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ABSTRACT

Sensitivity to stretch and differential diffusion of chemical species are known to influence premixed flame prop-
agation, even in the turbulent environment where mass diffusion can be greatly enhanced. In this context, it is
convenient to characterize flames by their Lewis number (Le), a ratio of thermal-to-mass diffusion. The work re-
ported in this paper describes a study of flame stabilization characteristics when the Le is varied. The test data is

comprised of Le < I (hydrogen), Le =~ I (methane), and Le > I (propane) flames stabilized at various turbulence
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levels. The experiments were carried out in a Hot exhaust Opposed-flow Turbulent Flame Rig (HOTFR), which
consists of two axially-opposed, symmetric jets. The stagnation plane between the two jets allows the aerodynamic
stabilization of a flame, and clearly identifies fuel influences on turbulent flames. Furthermore, high-speed Particle
Image Velocimetry (PIV), using oil droplet seeding, allowed simultaneous recordings of velocity (mean and rms)
and flame surface position. These experiments, along with data processing tools developed through this study, il-
lustrated that in the mixtures with Le < 1, turbulent flame speed increases considerably compared to the laminar
flame speed due to differential diffusion effects, where higher burning rates compensate for the steepening aver-
age velocity gradient, and keeps these flames almost stationary as bulk flow velocity increases. These experiments
are suitable for validating the ability of turbulent combustion models to predict lifted, aerodynamically-stabilized
flames. In the final part of this paper, we model the three fuels at two turbulence intensities using the FGM model
in a RANS context. Computations reveal that the qualitative flame stabilization trends reproduce the effects of tur-
bulence intensity, however, more accurate predictions are required to capture the influences of fuel variations and

differential diffusion.

1 Introduction

Most of the world’s required energy in industrial systems and transportation is provided through combustion. Lean
premixed combustion is a promising approach for reducing pollutants, such as nitric oxides (NO,) and soot. Lean premixed
ultra-low-emission Gas-Turbine Engines (GTE) play a significant role in the power generation industry. However, fuel-
flexibility of these lean premixed combustors is also an important feature of these engines, as lean premixed turbulent
combustion of mixtures with different chemistry and transport properties, originating from various non-renewable (fossil
fuels) and renewable sources, brings large uncertainty in the design process and operability properties of these engines.
Fuel-flexibility addresses two main issues: 1) difference in chemical properties of the combustible mixture (fuel+air), which
is clearly seen in hydrogen-enrichment of hydrocarbon fuels in laminar flame studies [1, 2], and 2) difference in transport
properties (diffusivity of deficient species), which plays an important role in the propagation of premixed flames. The
effect of transport properties is clearly seen in the study carried out by Boschek eral. [3], where it was illustrated that,
with increasing the hydrogen (H,) concentration in methane (CHy) flames, the laminar flame speed increased linearly while
the turbulent flame speed rapidly diverged from the behavior of laminar flames at higher H, concentrations, and increased

non-linearly towards much higher velocities.
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A turbulent flame is stretched due to the bulk hydrodynamic strain (Ky) and the stretch effects of turbulent eddies in the
flow, which can be expressed by flame curvature (k) [4]: K = Spx+ K;, where K is the flame stretch rate. The effects of
stretch are highly important in the propagation of premixed flames in both laminar flames [5-7], and in turbulent flames [8—

11].

The stretch sensitivity in flame propagation is shown by the Lewis number (Le), which defines the balance between the
thermal diffusivity of the mixture (o) and the mass diffusivity of the deficient reactant (D) (fuel in lean, and oxidant in rich
combustion) at the flame front. The disparity between thermo-diffusive properties, & and D, is also known as ‘differential
diffusion’.

Many researchers have studied the effects of Le in the propagation of turbulent flames [12—-16]. A number of studies
reported differential diffusion effects with a focus on measuring the burning velocity and consumption speed of turbulent
flames [9, 17], as well as local flamelet measurements [18, 19]. However, the time-averaged measurements of turbulent flame
properties reported in the majority of these studies do not necessarily yield local information on the physics of turbulent flame
propagation at an instantaneous scale [20]. Therefore, in this study, statistical methods are used to describe instantaneous
local properties of turbulent premixed flames, such as flame position and turbulent flame speed, based on Probability Density
Functions (PDF). These experiments investigate the effects of differential diffusion on the propagation of turbulent premixed
flames of lean Hj-air, CHy-air, and C3Hg-air mixtures, representative of low (Le < 1), unity (Le = 1), and high (Le > 1)

Lewis numbers, respectively.

These experiments are conducted in the powerfully simple geometry of Hot exhaust Opposed-flow Turbulent Flame
Rig (HOTFR) [21-23]. The rig has a compact geometry, excellent optical accessibility, and well-defined boundary condi-
tions, where aerodynamically-stabilized lifted flames are not affected by conductive heat loss to the burner. Furthermore,
the counter-flowing hot exhaust gases enable turbulent flames to be stabilized at higher bulk flow velocities and turbulence
intensities, which enables turbulent flame experiments to be extended to higher Karlovitz numbers (Ka), and assures sustain-
ing turbulent combustion in the thin reaction zone of the Borghi diagram [24]. These characteristics make the rig convenient
both for diagnostics and computational studies, and allows experiments closer to relevant conditions of GTEs and other

combustors.

The experiments provide data to evaluate design tools in the field of turbulent combustion, specifically fuel flexibility.
Accordingly, computations for all three fuels at two different turbulence intensities (lowest and highest for each fuel) were
carried out to complement the experiments and obtain additional insight. The computations make use of the Flamelet-

Progress Variable (FPV) approach, a regularly used framework in the industry due to its low computational overhead. The
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Fig. 1. Schematic of hot exhaust opposed-flow turbulent flame rig (HOTFR), and stabilized CHg4-air turbulent flames at increasing turbulence

intensities.

economy comes from being able to tabulate chemistry based on the assumption that a turbulent flame may be considered
as an ensemble of locally laminar ‘flamelets’, whose structure can be pre-calculated for a range of strain rates, equivalence
ratios, and heat loss effects [25, 26], parametrized by a reaction progress variable, and referenced during run time. A priori
flamelet calculations use ‘Flamelet Generated Manifolds’ (FGM) [27] as a chemistry reduction technique while creating a
database of strained flamelets in composition space. Since finite-rate chemistry effects can be incorporated at the flame front,
this method is capable of predicting lifted flames. It is of interest, therefore, to evaluate its ability to reproduce the flame

stabilization trends observed in the experiments described in this paper.

2 Experimental Method
2.1 Turbulent Counter-flow Burner

In these experiments, lean premixed turbulent flames of H,-air at equivalence ratio (¢) = 0.19, CHy-air at ¢ = 0.6, and
C3Hg-air at ¢ = 0.7 are stabilized in a Hot exhaust Opposed-flow Turbulent Flame Rig (HOTFR) under atmospheric pressure.
These mixtures are representative of distinct Lewis numbers of Le < 1, Le =~ 1, and Le > 1, respectively. The rig consists of

two axially-opposed, symmetric turbulent round jets. The two jets issue from a stainless steel nozzle on one side (the reactant
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Table 1. Properties of the laminar flames.

CszHg + Air  CHy+ Air H, + Air
0=0.7 0=06 $=0.19

Le | 1.860 0.976 0.334
oL | 0.247 mm 0.433mm 0.516 mm
T.a | 1889K 1668 K 898K

St | 19.7cm/s 11.5cm/s  8.75cm/s
St (at 576 K) | 37.8 cm/s 22.1cm/s 16.8cm/s

mixture side) and a ceramic burner nozzle on the opposing side (hot product side). The schematic of HOTFR is illustrated in
Fig. 1. The premixed fuel and air mixture from the bottom nozzle accelerates toward the test section and the flame impinges
against hot exhaust gases from the ceramic burner at the top. Balance of momentum at the stagnation plane between the two
jets allows the formation of an aerodynamically-stabilized flame. The excellent optical access allows well-defined boundary
conditions and clearly identifies fuel influences on turbulent flames. The stabilizing effect of the hot products allows higher

turbulence conditions.

The premixed fuel and air nozzle assembly at the bottom consists of two concentric sets of plena and nozzles. The inner
nozzle, with an exit diameter of dy = 20 mm and the contraction ratio of 9, is attached to a plenum of diameter 60 mm, and
delivers the premixed fuel and air mixture to feed the turbulent flame. The nozzle centerline bulk flow velocity at the nozzle
exit (Ung) varies with the values of 0.9 m/s < (Ung) < 5.6 m/s in these experiments. The outer nozzle (co-flow nozzle)
provides a flow of nitrogen (N), as a co-flow to shroud the flame from the surrounding environment and stabilize the edge
of the flame. Furthermore, the flame is only studied within the radial boundaries of —0.25 < (r/dn) < 0.25, away from the
flame edge and the shear layer with the co-flow. A portion of air delivered to the bottom nozzle is passed through an atomizer,
where Laskin nozzles are used to generate atomized oil droplets as seeding particles in laser diagnostics. In order to generate
high intensity turbulent flow at the test domain, a multi-circular Turbulence Generating Plate (TGP) is used [21, 28]. The
plate has 5 jets with the hole diameter of 1.7 mm on the radius of 15 mm, with a percent open area of 0.35 %. The TGP is
located in the inner plenum at a vertical distance from the nozzle exit of 123 mm. The exhaust gases are generated using a
water-cooled pre-burner inside a ceramic nozzle with a contraction ratio of 6.25, and at a vertical distance from the nozzle
exit of 90 mm. CHy-air mixtures at equivalence ratios of 0.75 < ¢ < 0.85 are used to feed the ceramic burner. The nozzle
exit velocity (Ucp) and the equivalence ratio of the mixture is adjusted to balance the momentum, and deliver the exhaust

gases at nozzle exit temperatures (7cg) of 1400 K< Teg < 1900 K.

The required fuel, air, and inert flows are delivered to the rig using Mass Flow Controllers (MFC), calibrated using a

Bios DryCal ML-800-44 dry-piston calibrator to reduce uncertainty in mixture composition. Multiple opposed-flow jets of
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Table 2. Experimental conditions of turbulent C3Hg-air flames at ¢ = 0.7, CHy-air flames at ¢ = 0.6, and H;-air flames at ¢ = 0.19.

U/S](i M//SE L/SL RCT KaT TCB [K]

4.6 1.4 86 127 0.6 1504

= 135 4.6 86 410 36 1824
O 211 6.5 87 593 6.1 1916
26.4 9.1 103 972 9.1 1907

8.8 2.5 5.7 144 1.7 1455

- 25.1 8.1 55 453 99 1738
O 358 11.2 52 599 16.8 1797
48.7 15.8 6.6 106.6 25.1 1841

13.1 3.5 4.1 124 2.6 1396

e 322 10.9 45 428 138 1760

429 16.2 52 735 229 1806
634 19.8 48 817 327 1786

fuel and air, along with mixing vessels upstream of the nozzles help to maximize the mixing of fuel and air in a confined
system. Furthermore, alumina (Al,O3) beads of 1 mm diameter are used upstream of the nozzles’ exit in the plena to enhance
the mixing.

Properties of fuel and air mixtures, used in this study, are listed in Table 1. Lewis number is calculated as: Le = o,/D =
A/(pcpD), where A is thermal conductivity, cp, is specific heat, and p is the density of the unburned reactants. Lewis number,
adiabatic flame temperature (7,q), and diffusive flame thickness (8p, = o/ St) are calculated using free-flame simulations in
Cantera [29]. Unstretched laminar flame speed (S7) is calculated by extrapolating the experimental results of the stretched

laminar flame speeds reported in [30] to zero stretch.

The temperature of hot exhaust gases at the ceramic nozzle exit (7cp), is measured using R-type thermocouples with
three different wire (bead) diameters at 5 mm distance from the nozzle exit. The temperature readings are corrected for heat
losses by extrapolating the measured temperature to a zero diameter. These calculations are done according to the details

found in [31, 32]. The estimated values of Tcp are reported in Table 2.

2.2 Particle Image Velocimetry and Processing Techniques

In these experiments, the flow velocity field is quantified using Two-Dimensional high-speed Particle Image Velocimetry
(2D-PIV) within the imaged plane. In this method, a Nd:YLF laser at 527 nm-wavelength is used to illuminate oil droplets
seeded into the flow, and the Mie scattered light is captured by a high-speed CMOS camera (see Fig. 2 (b)). The imaging

frequency ranges from 3.5 kfps to 14 kfps, and around 10000 PIV image pairs are post-processed using DaVis (a PIV
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Fig. 2. Processing techniques using PIV images: (a) a sample velocity vector field (down-sampled for clarity), (b) a sample flame front
in PIV calculations is a 16 x 16 pixel grid, and the pixel-to-mm ratio is 30.7, yielding the PIV spatial resolution of ~ 520 um.

software package) to calculate the velocity vector fields, as illustrated in Fig. 2 (a). The smallest interrogation window used

contour, (c) Sy measurement upstream of the flame front
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Turbulent flow statistics of the mean (U) and root-mean-square (rms) of velocity fluctuations («' in axial direction and
V' in radial direction) are calculated using instantaneous velocity vector measurements through Reynolds decomposition:
U(r,x,t) = U(r,x) + u(r,x,t), where r and x are radial and axial positions, respectively, at time 7. The integral length scale
(L) is also estimated using rms velocities by integrating the autocorrelation function up to the first zero-crossing as discussed
in [33, 34]: L = [, Rii(r,t) dr. These results are listed in Table 2. In these experiments, turbulence intensity (u’/U) varies in

the range of 44 % < (1’ /U) < 60 %. For uncertainty analysis of the flow velocity measurement, please see the Appendix.

Atomized canola oil droplets are used as seeding particles in PIV. At the flame front, oil droplets evaporate and disappear
from the Mie scattering images, which allows surface tracking methods to determine instantaneous flame front contours
within the plane of the laser sheet, as seen in Fig. 2 (b). A similar method was used in previous studies for characterizing
the flame front, see for example [35, 36]. In flame front tracking, binarized PIV images are smoothed using edge preserving
filtering, in order to reduce its sensitivity to noise. Laplacian Of Gaussian (LOG) filter is, then, applied to highlight regions
of rapid intensity change, which is often used for edge detection. Zero crossings of the LOG filter correspond to positions
of maximum gradient and localize the edges. Finally, instantaneous flame front position is determined by tracking the
flame front using an edge-finding algorithm. A similar method was used by Balusamy et al. [35] to track the propagation of
spherical flames using an adopted filtering technique. Flame front topology properties, such as normal directions to the flame
front, flame surface density, and curvature are extracted from this data. For uncertainty analysis in flame surface tracking,

please see the Appendix.

The two-component unburned gas velocity upstream of the flame front (S,) is calculated based on the velocity vector
field data in the vicinity of the normal lines to the flame front, as illustrated in Fig. 2 (c). Flame position (Z) data is also
used to calculate instantaneous apparent flame front velocity within the imaged plane (Sg). As illustrated schematically in
Fig. 2 (d), in order to calculate Sg for a flamelet at time #, 5 successive flame contours (centered at #) are considered, and
3"_order polynomials are fit between each pair of successive fronts starting at the flamelet grid at time #, and extending
toward upstream and downstream flame fronts. These polynomials are calculated such that, they are perpendicular to both
successive flame fronts, have the minimum length, and pass through the flamelet grid at time #;, as well as the intersection
grids of the flamelet’s path and the flame front contours specified by the minimum path length. Therefore, each flamelet’s
path consists of 4 continuous 3’“-order polynomials, which are perpendicular to all 5 flame fronts and the total length is
a minimum. The length of the estimated streamline is used to calculate the displacement velocity of the flamelet using a

4" _order finite difference method.
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Fig. 3. Borghi diagram showing turbulent premixed combustion regimes: experimental region of C3Hg-air (LJ), CH4-air (@), and Hy-air (A)

flames.

Although previously proposed methods [35, 37] and the current approach utilize different image source and flame surface
tracking methods, they all track the flamelet’s path between consecutive flame front contours to reconstruct the flame front
motion using successive image sequences. However, in the current approach, use of higher order finite difference method in

flame front velocity calculations improves the signal-to-noise ratio.

Sk and S, are, then, used to calculate instantaneous apparent local turbulent flame displacement velocity within the
imaged plane, and along the normal line to the flame surface contour (St) [20, 38]: ST = (Sp+ Sy) - 7i. A similar method was

also used and validated in [35] to measure local laminar burning velocity of stretched spherical flames.

Turbulent Karlovitz number (Kar) is a key non-dimensional quantity describing turbulence-chemistry interactions. Kar
is defined as the ratio of chemical time scale (T.) and the time scale related with the smallest eddies in the flow, known as

Kolmogorov eddies, and is calculated as: Kap = (L/ SL)_2 Rer!, where Rer is the turbulent Reynolds number.

Kar, rms velocities, L, and chemistry related properties (3. and S7) are suitable parameters in describing different
regimes of turbulent premixed combustion in the Borghi diagram [24, 39]. The experimental conditions listed in Table 2 are
summarized in the Borghi diagram (Fig. 3). Kar < 1 indicates that the eddies of Kolmogorov length scale are significantly
large compared to the flame thickness; hence, the eddies do not penetrate into the preheat zone and have only a wrinkling
effect on the flame front structure. This zone corresponds to the wrinkled and corrugated flamelet regions. On the other
hand, Kar > 1 demonstrates that eddies of the Kolmogorov length scale have become sufficiently small, and they might

penetrate into the reactive-diffusive flame structure. This region corresponds to the thin and broken reaction zones on the
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Fig. 4. Le influence on laminar and turbulent methane flames at ¢ = 0.55: (a) SDR and (b) reaction rate.

Borghi diagram. As illustrated in Fig. 3, the experimental conditions in this study are in the thin reaction zone of the Borghi

diagram, to quantify measurements closer to the relevant operating conditions of GTEs.

2.3 Computational Model Description and Setup

The Favre-averaged equations for continuity, momentum, and energy were solved, together with the flamelet-progress
variable equations using a commercial code, ANSYS 18.2. A Reynolds Stress transport Model (RSM) is used for turbulence
predictions, as it minimizes turbulence modeling issues with the mixed (laminar-turbulent) nature of the counter-flow system.
Figure. 7 (a) shows contours of the fluctuating velocity field. Turbulent and laminar regions of the flow are reproduced and
no spurious fluctuations can be seen in the laminar region. For brevity, the combustion model will be briefly summarized.
The recent, comprehensive review of van Oijen ef al. [27] may be consulted for full details, and the work by Jella et al. [40]
for more specifics on the flamelet-generation method used in this article.

The flame is tracked by the mean reaction progress variable (¢), and its variance (C’N’Z), which are used to convolve
a conventional beta-pdf with the laminar (FGM) reaction rate. The progress variable is defined as ¢ = ?co + 17(;02 for
the hydrocarbon flames, and ¢ = ?Hzo for the hydrogen flames. Details on the closure for the source and sink terms in
the transport of ¢ and n may be found in [40]. In the limit of perfect mixing, the chemical source term is modeled as:
@ = fol . (8) P(€) dC where  is the sample space variable for ¢, @, is the FGM reaction rate, and P({) is the probability
shape obtained from the beta-pdf. The FGM equations in composition space are solved as described by Nguyen et al. [41],
assuming unity Lewis numbers. An important consequence that results from this transformation is the need to prescribe
the Scalar Dissipation Rate (SDR), ., defined as %. = D.(Vc- Vc¢), which accounts for molecular mixing in composition
space. In this work, the peak value of . is computed from a physical space simulation, and an error function distribution
[41] is used to calculate its variation through the flame. Since Fluent is hardcoded to generate Le=1 flamelets in c-space

with an analytical SDR, we quantify the impact of the coordinate transformation using physical space solutions. Strained
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Fig. 5. Le influence on temperature and species: laminar flames of (a) methane and (b) hydrogen.

counter-flow flames corresponding to boundary conditions without TGP were calculated in Cantera as a cross-check of the
Fluent Le# 1 physical space and c-space solutions, but for the sake of space, we refer to [40] for these results and reproduce
the most relevant points below. The UCSD-San Diego 2016 mechanism has been used for all computations in this study.
Figure 4 summarizes the effect of Le=1 on two important quantities that directly impact the flame speed: ). and ®, for
alean (¢ = 0.55) methane flame. The main consequence of Le=1 for lean methane flames is the lowering of reactivity due to
the neglect of differential diffusion. This is seen ‘as a shifted peak for the SDR’ in the range 0.2 < ¢ < 0.8 between the plots
in Fig. 4. The differences between the physical space SDR and the error-function approximation do not appear to heavily
influence the results in this case, although differences in species profiles should be expected. In the case of laminar hydrogen
flames, much larger differences are seen between profiles of temperature and species (OH) in Fig. 5 (b), and in heat release
(Q) in Fig. 6. Q is observed to distribute over a larger range of ¢ and reach a maximum c in the case of Le # 1. This implies
that flamelet reaction rates that assume Le=1 will under-predict the reaction rate. Therefore, while Le=1 assumption might
be a reasonable representation of the flame structure for methane flames, hydrogen flames are not likely to yield correct

results with the present CFD methodology.
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Fig. 6. Le influence on heat release: laminar hydrogen flames.
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Fig. 7. CFD model: (a) turbulent jet, (b) lifted flame front visualized by chemical source term, and (c) temperature contours.

Accordingly, non-unity Le flamelets should be used, as noted by Donini [26]. Goldin et al. [42] point out that in this
case, the enthalpy equation is required to account for flamelet enthalpy changes, and that a large turbulent eddy viscosity
can easily mask molecular diffusivity influences. In order to investigate this further, major changes to the flamelet-progress
variable implementation in the Fluent code are required, or flamelets should be generated externally. For the present, we
restrict discussion to our findings with respect to the assumption of Le=1 and reserve a more focused investigation of flamelet
methods for the next step.

The flow and combustion model equations were discretized using 2"?-order upwinding for convective terms, and 2"¢-
order central differencing for the diffusion terms. 2D axisymmetric forms of the equations were solved taking advantage
of the statistically 2D axisymmetric flow. Boundary conditions for flow and turbulence were imposed using experimental
measurements. 3D RANS simulations with full resolution of TGP did not yield any significant advantage. In addition,
the nozzle exit conditions were designed to be statistically isotropic to facilitate the most minimal computational domain.
A simplified computational domain is shown for a propane flame in Fig. 7. The nature of the computations in this work
are fundamental checks of the unity Le assumption (typically assumed in commercial codes such as Fluent) in flamelet
generation, and its effect on predicting flame stabilization trends. A detailed analysis in 3D will be reserved for future work

with more advanced turbulence modeling.

3 Results and Discussion
3.1 Results and Discussion - Experiments

The effects of stretch sensitivity and differential diffusion in propagation and stabilization of turbulent premixed flames
through fuel variation are investigated in this study. In these experiments, instantaneous apparent flame position and velocity

statistics within the imaged plane are extracted from PIV data. 10000 PIV images are processed for each experiment to
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and (e-f) Hp-air flames at increasing u'/S]‘i. Please see Table 2 for u’/S]‘i values.

improve the statistical accuracy, and, approximately, 1 million data points are included to approach the probability density
function of the statistics. For calculating the instantaneous apparent turbulent flame velocity within the plane of the laser sheet
(ST), vector summation of both unburned gas velocity upstream of the flame front (S, ), and the instantaneous apparent flame
front velocity within the imaged plane (Sg) are considered in the direction perpendicular to the flame surface to quantify St.
In these experiments, bulk flow velocity is increased at each step, which increases ’/SP and bulk strain rate, and, therefore,

enhances the stretch imposed on the flames under study.
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PDFs of St and Z for three different fuel mixtures at increasing u’/S} are shown side-by-side in Fig. 8 (a-f). The key
features of St PDFs are the most probable velocity (expected velocity) ((St)), and the distribution of PDFs compared to St..
In general, increasing u’/S?, increases leading edge displacement velocity, as well as local consumption speed in turbulent

premixed flames, which is in agreement with previous studies, for example see [12, 14, 20].

With increasing ' /S, PDFs of St are widened and move toward higher velocities. In Hy-air and CHy-air flames with
Le <1, asu /SE increases, PDFs of St significantly widen, and (St) considerably passes Sy, values, which indicates the
propensity of flames with Le < 1 to burn faster and to move upstream toward the unburned mixture. While normalized (St)
is higher in Hy-air (Le < 1) compared to CH4-air flames (Le ~ 1) at constant turbulence, the differences are smaller than the
change in turbulent burning rates seen in PDFs of Z; shown in Fig. 8 (d) and (f). Furthermore, in C3Hg-air flames (Le > 1),
with increasing ' /S?, PDFs of St only slightly move toward higher velocities. It should be noted that St is normalized by
Sp. that has been corrected for density changes from room temperature to 576 K, which is the temperature at which the oil

droplets evaporate.

PDFs of Z; for three different fuel mixtures at increasing u’/S{ are shown in Fig. 8 (b), (d), and (f), where Z; = 0
is located at the exit plane of the bottom nozzle. These PDFs are rich in physical information, and give statistics of the
flame’s location distribution and range of movement. The most probable flame location (expected flame location) ({Zf)), and
the flame brush thickness (d1) can be extracted from these PDFs. Ot is defined as: &t = +2 x 6, where o is the standard
deviation of the flame location PDF distribution. 8t contains 95.4 % of the observed Z; values. Furthermore, the skewness
of the PDFs indicate a preference for the flame to locate upstream or downstream of (Z). By increasing bulk flow velocity
and /Sy, turbulent flames are subjected to a steeper average velocity gradients, which pushes the flames toward the hot

stagnation surface, and PDfs are widened.

In order to quantify these statistics, (Zf) correlations at increasing u’/S} are summarized in Fig. 9. Figure 9 (a) illustrates
that increasing u'/S?, and stretching the flame through increasing bulk hydrodynamic strain, as well as turbulence stretch
effects, significantly affects the propagation of various fuel mixtures with distinct Le. With increasing /S, C3Hg-air
flames (Le > 1) are skewed and move significantly downstream due to larger than unity Le. In mixtures with Le > 1,
thermal diffusion from the positively stretched portion of the turbulent flame front is larger than fuel diffusion in to the
stretched area. The rate of thermal energy loss is greater than chemical energy gain provided by molecular diffusion in to the
reaction zone, which reduces the temperature and results in decreasing the flame speed, and consequently, the flame moves

downstream. In CHy-air flames with Le ~ 1, this relocation is less pronounced with steepening average velocity gradients,
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since the molecular transport into the reaction zone is balanced with thermal diffusion from the reaction zone, and the flame
temperature corresponds to Tyqg.

However, as illustrated in Fig. 8 (f) and Fig. 9 (a), Hy-air flames remain stationary up to very high bulk velocities
(U/SY =42.9 and ' /Sy = 16.2), which shows that mixtures with Le < 1 are sensitive to stretch effects due to differential
diffusion, and the flamelets make larger incursions upstream against the steepening velocity gradient. This is clearly seen
in Fig. 8 (f), where PDFs of flame location in the case of Hj-air flames, are spread closer to the bottom nozzle, and Z¢/dn
obtains values as small as 0.25, at increasing u’ / St In mixtures with Le < 1, while the flame front is positively stretched,
molecular diffusion into the leading points of the flame is larger than thermal diffusion losses, which increases the local
equivalence ratio (¢), and consequently, temperature and flame speed increase. It is also indicated in Fig. 9 (a) that, at the
highest U /Sy and ' /Sy tested in this study, Z is close to the stagnation surface in all mixtures due to a very high bulk flow
velocity.

Figure 8 (f) and Fig. 9 (a) further validate a significant increase in turbulent burning rates in mixtures with Le < 1
at increasing bulk flow velocity and «’/S?, as the flames remain stationary at steepening average velocity gradients. This

increase in local turbulent burning rates (and consequently, global turbulent burning rates) is thought to be due to both an
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Fig. 10. Effect of strain and turbulence intensity on temperature profiles.

increase in local turbulent displacement velocities due to the effects of differential diffusion and stretch sensitivity (as shown
in Fig. 8 (e)), as well as an increase in flame surface density due to an enhancement in local flamelet curvature, as discussed
in [20].

Flame brush thickness (8t) increases with increasing «’/Sy as seen in Fig. 9 (b). In mixtures with Le > 1, &t increases
faster with increasing u’ /Sy, compared to Le ~ 1 and Le < 1 mixtures, respectively. Thickening trend of &t with «’/S} is in

agreement with previous studies, see for example [36, 43].

3.2 Results and Discussion - Computations

Computations were carried out for the lowest and the highest turbulence intensities for each fuel. Prior to turbulent com-
bustion calculations, counter-flow laminar flames were computed using Cantera in physical space with differential diffusion
effects included via detailed chemistry. The Cantera results indicate qualitatively similar behavior to the experiment with
respect to flame stabilization at low and high strain rates, and follow the trends seen in Fig. 8. At low strain rate, C3Hg-air
flame stabilizes first, followed by CHg4-air and H;-air flames, though the differences are small. At the highest strain levels,
all flames stabilize close to the stagnation plane due to a very high bulk flow velocity.

Figure 10 (a) and (b) compare the laminar flame profiles of temperature rise (x axis is the distance between the two

nozzles) in the left column. At low strain conditions, the highly reactive C3Hg-air jet ignites well before the other two fuels.
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A ‘bump’ in its profile is seen before the post-flame region merges with the hot products from the top nozzle. CHy-air
flame shows a much smaller bump, and the temperature rise for the lean Hj-air case cannot be noticed, due to its low Tyq.
Nevertheless, the computations show a small, but non-negligible reaction rate within the flame-front, as seen in Fig. 11 (a),
which increases with strain rate (Fig. 11 (b)).

In Fig. 10 (c) and (d), the effect of turbulence intensity on the temperature profiles can be seen. Whereas, there is a
certain distance the unburned reactants travel along the axis between the two nozzles (= 0.4 (Z¢/dx))), a temperature rise is
noticed as soon as the reactants exit the bottom nozzle. This is of chemical origin and not due to mixing, as the furbulent
chemical source terms, shown in Fig. 12 (a) and (b), indicate a ramping up as soon as the reactants exit the nozzle. The
Hj-air flames are an exception, however. The temperature rise is markedly slower relative to the others, most likely due to
its very lean condition (73q ~ 898 K), and stabilized by a much cooler (1386 K) stream of products. At high strain values,
all flames stabilize at the same location indicating that bulk strain effects appear to dominate differential diffusion. For the
selected cases, the effect of turbulence intensity coupling with differential diffusion effects is not immediately obvious from
the computations for the lowest and the highest turbulence intensities, and more cases will need to be computed to isolate
the fuel influences.

The flame location and brush thickness may be estimated using the variance predictions. Figure 12 (c) and (d) show
that H-air flames exhibit the largest variance at low, as well as, high turbulence levels. There is relatively less difference
between the hydrocarbon flames, and the differences in Fig. 12 may not be explained independently of the laminar hot
product boundary conditions. With respect to flame location, flames move downstream as in the experiments, but not to
the same extent. At low intensity, the peaks of the reaction rate (a measure of where the flame front is on average) plots in
Fig. 12 (a) and (b), exhibit correct trends compared to the experiment: Hj-air flames are slightly more downstream compared
to CHy-air and C3Hg-air flames, which essentially coincide with respect to their statistically most likely location, as shown by

the experimental PDFs of Z;. At higher turbulence intensity, the flames (especially C3Hg-air) do not move as far downstream
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Fig. 12. Turbulent flame location and brush thickness.

as the experiments indicate, although their locations relative to each other are in reasonable agreement with experiment. At
present, the reason for this deviation from experiment is unclear, but given the differences between unity and non-unity Le
solutions, it is expected that the effects of differential diffusion are significant for this flame configuration. Three dimensional
effects may also be a reason.

The combustion model, as far as the default implementation in Fluent is concerned, treats the flame as a passive scalar
with the influence of fuel isolated to the chemical source term. The dependence of the molecular diffusivity of ¢ and
flamelet generation on differential diffusion, as well as scalar dissipation effects in transport of ¢’> must be examined before
a comprehensive understanding can emerge. The present calculations also show that the flames are more susceptible to

straining effects, as the laminar flame simulations follow the experiment quite well.

4 Conclusions

Sensitivity to stretch and the effects of differential diffusion of various fuels on propagation and stabilization of turbu-
lent lean premixed flames in the thin reaction zone regime were studied in a reactants-to-product counter-flow apparatus.
Furthermore, the FGM model was used to simulate three fuels at two turbulence intensities in a RANS context.

The statistics of local instantaneous flame position and turbulent flamelet velocities are observed to be sensitive to the
effects of differential diffusion at increasing flame stretch. With increasing flame stretch, and due to the effects of differential

diffusion in the mixtures with Le < 1, turbulent flame velocities increase considerably compared to the laminar flame speed,
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which indicates a propensity of the flamelets to make larger incursions upstream against the steepening average velocity

gradient.

PDFs of flame location show a significant increase in turbulent burning rates in mixtures with Le < 1, where Hj-air
flames are almost stationary and compensating for the steepening average velocity gradient imposed by increasing bulk flow,
meaning that the turbulent flame speed is increasing to compensate for the increase in the bulk flow velocity. In contrast,
the downstream movement of CHy-air (Le ~ 1) and C3Hg-air (Le > 1) flames toward the stagnation surface is much steeper
compared to H,-air flames. However, as illustrated by PDFs of flame velocity, the differences in local turbulent displacement
velocities between Hj-air (Le < 1) and CHy-air (Le = 1) flames are smaller than the change in turbulent burning rates seen

in PDFs of flame location.

The normalized flame brush thickness increases with increasing u'/S9, and this increase is the largest for C3Hg-air
flames (Le > 1) and the smallest for H,-air flames (Le < 1).

Computations indicate that strained counter-flow laminar flames with detailed chemistry are able to reproduce the ex-
perimental trends, and turbulence does not mask this behavior. While qualitative trends look encouraging and reproduce the
effect of turbulence intensity, fuel influences definitely require the inclusion of differential diffusion for accurate predictions.

Reliable quantitative experimental results, which are quantified and reported as probability density functions using
processing techniques proposed in this study, are suitable for validating combustion models that are based on flame front
displacement velocity such as G-equation, reaction progress variable such as FGM-based modeling, and turbulent flame

speed correlations.
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Appendix A

Uncertainty in Particle Image Velocimetry

In PIV, it is assumed that the velocity of tracer particles is equal to the flow velocity; however, the velocity-lag of
the particles, due to particle-inertia, thermophoretic, and other effects, introduces some uncertainty in the flow velocity
measurement. In order to calculate PIV uncertainty in estimating the velocity vector field, the principal sources of uncertainty
in particle velocity-lag in these turbulent experiments are considered to be due to Stokes-drag force (Fsp) and thermophoresis
(Frp) [44]. In this study, thermophoretic force can be neglected due to a low temperature gradient zone (T < 576 K).
Therefore, considering the Stokes drag force in low Reynolds number flow, the ratio of a tracer particle velocity, up, to

unburned gas velocity (ug) is derived, with the details of the various terms available in [44-46]:

up - 1
Ug 14+ CxwTsC

ey

In this equation, Ckw is the Knudsen-Weber slip-correction factor [46—48], T, is the relaxation time or Stokes time, and G,
is the fluid velocity gradient. The Stokes time, T, is defined as: T3 = (pp d%) / (18u), where u is the unburned gas viscosity,

dp is the oil droplet diameter (~ 1 um), and pp is the oil density.
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Table 3. Uncertainty details of PIV measurements of turbulent premixed flames at increasing U/SE and u'/Sﬁ for various fuels.

u' /S t,6x 103 Cgw  Uncer. [%)]

1.4 0.74 1.15 0.09
Z 46 241 1.15 0.28
G 65 340 1.15 0.39
9.1 398 1.15 0.45
2.5 0.64 1.15 0.07
=z 8l 2.16  1.15 0.25
o 112 3.17  1.15 0.36
15.8 355  1.15 0.41
35 0.80 1.16 0.09
o 109 225 1.16 0.26
T 162 286 1.16 0.33
19.8 388 1.16 0.45

Uncertainty details for turbulent combustion experiments are listed in Table 3. As listed in this table, characteristic

particle response time is: T =12 us, resulting in an uncertainty of less than 1 % in a high-turbulence intensity case.

Appendix B
Uncertainty in Flame Surface Tracking

PIV resolution in capturing the flame front introduces some uncertainty in instantaneous flame surface position measure-
ments using flame surface tracking methods explained in this study. The main sources of this uncertainty are: mean tracer
particle distance in the test domain (/p,), oil droplet lifetime at the flame front (droplet evaporation time) (Tevap), uncertainties
imposed by filtering processes during post processing procedure (/gji¢), and oil droplet illumination in PIV images (I1).

Iy is calculated through comparisons of saturated and original PIV images, in order to compute seeding density and
mean distance between tracer particles. The distance traveled by the flame front as it sweeps over the oil droplets during
Tevap 18 defined as evaporation distance (levap). Tevap 1S calculated as: Teyap = drz, /E, where d, is the largest oil droplet diameter
(dp =2 um), and E is the evaporation constant [49]. Therefore, levap = Tevap X S, » Where Sk, 1s extracted from PDFs of
Sr. Some uncertainties are also imposed through different filters used to enhance the intensity images, main source being the
median filter of size 5 x 5 pixels, which introduces /g = 2.5 pixels of uncertainty in estimating the flame edge. Furthermore,
illumination of typical particles occupy 2 pixels in PIV images (/1 =~ 2 pixels).

The results of uncertainty calculations in flame surface tracking from various sources are listed in Table 4. The total

uncertainty is obtained by quadrature: Iy = \/ lg + lezVap + l%m + 112. As listed in Table 4, 0.290 < (It /dL) < 0.983 in
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Table 4. Various uncertainty sources in flame surface tracking at increasing U/SE and u'/SE for various fuels.

W/SY /O levap/SL  Ipie/OL  Ii/SL  lrtotal/OL

1.4 0.887 0.009 0.330 0.264 0.983

ool 4.6 0.367 0.028  0.330 0.264 0.560
S} 6.5 0415 0.045 0.330 0.264 0.594
9.1 0.245 0.058  0.330 0.264 0.492
2.5 0.556 0.006  0.188 0.150 0.606
- 8.1 0.261 0.024  0.188 0.150 0.356
o 112 0301 0.033 0.188 0.150 0.387
15.8 0.156 0.042  0.188 0.150 0.290
3.5 0487 0.054  0.158 0.126 0.530
o 10.9 0.249 0.207  0.158 0.126 0.382

16.2  0.305 0.316 0.158 0.126 0.483
19.8  0.187 0.384 0.158 0.126 0.473

these experiments, which shows that the error in flame surface tracking is on the order of, and smaller than, the laminar flame

thickness.
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