� = 0.20) DME/air flame supported at THCP = 1700 K. The
comparison illustrates the importance of the external enthalpy source to the burning mode
and reaction progress at low Da.

3.3 Fuel Effects on Conditional Velocity Statistics

The impact of fuel reactivity on the flow field was further analysed using conditional multi-
fluid velocity statistics. The data were conditioned on the SPS and aligned at xs = 0. The
mean conditional velocities and turbulent fluctuations were normalised by the mean axial
reactant fluid at the nozzle exit, see Table 5. A minimum of 75 vectors was used for the
statistical analysis with a maximum change of 10% in the fluctuations within the last 20%
of the sample. The reactant nozzle exit velocity was defined as negative and the counter
flowing HCP as positive, see Fig. 1.

3.3.1 Conditional Reactant Fluid Velocity

The conditional mean axial reactant fluid velocities (U0,r / Ur,NE) are depicted, along
with the axial (u0

0,r/Ur,NE) and radial (v00,r/Ur,NE) fluctuations in Fig. 6. No distinct
differences were observed between the fuels for Da ⌧ 1. The impact of differences in
the combustion chemistry became evident for the cases with � = 0.60. The higher fuel
reactivity of DME promoted an advanced reaction onset and flame detachment from the
stagnation plane. The mean velocity at xs = 0 (the location of reaction onset) was in
line with the natural reactant flow direction with U0,r = -0.6 m s�1. By contrast, U0,r '

0.2 m s�1 for EtOH and CH4 indicating a HCP dominated reaction onset. With increasing
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Da (i.e. � = 1.0), the reaction onset shifted further upstream towards the UN with elevated
U0,r = -2.4, -2.0 and -1.0 m s�1 for DME, EtOH and CH4, respectively. The modest
difference between DME and EtOH is consistent with the increased strain resilience of
DME and thus the reduced frequency of local extinctions. The trends are also consistent
with the normalised mean velocity (u⇤/u0) at the leading flame edge, shown in Table 5,
with no fuel chemistry effect apparent for Da ⌧ 1 where u⇤ = 2.7 as for the � = 0

mixing layer. For the DME case at � = 0.60 u⇤/u0 increased to 2.9, while the EtOH and
CH4 remained mixing dominated with 2.7. For the stoichiometric cases, a further increase
to 3.4 and 3.0 was observed for DME and EtOH. However, the reaction progress of the
CH4 remained governed by the HCP. The axial and radial reactant fluid fluctuations were
reduced with increasing �, consistent with the gradual detachment of the reaction onset
from the stagnation plane.

Reactant fluid pockets were observed at xs > 0 with a probability  7% due to frag-
mentation or three dimensional effects. The probability was independent of the mixture
reactivity and fuel type [21, 45]. However, significant differences in the preferential flow
alignment of these pockets were observed. For Da > 1.0, i.e. DME with � � 0.6 and
EtOH/CH4 with � = 1.0, an alignment of U0,r / Ur,NE with the natural reactant flow
direction was observed. This was attributed to an interlayer that consisted of a highly
exothermic fluid state (e.g. strongly reacting fluid) with distinct dilatation [21]. By con-
trast, the convective direction of the reactant fluid pocket was governed by turbulent mixing
across the stagnation plane for Da < 1. Reactant fluid pockets aligned with the reactant
fluid flow exhibited significantly (> 50%) reduced axial and radial fluctuations.

3.3.2 Conditional Mixing Fluid Velocity

The conditional mean (U0,m / Ur,NE) and fluctuating (u0
0,m / Ur,NE and v

0
0,m / Ur,NE)

mixing fluid velocities, see Fig. 7, were governed by the HCP momentum (i.e. positive
values) and independent of the fuel reactivity for Da  1 (i.e. DME � = 0.20; EtOH and
CH4 �  0.60). By contrast, for DME at � = 0.60 reduced U0,m / Ur,NE and fluctuation
levels were observed. The mean axial mixing fluid velocity of the stoichiometric DME and
EtOH cases were in line with the UN reactant flow direction at xs = 0, while the CH4 flame
remained strongly affected by the HCP stream. The distinctly reduced reactivity of CH4

led to a need for higher mixture temperatures (and HCP blending quantities) that governed
U0,m / Ur,NE . Minimum HCP blending fractions of 10, 20 and 35% were estimated for
the mixture temperature to exceed the auto-ignition limits for DME, EtOH and CH4 [45].
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3.3.3 Conditional Weakly Reacting Fluid Velocity

The conditional mean axial weakly reacting fluid velocities (U0,w / Ur,NE) and its axial
(u0

0,w / Ur,NE) and radial (v00,w / Ur,NE) fluctuations are depicted in Fig. 8. For flames
with Da < 1, the U0,w / Ur,NE were nearly identical for all fuels. The U0,w / Ur,NE of
DME at � = 0.60 separated from the EtOH and CH4 cases and was in line with the UN
reactant flow at xs = 0, i.e. negative values. The attenuated axial velocity fluctuations were
attributed to reduced HCP blending fractions and thus enhanced dilatation. The weakly
reacting fluid velocity of the stoichiometric DME and EtOH cases coincided and showed
reduced fluctuation levels compared to CH4. The delayed separation of the reaction onset
from the stagnation plane, the continuous requirement for substantial HCP support and,
consequently, the attenuated dilatation effect of the weakly reacting fluid for CH4 mixtures
suggests a strong influence of the fuel reactivity. The pronounced low temperature reactiv-
ity [79] of DME caused advanced dilatation that was readily apparent for Da ' 1. Overall,
the trends of weakly reacting fluid velocities were similar to the mixing fluid velocities, yet
the absolute values were consistently higher.

3.3.4 Conditional Strongly Reacting Fluid Velocity

Self-sustained burning was not realised for any fuel with � = 0.2 under the current condi-
tions. For � = 0.6 the conditional strongly reacting fluid mean velocity (U0,s / Ur,NE) for
DME (Da = 1.2) case was distinctly lower compared to EtOH (Da = 1.0) and CH4 (Da

= 0.44). For DME the value of U0,s / Ur,NE was distinctly lower than the corresponding
weakly reacting fluid velocity while EtOH and CH4 flames did not show a distinct differ-
ence. The DME case further exhibited distinctly reduced (50%) axial velocity fluctuations.
For the stoichiometric flames with Da > 1 the discrepancies between DME and EtOH
vanished and similar values of U0,s / Ur,NE were obtained due to self-sustained flames
detached from the stagnation plane. The finding is consistent with the similar heat release
parameters ⌧ = (Tad�Tr)/Tr = 6.1 versus 5.9 and conventional burning properties (e.g. SL

= 0.50 versus 0.46 m s�1) for DME and EtOH at � = 1.0, respectively.
However, the likelihood of self-sustained combustion differed for DME and EtOH as

shown in Fig. 4. The slightly more negative U0,s / Ur,NE for the stoichiometric DME flame
can be explained by the differences in u⇤/u

0 and more pronounced detachment of the flame
from the stagnation plane. By contrast, the CH4 flames showed a reduced detachment and
were consequently subjected to a higher rate of strain as discussed below. The strongly
reacting fluid velocity was accordingly more influenced by the HCP leading to reduced
dilatation away from the origin (i.e. xs/LI > 0.5). This led to substantially increased axial
and radial fluctuations for CH4.
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3.4 Fuel Effects at Similar Damköhler Numbers

The DME flame with � = 0.60 (Da = 1.2) and an additional CH4 case featuring � =
0.80 (Da = 1.5) provided a comparison of two flames with similar and close-to unity
Damköhler numbers. The two cases, however, featured distinctly different auto-ignition
delay times (factor of ⇠ 50) with the minimum for fresh reactants in contact with the HCP
at 1700 K determined to be 9.3 and 426 µs for DME and CH4, respectively [45]. Com-
parisons are shown in Figs. 10 and 11. Strong similarities in the multi-fluid probabilities
and the multi-fluid conditional velocities were evident. The reactant, mixing and strongly
reacting fluid probabilities agreed well. The difference in the weakly reacting fluid proba-
bility is consistent with the shorter auto-ignition delay for the DME mixture.

The mean conditional reactant fluid velocities agreed well as shown in Fig. 11. By
contrast, the lower (i.e. alignment with the UN reactant flow) mixing and weakly reacting
fluid velocity for DME again suggested reduced HCP blending fractions consistent with
the different auto-ignition characteristics. The larger negative conditional strongly reacting
fluid velocity at xs = 0 and enhanced dilatation at xs > 0 for the CH4 flame is consistent
with the higher heat release of the closer to stoichiometric flame.

3.5 Conditional Strain Distribution on Material Surfaces

The in-plane rate of strain and vorticity were calculated from the instantaneous PIV data
based on Eq. (5).

eij =
1
2
@ui
@xj

+ @uj

@xi
!ij =

@ui
@xj

�
@uj

@xi
f = R · e (5)

The strain rate tensor was rotated by ⇥, where R is the rotation matrix and ⇥ is the an-
gle between the iso-contour normal and the SPS. This defined the normal (an = f11) and
tangential (at = f22) strain components that were further, along with the vorticity, con-
ditioned on the fluid state material surfaces (�) [22]. In addition, the total rate of strain
(ad|� = e�,11 + e�,22) is listed in Table 6. The analysis was conducted within ± LI /2
radially away from the SPS to include the movement of the stagnation point [38].

3.5.1 Fuel Effects on Conditional Strain Distribution

Strain Distribution along the Reactant Fluid Surfaces
The normal strain evaluated along the reactant fluid iso-contour is depicted in Fig. 12. In
the following, only mean values are discussed with the rms spread listed in Table 6. The
mean normal compressive strain at � = 0.20 was fuel independent with an|R = -1500 ±

50 s�1 as the reaction onset was dominated by the mixing of HCP. The fuel dependency
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becomes apparent as Da increased. The mean an|R for DME reduced by 70% from -1550
to -480 s�1 for 0.1 < Da < 5.1. By contrast, the corresponding rate of strain for the
methane cases (0.1 <Da < 2.1) reduced by 18% towards lower compressive strain, while
an|R for EtOH experienced an attenuation of 58% (0.1 < Da < 4.4). The reduction of
the an|R indicated a gradual detachment of the first thermal alternation iso-contour from
the stagnation plane with increasing Da that was further in line with the increase in u⇤. At
high Da, the iso-contour was anchored in regions with a relatively high axial velocity, but
low compressive strain, which is characteristic for a reaction onset driven by self-sustained
burning. The upstream shift of the reactant fluid material surface further resulted in re-
duced levels of extensive tangential strain and a strong attenuation in conditional vorticity
levels of the order of 50% as listed in Table 6. By contrast, an|R for CH4 suggested no
clear spatial separation of the reactant fluid surface from the stagnation plane. This caused
a modest increase (< 10%) of at|R and a modest reduction (⇠13%) !|R with increasing
�. The earlier transition of DME and EtOH to strongly dilating fluid states, compared to
CH4, was also reflected in the total rate strain. For � = 0.2, ad|R = -760 ± 21 s�1 and was
only modestly affected by the fuel reactivity. By contrast, the reactant fluid iso-contours of
the stoichiometric DME and EtOH cases was situated in regions of extensive total rates of
strain (ad|R ' 320 and 190 s�1 respectively), while the corresponding CH4 iso-contour
was found in compressive strain regions with ad|R = -420 s�1. It can further be noticed
that the DME and EtOH showed strong similarities, while CH4 showed a broadened PDF
that was attributed to a pulsating burning mode that was previously observed at reduced
Ret by Mastorakos et al. [80] amongst others. Moreover, while the DME and EtOH cases
with Da > 1 showed a clear reduction of an with increasing � compared to the mixing
cases (i.e. air with � = 0.0), the CH4 cases showed strong similarities with the latter for
all stoichiometries. The rates of strain conditioned upon the mixing fluid material surface
showed similar trends with values listed in Table 6.

Strain Distribution along Chemically Active Fluid Surfaces
The strain distribution along the weakly reacting material surface (a|W ) is depicted in
Fig. 13. The compressive normal strain was relatively fuel and equivalence ratio indepen-
dent at Da  1 with an|W = -1260±70 s�1. At high Da (i.e. stoichiometric cases), the
EtOH case showed a reduced normal compressive strain compared to DME, while CH4

exhibited an increased compressive strain. No distinct fuel related trends were evident for
the total rate of strain. However, ad|W showed a attenuated contracting strain with in-
creasing � for all fuels due to increased heat release. The conditional vorticity levels were
consistently similar to the values found in the proximity of the stagnation plane (!|W
= 2400±370 s�1). The absence of clear fuel dependent trends suggested a strong HCP
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influence with the accompanying modest heat release at high dilution ratios. This is con-
sistent with the findings of Chakraborty and Swaminathan [81] that showed a lack of flow
alignment for low Da flows with reduced heat release.

The strongly reacting fluid iso-contour was situated in low compressive strain (an|S)
regions, as depicted in Fig. 14, with an|S approximately 18% and 40% lower than the
corresponding strain acting on the weakly reacting fluid for � = 0.6 and 1.0, respectively.
The modestly higher an for DME compared to EtOH (i.e. -700 s�1 versus -420 s�1) at � =
1.0 is consistent with the increased resilience of DME to strain [30]. Self-sustained DME
flames accordingly existed in regions where EtOH flames were extinguished or relied on
thermal support to a greater extent. This is also consistent with the reduced an|W of the
stoichiometric EtOH flame discussed above. The methane flame remained located in the
proximity of the stagnation plane with a compressive strain of -970 s�1. Overall, the mean
an|S reduced by 30, 60 and 5% with increasing � for DME, EtOH and CH4.

The extensive tangential rate of strain remained approximately constant at at|S (670
± 66 s�1) for all cases (see Table 6) as increases in dilatation were balanced by the detach-
ment from the stagnation plane. The total rates of strain showed a shift from contracting
(ad|S = -400 s�1) to dilating strain (240±40 s�1) with increasing � for DME and EtOH.
A distinct reduction (⇠ 70%) in ad|S was evident for CH4. The PDF spread for an|S

and at|S at � = 0.6 was within 8% of weakly reacting fluid for all fuels. By contrast, the
spread for the stoichiometric cases was 15% lower than that of the weakly reacting fluid.
The reduction was attributed to an iso-contour governed by conventional flame propaga-
tion rather than turbulent mixing. This is consistent with the vorticity (!|S) reduction of ⇠
15% and ⇠ 30% compared to !|W at � = 0.6 and 1.0, respectively. The less pronounced
strain reduction for the CH4 cases was caused by the delayed onset of self-sustained flame
propagation.

3.5.2 Burnt Gas Effect on Conditional Strain Distribution

The rate of strain along the reactant fluid iso-contour was only modestly affected by the
THCP variation. The mean normal compressive (an|R), tangential (at|R) and total (ad|R)
strain and vorticity (!|R) were -1070 ± 158 s�1, 419 ± 34 s�1, -681 ± 100 s�1 and -668
± 114 s�1, respectively, with the PDF shapes maintained. A data summary is provided in
Table 7.

Strain Distribution along the Low Temperature Reacting Fluid Surfaces
The conditional strain and vorticity along the low temperature reacting fluid material sur-
face is depicted in Fig. 15. The mean values of PDF(an|LTR) and PDF(at|LTR) in-
creased more than twofold from -568 < an|LTR (s�1) < -1451 and 205 < at|LTR (s�1)
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< 484 for 1200 < THCP (K) < 1600. The skewness of the PDFs(an|LTR) towards re-
duced compressive strain increased with decreasing THCP with a mode shift from -1280 to
-440. The spread was reduced by 22% from 1804 to 1410 s�1. The PDFs(at|LTR) were
less skewed towards reduced extensive strains. The mean vorticity increased significantly
with THCP . The elevated skewness towards reduced normal and tangential strain with
lower THCP was attributed to the quenching of CH2O in higher strain regions. At THCP

= 1600 K formaldehyde was quickly consumed and appeared in relatively thin layers.

Strain Distribution along the Heat Release Fluid Surfaces
The rate of strain on the heat release surface is depicted in Fig. 16. The mean PDF (an|HR)
increased twofold from -975 < an|HR (s�1) < -1635 with increasing THCP and exhibited
a mode shift from -900 to -1560 s�1. The rms increased by ⇠ 20% with THCP . The mean
tangential strain increased at a similar rate to the PDFs(at|LTR), while absolute values
were on average ⇠20% higher. The latter was attributed to the enhanced dilatation. For
THCP  1400 K the heat release fluid was found in low strain pockets within the mixing
layer of the stagnation plane. The vorticity levels were > 30% below corresponding reac-
tant values. By contrast, at THCP � 1500 K the heat release may occur in flamelet–like
layers that survived elevated rates of strain. The high temperature reactive fluid was sta-
tistically relevant only for THCP = 1600 K. The mean normal compressive and tangential
strains were -1975±2150 s�1 and 593±1390 s�1, respectively.

4 Conclusions

Work performed under award FA9550-17-1-0021 has clarified a number of critical aspects
associated with burning mode transitions in turbulent fuel lean to stoichiometric premixed
turbulent flames. The study has included the use of DME and EtOH due to their pro-
foundly different combustion characteristics and the need to establish the level of impact
of different oxidation pathways in an unambiguous manner. The fuels are isomeric forms
(CH3-O-CH3 and CH3-CH2-OH) with the same elemental composition (H6C2O) and ef-
fectively the same transport properties. The work has provided the basis for the introduc-
tion of increasingly complex hydrocarbons leading up to aviation fuels, such as JP-10 [19],
that highlight additional chemical complexities. The probabilities of encountering multi-
ple fluid states, conditioned on the reaction onset iso-contour, were used to quantify the
impact of the combustion chemistry with a more rapid transition to chemically active fluid
states and self-sustained burning evident for DME due to its lower auto-ignition temper-
ature and higher resilience to strain. This caused the flame to be anchored in regions of
higher reactant fluid velocities for Da numbers around unity. By contrast, the transition
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from supported to a self-sustained flame propagation was delayed for EtOH and distinctly
so for CH4. The greater strain resilience of DME led to a slightly higher compressive
strain along the iso-contours of chemically active fluid material compared to EtOH, while
the further reduced reactivity of methane resulted in burning close to the stagnation plane
and hence in regions characterised by high strain and vorticity levels. The results accord-
ingly show that there is a significant influence of the type of fuel used on the transition
towards distributed combustion.

The multi-fluid probabilities further show that the aligned extent of the reaction zone
is typically less than two integral length scales of turbulence. Inside the reaction zone, the
probability of finding intermediate fluid states (i.e. beyond bimodal statistics) was found
to be strongly fuel and Da number dependent with values exceeding 90% for Da  1. A
distinct impact of the fuel reactivity and ease to ignition was also observed in the weakly
reacting fluid velocities, characteristic of combustion supported by the counterflowing hot
combustion products (HCP), with an advanced reaction onset and stronger pronounced di-
latation observed for DME. The corresponding EtOH cases showed attenuated dilatation
and a delayed reaction onset. Both phenomena were much more distinct for CH4 and can
partly be attributed to delayed auto-ignition facilitating higher HCP addition rates. A com-
parison at identical Lewis number for DME and EtOH, further highlights the importance
of the overall combustion chemistry in turbulent reacting flows. The chemistry differences
caused large changes in conditional velocity statistics and the impact was hence not subtle.

The work has further shown that increasing thermal support temperatures close to or
higher than the adiabatic flame temperature gradually favoured flamelet–like structures.
The latter were characterised by steep scalar gradients, thin CH2O layers and a sequential
occurrence of preheat, heat release and high temperature flame zones. Such reaction zones
survived relatively high rates of strain. However, the overall likelihood remained compar-
atively low (i.e. ⇠30%) under the conditions reported here. By contrast, reduced enthalpy
support (lower THCP ) led to a spatial distribution of low temperature reactive zones with
significantly reduced species gradients and peak levels. Significant high temperature chain
branching (i.e. distinct OH levels) was not observed for THCP  1400 K. The spatially
distributed heat release (cf. the cross-correlation of CH2O ⇥ OH) for thermally supported
burning occurred within the HCP. In comparison to the low temperature reactive fluid,
the underlying normal strain increased due to the proximity to the stagnation plane, while
the increase in extensive tangential strain was attributed to dilatation. The burning mode
and the reaction progress of low Da reacting flows is strongly dependent on the thermo-
chemical state of the external enthalpy source. Consequently, the data are expected to be
particularly valuable for the development and validation of numerical models that aim to
delineate combustion processes that operate in the absence of distinct flame fronts and
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where reaction progress may be dominated by an external enthalpy source.
In summary, it has been shown that low Damköhler numbers lead to a separation of

reaction zones and flame structures that are distinctly different from those associated with
burning in the flamelet regime of combustion. The work further suggests that turbulent
mixing of separated reaction zones can be expected to become of significant importance
and merits further investigation. It has also been shown that conventional combustion
regime diagrams are inadequate, that auto-ignition based combustion may become a feature
and that corresponding Damköhler number definitions are required. Autoignition based
combustion regimes are dominant in augmentors, may become dominant in advanced gas
turbines, due to high preheat and pressure, and are in need of further quantification.
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6 Nomenclature

Roman Letters
a Rate of strain [s�1].
c Reaction progress variable [–].
c Progress variable; Instantaneous conditioning variable [–].
D Burner nozzle diameter [m].
Da Conventional Damköhler number [–].
Daai Turbulent auto–ignition Damköhler number [–].
dp,x Al2O3 particle diameter x% [m].
e Strain rate tensor [s�1].
f Rotated strain rate tensor [s�1].
H Burner nozzle separation [m].
I Experimental fluorescence signal intensities [–].
I
‡ Reference signal intensity [–].

Ka Conventional Karlovitz number [–].
[k] Theoretical concentration of species k [mol m�3].
L⌘ Kolmogorov length scale [m].
L� Taylor microscale [m].
LI Integral length scale of turbulence [m].
M Mixing fluid material surface [–].
N Total number of images [–].
n Instantaneous image [–].
n̂ Unit vector of the iso-contour normal [–].
Q̇ Heat release rate [W m�3].
Re Reynolds number [–].
Re� Reynolds number based on Taylor scales [–].
Ret Turbulent Reynolds number [–].
R Reactant fluid material surface [–].
R Rotation matrix [–].
S Strongly reacting fluid material surface [–].
SL Laminar burning velocity [m s�1].
ŝ Unit vector of the streamline tangent [–].
T Temperature [K].
Tad Adiabatic flame temperature [K].
Tai Auto–ignition temperature [K].
THCP Hot combustion product temperature [K].
Tr Reactant temperature [K].
U Flow velocity [m s�1].
U Mean unconditional axial velocity [m s�1].
U... Mean conditional axial velocity [m s�1].
u Axial velocity component [m s�1].
u⇤ Leading edge velocity [m s�1].p
u02 Unconditional axial velocity fluctuation [m s�1].p
u02
··· Conditional axial velocity fluctuation [m s�1].

urms Root mean square velocity fluctuation [m s�1].
V̇... Volumetric flow rate [m3 s�1].
v Radial velocity component [m s�1].p
v02 Unconditional radial velocity fluctuation [m s�1].
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p
v02··· Conditional radial velocity fluctuation [m s�1].

W Weakly reacting fluid material surface [–].
x Axial coordinate [m].
xs Distance from origin of first thermal alteration [m].
y Radial coordinate [m].

Greek Letters
� Material surface iso-contour [–].
�f Laminar fuel consumption layer thickness [m].
�l Distance between the flame edge and the stagnation plane [m].
"r Rate of dissipation in the reactants [m2 s�3].
⇤ Threshold value [–].
�B Batchelor scale [m].
�D Mean scalar dissipation layer thickness [m].
�MF Multi–fluid spatial resolution [m].
�PIV PIV spatial resolution [m].
⌫r Reactants kinematic viscosity [m2 s�1].
� Equivalence ratio [–].
⇥ Angle of rotation [�].
⌧c Chemical timescale [s].
⌧⌘ Kolmogorov timescale [s].
⌧ai Auto–ignition delay time [s].
⌧I Integral timescale of turbulence [s].
! Vorticity [s�1].

Subscripts
0 Alignment at the origin; Initial value.
� Dependency on equivalence ratio.
‡ Reference value.
BTB Back–to–burnt configuration.
b Bulk flow motion.
d Total.
FS Fluid state.
I Integral scale; Turbulent.
HCP Hot combustion products.
i, j Pixel index.
k Velocity component.
LN Lower nozzle.
m Mixing fluid.
NE Nozzle exit.
n Instantaneous image; Normal component.
p Product fluid.
q Extinction conditions.
r Reactant fluid.
s Strongly reacting (flamelet) fluid.
T Turbulent.
t Tangential component.
UN Upper nozzle.
w Weakly reacting fluid.
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7 Tables

Tab. 1: Experimental Conditions for the upper nozzle fuel and equivalence ratio variation.
FBA – Flash Back Arrestor, FSM – Flame Stabilising Mesh; Dil. – Dilution; NL –
Nozzle Length; Cross Fractal Grid (CFG) [22]. V̇ is the volumetric flow rate, Ub is
the bulk velocity, Tr is the reactant temperature and Re and Ret are the bulk and
turbulent Reynolds number.

UN Conditions LN Conditions
Unburnt Reactants Hot Combustion Products

V̇UN 7.07⇥10�3 m3 s�1 (293 K) V̇LN 3.10⇥10�3 m3 s�1 (293 K)
Ub,UN 11.2 m s�1 (320 K) Ub,LN 24.0 m s�1 (1700 K)
Fuel DME, EtOH, CH4 Fuel H2

�UN 0.0 – 1.0 �LN 1.0
Tr 320 K TLN 1700 K
Grid CFG Grid FBA and FSM
NL 50 mm NL 100 mm
Re ⇠ 19,550 Dil. 22% by volume of CO2

Ret ⇠ 361
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Tab. 2: Lower nozzle conditions for the THCP variation with the reactant mole frac-
tions (X) (the missing percentile accounts for air), heat loss (HL) to the
burner, equilibrium OH concentration at the nozzle exit ([OH]‡

T
) and HCP

bulk velocity at the nozzle exit (UHCP ) and T0 = 310 K.

THCP ⇥ 103 [K] 1.20 1.30 1.40 1.50 1.60
� – 0.30 0.38 0.43 0.51 0.62
X(H2) ⇥ 10�2 – 8.8 9.7 7.6 6.9 6.7
X(CH4) ⇥ 10�2 – 0.61 1.1 2.2 3.1 4.1
HL [%] 7.2 8.7 9.2 9.3 8.9
[OH]‡

T
⇥ 10�3 [mol m�3] 7.38 8.40 8.89 9.72 10.8

UHCP [m s�1] 22.7 23.4 24.1 24.6 25.1

Tab. 3: Comparison of calculated and experimental extinction points at � = 0.8 and 1.0.
DME and EtOH extinction points were determined in a back to inert gas geome-
try [31] and the CH4 flames in a twin geometry [56].

Fuel DME EtOH CH4

� – 0.80 1.0 0.80 1.0 0.80 1.0
Calc. aq s�1 550 1000 350 780 1300 1700
Exp. aq s�1 515 950 365 770 1230 1680

Tab. 4: Twin flame extinction point conditions for premixed fuel/air twin flames, where
aq is the extinction strain, Tq the peak temperature at the extinction point,
[OH]q/[OH]‡ is the normalised peak OH concentration at extinction and

R
Q̇q is

the integrated heat release rate at the extinction point.

Fuel DME EtOH CH4

� – 0.60 1.0 0.60 1.0 0.60 1.0
aq s�1 600 3100 500 2600 600 2000
Tq K 1555 1760 1524 1753 1554 1879
[OH]q/[OH]‡ – 3.5 5.8 3.0 5.4 3.2 4.5R
Q̇q MW m�2 0.28 0.81 0.32 0.74 0.25 0.65
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Tab. 5: Summary of turbulent and chemical conditions to derive the turbulent Reynolds,
Damköhler and Karlovitz numbers for DME, EtOH and CH4 at varying � and low
strain rate (a = 75 s�1). � is the equivalence ratio, SL is the laminar burning ve-
locity, �f is the laminar flame thickness, Tad is the adiabatic flame temperature, ⌧c
is the chemical timescale, ⌫r is the kinematic viscosity, Sc is the Schmidt number,
u
0 is the axial velocity fluctuation and Ur,NE is the mean axial reactant velocity

1 mm away from the UN exit, urms is the rms velocity fluctuation, LI and L⌘

are the integral and Kolmogorov length scale of turbulence, ⌧I and ⌧⌘ are the inte-
gral and Kolmogorov timescale, u⇤ is the mean velocity at the leading edge, Ret

the turbulent Reynolds number, Da the Damköhler number and Ka the Karlovitz
number. The reactant temperature was Tr = 320 K and the turbulence conditions
were evaluated within the reactants.

Fuel – DME EtOH CH4 Air
� – 0.20 0.60 1.0 0.20 0.60 1.0 0.20 0.60 1.0 0.0
SL m s�1 0.04 0.21 0.50 0.04 0.17 0.46 0.04 0.15 0.39 –
�f mm 1.3 0.46 0.24 1.4 0.55 0.26 1.7 0.85 0.44 –
Tad/Tr – 2.8 5.5 7.2 2.8 5.5 7.2 2.7 5.3 7.0 –
⌧c ms 33 2.2 0.48 36 2.9 0.57 41 5.7 1.1 –
⌫r⇥106 m2 s�1 17.5 17.0 16.5 17.5 17.0 16.5 17.8 17.9 18.0 17.9
Sc – 0.72 0.73 0.73 0.72 0.73 0.73 0.74 0.76 0.78 0.72
u
0 m s�1 1.7 1.8 1.7 1.6 1.6 1.9 1.9 1.9 1.9 1.7

Ur,NE m s�1 9.3 10 10 9.8 9.5 10 9.3 9.3 9.1 10
urms m s�1 1.6
LI mm 3.9 ± 0.2
⌧I ms 2.4
L⌘ µm 48
⌧⌘ µs 135 ± 2
u⇤/u0 – 2.7 2.9 3.4 2.7 2.7 3.0 2.7 2.7 2.7 2.7
�l/LI – 0.42 0.86 1.0 0.17 0.50 0.93 0.23 0.33 0.70 0.23
Ret – 357 367 378 356 367 378 351 349 347 349
Da – 0.08 1.2 5.1 0.08 1.0 4.4 0.06 0.44 2.1 –
Ka – 244 16 3.7 255 22 4.3 300 42 8.0 –
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Tab. 6: Summary of normal (an), tangential (at) and total (ad) strain as well as vorticity (!)
conditioned upon the material surfaces (�) for non-reacting (Air) and combusting
mixtures of DME, EtOH and CH4 at varying �. Listed is the mean and spread of
the respective PDFs. R – reactants; M – mixing; W – weakly reacting; S – strongly
reacting fluid.

� Fuel � Mean Spread (rms)
an at ad ! an at ad !

R Air 0.0 -1550 1040 -780 2810 1170 1040 1000 1790
R DME 0.2 -1530 830 -760 2740 1170 1020 950 1740
R EtOH 0.2 -1450 1150 -730 2850 1170 1200 950 2010
R CH4 0.2 -1450 560 -760 2550 1750 1170 1240 2650
R DME 0.6 -1190 780 -480 2270 1020 870 890 1580
R EtOH 0.6 -1290 1050 -650 2520 1110 1150 920 1990
R CH4 0.6 -1370 570 -650 2470 1740 1130 1230 2650
R DME 1 -480 720 320 1390 880 640 810 1300
R EtOH 1 -610 680 190 1460 1020 710 920 1540
R CH4 1 -1190 600 -420 2230 1660 1050 1360 2450
M Air 0.0 -1490 830 -670 2670 1250 1030 1070 1840
M DME 0.2 -1740 890 -850 3030 1280 1120 990 1850
M EtOH 0.2 -1470 890 -690 2740 1220 1120 990 1970
M CH4 0.2 -1490 660 -750 2670 1710 1260 1300 2640
M DME 0.6 -1340 870 -520 2530 1140 980 960 1710
M EtOH 0.6 -1410 900 -570 2620 1210 1060 1000 1960
M CH4 0.6 -1620 660 -750 1840 1820 1200 1290 2700
M DME 1 -610 710 430 1510 1050 690 940 1560
M EtOH 1 -560 770 90 1580 1100 870 990 1770
M CH4 1 -1620 670 -730 2860 1940 1200 1510 2750
W DME 0.2 -1290 560 -870 2430 1030 970 940 1660
W EtOH 0.2 -1240 830 -670 2590 1090 1020 970 1850
W CH4 0.2 -1370 610 -870 2850 1440 1260 1340 2450
W DME 0.6 -1200 690 -560 2310 1020 910 930 1540
W EtOH 0.6 -1250 1130 -570 2870 1140 1180 970 2020
W CH4 0.6 -1190 530 -630 2420 1480 1170 1140 2450
W DME 1 -1150 1030 -220 2480 1160 780 1050 1660
W EtOH 1 -820 820 40 1940 1130 900 1060 1800
W CH4 1 -1430 530 -710 2730 1500 1120 1260 2310
S DME 0.6 -990 610 -400 2000 980 870 950 1520
S EtOH 0.6 -1030 790 -400 2290 1160 1080 1010 1990
S CH4 0.6 -1030 570 -450 2230 1430 1160 1150 2410
S DME 1 -700 830 180 1770 1020 680 1000 1440
S EtOH 1 -420 570 240 1220 900 710 930 1420
S CH4 1 -970 570 -140 2080 1390 1000 1220 2140
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Fig. 1: Schematic of experimental configuration. Unreacted premixed fuel/air is intro-
duced in the upper nozzle (UN) stabilised by hot combustion products (HCP) from
a stoichiometric H2/CO2/air flame in the lower nozzle (LN). CFG – Cross Fractal
Grid, FBA – Flash Back Arrestor, FSM – Flame Stabilising Mesh.

Distribution A Distribution Approved for Public Release: Distribution Unlimited 



8 Figures 47

10
-1

10
0

10
1

10
2

10
3

10
-1

10
0

10
1

10
2

10
3

Distributed reaction zones

Wrinkled
flamelets

Corrugated
flamelets

Thin reaction
zones

Laminar
flame

Fig. 2: Combustion regime transitions of DME, EtOH and CH4 visualised in a Borghi
diagram for varying �. Empty symbols are the DME cases, filled EtOH and grey
CH4. �: � = 0.2, .: � = 0.6, ⇤: � = 1.0.
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Fig. 3: Instantaneous quinary multi-fluid field for DME / air at � = 0.60 with THCP =
1700 K truncated around the stagnation point. Vertical white/black arrows show
the theoretical stagnation point streamline (SPS). Interfaces are defined by the in-
tersection of the SPS and material surfaces (white iso-contours). Reactants (light
blue); Mixing (blue); Weakly reacting (orange); Strongly reacting (red); Products
(green). The magenta arrow shows the xs origin.
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Fig. 4: Multi-fluid probability (P) statistics for DME, EtOH and CH4 combustion with
varying � along the stagnation point streamline with data aligned at the xs = 0 iso-
contour. Top row: Mixing fluid probability (P (m)); Middle row: Weakly reacting
fluid probability (P (w)); Bottom row: Strongly reacting fluid probability (P (s));
First column: � = 0.20; Second column: � = 0.60; Third column: � = 1.0.
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Fig. 5: Multi-fluid probability statistics along the SPS and aligned at xs = 0. Low
temperature reactive (top), heat release (middle) and high temperature reac-
tive fluid (bottom). Legend: THCP in [K].
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Fig. 6: Conditional mean axial reactant fluid velocity and the axial and radial fluctuation
for DME, EtOH and CH4 at varying � evaluated along the stagnation point stream-
line and aligned at xs = 0. The dotted line indicates the mixing case (i.e. air with
� = 0.0) for reference. Top row: U0,r / Ur,NE ; Middle row: u0

0,r / Ur,NE ; Bottom
row: v00,r / Ur,NE ; First column: � = 0.2; Second column: � = 0.6; Third column:
� = 1.0.
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Fig. 7: Conditional mean axial mixing fluid velocity and the axial and radial fluctuations
for DME, EtOH and CH4 at varying � evaluated along the stagnation point stream-
line and aligned at xs = 0. The dotted line indicates the mixing case (i.e. air with �
= 0.0) for reference. Top row: U0,m / Ur,NE ; Middle row: u0

0,m / Ur,NE ; Bottom
row: v00,m / Ur,NE ; First column: � = 0.2; Second column: � = 0.6; Third column:
� = 1.0.
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Fig. 8: Conditional mean axial weakly reacting fluid velocity and the axial and radial fluc-
tuations for DME, EtOH and CH4 at varying � evaluated along the stagnation point
streamline and aligned at xs = 0. Top row: U0,w / Ur,NE ; Middle row: u

0
0,w /

Ur,NE ; Bottom row: v
0
0,w / Ur,NE ; First column: � = 0.2; Second column: � =

0.6; Third column: � = 1.0.
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Fig. 9: Conditional mean axial strongly reacting fluid velocity and the axial and radial
fluctuations for DME, EtOH and CH4 at varying � evaluated along the stagnation
point streamline and aligned at xs = 0. Top row: U0,s / Ur,NE ; Middle row: u0

0,s /
Ur,NE ; Bottom row: v00,s / Ur,NE ; First column: � = 0.6; Second column: � = 1.0.
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Fig. 10: Conditional multi-fluid probabilities for cases with similar Damköhler numbers
(Da = 1.2 vs. 1.5; DME with � = 0.6 vs. CH4 with � = 0.8). Top left: Re-
actant fluid probability P (r); Top right: Mixing fluid probability P (m); Bottom
left: Weakly reacting fluid probability P (w); Bottom right: Strongly reactant fluid
probability P (s).
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Fig. 11: Conditional mean axial fluid velocities for cases with similar Damköhler numbers
(Da = 1.2 vs. 1.5; DME with � = 0.6 vs. CH4 with � = 0.8). Top left: Reactant
fluid velocity; Top right: Mixing fluid velocity; Bottom left: Weakly reacting fluid
velocity; Bottom right: Strongly reactant fluid velocity.
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Fig. 12: PDF of the rate of strain along the reactant fluid surface (R) for DME, EtOH and
CH4 at varying �. The dotted line indicates the mixing case (i.e. air with � = 0.0)
for reference. First column: Normal strain; Second column: Tangential strain;
Third column: Vorticity. First row: � = 0.2; Second row: � = 0.6; Third row: �
= 1.0.
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Fig. 13: PDF of the rate of strain along the weakly reacting fluid surface (W) for DME,
EtOH and CH4 at varying �: First column: Normal strain; Second column: Tan-
gential strain; Third column: Vorticity. First row: � = 0.2; Second row: � = 0.6;
Third row: � = 1.0.

Distribution A Distribution Approved for Public Release: Distribution Unlimited 



8 Figures 57

0

1

2

3

4

5

S
 -

 P
D

F
 

 1
0

2

-6 -4 -2 0 2 4
0

1

2

3

4

5

 -2 0 2 4 6 -2 0 2 4 6 8

Fig. 14: PDF of the rate of strain along the strongly reacting fluid surface (S) for DME,
EtOH and CH4 at varying �: First column: Normal strain; Second column: Tan-
gential strain; Third column: Vorticity. First row: � = 0.2; Second row: � = 0.6;
Third row: � = 1.0.
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Fig. 15: Rate of strain and vorticity evaluated along the low temperature reacting
fluid surface: Normal (top left), tangential (right) and total (bottom left)
strain and vorticity (right). Legend: THCP in [K].
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Fig. 16: Rate of strain and vorticity evaluated along the heat release material sur-
face: Normal (top left), tangential (right) and total (bottom left) strain and
vorticity (right). Legend: THCP in [K].
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