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Extinction of premixed flames under non-uniform, unsteady strain is a phenomenon commonly observed
in turbulent combustors. To assess the role of inequity in thermal and mass diffusion, represented by a
global Lewis number (Le) - defined as the ratio of the mixture’s thermal diffusivity to the mass diffu-
sivity of the deficient species, on such extinctions, we present a study of counterflow twin-flames with
various Le under oscillating strain rates. Experimental results confirm that for low mean strain rates, the
amplitude of strain rate oscillation required for extinction is so large that the flow temporarily alters its
direction, leading to distortion of the counterflow flow-field, destabilization, and eventual extinction of
the flame irrespective of Lewis number. However, for relatively large mean strain rates, extinction results
from flame-response to the peak instantaneous strain rate. For Le > 1 mixtures, the maximum strain rate
that the flames can sustain is greater than the steady state extinction values, while Le < 1 flames extin-
guish at a maximum strain rate, approximately equal to the steady state strain condition. This distinc-
tively disparate behaviors of extinctions depending on the Lewis number are analyzed and delineated
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using numerical simulations of unsteady flames.
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1. Introduction

The role of flow non-uniformity in the dynamics of laminar
flames is a topic of great interest owing to its fundamental as well
as practical relevance to a variety of combustion phenomena in-
cluding the modeling of turbulent combustion. The propagation of
premixed turbulent flames, which are often represented as a col-
lection of elemental laminar flames, known as flamelets, is con-
trolled by the collective behavior of these flamelets [1-3]. Turbu-
lence is realized as local flow non-uniformities or disturbances,
hence understanding the influence of these disturbances on the
behavior of laminar flamelets is critical in the development of ro-
bust turbulent combustion models.

The flow non-uniformities present upstream of the propagat-
ing flames are often quantified by strain rates (K), and are known
to have a strong influence on flames, particularly for mixtures
with differential diffusion, a phenomenon quantified by non-unity
Lewis number, Le. Lewis number is defined as the ratio of ther-
mal diffusivity of the mixture to the mass diffusivity of the defi-
cient species. Experiments and complementing theoretical analyses
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on the response of a laminar flame to changes in strain rate con-
firmed that flames are strengthened with increasing positive strain
rates if Le < 1, and weakened if Le > 1 [3-11]. This discovery sub-
sequently led to a series of studies in which the propagation speed,
flammability limit and extinction conditions for non-equidiffiusive
mixtures were quantitatively studied [9,12]. In particular, the role
of (positive) strain on flame extinction received extensive attention
due to its significance in determining reliable operating conditions
and safety limits of practical devices. A series of experimental, nu-
merical and theoretical studies using a canonical stagnation flow,
and counterflow burners, have shown that for Le > 1 mixtures, a
progressive quasi-steady increase in strain rate K reduces the heat
release rate. This in turn decreases the flame temperature due to
modification in reaction rate, leading to a progressively weaker
flame, and as such the flame extinguishes at a critical strain rate
known as extinction strain rate, K.. For Le < 1 mixtures, the flame
temperature and heat release rate increase with strain rate and as
a result, the flame becomes stronger at higher strain rates, until
the flame movement is arrested as it reaches the stagnation sur-
face [13,14]. Subsequently, with increase in strain rate, the resi-
dence time for the flow across the flame is reduced, leading to
incomplete reaction, reactant leakage and reduction in the flame
temperature. Hence, the flame extinguishes beyond a critical strain
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rate Ke. It is to be noted that, although the Le ~ 1 flames are in-
sensitive to increase in K, the extinction of these flames also occurs
close to stagnation plane due to lack in residence time [15]. Such
dichotomy of flame extinction behavior for Le > 1, and <1 mix-
tures is often presented in form of the well-known S-curve where
the flame response is plotted as function of the Damkdhler num-
ber, defined as the ratio of flow timescale vs. reaction timescale
[15].

While the research mentioned above is concerned with quasi-
steady strain rates, flows in practical systems are often inherently
unsteady and possibly turbulent. Several studies with unsteady
strain rates showed that the response of a flame in an oscillating
flow field depends on the frequency and amplitude of the oscil-
lation as well as the mean strain rate [16-19]. In particular, for
low frequency oscillations, the flame is quasi-steady and readily re-
sponds to the imposed perturbations. On the other hand, for suf-
ficiently high frequencies the flame fails to respond in adequate
time to the rapid fluctuations in the incoming flow and hence,
the response is attenuated. For very high frequencies, the flame
is invariant to oscillations. This behavior of flame response has
been described by using the Strouhal number, and Stokes parame-
ter, as measures of flow time scale versus perturbation timescale
[17,18,20-27]. Furthermore, it was also shown that the response
in heat release rate, in general, has a phase lag with the oscilla-
tion in strain rate. Owing to the facilitating and inhibiting effects
of strain rates, the lag in heat release rate response is close to 0
and 7 for Le <1 and > 1 mixtures, respectively [28]. It is also
noted that some numerical studies demonstrated that the flame
responds to unfavorable conditions and extinguishes only if they
persist for a minimum amount of time [29,30]. Subsequently, stud-
ies [31,32] assessed the number of cycles of oscillations in strain
rate required before flame extinction can be achieved and reported
that this number depends on the oscillation amplitude, and fre-
quency.

While previous literature has delved into characterizing the ef-
fect of oscillating strain rate on flame extinction in general, a de-
tailed study into the determination of extinction strain rate lim-
its for unsteady Le > 1 and < 1 flames has not been conducted. It
is critical to characterize the effect of differential diffusion on the
range of strain rate oscillations which flames can withstand and
hence, shed light on possible extension of the flammability limits.
Such studies will, subsequently, be able to provide insights in con-
structing flamelet directories used in modeling turbulent flames,
which are traditionally derived based on flames under steady strain
rates [33]. Recognizing its importance and criticality, we, herein,
present a systematic experimental determination of the extinction
conditions for counterflow twin flames with non-unity Le sub-
jected to oscillating (positive) strain rates. Additionally, by using
numerical simulation we elucidate the unsteady behaviour of these
flames at selected conditions. In particular, we demonstrate how
differential diffusion or Le limits the maximum strain rate a flame
can be subjected to for a range of mean strain rates. We shall now
present the details of the experiments, which will be followed by
sections detailing the key finding from the experiments, numerical
simulations and discussions, and finally a concise summary.

2. Methods and procedures
2.1. Experimental methodology

A counterflow burner with two identical 15 mm diameter noz-
zles with a separation distance (L) of 20 mm was operated in the
twin flame configuration (Fig. 1a). Premixed gas at equal flow rates
was supplied to both nozzles; the ensuing two flames stabilized
symmetrically on each side of the stagnation plane. Gaseous fuels
were used along with oxidizer (0,) and inert nitrogen (N,). Three
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programmable mass flow controllers were used to modulate the
individual flow rates of fuel, O, and N, to achieve the total flow
rate with desired mixture ratios required for non-unity Le flames.
A separate N, co-flow was used to envelope the premixed gas and
flame from the ambient and hence, alleviate any possible influ-
ence of surrounding air on flame dynamics. The co-flow was crit-
ical to achieve repeatable and reliable measurement of extinction
conditions, which can easily be affected by ambient air entrain-
ment causing alteration in the mixture composition. A schematic
of the various components of the burner along with a typical flow
field are shown in Fig. 1a.

To produce an oscillating strain rate, two speakers (acoustic
drivers) were mounted at the end of plenum chambers on each
side of the counterflow setup (Fig. 1a). The speakers were driven
by a sinusoidal voltage signal, generated using a function genera-
tor (direct digital synthesis, DDS, signal generator from Koolertron)
along with an amplifier. Using Fast Fourier Transform (FFT) of the
time dependent oscillating flow velocity at the nozzle exit, the
mean, amplitude, and frequency of the flow velocity and result-
ing strain rate were measured. The global strain rate of a symmet-
ric twin-flame configuration, is defined as, K= 4V/L, where V is
the mean flow velocity from each nozzle at the central axis, and
L is the separation distance between the nozzles [34,35]. The si-
nusoidal oscillations of the strain rate can be expressed as, K(t) =
K + K,sin(27 ft) where K, K, and f are the mean, amplitude, and
frequency of the strain rate oscillations. Here, we note the counter-
flow setup is designed to study flames under positive strain rate,
thus in our study K > 0.

The flow field was visualized and characterized using Particle
Image Velocimetry (PIV) on the cold flow without the presence of
flame. A dual pulsed Nd-YLF laser (wavelength 527 nm) coupled
with a set of sheet-making optics was used to create a 1 mm thick
vertical laser sheet, which was so positioned that it passed verti-
cally through the center of the burner. The flows exiting both noz-
zles were seeded with D.E.H.S. (di-ethyl hexyl sebacate) droplets
with a mean size of 1-2 um. A high speed (Phantom V710) cam-
era connected to combination of a 27 mm extension tube, Nikon
Teleconvertor (2x magnification) and a AF-S Nikkor 28-70 mm lens
was placed orthogonal to the laser plane to capture Mie scattering
images, which were subsequently processed using LaVision’s Davis
10 software to obtain the velocity field. Furthermore, the flame dy-
namics and flame extinction were identified through direct imag-
ing (sample images shown in Fig. 2 using the same camera setup,
for identification of flame location for both steady, and oscillating
strain rates. For PIV, the images were recorded at a rate of 10,000
frames per second using 1200 x 800 px? window, at a spatial res-
olution of ~ 0.038 mm/px. The conditions (flow rates, amplitude
and frequency of speakers) required for extinction of flame were
recorded through repeated experiments with reacting flow. Subse-
quently, PIV was performed at the same condition of flow in the
absence of flame, to determine the velocities at the nozzle exit and
furthermore, the corresponding strain rates. A typical steady state
center-line axial velocity for non-reacting flow is shown in Fig. 1b.

To demonstrate that the observed flame dynamics are inde-
pendent of fuel, two different gaseous fuels, methane (CH4), and
propane (C3Hg), were used in the experiments. For each of the
fuels, CHy4, and C3Hg, two mixtures with different Le were used.
The flame nomenclature and corresponding mixture conditions are
tabulated in Table 1. The table also states the calculated effective
Lewis number for methane and propane flames as reviewed by
Matalon [36]. To assess the true values of Le, a qualitative yet di-
rect assessment can be performed of the change in flame speed
(Sy) or burning rate (p,Sy) with strain rate. As shown in Fig. 3, the
normalized burning rate, 0,S,/p00S; (where S, = u|max(q), i.e. flow
velocity at the location of maximum heat release rate as referenced
by Egolfopoulos et al. [37] for the rich methane flame (Flame 1)
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Fig. 1. a) Schematic of experimental setup showing velocity vectors for steady state operation. b) Centre-line axial velocity (V) profile as a function of distance from

stagnation plane (x) for non-reacting flow at 525 s~1.

Fig. 2. Snapshots of chemiluminescence from experiments for Le > 1 and Flame 3 (C3Hg) with 50 Hz forcing for normalized maximum strain rate, K;/K. = 1.31, and

normalized mean strain rate, K/K. = 0.98 acquired at 700 frames per second.

Table 1

Mixture composition of flames and Recorded strain rate for steady state extinction from experiments
and numerical simulation; where, ® is equivalence ratio, 0,% is oxygen percentage molar concentra-
tion in oxidizer, T, is adiabatic temperature of unstretched laminar flame, S; is flame speed of un-
stretched laminar flame, 8f is flame thickness of unstretched laminar flame, t; is flame timescale of
unstretched laminar flame (8¢/S;), K. is experimentally obtained steady state extinction stretch rate.
The uncertainty in measurement of K, is about +10 s~'. Ka, is extinction Karlovitz number, defined
as the ratio of flame time scale, tr and flow time scale, 1/K.. Le.s; is effective Lewis number based
on definition by Matalon [36]. Unstretched laminar flame properties were evaluated using Chemkin’s
PREMIXED package. *: For Hydrogen flames K. (and thus Ka.) was obtained only through simulations.

Name Le Fuel [} ﬁ% T, (K)  tr (ms) Ke(1/s) Kae Less
Flame 1 1.11 CH4 1.2 18 1953 4.25 304 0.775 1.07
Flame 2 097 CH4 0.7 18 1670 10.38 382 0.251 0.99
Flame3  1.88 C3Hg 0675 21 1843 2.11 395 1.149 1.75
Flame 4  1.05 C3Hg 1.2 15.5 1830 2.87 567 0.613 1.24
Flame 5 198 H, 4.0 12 1295 1.72 402+ 1.449¢ 1.98
Flame 6 033 H, 0.45 12 1074 28.2 518* 0.068*  0.33
1.15 1.15
1.1 1.1 (i 550
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Fig. 3. Steady state flame characteristics of (a) Flame 1 and (b) Flame 2 simulated by OPUS; Normalized flame temperature T/T.: normalized with steady state extinction
temperature (T.), and normalized burning rate (0,S,/0,S.) as functions of normalized strain rate K/K., normalized with steady state extinction strain rate (K.).

decreases with increase in positive strain rate, which is hallmark
of Le > 1 flames. On the other hand, Le < 1 flames show opposite
behaviour as seen with the increase in burning rate for low strain
rates for the lean CH, flame (Flame 2). Note that, the weakening
of Flame 2 starts even at low strain rate and as such both burn-
ing flux and flame temperature start decreasing. Similar simula-
tions with propane flames show that Flame 3 and Flame 4 show
Le > and < 1 behaviors, respectively.

2.2. Details of numerical simulations

In this study, we used one-dimensional numerical simulations
to assess critical flame behavior in both steady and unsteady con-
ditions. The Opposed-Flow Unsteady Flames (OPUS) code developed
by Im et al. [38] was used to simulate the unsteady flame response.
The OPUS package is an unsteady extension of the Chemkin’s OP-
PDIF module [39] by incorporating DASPK [40] to solve the stiff
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Fig. 4. Rich CH4 (Flame 1) with Le > 1: (a) Normalized oscillating strain rate, K,/K. as a function of normalized mean strain rate K/K., — denotes data points corresponding
to flow reversal. (b) Normalized maximum strain rate, K;,/K. as a function of normalized mean strain rate K/K., - - - denotes steady state extinction strain rate normalized
by itself. Here the error bars represent the extent of standard deviation about the mean value.

system of differential-algebraic equations (DAE) using an adaptive
time stepping based on the backward differentiation formula (BDF)
[41]. The code employs the evaluations of detailed chemical kinetic
mechanism [42] and transport properties [43]. A mixture-averaged
diffusivity model was employed, and secondary effects (Soret and
Dufort effects) as well as the thermal radiation effects were ne-
glected. GRI-Mech 3.0 [44] reaction mechanism and the associ-
ated transport and thermodynamic libraries were used for all flame
conditions. Additional details about the OPUS package and studies
of its validation can be found in previous works [19,38,45-51] as
cited here.

The spatially symmetric configuration (equivalent of twin
flame configuration) with domain size of 1 cm (half of separation
distance between nozzles) discretized with a fixed uniform gird of
501 points was used for the counter flow simulations in OPUS. For
the unsteady simulations, a sinusoidal velocity inlet condition was
imposed at the nozzle, and the frequency (f), amplitude (K,) and
mean (K) strain rate of the ensuing condition were modulated.
Each condition was simulated for a long duration to ensure that
the flame settled into a stable limit cycle without exhibiting
extinction. This duration was chosen as > 10/f, which is more
than 10 times of flow-through and flame timescales. As in the
experimental conditions, the simulations were conducted with
a system pressure and inlet temperature of 1 atm and 300 K,
respectively.

3. Experimental results
3.1. Steady state extinction

To record the steady state extinction strain rate, K, first, a sta-
ble twin-flame was established at a low strain rate (~ 209 s~1)
with the aid of an igniter. After ignition, the initial separation be-
tween the twin-flames was ~ 5 — 7mm. Once the twin-flame sta-
bilized in the presence of co-flow, the flow rate for the main noz-
zles was increased in steps of approximately 1 SLPM per 2 sec-
onds such that the flame had sufficient time to stabilize after each
increment, simulating a quasi-steady process. The location of the
two flames is controlled by the kinematic balance between the
flow velocity, and the local flame speed, and with increase in strain
rate (or flow rate) the flames migrate towards the stagnation plane
[15]. As inferred from the standard S-curve for the Le > 1 flames,
as the strain rate approaches extinction strain rate [13,14], the
flame becomes weaker with progressively lower flame tempera-
ture, thus relocates closer to the stagnation plane and eventually
extinguishes some distance from it. Here, the steady state extinc-
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Fig. 5. Le > 1 and Flame 3 (C3Hg): Normalized maximum strain rate, Ky,/K. as a
function of normalized mean strain rate K/K, - — — denotes steady state extinction
strain rate normalized by itself. Here the error bars represent the extent of standard
deviation about the mean value.

tion strain rate, K., was defined as the maximum strain rate for
which a stable flame was observed. An observation from experi-
ments, showed that at strain rates slightly below K, the outer edge
of the flame exhibited periodic local extinction and re-ignition, and
a further small increase in strain rate led to global extinction.

The Le <1 flame, on the other hand, becomes stronger as
the strain rate is increased. The continuous increase in strain
rate, pushes the flame to the stagnation surface and as such im-
mobilizes it. Indeed, at high strain rate the twin flames were
seen to merge at the stagnation plane and become visually in-
distinguishable from each other. Further increase in the strain
rate was promptly followed by extinction. For all Le <1 flames,
the recorded extinction strain rate was higher than their Le > 1
counter-parts. Note that the Le of Flame 2 and Flame 4 is close to
unity. But as stated before, the mechanism for extinction of these
flames is similar to Le < 1. The values for K. for the flames inves-
tigated are tabulated in Table 1.

3.2. Extinction with oscillations

The following procedure was followed to investigate the ef-
fect of oscillating strain rate on the extinction of non-equidiffusive
flames. First, a twin-flame was established as described in
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Section 2.1, subsequently the flow was adjusted to a fixed mean
strain rate K. Thereafter, using the speakers a sinusoidal perturba-
tion of the flow was generated and modulated with the aide of
the signal generator. At a fixed frequency (f), the amplitude of the
signal, and hence of the strain rate oscillation, was increased in
a quasi-steady process (in steps of ~ 10 s~1) until extinction was
achieved. The amplitude of the strain rate perturbation (K,) at the
state of extinction, and the maximum instantaneous strain rate,
Km = K+ K,, were recorded for a fixed f and K. This process was
repeated for a range of mean strain rate, 0.3K, < K < K. and for
multiple frequencies. Since the acoustic driver unit cannot produce
a perturbation of sufficient magnitude to cause a significant oscil-
lation in the flow at low frequencies (approximately f < 20 Hz),
we used f > 50 Hz to avoid any uncertainties. For f > 150 Hz it
was observed that the flames responded to imposed oscillations
but due to the limitation in acoustic driver, a large enough oscil-
lation could not be generated to extinguish the flame. Since we
are interested mostly in extinction conditions, we limit our study
to lower frequencies. We will illustrate later, the trends seen in
Le <1 and > 1 flames are consistent across multiple lower fre-
quencies and mixture conditions. For f > 500 Hz, the perturbation
time scale becomes comparable to that of the characteristic time
scale of the flame, defined as the ratio of laminar planar flame
thickness and the laminar planar flame speed, and hence flame re-
sponse progressively becomes weaker for the flow oscillations at
higher frequencies [16,31,52-54].

In the following subsections, we report the extinction strains
rates under oscillating flow for two different Le mixtures. Next, we
discuss the observed extinction behavior for Le > and < 1 flames
under periodic oscillation of strain rates at various K and f.

3.2.1 Le > 1 flames

The amplitude of the strain rate oscillation required for extinc-
tion, K,, (normalized by the mean strain rate K) for Flame 1, (rich
methane flame with Le > 1), is plotted as a function of the mean
strain rate, K, normalized by the steady state extinction strain rate
Ke, in Fig. 4a. We observe that, for all frequencies and at mean
strain rate in the lower range of (K/K. < 0.7), the normalized am-
plitude of strain rate needed for extinction (K,/K) is almost con-
stant, and close to unity. At larger mean strain rates (K/Ke > 0.7),
however, K,/K decreases monotonically.

Such dichotomy in the behavior of K,/K can be explained by as-
sessing the uniformity in flow directions emanating from the noz-
zles. In particular we note that, for K,/K ~ 1, the amplitude of the
velocity oscillation at the nozzle exit approaches the mean flow
velocity and as such the minimum velocity during the cycle ap-
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Fig. 7. Le <1 and Flame 4 (C3Hg), Normalized maximum strain rate, K,,/K. as a
function of normalized mean strain rate K/K, - — — denotes steady state extinction
strain rate normalized by itself. Here the error bars represent the extent of standard
deviation about the mean value.

proaches zero. Furthermore, cycle to cycle variations (shown as the
error bar in Fig. 4a) may cause the amplitude of velocity oscillation
to temporarily exceed unity, causing the flow direction to reverse
for a short duration of the sinusoidal cycle, a phenomenon often
referred to as flow reversal [19,29]. When flow reversal occurs, the
canonical configuration of the counterflow flame is destroyed, and
the kinematic balance between the flow velocity of the fresh mix-
ture and flame propagation speed is disturbed, which induces a
rapid and significant distortion of the flame shape and structure
subsequently leading to a loss in stability, and extinction. Such ex-
tinction due to loss of stability, hereafter referred to as extinction
due to flow reversal, is observed at low mean strain rates K/Ke < 0.7
for all frequencies of oscillation studied for Flame 1 as identified
in Fig. 4a. We note that, the extinction due to flow reversal is not a
result of peak strain rate, and as such is a limitation commonly ob-
served in counterflow setups with high amplitudes of oscillations
of flow velocities. We will also show that such extinction at low
mean strain rate occurs irrespective of Le and fuel. As shown in
Fig. 4a, for larger mean strain rate, the normalized amplitude at
extinction, K,/K, decreases as the K/K. increases. For these flow
conditions, the oscillation amplitude is significantly smaller than
the mean flow rate ensuring the counterflow flow configuration re-
mains undisturbed as no flow reversal was observed.
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Fig. 6. Le < 1 and Flame 2 (CH,4): (a) Normalized oscillating strain rate, K,/K. as a function of normalized mean strain rate K/K., — denotes data points corresponding to
flow reversal. (b) Normalized maximum strain rate, K /K. as a function of normalized mean strain rate K/K. - - - denotes steady state extinction strain rate. Here the error
bars represent the extent of standard deviation about the mean value.



A. Potnis, V.R. Unni, H.G. Im et al.

(3]

B Simulation

1.8 A Experiment
1.6
2 1.4 A
= m ud
12 L
e ) § 4 N
I ————— .— ————————— . -
|
0.8 I4
0.6

3 04 05 06 07 08 09 1
K/K,
(a)

Combustion and Flame 234 (2021) 111617

= Simulation

1.8 4 Experiment
1.6
o K
X
Sl2 a
= ;é‘ - ]
N oty —é ———————————— .
0.8
0.6
03 04 05 06 07 08 09 1
K/K.
(h)

Fig. 8. Comparison of Normalized oscillating strain rate, K;,/K. as a function of normalized mean strain rate K/K. obtained from simulation, and experiments; (a) Le > 1,

Flame 1 (b) Le < 1, Flame 2.

2 .
eH Le<|I
1.8 wH Le> 1
1.6
a 1.4 " B
‘::4: , - m
N 1.2 o
e o
| ______ .. - ! _____ ’ -
0.8F
“.() L L i 'l L 'l o
03 04 05 06 07 08 09 |

K/K,

Fig. 9. Comparison of Normalized oscillating strain rate, Ky, /K. as a function of nor-
malized mean strain rate K/K, obtained from simulation for Hydrogen flames.

Additionally, to delineate the maximum instantaneous strain
rate experienced by the flame, we plot Ky, /K, as a function of K/K,
in Fig. 4b. We observe a monotonic increase in Ky for low mean
strain rates (extinction with flow reversal), and subsequently be-
comes almost constant at higher mean strain rates. It is noted that,
for almost all data points with K/K. > 0.5, Kn/K. is greater than
unity, showing that the Le > 1 flames can withstand an instanta-
neous strain rate higher than their steady state extinction value.
This behavior will be discussed further in Section 4. Additionally,
the differences in K, and K between two frequencies shown in
Fig. 4a and b can be attributed to reduction in perturbation time
scale with increase in frequency. This, in turn, weakens the ability
of the flame to respond to the perturbation. Thus, the flame un-
der higher forcing frequency can withstand greater extent of strain
rate oscillation specifically for Le> 1 mixtures. A detailed investiga-
tion of frequency dependence will be performed in our next study.
The aforementioned extinction characteristics of Le > 1 flames un-
der oscillating strain rate for lean CH4 flames, were also observed
for lean C3Hg flames (Flame 3, Le > 1) as shown in Fig. 5 confirm-
ing that such behavior is not fuel-specific.

3.2.2. Le <1 flames
Figure 6a shows changes in the normalized amplitude of strain
rate needed for extinction (K,/K) as function of normalized mean

strain rate (K/K.) for Le <1 mixtures (Flame 2). Similar to Le > 1
for K/K. < 0.6, K,/K values are greater than 0.8 and correspond to
extinction due to flow reversal and are clearly marked in Fig. 6a.
For K/K. > 0.6, an approximately linear decrease in amplitude with
mean strain rate suggests that extinction was achieved within a
small range of maximum instantaneous strain rate. This was con-
firmed in Fig. 6b, which shows that Kp/K. is almost constant for
all frequencies and K/K. with a slight decrease observed as K ap-
proached K.. We also note that K;;/K, ~ 1 which is the steady state
extinction strain rate. This is markedly different from the behavior
of Le > 1 flames, which show K;;/K. > 1. This behaviour is also in-
dependent of the specific fuel as evidenced in Fig. 7 for propane
flame (Flame 4), with Le < 1.

4. Numerical simulations and discussion

From experimental observations presented in Section 3, it is
apparent that the premixed flames under periodic oscillation of
strain rate display distinct behaviors depending on the Lewis
number of the mixture. In particular, we found that Le > 1 flames
can sustain instantaneous strain rates greater than the steady state
extinction strain rates of the flame, as expressed by Kp/Ke > 1. On
the other hand, for Le <1 mixture, the maximum instantaneous
strain rate a flame can withstand during the oscillations is close
to the steady state extinction strain rate (Kpn/Ke ~ 1). Since such
contrasting behavior was observed irrespective of the fuel (CHy
and C3Hg) and the frequency (50 and 100 Hz), it is inferred to
be the characteristics of Le > and <1 flames under oscillatory
strain rates. To explore such dynamics in detail, we have used the
unsteady 1-D counterflow simulations using the OPUS code.

To demonstrate the role of Le on flame response, simulations
were carried out for unsteady strain rates at f =100 Hz, for
methane flames (Flame 1 and Flame 2) and for hydrogen flames
(Flame 5 and Flame 6). First, to check the validity of the simula-
tions, results of OPUS were compared to the corresponding exper-
imental findings for Flame 1 and Flame 2. In particular, numeri-
cally computed normalized maximum strain rate (K;;/K.) observed
within a cycle at extinction at various normalized mean strain rate
(K/K.) are compared with that of the observed experimental data
in Fig. 8. For both the Le > 1 (Fig. 8a) and Le <1 (Fig. 8b) mix-
tures, we observe close similarity between numerical and exper-
imental results. Since the Le of methane flames (Flame 1 and 2)
are not significantly off-unity (Table 1), we performed additional
simulation of unsteady rich (Flame 5) and lean (Flame 6) hydrogen
flames, whose Le are significantly greater and smaller than unity,



A. Potnis, V.R. Unni, H.G. Im et al.

K/,

0.08 —0.42
0.15 (). 16 —If?.if)
= (.30 - - ~steady
0.1
:_':.
0.05
0 _
0.2 0.4 0.6 0.8 1 1.2 1.4
K/K,
(@l
KK,
1.08 0.08 —0.42
= ==0.16 —0.50
=030 - = -steady
1.04
&
g
1
0.2 0.4 0.6 0.8 1 1.2 1.4

K/K.

(cl

Combustion and Flame 234 (2021) 111617

1.6 T
(.08 —0.42
(], 16 === 50)
—0.30 - - - steady
1.4 -
)
I !
0.8 - -
0 0.05 0.1 (.15
T
(b}
Ko /K,
1.4 008 =042
=), 15 ==}, 50
~0.30 - - -steady

0.8

0.2 0.4 0.6 0.8 | 1.2 1.4
K/K.

{d)
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respectively (Table 1). These additional simulations illustrate flame
dynamics and further clarify that their extinction is a function of
Lewis number and independent of specific fuel. As evidenced in
Figs. 9, 11 and 13 and further elaborated in later sections, the max-
imum strain rate threshold of unsteady lean (rich) hydrogen flames
mimics that of lean (rich) methane flames given that their Lewis
numbers are less (greater) than unity.

Before we present the dynamics of flame response under oscil-
latory strain rate, we reiterate the steady flame response for mix-
ture with non-unity Le. For both sets of Le, the steady state ex-
tinction of flames is foreshadowed by a decrease in the total heat
release rate ({.,q) and consequently flame temperature (T) [15].
Figure 3 clearly shows this weakening of steady state flames for
Flame 1 and Flame 2. However, the weakening of flames with in-
creasing strain is caused by two distinct phenomena for Le > and
<1 flames. As discussed in Section 3.1, an increase in strain rate
weakens Le > 1 flames due to increase in heat loss due to ther-
mal diffusion and decrease in incoming species due to mass dif-
fusion. At sufficiently high strain rate, g, is too low to sustain
a steady flame and this triggers extinction [4,5,9]. On the other
hand, the Le <1 flames are strengthened by stretch, so increas-
ing in strain rate causes an increase in flame temperature and
heat release, along with the flame migrating to the stagnation
plane. As the flame is restricted by the stagnation plane, its thick-
ness and thus residence time is constrained, which causes incom-
plete reaction leading to decrease in §;,, and eventual extinction
[4,5,9,11,31]. It is also important to note that extinction of Le ~ 1
is also caused due to insufficient residence time and incomplete
reaction. We will see the phenomenon of steady state extinction
is key to explain the dichotomy of the extinction conditions ob-

served for Le > and <1 flames display under oscillatory strain
rate.

To demonstrate the dynamical changes in flame response dur-
ing the oscillations in strain rates, we analyze the phase portraits.
In particular, the variation of flame location (x;), normalized total
heat release rate (Groqi/Grorare)» and normalized maximum flame
temperature (T/T.) with the variation of normalized strain rate
(K/K.) for Le> 1 flames at a fixed mean strain rate (K/K.) is dis-
played in Figs. 10 and 11 for Flame 1 (K/K. = 0.85) and Flame 5
(K/K. = 0.77) respectively. Here Xy is defined as the axial distance
between the stagnation plane and the location of maximum heat
release rate. All steady state extinction quantities reported, K, T,
and §oq . are defined for a stable flame just before extinction.
First, we note that each phase portrait exhibits a hysteresis in that
flame response (flame location, heat release and flame tempera-
ture), in that two different trajectories were observed during in-
creasing and decreasing halves of the strain rate oscillations, this
manifests in the phase portraits as distortion of the elliptical tra-
jectory.

We also see that, at a smaller amplitude of oscillation (K,/K, <
0.5), as the instantaneous strain rate increases during the cycle,
the total heat release rate and the maximum flame temperature
decrease. Simultaneously, the flame migrates closer to the stag-
nation plane (marked by x; =0). Such weakening of the Le > 1
flames with increased strain rate is expected and was observed for
steady state as well (Figs. 10b, ¢ and 11 b, c). Furthermore, during
the oscillation, as the instantaneous strain rate approaches and ex-
ceeds the steady state extinction value (K/K. = 1), the changes in
the heat release and flame temperature become weaker. However,
it never reaches the critical value required for extinction. Since the
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flame is located far from the stagnation plane (noted by x; = 0),
the flame is essentially free to move and adjusts its location as
it maintains kinematic balance between flame speed and flow ve-
locity during the cycle. Such a change in flame location tempo-
rally strengthens the flame as seen by the slight increase in tem-
perature and heat release as the instantaneous strain rate exceeds
steady state extinction value. This mechanism allows the Le > 1 to
withstand periodic oscillation, where instantaneous strain rate for
a section of the cycle is greater than the steady state extinction.
With further increase in the oscillation amplitude (K,/K.), a grad-
ual decrease in total heat release rate was observed until the mini-
mum flame temperature during the cycle reaches the critical value
of (approximately) steady state extinction and unable to recover,
and the flame extinguishes. Note that even though the Le values
for Flame 1 and Flame 5 (1.11 and 1.97) are significantly different,
the extinction mechanism of these Le > 1 flames under strain rate
oscillations is nearly identical, as evidenced in Figs. 10 and 11.

On the other hand, the phase portraits for Le < 1 flames present
a largely different behavior as shown in Fig. 12 for K/K. = 0.71 for
Flame 2 and, Fig. 13 for K/K, = 0.77 for Flame 6. The steady state
extinction for Le <1 flames are strongly coupled to the proxim-
ity of the flame to the stagnation plane. Similarly, we observe a
strong effect of instantaneous flame location on the total heat re-
lease and flame temperature during the strain rate oscillations as
shown in phase portraits (Fig. 12). An increase in instantaneous
strain rate consistently pushes the flame towards the stagnation
plane, and, unlike for Le > 1 flames, this flame fails to move and
adjust to a favourable condition. As a result, due to decrease in the
residence time and resulting incomplete reaction, the flame tem-
perature and total heat release suddenly drop during the cycle, as

shown in Figs. 12 and 13, a behavior also reported in Stahl and
Warnatz [30]. This drastic drop in heat release and accompanying
decrease in flame temperature ultimately causes extinction, when
amplitude of strain rate is increased. Since the extinction of Le < 1
flames is caused by the immobility of the flame from the stagna-
tion plane, which occurs at K ~ K,, the maximum strain rate in a
cycle remains close to extinction condition, Kp, ~ Ke.

5. Conclusion

In summary, we presented a study on the effects of oscillation
in upstream flow on the extinction strain rates for premixed flames
with non-unity Le. Using premixed counterflow twin-flames, we
showed that for Le > 1 flames, the maximum instantaneous strain
rate exceeds the steady state extinction strain rate, and hence, ex-
tinction is delayed. This observation was subsequently supported
with unsteady numerical simulations. We showed that the total
heat release rate of an unsteady Le > 1 flame decreases gradually
with an increase in mean strain rate, and thus, the flame continu-
ously adjusts its position. Such mobility allows the flame to main-
tain its temperature above a critical limit, although the instanta-
neous strain rates are greater than the steady state extinction con-
dition. Extinction eventually occurs when the total heat release is
significantly lowered and the flame temperature drops below its
critical value.

For Le <1 flames, however, the flame extinction is controlled
by the lack of residence time and the consequent incomplete com-
bustion, and hence critical strain rate for extinction is bounded by
its steady state value. Such a flame shows an abrupt decrease in
heat release rate as the instantaneous strain rate during the cy-
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cle approaches the steady state extinction condition. At this point,
the flame loses its mobility as it approaches the stagnation plane
and hence experiences limited residence time. Thus, the maximum
strain rate barely exceeds the steady state extinction condition.

We end the exposition by recognizing that the dichotomy in
the extinction behavior for Le > and < 1 flames mentioned above
can be observed for high mean strain rates. For low mean strain
rates, the amplitude of oscillation required for extinction exceeds
the mean strain rate values, and as such, flow reversal occurs. Such
reversal in the flow direction causes the flame to be destabilized,
leading the flame to undergo extinction due to flow reversal irre-
spective of Le.
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