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Abstract

The effects of differential diffusion on local flamelet velocities, turbulent burning rates, and
structure of lean turbulent premixed flames in the thin reaction zone regime are investigated
using aerodynamically stabilized flames in a counter-flow apparatus. Various fuel-oxidizer-
inert mixtures with different transport properties, representative of distinct effective Lewis
numbers, are studied. In order to minimize the effects of mixture reactivity in these ex-
periments, unstretched laminar flame speed is kept constant during mixture dilution, and
hydrogen enrichment of hydrocarbon flames, through changing the mixture equivalence ra-
tio. Furthermore, bulk-flow properties and stagnation surface temperature are kept con-
stant; hence, the study focuses on the effects of differential diffusion, which is the change
in transport properties of the mixture, i.e., fuel and heat diffusivities, in the context of fuel
flexibility. Highly strained laminar flame measurements are also reported as a reference of
comparison. Local instantaneous statistics of various flame parameters within the imaged
plane, such as flame location, flame velocity, and flame-front topology, are quantified using
high-speed particle image velocimetry (PIV) and Mie scattering flame tomography at two
levels of turbulence intensity. These parameters are presented as probability density func-
tions using sufficiently large data sets to ensure statistical accuracy. The results for various
flame-parameter statistics, which are measured over a wide range of Lewis numbers, show
that the effects of differential diffusion are important in turbulent flames in the thin reaction
zone regime. At constant turbulence intensity, differential diffusion increases the burning
rates of turbulent flames in thermo-diffusively unstable mixtures through two main mecha-
nisms: (1) increasing local flamelet displacement velocity, and (2) increasing flame-surface
area. The relative contribution of these two parameters in increasing turbulent burning
rates is approximately 76 % and 24 %, respectively, which is not dependent on the fuel,
oxidizing-gas mixture, or turbulence intensity, and the results overlap over a wide range of
Lewis numbers.
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1. Introduction

The continued combustion of fossil fuels to fulfill global energy demand is being ques-
tioned because of the well-known problem of greenhouse-gas (GHG) emissions and pol-
lutants, such as nitric oxides (NO,), carbon monoxide (CO), and soot. Consumption of
fossil fuels needs to be reduced as it introduces new carbon, in the form of carbon dioxide
(CO3), into the environment causing climate change. However, the inherent advantages of
combustion-based engines in some application areas make it challenging for other power
systems to compete. For instance, combustion of liquid fuels remains attractive for trans-
portation because of the high energy density. A leading strategy is to reduce burning fossil
fuels by using hydrogen (Hy) and renewable biofuels, such as biogas, syngas, and alcohols,
that can be produced from conversion of various renewable energy sources, such as solar,
water, wind, or geothermal, into chemical energy [1-5].

Adaptability with renewable alternative fuels that have variable compositions is referred
to as fuel flexibility, which is an important parameter of next-generation combustor design.
Fuel flexibility will, ultimately, result in higher-performance fuel-flexible combustors that
lower costs of energy production, while reducing emissions and the carbon footprint of var-
ious energy technologies; hence, mitigating global climate change. However, changing fuels
significantly affects combustor operability properties, such as blow out, flash back, and dy-
namic stability, mainly due to variations in turbulent burning rates. This manifests both as
difficulties in heuristically designing fuel-flexible combustors and inaccuracy /unreliability in
numerical techniques for simulating combustor behavior using computational fluid dynamic
(CFD) simulations.

Changing the fuel and oxidizer mixture composition affects flame characteristics and
burning rates through changing: (1) mixture reactivity, and (2) mixture diffusivity. Fuel
flexibility changes chemical properties and the reactivity of the mixture, which can be rep-
resented by unstretched laminar flame speed (S7) as an intrinsic property of a given fuel
and oxidizer mixture. The effects of mixture reactivity on flame speed are well studied, e.g.,
laminar flame studies of Hy-enriched hydrocarbon flames [6-10] show that adding Hy, which
is a very reactive fuel with a high laminar flame speed, to the fuel mixture enhances the
flame speed, and extends the flammability limit towards the lean side enabling the engine
to operate at leaner conditions. Fuel flexibility also changes the transport properties of the
mixture, which are the diffusivity of the deficient reactant (fuel in lean, and oxidizer in
rich, combustion) (D) and the diffusivity of heat («). The disparity between a and D at
the flame front is known as differential diffusion, which is represented by the Lewis number
(Le = a/D).

Differential diffusion causes stretch sensitivity in the flame-front propagation leading to
thermal-diffusive (TD) instabilities. Stretch rate (K), is defined as the normalized differ-
ential change in flame-surface area (FSA) as a function of time: K = (1/A) (dA/d¢t) [11],
which is a function of flame curvature (k) and hydrodynamic strain (K_¢) (tangential strain
rate due to a non-uniform flow field across the flame) [12]:

K:KST—FKS_‘D (1)
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where St is the local characteristic flame velocity in laboratory coordinates. Stretch sen-
sitivity of flames is an important parameter that affects the flame structure [13-19], e.g.,
flame-front curvature [20, 21], and burning rates in laminar and turbulent flames [16, 22-30].

Various definitions of turbulent flame velocity in the form of consumption velocity or
displacement velocity are measured and reported in [19, 31-38]. One equation that describes
the turbulent burning rate is [19, 39, 40]:

A
St_rc =1, S° A—T (2)
L

where St_1¢ is the turbulent burning rate (also referred to as “turbulent local consumption
velocity”), I, is the local stretch factor, which depends on differential diffusion, and At and
Ay, are the turbulent and the laminar flame-surface area, respectively. Equation 2 indicates
that the effects of stretch on the propagation of turbulent premixed flames in the flamelet
regime originate from two main mechanisms: (1) the effects of differential diffusion on local
flamelet velocities, and (2) the effects of FSA on local and global burning rates.

Previous studies [21, 31, 37, 38, 41-47] showed that the increase in FSA alone, due
to turbulence folding, (i.e., classical Damkohler’s hypothesis [22]) is insufficient to explain
increasing burning rates with increasing flame stretch, and that differential diffusion also
affects the local burning rates of laminar [31, 41, 42] and turbulent [21, 37, 38, 43-47]
flames. Some studies [26, 31, 48, 49] have explained the effects of differential diffusion by
the theory of leading points, where it is assumed that the burning velocity of a turbulent
premixed flame is controlled by the increased velocity of the positively curved and stretched
leading points, which is particularly important for thermo-diffusively unstable mixtures with
Le < 1. While some studies show an extreme role of differential diffusion on the structure and
propagation of highly turbulent flames (e.g., [50]), some researchers state that these effects
are suppressed once turbulence is strong [51, 52] due to the enhanced turbulent heat and mass
transport. Controversies are also seen in the literature regarding the effects of differential
diffusion and turbulence intensity on premixed flame-front structure in the thin reaction
zone regime. For instance, it was shown that differential diffusion has no effect on flame-
front curvature and flame-surface density, and that the flame structure is only influenced by
turbulence [21, 51], while other studies illustrated significant effects of differential diffusion on
flame-front structure in this regime [37, 53, 54]. Furthermore, recent studies [14, 15] showed
no clear dependence of flame-surface density on turbulence intensity, whereas flame-front
curvature and flame-surface density were reported to increase with increasing turbulence
intensity in other experimental and numerical studies [21, 53]. Hence, there is no common
understanding in the combustion literature regarding the effects of differential diffusion in
the thin reaction zone regime (1 < Kar < 100 and Dar < 1) [55, 56], where turbulent heat
and mass transport are enhanced.

In this study, the main goal is to address the controversies mentioned above, and to pro-
vide detailed understandings on the effects of differential diffusion and turbulence intensity
in the thin reaction zone regime, such as the effects of differential diffusion on flame-front
curvature and flame-surface area at constant turbulence intensity, as well as the effects of
turbulence intensity on flame structure. To reach this goal, experiments are performed that
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are focused only on the effects of differential diffusion in the thin reaction zone regime using
mixtures with very distinct effective Lewis number (Leeg) in the range of 0.3 < Leeg < 3.1,
and the results are analyzed using a statistical approach including significantly large datasets.
Furthermore, the comprehensiveness of this study allows general conclusions on the effects
of differential diffusion rather than generating fuel-specific conclusions.

The experiments are performed using strained counter-flow flames, in order to study the
effects of both components of flame stretch, i.e., bulk and local hydrodynamic strain rates
and local curvature [37, 38, 57-67]. Most previous studies report the combined effects of
mixture reactivity and diffusivity properties on the propagation and stabilization of pre-
mixed flames. In the present experiments, S} is kept constant during mixture dilution, and
H, enrichment, through changing the mixture equivalence ratio (¢), in order to minimize the
effects of mixture reactivity. Furthermore, bulk-flow properties and the temperature bound-
ary conditions are also kept constant; hence, the study focuses on the effects of differential
diffusion.

Two-dimensional high-speed particle image velocimetry (2D-PIV) and Mie scattering
flame tomography are used to quantify the effects of differential diffusion on local flamelet
velocities, burning rates, and structure of turbulent premixed flames, within the imaged
plane, in the thin reaction zone regime. Data-processing tools, developed through this
study, are used to quantify instantaneous local flame properties based on Le.s variations,
and statistically represent these measurements in the form of probability density functions
(PDF) using sufficiently large data sets.

2. Experimental method

In these experiments, lean premixed turbulent and laminar flames with distinct Lecg
are investigated at atmospheric pressure and constant S7. Lean mixtures representative of
distinct Lewis number (Le = /D = \/(pc,D), where A is the thermal conductivity, ¢, is
the specific heat at constant pressure, and p is the density of the unburned reactants) are
formed by changing both fuel diffusivity (which is the deficient species in the lean mixtures
under study) and thermal diffusivity of the mixture. In this study, light to heavier fuels of
hydrogen (Hj), methane (CHy), and propane (C3Hg), as well as light to heavier diluents of
helium (He), nitrogen (N3), and carbon dioxide (CO;) are considered. In order to change
the fuel diffusivity, Hy is added into C3Hg in various volume ratios up to pure Hs, and
in order to change the thermal diffusivity of the mixture, some of the Ny in air, 40 % by
volume, is replaced by He or CO,. In all experiments, S} is kept constant at 0.115m/s,
through changing ¢. A CHy+air flame at ¢ = 0.6 and Le.g ~ 1 is selected as a reference
flame with predicted SP = 0.115m/s at 300K, and T,q = 1669 K. The reference flame and
the corresponding Sf, and the amount of dilution (40 % by volume), are selected so that
it is possible to stabilize a wide range of lean flames with significantly different o and fuel
reactivity at constant SP = 0.115m/s, and to prevent/delay flash back. In these experiments,
mixtures are prepared using specialty-gas mixtures, which contain 21 % Oy and 79 % CO,
(by volume), as well as 21 % O and 79 % He (by volume), and the Oy concentration in the
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Table 1: Mixture properties and experimental conditions at Sf = 0.115m/s.

Mixtures Mixture properties Experimental conditions
Fuel 04 balance diluent Diluent ¢ T (K) Leg u*/S2 u*/U LJ&, L/n* 6p/6, Reh Kap Daj
[%] (Vol.) (%] (Vol.) (%] (Vol.)
C3Hg 21 60Ny +40He 045 1513  3.08 13.7 033 3.6 231 124 657 414 03
C3Hg 21 N 0.56 1631 1.87 122 0.32 69 275 235 831 158 06
C3Hg 21 60N, +40CO, 0.79 1823 1.69 134 034 85 36.0 299 1188 178 0.6
5]
% 80 CsHg + 20 Hy 21 60Ny +40CO,  0.77 1795 1.43 12.7 0.31 8.1 33.6 25,8 1084 171 0.6
E 60 C3Hg + 40 Hy 21 60N, +40CO, 0.75 1762 1.16 12.2 0.31 6.9 290 274 892 179 0.6
5 40C3Hg+60H, 21 60Ny +40CO, 0.71 1709 0.89 13.1 0.31 6.3 293 256 90.1 21.8 0.5
; 20 C3Hg + 80 H, 21 60Ny +40CO, 0.63 1617 0.62 13.0 033 6.7 317 26.0 1005 223 0.5
éﬁ 10C3Hs + 90 H, 21 60Ny +40CO, 0.57 1532 048 128 033 6.8 323 25.0 1027 226 0.5
CHy 21 60Ny +40He 047 1542 1.60  14.0 0.35 3.7 239 129 689 428 0.3
CHy 21 Ny 0.60 1669  0.98 129 034 63 275 23.0 829 192 0.5
CHy 21 60N, +40CO, 0.88 1896 0.86 13.1 034 75 338 262 1093 202 0.6
g C3Hg 21 60Ny +40CO, 0.79 1823 1.69 8.7 0.23 9.1 274 215 82.8 9.1 1.0
[
_E 50 C3Hg 4+ 50 Hy 21 60Ny +40CO, 0.73 1740 1.02 8.5 020 6.5 215 174 59.6 108 0.8
£ 20C3Hg+80H, 21 60N, +40CO, 0.63 1617  0.62 8.3 020 6.3 215 156 59.8 11.6 0.8
Z
= H, 21 60Ny +40CO, 0.48 1440  0.35 8.8 023 55 223 179 628 163 0.6

* Properties are calculated upstream of the flame brush, in the preheat zone at T' ~ 576 K.

oxidizer-inert mixture is kept constant at 21 %. The mass-averaged bulk-flow velocity at the
nozzle exit is also kept constant in all experiments at 4 m/s.

Mixture properties, diffusive flame thickness (d, = A\/(¢p puSy)), as well as Sp values are
calculated using free-flame simulations in Cantera [68]. GRI-Mech 3.0 reaction mechanism
is used for CH4 and pure Hy computations, and AramcoMech 1.3 reaction mechanism is used
for computations involving C3Hg. The former is commonly used for CH4 flame calculations,
and the latter includes C3 chemistry required for C3Hg flame calculations. In Hy-enrichment
experiments, Leqg is defined based on the volumetric-fraction-weighted average of the Lewis
numbers of the two fuels [69]: Le.s = Xc,m, Lec,n, + Xu,Len,, where X is the mole
fraction in the fuel stream. Properties of the mixtures are presented in Table 1. To name
different mixtures throughout this text, O, and Ny are eliminated for brevity, as they exist
in all mixtures under study. For instance, the C3Hg+O5+No+He mixture is summarized
as CsHg+He. The pure hydrogen flame, Hy+COs, (SP = 0.115m/s and ¢ = 0.48) at the
higher turbulence intensity case is not reported due to flash back, whereas, it is included in
laminar flames, and in turbulent flames at the lower turbulence intensity.

In these experiments, Le.g varies within the range of 0.3 < Le.g < 3.1, where Hy+COs
and C3Hg+He flames correspond to the smallest and the largest Leqg, respectively. As listed
in Table 1, ¢ and the adiabatic flame temperature (7,q) of the mixtures are within the range
of 0.45 < ¢ < 0.88 and 1440 K < T,q < 1896 K, respectively. In all experiments, the total
flow rates of the bottom nozzle, the top nozzle, at the co-flow are approximately 73.5 SLPM
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(standard liter per minute), 35.2 SLPM, and 167 SLPM, respectively. Sample flow rates
in Hy-enriched C3Hg flame with 20 % Hy content diluted in CO5 (80 C3Hg+20 Hy+CO5) are
approximately 2.2 SLPM, 0.6 SLPM, 14.8 SLPM, 33.5 SLPM, and 22.3 SLPM for C3Hzg,
Hs, Oy, Ny, and COs, respectively.

2.1. Hot-exhaust opposed-flow turbulent flame rig

The experiments are carried out using aerodynamically stabilized lifted flames in a hot-
exhaust opposed-flow turbulent flame rig (HOTFR) [37, 38, 58, 61, 62, 64-67]. The burner
setup is designed to stabilize premixed laminar and turbulent flames of mixtures flowing
from the bottom nozzle against a stream of hot combustion products flowing from a pre-
burner inside a ceramic nozzle at the top, in an axial opposed-flow configuration. A co-flow
of He is used to shroud the reacting mixture and the flame from surrounding air in order to
reduce the effect of the shear layer and stabilize the flame edge. A schematic of the burner
setup is shown in Fig. 1. In this configuration, laminar flames are stretched mainly due to
bulk strain rate (K;) while, in turbulent flames, stretch is due to both bulk strain rate and
the stretch effects of turbulent eddies through increasing flamelet curvature (k).

The rig has a compact design with well-defined boundary conditions and excellent op-
tical accessibility. In HOTFR, the lifted flames are not affected by conductive heat loss to
the burner, and the stagnation plane of hot products allows stabilization of near-adiabatic
laminar and turbulent flames. Furthermore, this configuration allows highly strained flames
to be stabilized at higher bulk-flow velocities, turbulence intensities, and Karlovitz num-
bers in the thin reaction zone regime of the Borghi diagram [55, 56], and closer to relevant
conditions of gas-turbine engines (GTE) and other combustors. These characteristics en-
able high-resolution laser diagnostic imaging for velocity field measurements, capturing the
overall flame structure, and integral scales of highly stretched flames; hence, make the rig
convenient both for diagnostics and validating computational fluid dynamic (CFD) models.

At the bottom section, two concentric inner and outer nozzles deliver the premixed fuel-
oxidizer mixture, and the co-flow, respectively, through two separate concentric plena. The
inner fuel-oxidizer nozzle has an exit diameter of dy = 20mm, which is attached to the
inner plenum of diameter 60 mm, with a contraction ratio of 9:1. The interior contour of the
nozzle contraction is defined by polynomials that minimize the formation of Taylor-Gortler
vortices [70] in the concave portion of the profile, and minimize the angle-of-attack in the
convex portion [71]. This contoured design minimizes flow instabilities, and dampens the
transition to turbulence, which makes the rig suitable for accurate laminar flame experiments
when the turbulence-generating system is removed (e.g., [42]).

Turbulence is generated using a star-shaped high-blockage turbulence-generating plate
(S-TGP) with an open area of 2.4 % [65, 72]. The S-TGP is designed to deliver the highest
possible turbulence intensity while producing nearly isotropic turbulence and axisymmetric
uniformity. In turbulent experiments, the S-TGP is located at vertical distances upstream of
the nozzle exit of hy = 142mm and hy = 212 mm, corresponding to the higher and the lower
turbulence intensity levels, respectively, since steady-state turbulence decays with distance.
Therefore, two different turbulence intensities are achievable at a constant bulk-flow velocity
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Figure 1: Schematic of HOTFR. S-TGP is located upstream of the nozzle contraction, in the inner plenum,
at two different distances from the nozzle exit: A1 = 142mm and ho = 212 mm.

and bulk hydrodynamic strain rate, as indicated in Table 1. In laminar flame experiments,
the S-TGP is removed without changing the flow conditions or mixture compositions.

In order to minimize any bulk-flow oscillations in turbulent experiments, the S-TGP
distance from the nozzle exit is set at hy/drgp = 2.4 and hy/drgp = 3.5, where drgp is
the effective diameter of the S-TGP. This distance is chosen to be larger than that found
to minimize large-scale bulk-flow oscillations, as shown in [72]. Using the energy spectra of
S-TGP for various h, it was illustrated [72] that the bulk-flow oscillations (bumps in the
region of low frequency energy) tend to disappear with increasing h to an optimum value
of h/drgp 2 2.3. Furthermore, using a single-jet TGP design minimizes the pulsation of

~J

the axial jet velocity at the nozzle exit, caused by vortex-shedding from the holes of the
TGP [73].
At the top section, a CHy-air flame at ¢ = 0.7 and T,q = 1842 K is stabilized inside a
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ceramic nozzle, on a flame holder, and at a vertical distance from the ceramic nozzle exit of
90 mm, as illustrated in Fig. 1. Hot exhaust gases from the pre-burner are accelerated to the
test domain through the ceramic nozzle with a contraction ratio of 6.25:1. The momentum
balance of the impinging flows from the top and the bottom nozzles sets the location of
the stagnation plane. The separation distance between the two nozzles (hy) is 1.225dy to
minimize bulk-flow oscillations, reduce mixing with the inert co-flow or surrounding air, and
maintain high strain rates.

The temperature of hot exhaust gases at the ceramic nozzle exit (T¢p) is measured for
each experiment using R-type thermocouples with three different wire (bead) diameters at a
distance of 5 mm from the nozzle exit. Temperature readings are corrected for heat losses by
extrapolating the measured temperatures to a zero bead diameter [74, 75]. The velocity and
temperature of the hot exhaust gases at the ceramic nozzle exit are kept constant at Ucg ~
12m/s and Teg = 1786 K, respectively, in all laminar and turbulent flame experiments.
Radial temperature profiles are nearly constant, and the repeatability in measuring Tcp is
~ 1% of the reading. The effects of deviations from adiabatic conditions at the stagnation
surface (| Tep — Taa |) on flame speed are discussed in the Supplementary Material.

Fuels, oxidizing-gas mixtures, and inerts are delivered using mass flow controllers (MFC)
at room temperature, which are calibrated using a Bios DryCal ML-800-44 dry-piston cal-
ibrator before each set of runs. Through this calibration process, the absolute uncertainty
in mixture composition is reduced to ~ 0.9 %.

2.2. Diagnostic method and processing techniques

2.2.1. Particle image velocimetry

Velocity fields are measured in laminar and turbulent experiments using two-dimensional
high-speed particle image velocimetry (2D-PIV) within the imaged plane. In PIV, oil
droplets (=1 um) are atomized and seeded into the flow. At the test section, these droplets
are illuminated using a thin sheet (= 1mm) of visible frequency-doubled Nd:YLF laser at
527nm wavelength pulsing at a repetition rate of 10kHz. The Mie scattered light is cap-
tured using a high-speed camera at an imaging speed of 10 kfps, and a resolution of 768 x
976 pixels. 8000 and 1000 PIV image pairs are post-processed using DaVis 8.2 in each tur-
bulent and laminar experiment, respectively, to calculate the two-component velocity vector
field within the plane of the laser sheet. The large number of images is to ensure that the
results are statistically converged. Sample PIV velocity vectors of the turbulent and laminar
CsHg+air flames are illustrated in Fig. 2.

In PIV post-processing, a larger interrogation window of size 96 x 96 pixel is refined
using a grid-refinement cross-correlation technique to a 16 x 16 pixel grid in five passes
with a window overlap of 75%. The pixel-to-mm ratio is 46.6, and independent velocity
data is measured at a grid-spacing equal to the smallest interrogation window size (16 pixels
~~ 343.5 um), which is considered as the spatial resolution of PIV in measuring the veloc-
ity vectors. In order to increase the signal-to-noise ratio in calculating instantaneous axial
(U) and radial (V') velocities at time t;, three successive PIV images at t; 1, ¢;, and t;,4
are considered, and a second-order central differencing method is used to estimate particle
displacement vectors at time t;. It should be noted that local beam steering, caused by
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Figure 2: Sample PIV velocity vectors and flame fronts: (a) turbulent CsHg-+air flame, and (b) laminar
CsHg+air flame. The density of the velocity vectors is reduced by 4 times for better visibility.

gradients in refractive index due to temperature and species gradients through the flame,
can negatively affect the laser intensity profile in counter-flow flame experiments [76], which
could negatively affect the spatial resolution and accuracy of PIV experiments. Beam steer-
ing is shown to be exacerbated when heavy vaporized fuels are used, due to their high
index of refraction, and in regions of high temperature gradients [76]. These beam-steering
effects are not expected to significantly affect the present PIV measurements due to the
low refractive indices of the light fuels used in this work, the lean fuel concentrations, and
the moderate temperature in the preheat zone at which the velocity fields are recorded at
(I' =~ 576 K). In addition, it should be noted that PIV measurements are not extremely
sensitive to variations in the laser sheet intensity profile, as compared to species or soot
concentration measurements.

Uncertainties associated with PIV are calculated based on the velocity lag of tracer
particles in regions of high velocity gradients due to particle inertia (relaxation time or
Stokes time), as well as uncertainties originating from the processing algorithm of the PTV
software. These calculations result in an uncertainty of approximately 1.5 % in the unburned
gas velocity in turbulent flame experiments. Details of the uncertainty analysis in the flow
velocity measurement are discussed in [38].

Turbulent flow statistics of the average flow velocity (axial, U, and radial, V), and the
fluctuating components of the velocity (axial, u, and radial, v) are calculated from PIV data
at each grid through Reynolds decomposition [77, 78]: U(r, z,t) = U(r, z) + u(r, z,t), where
U is the instantaneous flow velocity at radial (r) and axial (z) location at time ¢. Statistics
of u and v are calculated as the root-mean-square (rms) of velocity fluctuations (axial, ’,
and radial, v'). These results are listed in Table 1 for various mixtures, where U and u/
are averaged over the test domain at 0.7mm above the nozzle exit, and upstream of the
flame brush in the preheat zone at T' ~ 576 K (i.e., the flash point of oil used for seeding),
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Figure 3: U and ' at the nozzle exit and upstream of the flame brush, respectively, in laminar and turbulent
flames at two levels of turbulence intensity with distinct Leeg. Note that some U profiles overlap showing
the uniformity of the mean flow.

respectively. Axial turbulence intensity (u'/U) ranges between 31% < (u/'/U) < 35% for
the higher, and 20% < (u/ /U) < 23% for the lower, turbulence levels.

The performance of the S-TGP in generating turbulence is illustrated in Fig. 3, which
shows that U is almost constant in the test section in both laminar and turbulent flows,
and v/ /U profiles are flat in the test domain. HOTFR was previously shown [37] to produce
turbulence statistics at the nozzle exit that are nearly isotropic (v’ ~ v'). However, in a
highly strained impinging-jet geometry, as the flow approaches the stagnation plane, eddies
in the turbulent flow are significantly compressed and stretched. Even if the flow is isotropic
at the nozzle exit, it is no longer isotropic in the flame vicinity. Similar phenomena are
present in most burner technologies. The uniformity of the turbulent flow at the inlet
boundary is important for future CFD modeling of these experiments.

In turbulent experiments, the integral length scale (L) is estimated by integrating the
transverse autocorrelation function of w in the radial direction over the test domain, at
~ 0.7 mm above the nozzle exit, from r/dyx = —0.25 up to the first zero-crossing, as discussed
in [77, 79]: L = [ Ryu(r,t) dr. The estimated values of L vary between 2.46mm < L <
3.1mm, with the average value L = 2.87mm, which is on the order of the characteristic
length of the S-TGP (~ 2mm). The scaled values of L are listed in Table 1 for various
experimental conditions. An estimation of the ratio of largest to smallest hydrodynamic
length scales in a turbulent flow can be derived as [77]: L/n ~ Rer®*, where 7 is the
Kolmogorov length scale, and Rer is the turbulent Reynolds number: Rer = o' L/v (v is
the kinematic viscosity). Rer is calculated upstream of the flame brush, in the preheat zone
at T ~ 576 K, yielding Rer values in the range of 59 < Rep < 119, as listed in Table 1.
The cold flow equivalent of Rer is around 383 in the C3Hg-CO5 experiment. Studying
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turbulence-chemistry interactions in this range of Rer is of specific interest in the validation
of flamelet models, in the region where mixing and chemical time scales are comparable.

Turbulent Damkdohler number (Dar) and turbulent Karlovitz number (Kar) are key
quantities describing turbulence-chemistry interactions. Dar relates the timescale of the
turbulent transport phenomena to the chemical reaction timescale: Dar = 7¢ /7., where 7% =
L/u and 7. = 61,/57. Kar is defined as the ratio of 7. and the Kolmogorov time scale (7,)):
Kap = 7./7,, and is calculated as: Kap = (L/(SL)f2 Rer'®. Kar indicates the tendency of
the eddies to penetrate into the preheat zone of the flame and, along with velocity and length
scale ratios, defines different regimes of turbulent combustion in the Borghi diagram [55, 56].
In investigating flame-vortex interactions, the high-temperature zone near the flame front
affects Rer, Kar, and Dar calculations; therefore, these temperature-sensitive parameters
are calculated immediately upstream of the flame brush. In these experiments, Dar and
Kar range between 0.3 < Dar < 1 and 9.1 < Kap < 42.8, respectively, showing that these
flames are located in the thin reaction zone regime.

2.2.2. Processing techniques

Particle image velocimetry and Mie scattering flame tomography allow simultaneous
flame-location and velocity-field measurements [37, 38, 40, 80, 81|, which enables time-
resolved study of the turbulence-chemistry interactions. Atomized oil droplets are seeded
into the flow as tracer particles, and then evaporate at the flame front and terminate the
Mie scattering of light. Flame-surface tracking methods, developed in this study, are used
to localize and track the flame-front motion. The instantaneous flame location within the
imaged plane (Z¢) is determined in each frame by tracking the regions of maximum intensity
gradients at the flame front using the Pavlidis edge-finding algorithm [37, 38, 82]. A sample
PIV image and the flame front are illustrated in Figs. 4a and 4b. Within the plane of the
laser sheet, the origin of the 2D coordinate system is located at the center of the bottom
nozzle, where r is the radial direction and the z-axis is normal to the exit plane of the bottom
nozzle, and the radial boundaries of the test domain are between —0.25 < (r/dy) < 0.25.
The main uncertainty sources in finding instantaneous flame location are average tracer
particle distance in the test domain, oil droplet lifetime at the flame front, uncertainties
imposed by filtering processes during the post-processing procedure, and over-saturated
pixels from larger oil droplets in PIV images, resulting in a total uncertainty of less than
0.50,. The details of the uncertainty analysis in flame-front tracking are discussed in [38].

The instantaneous flame-location measurements are used to estimate the increase in
FSA of turbulent flames compared to that of a laminar flame: X = Ar/Ap. Since these
measurements are based on 2D-PIV within the plane of the laser sheet, an estimate of Y
is possible by a direct measurement of the length of the 2D slice of the FSA (e.g., [83]).
In this estimation, both flame surfaces, i.e., At and Ay, are calculated by multiplying the
flame length in turbulent flames, and that of an idealized laminar flame with a length of
~ 10mm, respectively, by the thickness of the laser sheet. However, this estimated value
under-estimates the J, since the variations of FSA due to turbulence folding in the depth of
the image is not considered. The direct numerical simulation (DNS) study of Bell et al. [84]
illustrates that the flame surface density estimated using 2D flame surfaces under-estimates
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Figure 4: Processing techniques: (a) a sample PIV image indicating the test domain, an example flame front,
and PIV velocity vectors (the density of the velocity vectors is reduced by 8 times for better visibility.), (b)
a portion of a sample PIV image near the flame front illustrating the schematic of S,, measurement (PIV
velocity vectors are available at the grid corners), and (c) 5 successive flame fronts and a schematic showing
Sk calculation.

the values calculated based on 3-dimensionally resolved flame contours by 25—33 %. In this
study, relative values of X are used to assess how differential diffusion affects flame topology
and burning rates, and the 2D projection of FSA is sufficient for these purposes. Flame-
front tracking methods are also used to extract 2D flame topology within the imaged plane,
such as local instantaneous flame-front curvature in flame-contour coordinates and normal
directions to the flame contour. Flame-front curvature is calculated as [63, 85, 86]:

Py
k= ET (3)

(742 + 212)3/2

where first and second derivatives are calculated in flame-contour coordinates. In this study,
k is positive when a curved flamelet is convex towards the reactants.

In counter-flow flames, streamlines diverge as the flow approaches the stagnation surface,
and the flames are stretched due to tangential hydrodynamic strain rate (Ks_¢). The K, ¢
is defined as the differential change in the unburned flow velocity as a function of distance
at each location along the tangent line to the flame front, which is calculated at increments
of 4 pixels in flame-contour coordinates. At each location on the flame-contour, two velocity
vectors centered at this location are considered, that are at least 16 pixels apart to ensure the
statistical independence of the velocity vectors. A second-order central differencing method
is used to estimate K (compression or stretch), using projected velocities onto the tangent
line and the distance between the two velocity vectors.

In Eq. 2, I, is the ratio of the local stretched flamelet velocity to Sp [19, 40]. In this
study, I, is estimated as the normalized local flamelet displacement velocity in the laboratory
coordinate system (St_rp): I, & St_rp/Sy, which is a function of differential diffusion. In
this study, St_1p is referred to as St for brevity. In these experiments, the flame surface
is measured at the constant droplet evaporation temperature (7" =~ 576 K), not a constant
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temperature progress variable (¢), due to variations in T,q of the mixtures. Therefore, the
exact value of I, reported in this study might not be necessarily meaningful, but the relative
trends are still important, and this dataset can be used for validation of models, as long as
the “validation surface” is set to be equal to the appropriate ¢ value for each experiment.
The St is the propagation velocity of the local flamelet in the flow coordinate system (Sg)
relative to the convective velocity of the flow (S) in the direction normal to the flame surface
(n) [19, 37, 38, 87-89]: St = (Sp + Sy) - n. In order to calculate St, S, and Sg need to
be determined. In this study, single-plane PIV imaging within the plane of the laser sheet
measures the 2D projection of St within the imaged plane.

In counter-flow flames, a laminar flame stabilizes at some location where the local flow
velocity matches the stretched flame speed. As the laminar jet approaches the stagnation
plane, the velocity reduces and its profile shows a minimum, after which the flow accelerates
through the preheat zone as the density drops due to dilatation [42]. The location of this
velocity minimum is considered to be the location of flame stabilization, and this minimum
value of the velocity profile ahead of the flame is taken as the reference flame speed (S,_ref),
which is typically used in laminar flame studies as the characteristic flame speed at the given
stretch rate. In this paper, stretched laminar flame experiments are used to find the flame
location and laminar stretched flame speed for comparison to the turbulent values.

In turbulent flames, the two-component velocity field upstream of the flame is used to
find the convective velocity of the flow (S,). The values of S, are calculated using the
velocity grid network in the vicinity of the normal line to the flame surface within 1.25 mm
upstream of the flame front at each location along the flame contour, as illustrated in Fig. 4b.
These velocity profiles may not show a local velocity minimum upstream of the flame front
due to the unsteady turbulent flow and the filtering effects of flame motion; therefore, S, is
found by taking the average of the two closest velocity values to the flame surface. The S,
(or Su_rer) is positive when the unburned gas velocity is towards the flame.

In order to determine local instantaneous flamelet velocity in the flow coordinate system
within the imaged plane (Sg), image-processing techniques, similar to the methods proposed
in [90, 91], are used. A high-order finite differencing method is used in the reconstruction
of the flamelet’s path between consecutive flame fronts to improve signal-to-noise ratio in
Sr calculations of highly turbulent flames. To calculate Sg at time t¢;, 5 successive flame
fronts, 2 upstream at ¢;_5 and t;_;, and 2 downstream at ¢;,; and t;;» are considered. The
flamelet’s path between 5 consecutive flame fronts within the imaged plane is estimated using
4 continuous third-order polynomials to reconstruct the flame motion using a continuous
streamline, which is perpendicular to all 5 flame fronts, and for which the total length is a
minimum. For each location along the flame contour at t;, at increments of 4 pixels in the
flame-contour coordinates, the length of a third-order polynomial is minimized between this
location and the neighboring front, which is constrained by the normal direction to both
fronts. The same procedure is used to determine all four third-order polynomials, which
estimates the flamelet’s pathway from t;_5 to t;; 5. A fourth-order finite difference method
is used to estimate the displacement at each location at ¢;, which is used in calculation of
Sr. This method is illustrated schematically in Fig. 4c. The S is considered positive when
the flame moves towards the unburned gas. Sp and S, are used in the calculation of St.
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3. Results and discussion

Experiments in this study investigate stretch sensitivity and the effects of differential
diffusion on the propagation, stabilization, and structure of lean premixed flames. Various
fuel-oxidizer-inert mixtures are selected at constant Sy, but distinct Leg, to highlight the
effects of differential diffusion. Laminar flame measurements are reported for diluted C3Hg
flames with CO5 and He, as well as Hy-enriched C3Hg flames.

3.1. Flame-front location

The Z; of various mixtures at a wide range of Le.g (0.3 < Le.g < 3.1) are illustrated
in Fig. 5 for laminar flames, as well as for turbulent flames at two different turbulence
intensities. In the counter-flow geometry, the momentum balance of the impinging-jets
defines the location of the stagnation plane, and flames stabilize close to the stagnation
plane because of high bulk-flow velocities. The composition, temperature of hot exhaust
gases (Tcp), and the top nozzle exit velocity (Ucg) are constant in these experiments, which
results in a constant momentum of the hot jet in all experiments. Changing the mixture
composition of the cold jet, however, changes its momentum, mainly due to variations in
mixture density. Therefore, as various mixtures are produced at constant Sy but distinct
Le.g, variations in flame location are due to the effects of both movement of the mean
stagnation surface location, as well as variations in the burning rate of flames due to the
effects of differential diffusion.

In order to highlight the effects of differential diffusion on burning rates, the PDFs of
flame location, and the correlations of the most-probable flame location against Le.g, are
plotted in the stagnation-plane (SP) coordinate system, where (Zgp) — Z; = 0 indicates the
flame surface located at the average location of the stagnation plane and (Zsp) — Z; increases
towards the bottom nozzle, as illustrated in Fig. 5. For each mixture, the stagnation-plane
location is measured by Mie scattering flame tomography of the impinging jets of the hot
exhaust gases and the non-reacting flow with preserved flow properties of the oxidizer-inert
portion of the unburned laminar and turbulent flows. The fuel is removed from the mixtures
to prevent autoignition at the stagnation surface. The presence or lack of a flame does not
change the momentum of the jet and therefore, should minimally affect the location of the
stagnation surface. The flame location is normalized by the separation distance between the
two nozzles (hy), and the standard deviation of (Zsp) is less than 0.029 hy over the full set
of mixtures.

PDFs of flame location at various Leg at the higher, and the lower, turbulence intensity
levels are shown in Figs. 5a and 5c, respectively. These PDFs determine the most-probable
flame location (((Zsp) — Z¢)), and the flame-brush thickness (dr). Furthermore, skewness of
these PDF's indicates a propensity for the instantaneous flame location to be upstream or
downstream of the average location.

Variations of ((Zgp) —Zs) for laminar flames and turbulent flames at the higher turbulence
intensity are shown in Fig. 5b. As shown in Figs. 5a and 5b, PDF's of flame location overlap
for 0.9 < Leeg < 3.1, and are skewed towards the stagnation surface, as they are pushed to
the hot exhaust gases by steep average velocity gradients; hence, the most-probable flame
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Figure 5: (a) PDF's of flame location at various Leeg, and (b) correlations of ((Zsp) — Z¢) with respect to
Lecg under the high-turbulence level. (c) and (d) PDFs of flame location and its correlations under the

low-turbulence level.

The x-axis is broken to show the CsHg-He flame at Le.g = 3.08. Laminar flame

measurements are reported for diluted C3Hg flames with CO5 and He, as well as Ho-enriched C3Hg flames.
For details of the mixtures see Table 1.
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Figure 6: d1 of turbulent and 4y, of laminar flames. Laminar flame measurements are reported for diluted
C3Hg flames with CO5 and He, as well as Hy-enriched C3Hg flames. The x-axis is broken to show the
C3Hg-He flame at Le.g = 3.08.

location is almost constant in mixtures with Le.g > 1. As Le.g falls below unity, PDFs of
flame location significantly move upstream toward the bottom nozzle with decreasing Leg,
and are less skewed. This relocation is also illustrated by a significant increase in ((Zsp) — Z)
for mixtures with Leos < 1 shown in Fig. 5b. In laminar flames at constant SY, ((Zsp) — Z)
increases linearly with a shallow slope up to Le.g ~ 0.5, and rises significantly for the pure
H, flame (Le.g ~ 0.35), due to differential diffusion enhancing the stretched flame speed.
In thermo-diffusively unstable turbulent flames with Le.s < 1, the global burning velocity
considerably increases with decreasing Le.g; hence, the flames are stabilized closer to the
bottom nozzle exit in the steep average bulk-flow velocity gradients. The pure Hy flame
could not be stabilized at the higher turbulence intensity due to flash back, which also
shows that the turbulent burning rate is enhanced compared to the other mixtures.

Variations of ((Zsp) — Z¢) at the lower turbulence intensity are summarized in Fig. 5d
for mixtures with 0.35 < Le.g < 1.69. As illustrated in Figs. 5¢ and 5d, PDFs of flame
location at Le.g 2 1 overlap, and the most-probable flame location is almost constant.
With decreasing Le.g, at Le.g ~ 0.6, the PDF starts to move further towards the fresh
reactants, and the pure Hy-COq flame (Le.g = 0.35) stabilizes at the closest distance to the
bottom nozzle due to a significant increase in turbulent burning rates.

Turbulent flame-brush thickness is calculated using PDF's of flame location: ot =4 X o,
where ¢ is the standard deviation of the PDFs. In Fig. 6, the scaled values of dt are plotted,
along with the laminar flame thickness (1) for reference. In general, the normalized 7 is
larger in flames at the higher turbulence intensity compared to the same mixtures at the
lower turbulence intensity. At each turbulence intensity, while the dimensional values of
o1 show an increase with decreasing Le.g, the scaled values appear flat because the dy, also
increases for reduced Le.g. In mixtures with He dilution, 41, is considerably larger due to
the increased thermal diffusivity of the mixture (5, o< a/Sy).

16



This is an Accepted Manuscript of the following article, accepted for publication in Combustion and Flame.s Abbasi-Atibeh, E. and Bergthorson, J. M. (2019), The effects of differential diffusion
in counter-flow premixed flames with dilution and hydrogen enrichment, Combustion and Flame 209 (2019) 337 — 352. doi: 10.1016/j.combustflame.2019.07.035 « It is deposited under the terms

of the CC BY-NC, which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.

3.2. Local flamelet displacement velocity

PDF's of St for flames at two levels of turbulence intensity are illustrated in Figs. 7a—T7c.
These PDF's show the most-probable local turbulent flame velocity ((St)), and the distri-
bution of PDFs compared to SP. In Fig. 7Ta, PDFs of St for C3Hg and Hs-enriched C3Hg
flames at the higher turbulence intensity illustrate that the peak moves towards higher local
velocities with decreasing Le.g in mixtures with Le.gs < 1, and St significantly passes S,
due to the effects of differential diffusion. However, the PDFs of mixtures with Le.g > 1
overlap, and (St) is almost constant in these mixtures. PDFs of St for CHy flames at the
higher turbulence intensity are illustrated in Fig. 7b, where Le.g is varied through dilution
with different inerts. In these flames, the peaks of the PDFs only slightly move towards
higher velocities, as Le.g decreases from 1.6 to 0.86. These PDF's show values in the range
of =2 < (St/S7) < 12, consistent with 3D turbulent displacement velocity measurements
reported in [88]. At the lower turbulence intensity shown in Fig. 7c, PDFs of St are nar-
rower compared to the higher turbulence case in mixtures with Le.g > 1. With increasing
H, enrichment in C3Hg-COq from 0% (Leog = 1.69) to 100% (Leogs = 0.35), PDFs of St
significantly widen and the peaks move towards higher velocities. Evidently, negative St
values are less likely, and account for only ~ 14 % of all St measurements. A DNS study
of 2D stoichiometric CHy-air flames [92] show negative St values in highly curved concave
regions towards the reactants.

In order to quantify these effects, (St) of turbulent flames, as well as S, e of laminar
flames, are plotted against Le.g in Fig. 7d, where (St)/Sp ~ (I,) (Eq. 2). Su_ret/S} values
are larger than 1 because of stretch and hydrodynamic effects on the laminar counter-flow
flames [42]. In general, (St) is larger than S, ., as local curvature generated by eddies
in turbulent flames enhances the local flamelet velocities. Furthermore, (St) is larger at
the higher turbulence intensity compared to the lower intensity, due to an increase in local
curvature effects with increasing turbulence intensity.

As illustrated in Fig. 7d, Sy_rer/Sy variations with decreasing Le.g correlate well with
the laminar flame location variations shown in Figs. 5b and 5d, with a sharp increase at
Leesr < 1. At the higher turbulence intensity, the normalized (St) is almost constant at ~ 4
in flames with Le.gs > 1, whereas in flames with Le.g < 1, it increases with decreasing Le.g
up to 5.6 for C3Hg-CO, with 90 % H, enrichment. The St results are consistent with the
study of Daniele et al. [93], who reported the local flamelet velocities for fuels ranging from
CH,4 to syngas blends. In thermo-diffusively stable mixtures (Le.g > 1), thermal diffusion
from the positively stretched portion of the flame front is larger than fuel diffusion into the
stretched area; hence, the rate of thermal energy loss is greater than chemical energy gain
provided by molecular diffusion into the reaction zone, which decreases the temperature, and
results in decreasing the flame velocity. In thermo-diffusively unstable mixtures (Le.g < 1),
at a positively stretched portion of the flame front, molecular diffusion into the stretched
area is larger than thermal energy loss through heat conduction and thermal diffusion, which
increases the local ¢ and temperature; hence, the velocity of the leading points increases [50].
At the lower turbulence intensity, (St)/SP peaks at the pure Hy flame (Le.gs = 0.35). In
general, as illustrated in Fig. 7d, the effect of Lewis number on the local flame velocity of
stretched flames is not linear, with sharp increases in the local flame velocity of mixtures
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Figure 7: PDFs of St for flames at various Leeg: (a) CsHg and Ho-enriched C3Hg flames in various oxidizing-
gas mixtures under the high-turbulence level, (b) CH4 flames in various oxidizing-gas mixtures under the
high-turbulence level, and (¢) C3Hg and Ha-enriched C3Hg flames in COs under the low-turbulence level.
(d) Correlations of (St) and Sy_ref With respect to Leeg. Laminar flame measurements are reported for
diluted C3Hg flames with CO5 and He, as well as Hs-enriched C3Hg flames. The x-axis is broken to show
the C3Hg-He flame at Leqg = 3.08.
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Figure 8: Sample Mie scattering images and extracted flame fronts for mixtures with distinct Le.g at two
levels of turbulence intensity. In these frames, |&|, =~ (|&|).

with Legg < 0.75, due to the effects of differential diffusion.

3.3. Turbulent flame structure

The effects of Leeg on turbulent flame-front curvature (x), and creating/enhancing FSA,
are illustrated in Figs. 8a—8f, where sample Mie scattering images and extracted flame
fronts for mixtures with distinct Le.g are demonstrated at two levels of turbulence intensity.
The representative frames are chosen so that the average absolute curvature within the test
domain of the chosen frame at time ¢ is close to the most-probable absolute curvature over the
whole image sequence, i.e., k[, ~ (|s|). These instantaneous frames illustrate a significant
increase in flame-front curvature and FSA for thermo-diffusively unstable mixtures with
Le.s < 1 at each turbulence intensity.

The uncertainties in £ and X measurements originate from the uncertainties in the
flame-front tracking method, which defines the resolution of the measurement technique in
recognizing x and Y. In these experiments, the total uncertainty in tracking the flame lo-
cation is less than 0.56, (= 0.2mm) [37, 38], which implies that the maximum « that can
be measured is ~ 5000m~!. The flame-front curvature associated with the same scale as
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the average flame thickness, and the average integral length scale, are (1/dr) ~ 2500 m™*
and (1/L) ~ 350m™!, respectively, which are well below the maximum resolution limit. The
Kolmogorov scale significantly increases in the flame region due to high temperatures. Avail-
able measurements of flame-front wrinkles, summarized in [19], show that the characteristic
length of wrinkles in the flame front is never as small as the cold-flow (inlet) Kolmogorov
length scale, or even the Taylor scale. Driscoll [19] also points out that only turbulent eddies
larger than 20 % of L are strong enough to wrinkle the flame, and create/increase flame-front
perturbations. The initial Kolmogorov eddies at the nozzle exit are too weak and they may
be easily destroyed by viscosity; hence, they are not strong enough to perturb the flame nor
to create wrinkles. The discussion above shows that the measurement technique employed
has a sufficient resolution to quantify the effects of differential diffusion and turbulence on
both x and Y.

3.3.1. Flame-front curvature

In turbulent flames, eddies enhance the stretch imposed on flames through increasing
flamelet curvature. The effects of differential diffusion on flame-front curvature are illus-
trated in Fig. 9. Curvature PDFs display a symmetric profile with a near-zero mean in all
turbulent flames ((k) = 0), as illustrated in Fig. 9a. It was illustrated in previous studies
that the skewness of the local flame curvature PDF is a suitable parameter for identify-
ing the presence of Darrieus-Landau (DL) hydrodynamic instabilities [94, 95]. The large
negative curvature values associated with the DL instabilities lead to a PDF profile with a
distinct asymmetry, where (k) < 0. Therefore, Fig. 9a shows that the fluctuations are not
associated with the DL instabilities, and the flame-front curvature is equally negative as it
is positive for all Le.g values. Fogla et al. [96] also showed that with increasing turbulence
intensity, DL instabilities are weakened, and the effects of turbulence become more promi-
nent. On the other hand, Fig. 9b illustrates that, at both turbulence intensities, (|x|) is
almost constant in thermo-diffusively stable mixtures with Le.g > 1, whereas it significantly
increases with decreasing Le.g in thermo-diffusively unstable mixtures with Le.s < 1, due
to variations in mixtures transport properties. As illustrated in Fig. 9b, at the higher tur-
bulence intensity, the average magnitude of the flame curvature, (|x|), is larger compared to
the lower intensity case, consistent with Fig. 8, as the size spectrum of the turbulent eddies
are extended towards smaller scales, and that the small eddies have become stronger and
the dissipation of their energy by viscous forces are delayed; hence, these eddies are more
effective in increasing x. The discussion above shows that turbulent flames in the thin re-
action zone regime are controlled by both turbulence and the effects of differential diffusion
in thermo-diffusively unstable mixtures (Le.s < 1), whereas they are controlled solely by
turbulence in thermo-diffusively stable mixtures (Le.g > 1) [97].

3.3.2. Flame-surface area

Variations of the most-probable FSA of turbulent flames normalized by the FSA of a
laminar flame ((X) ~ (Ar)/AL) with respect to Le.g are shown in Fig. 10a. This figure
shows that increasing turbulence intensity increases (X) due to the effects of more-intense
eddies in creating FSA, consistent with recent studies (e.g., [96]). Figure 10a illustrates that,
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Figure 9: Flame-front curvature at various Leeg: (a) (), (b) (|%]). The x-axis is broken to show the C3Hg-He
flame at Le.g = 3.08.

in mixtures with Le.g > 1, (X) is almost constant; whereas, as Leg falls below unity, (%)
increases with decreasing Le.g at both turbulence intensities. This figure also demonstrates
that the increase in (X) by changing Le.g is comparable to the enhancement of FSA caused
by increasing turbulence intensity by approximately 50 %. Similar scaling was observed in
a previous DNS study of turbulent premixed flames in the thin reaction zone regime [53].
The dependence of (X) on flame-front curvature is illustrated in Fig. 10b, where a linear
correlation is shown between (X) and (|k|). These results demonstrate that differential
diffusion causes an increase in FSA at constant turbulence intensity.

3.4. Flame-front stretch

While laminar flames are stretched only due to the tangential hydrodynamic strain rate
(Ks_y), turbulent flames are stretched due to both K, and the stretch effects of turbulent
eddies through increasing flamelet curvature, as illustrated in Eq. 1. The two components
of flame stretch are plotted in Fig. 11. Variations of the most-probable stretch imposed
on turbulent flames due to flame curvature ((k St)) are shown in Fig. 11a. This figure
shows that the PDFs of xSt are normally distributed around zero with slight deviations
towards the positively stretched flamelets for mixtures with Le.g < 1, which is consistent
with (k) ~ 0 observed in Fig. 9a, as the flame-front fluctuates around the average flame
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location.

In order to highlight the effects of differential diffusion on the leading points of the flame
front, the statistics of positively stretched flamelets are illustrated in Fig. 11b. Each segment
of the flame front is positively stretched (k St > 0) when: (1) it is positively curved and the
leading edge velocity is positive, i.e., the lame moves towards the unburned reactants in the
laboratory coordinate system, or (2) it is negatively curved and moves farther away from the
fresh reactants. PDFs of St (Fig. 7) illustrate that ~ 86 % of the measured St values are
positive; hence, ~ 86 % of the data used in PDFs of flame stretch in Fig. 9b are positively
curved leading edges of the flame propagating into the fresh reactants. It is illustrated
in Fig. 9b that ((kSt)s0) increases with decreasing Leeg in mixtures with Le.s < 1, and
is larger at higher turbulence intensities, consistent with flame speed and curvature data
(Figs. 7d and 9b).

The tangential hydrodynamic strain rates (K;_;) for flames at various Leeg are illustrated
in Fig. 11c. In general, the two components of flame stretch in Figs. 11b and 11c¢ show that
the stretch caused by curvature is larger than the bulk strain rate in the highly turbulent
flame experiments. The (K;_¢) remains almost constant in laminar and turbulent flames at
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Figure 11: Components of flame stretch at various Leeg: (a) stretch imposed on turbulent flames due to
flame curvature, (b) positive stretch imposed on turbulent flames due to flame curvature, (c) tangential
hydrodynamic strain rate in turbulent and laminar flames, (d) total positive flame stretch imposed on
turbulent flames. The x-axis is broken to show the C3Hg-He flame at Le.g = 3.08.

various Le.g, with the average value ~ 336s7!, as the bulk-flow velocity is constant in all
experiments.

The most-probable total stretch imposed on turbulent flames is calculated using Eq. 1,
and plotted against Leqg in Fig. 11d for positively stretched flame-front segments. These re-
sults show values in the range of 700s™! < (K.q) < 1600s™!. Variations of (K<q) show that
the total stretch imposed on the leading points of the flame front increases with decreasing
Leqg for thermo-diffusively unstable mixtures with Le.g < 1.

3.5. Turbulent burning rate

The effects of differential diffusion on the burning rate of turbulent premixed flames
include the effects of local flamelet displacement velocity, as well as the effects of FSA, as
illustrated in Eq. 2. Equation 2 is used to calculate the instantaneous turbulent burning
rate (St_pc) for flames with various Lecg, using the X and the average normalized St
(I, = St/S}), over the entire flame front within the test domain, at time ¢. In order to
quantify the effects of I, and X on St_r ¢, the most-probable turbulent burning rate (St_r¢)
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Figure 12: (a) Turbulent burning rates at various Leg in turbulent flames compared to reference flame
speeds in laminar flames. The x-axis is broken to show the C3Hg-He flame at Le.gs = 3.08. The relative
contribution of the normalized (St) ((I,) = (ST)/Sf) and (¥} in increasing St_rc are plotted against: (b)
Leest, and (¢) normalized (St_1c).

is extracted from the time series of St_1,¢, and plotted in Fig. 12a for various Lecg. Sy_rer/ S
values are also included to show the burning rate of laminar flames. The St_1¢ is almost
constant with decreasing Leqg in mixtures with Leqg > 1, and increases when Leg falls below
unity. The effect of Le.gs on the burning rates of premixed stretched flames is not linear,
with sharp increases in flames with Le.g < 0.75 in both laminar and turbulent flames. The
differences in the St_ic of laminar and turbulent flames are due to the effects of turbulent
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eddies in increasing flame stretch and creating/enhancing FSA, which results in increasing
flame burning rates.

The ratio of the effects of the most-probable I, and the most-probable ) in increasing
St_1c is plotted against Le.g and the normalized St_r¢ in Figs. 12b and 12c, respectively.
As shown in these figures, the ratio of these two parameters is almost constant ((I,)/(X) ~
3.1), and the results overlap over the wide range of Lewis numbers, and turbulence in-
tensities, used in these experiments. The relative contribution of these two parameters in
increasing St_r,c can be obtained from this ratio. This analysis shows that I, is responsible
for approximately 76 % of the observed St_1c, and the remaining 24 % results from increas-
ing FSA. This result shows the essential role of differential diffusion on turbulent burning
rates, which needs to be considered in the study of turbulent flames.

3.0. Discussion — The effects of differential diffusion on turbulent burning rates

Variations of turbulent burning rates with decreasing Le.g, illustrated in Fig. 12a, cor-
relate closely with flame location (Figs. 5b and 5d), local flamelet displacement velocity
(Fig. 7d), flame-front curvature (Fig. 9b), flame-surface area (Fig. 10a), and flame stretch
(Fig. 11d) at various Lecg. These results are consistent with the idea that, in thermo-
diffusively unstable mixtures with Le.g < 1, when the flame front is perturbed, thermal-
diffusive (TD) instabilities cause two main effects on flame propagation: (1) at the positively
stretched portion of the flame front, the local velocity increases towards the fresh reactants
due to the effects of differential diffusion, and (2) as the reactants approach the reaction
zone in the negatively curved region along two side-by-side positively curved segments of
the flame front, the fuel will preferentially diffuse out of the fresh reactants towards the
positively curved leading edges, due to the higher molecular diffusion of the lighter fuels
compared to the heavier oxidizer (i.e., preferential diffusion), and make the reactants leaner
as they approach the reaction zone. This will decrease the propagation velocity in the neg-
atively curved region; hence, the positively and negatively curved segments of the flame
front move farther away from the average flame location. As illustrated in Fig. 9a, PDFs
of curvature display a symmetric profile with a near-zero mean even for thermo-diffusively
unstable mixtures with Le.g < 1, with no skewness towards positive curvature values. This
shows that the flame-front curvature is equally negative as it is positive, and that the in-
crease in the average magnitude of flame curvature shown in Fig. 9b is primarily associated
with the preferential diffusion of the lighter fuels compared to the heavier oxidizer. Similar
methodology was used in [94] for identifying the presence of DL hydrodynamic instabilities
based on the skewness of the flame curvature PDF. This preferential diffusion results in
increasing local curvature and stretch imposed on that location along the flame front, which
further triggers the effects of differential diffusion in increasing local velocity, curvature, and
flame stretch. Both these effects further amplify the initial wrinkle, and lead to a flame that
has a larger FSA, which burns more reactants, and has higher local flamelet velocities; both
effects increasing the flame burning rates. Increasing average flame burning rates causes the
thermo-diffusively unstable flames to climb up the steep bulk velocity gradients in the stag-
nation flow, resulting in a significant relocation of these flames towards the bottom nozzle
(Figs. 5b and 5d), and eventually leading to flash back in mixtures with Le.s < 1. Flash
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back is a direct result of these higher turbulent burning rates due to variations in diffusive
properties, at constant laminar flame speed, bulk flow velocity, and turbulence intensity.

There are two main mechanisms that limit the perpetual increase in local flame velocities
and burning rates: (1) the destruction of FSA due to the flame-front segments merging at the
trailing points, forming cusps, which reduces the flame-front curvature and flame stretch,
leading to flamelets with smaller FSA, lower local velocities, and smaller flame burning
rates, and (2) the propagation of leading points in all directions, which means that their
radius of curvature increases in time, leading to a lower curvature; hence, putting a limit
on the maximum flamelet velocity in that location along the flame front. Therefore, the
average burning rate causes the flames to stabilize at some average location within the steep
bulk-velocity gradients of the counterflow.

As illustrated in Fig. 7d and Fig. 12a, the same overall curve of St versus Leqg, as well
as for St_r¢ versus Legg, are obtained for all mixtures, regardless of the fuel composition or
inert gases used. These results indicate that the values of St and St_1,c, measured over a
wide range of Lewis numbers, are not dependent on the fuel or oxidizing-gas mixture, and
can be described fully by Le.g and turbulence intensity. Furthermore, Figs. 12b and 12c
illustrate that the relative contribution of local flamelet velocities and FSA in increasing
St_1c is not dependent on the fuel, oxidizing-gas mixture, or turbulence intensity, and the
results overlap over a wide range of Lewis numbers.

Figure 10a show that increasing turbulence intensity increases the FSA. In addition,
Figs. 9b and 11d illustrate that increasing turbulence intensity increases the effects of dif-
ferential diffusion in thermo-diffusively unstable mixtures (Le.s < 1). At higher turbulence
intensities, the size spectrum of the turbulent eddies are extended towards smaller scales,
the small eddies contain more turbulence kinetic energy, and the dissipation of their energy
by viscous forces are delayed; hence, these eddies are more effective in increasing the stretch
imposed on flames through increasing flamelet curvature. These effects demonstrate that
the effects of turbulence and differential diffusion are linked in increasing turbulent burning
rates in mixtures with Le.g < 1.

Flame-front cellular instabilities in premixed flames arise from a combination of both
TD and DL hydrodynamic instabilities. While DL instabilities are typically neglected for
small-scale flames at atmospheric pressure, due to the diffusional thickness of the flame,
these effects are coupled to the effects of differential diffusion at high-pressure combustion
for which DL instabilities can be substantially enhanced due to very thin flames. Recent
studies show that turbulence triggers the production of instabilities, and may act to accen-
tuate the burning rate by promoting intrinsic flame instabilities [52, 98], consistent with the
observations of this study that for thermo-diffusively unstable flames, turbulence increases
both St and Y. The discussion above shows that the effects of turbulence intensity, TD
instabilities, and DL hydrodynamic instabilities may be interlinked during turbulent pre-
mixed flame propagation of mixtures with Le.s < 1. Furthermore, in turbulent premixed
flames, the local flame conformation, and overall combustion properties, such as turbulent
burning rates and flame structure, are influenced by advection of these instabilities along
the flame surface referred to as a memory effect [19]. This phenomenon suggests that the
burning rate and morphology of turbulent flames depend on both mixture properties, as well
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as geometry-dependent parameters [19, 94], which can be accounted for by the mean flame
stretch modulated by the Markstein length [94], the former implicitly accounts for geometry-
dependence [19], and the latter accounts for all diffusion processes occurring inside the flame
zone [94]. The results represented in this study are consistent with this understanding.

While turbulence and DL hydrodynamic instabilities interact in the wrinkled /corrugated
flamelet regimes, it was shown that for high turbulence intensities the effects of DL insta-
bilities are predicted to diminish, and the flames are dominated by the turbulence in the
vicinity of the thin reaction zone regime, in the corrugated flamelet regime [96, 97]. How-
ever, the results of this study show that TD instabilities are effective in increasing turbulent
flame speed even for highly turbulent flames, and there is currently no theory to predict
these physics. This work therefore shows the need to advance combustion theory to produce
models that can capture these effects for flames in real-world combustion systems to predict
the performance of future fuel-flexible combustors, and the present results provide a valuable
dataset for the validation of such theories.

4. Conclusions

The effects of differential diffusion on lean turbulent premixed flame location, local
flamelet velocities, burning rates, and flame structure were investigated using counter-flow
flames in the thin reaction zone regime. Various fuel-oxidizer-inert mixtures representative
of a wide range of Lewis numbers were used in the context of fuel flexibility. Local instan-
taneous statistics of various flame parameters within the imaged plane were quantified as
probability density functions using sufficiently large data sets to ensure statistical accuracy.
These statistics showed that the effects of differential diffusion on the burning rates and
the structure of turbulent premixed flames are important in the thin reaction zone regime
(1 < Kar < 100 and Dat < 1), and turbulence does not mask these effects, even if turbulent
heat and mass transport are significantly enhanced over the laminar values.

The PDF's showed that, in turbulent premixed flames, local flamelet velocities and tur-
bulent burning rates increase with decreasing Le.g at constant turbulence intensity and
laminar flame speed. In addition to increasing local flamelet velocities, differential diffusion
also increases both flame-front curvature and flame-surface area in mixtures with Le.g < 1 at
constant turbulence intensity, which increases turbulent burning rates. The effects of Lewis
number are not linear; most results remain almost constant in mixtures with Le.g > 1,
whereas they increase sharply with decreasing Le.g in mixtures with Le.g < 0.75. The
relative contribution of turbulent flamelet velocities and flame-surface area, in increasing
turbulent burning rates, is approximately 76 % and 24 %, respectively, and this proportion
is not dependent on the fuel, oxidizing-gas mixture, or turbulence intensity, and the results
overlap over a wide range of Lewis numbers. Furthermore, local flamelet velocities, burning
rates, and structure parameters, i.e., flame-front curvature and flame-surface area, increase
with increasing turbulence intensity, as commonly understood.

These results show that the effects of differential diffusion on turbulent premixed flame
propagation of thermo-diffusively unstable mixtures in the thin reaction zone regime in-
clude the explicit effects on both increasing local flamelet displacement velocity, as well as
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increasing flame-surface area, as these two parameters are highly correlated. Furthermore,
the effects of differential diffusion on various parameters of turbulent premixed flames, mea-
sured over a wide range of Lewis numbers, are not dependent on the fuel or oxidizing-gas
mixture, and can be described fully by Le.g and turbulence intensity.
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