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Abstract

Unsteady premixed and non-premixed counterflow laminar flame simulations were conducted in order to
investigate extinction effects on observables commonly used in turbulent combustion. CHy and n-CioHag
were the fuels studied, with air as the oxidizer at pressures of 1, 5, and 10 bar. It was determined that
CH->O persists, compared to all other reactive species, during the extinction transient for both fuels and
at all conditions, as the loss of OH concentration removes the dominant CHyO consumption pathway.
The persistence of CH2O concentration is duplicated similarly in CH4 and n-C1oHog premixed flames. For
non-premixed flames, the results indicate that the peak CH2O concentration reduction for n-Ci9Hgg flames
is milder compared to CHy flames. Increasing the pressure causes an extension of reactivity, resulting in
greater CH2O production and thus a delayed decay during the extinction transient. In addition, a change
in the magnitude of the applied scalar dissipation rate for the non-premixed flames did not alter the
trends of CH2O during extinction. Thus, caution is suggested when using CH30 in turbulent combustion
experiments as a marker of the preheat zone thickness, given that increased levels of CH2O could be a
result of multiple local extinction events. In addition, the product of OH and CHO was found to scale
well with the heat release rate for CHy and n-CioHog flames at multiple pressures. Finally, the CH* and
OH* chemiluminescence was examined. CH* was found to extinguish slightly before the other species and
more importantly, that once its concentration is reduced to a negligible level, the flame is on its way to
extinction with no chance of recovery. OH* was determined to scale well with heat release at both 1 and
10 bar for both fuels and type of flames.
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1. Introduction

The characterization of local extinction in turbulent combustion, a phenomenon that is not only a
manifestation of finite-rate kinetic effects that have theoretical challenges but is also of practical importance
for the operation of combustion devices, has been the focus of extensive research over many decades.
For instance, the stability of premixed flames in afterburners has been one of the first problems studied
(e.g., [1-6]). The Turbulent Non-Premixed Flame (TNF) Workshop has focused on such local extinction
phenomena for years for piloted jet diffusion flames and have provided experimental databases for model
validation [7-12], with special emphasis on conditional data, with the conditioning done on mixture fraction.
More recently, significant activity on high Karlovitz number premixed flames [3, 13—17] is revealing local
information on flame zone thickness but also on conditional statistics, with the conditioning done on
progress variable. It would be helpful to supplement these one-time scalar data with information on
the transient behavior of flames as they undergo extinction and how the various commonly-used scalar
measurements behave through a flame extinction event.

Chemiluminescence has been used often for monitoring the presence of chemical reaction [18]. Chemi-
luminescence emission forms as a result of key chemical processes in the flame, where excited radicals such
as CH*, OH* and Cayx emit light at a characteristic wavelength as they return to a lower energy state [19].
Extensive studies have shown that under some conditions, the magnitude of the emitted light at particu-
lar wavelengths, namely CH* and OH*, may be used as a semi-quantitative measure of the heat release
rate, especially for fully premixed systems [20, 21]. Further studies at high strain rates and increased
pressures also showed a strong link between CH*, OH* and the heat release rate [19] though the CH*
chemiluminescence did not appear to be sensitive changes in the local strain rate [22]. In the presence of
local extinction, however, which involves sharp transients in chemical species mass fractions, the way the
chemiluminescence signal adapts is open to interpretation [23]. Najm et al. [24] argued that CH* is not an
adequate indicator of local extinction, as it was observed that despite a breakage of the CH* flame surface,
OH and HCO were still present in significant quantities. However, such simulations did not continue in
time past the moment of CH* breakage and did not capture the full extinction process. Recently, in a high
Reynolds number experiment of hydrocarbon-air premixed flames, the absence of CH* was correlated with
local extinction [17], but it would be advantageous to know exactly when the chemiluminescence signal is
lost during the extinction transient.

A similar question arises with laser diagnostic studies for flames close to extinction, where separate
or simultaneous OH and CH2O-PLIF have been used to provide statistics of local extinction [25] as well
information on the behavior of the preheat layer at high turbulence levels (e.g., [26, 27]) and the local

heat release rate [16, 28]. CHy-air lean turbulent premixed flame stabilized by a bluff body close to the



global blow-off operating condition [29] showed significant build-up of CH2O inside the recirculation zone,
attributed to the presence of incomplete combustion products due to local extinctions along the flame,
while in a swirl CH4 non-premixed flame, the absence of OH was attributed to flame lift-off from the
bluff body edge [30]. As with chemiluminescence, the evolution of OH and CH30O during an extinction
transient are important to quantify so that the interpretation of experimental observables can be made
unambiguously.

This work seeks to evaluate the relevance and significance of CHyO and chemiluminescence as observ-
ables under conditions close to extinction. Questions remain regarding the role of pressure and the effect
of fuel under these conditions. These questions should be addressed quantitatively in order to reliably
apply the experimental methods in complex flames and reacting environments. This work proposes to
fill these gaps and discuss quantitatively the behavior of experimental observables as a function of flame
configuration, pressure and duration of the extinction transient for fuels relevant to practical applications.
As turbulent flame studies push to higher pressures, an understanding of species behavior under extinction
conditions will facilitate interpretation of diagnostic results.

Unsteady counterflow simulations provide a useful canonical configuration to study extinction relevant
to the highly strained, unsteady nature of turbulence. Simulations were conducted using an unsteady
premixed counterflow configuration and an unsteady non-premixed flame solved in mixture fraction space.
Turbulence cannot be represented either by a sine wave or by a pulse, nevertheless exploration of these
canonical problems with laminar flames can help with building insights on how reaction zones in turbulence

may respond to sudden and local excursions in strain rate.

2. Numerical methods

2.1. Modeling of counterflow premized flames

Premixed back-to-back counterflow simulations were conducted using a modified opposed jet configu-
ration (OPPDIF) [31, 32]. The domain size was 0.5 cm with a mesh resolution of 2.77 microns per grid
point. Unsteadiness was introduced for the reactant velocity by imposing fixed sinusoidal variation of a
given amplitude around the mean exit velocity. For the cases discussed in this paper, the amplitude of
the sinusoidal variations was set to produce a strain rate amplitude of approximately 10% of the starting
strain rate near extinction.

Changing the frequency of the velocity variations produces three different extinction regimes [32-34]. At
low frequencies, the initial increase in strain rate will cause a quasi-steady extinction. At high frequencies,
flame extinction is suppressed as the flame is unresponsive to strain rate forcing (e.g., [32]). At intermediate

frequencies however, flames exhibit an unsteady extinction response, characterized by a progression towards



extinction, a recovery period and a final extinction process. All premixed flames examined in this paper are
in this unsteady extinction regime and extinguish during the second period of oscillation. The frequency
required for unsteady oscillation is dependent on the magnitude of the extinction strain rate (Keyt) as well
as the magnitude of the velocity fluctuation [35]; all reported strain rates (K') correspond to the maximum

magnitude of the axial gradient of the axial velocity profile in the hydrodynamic zone (e.g., [32]).

2.2. Modeling of counterflow non-premized flames in mizture fraction space

The second configuration investigated in this work is the extinction transient of a laminar non-premixed
flame. The solution is performed in mixture fraction space, with the assumption of unity Lewis number
for all species. The mass fraction of every species «, is solved by the following equation:

oY, %Y,
Z2 N

+da (1)
where 7 denotes the mixture fraction and N(n) is the scalar dissipation rate modeled as [36]

N () = Noexp( — 2lerf ™ (2 - 1)) (2)

Equations for species are coupled with an energy equation. Considering that the mixing solution leads to
a linear profile of the absolute enthalpy, in the simulations performed in this work, the energy equation
has simply been expressed as absolute enthalpy constant in time. The temperature is computed starting
from the enthalpy and species mass fraction.

Dirichlet boundary conditions for both species and temperature are imposed at n = 0 and n = 1, with
the former being pure air and the latter pure fuel. The temperature is assumed to be equal for fuel and
oxidizer. Once the pressure, boundary conditions, and initial species composition in mixture fraction space
are assigned, the only parameter affecting the solution is the scalar dissipation rate, controlled through the
value of Ny. Preliminary computations have been performed to find the extinction scalar dissipation rate
Noext, i.e. the minimum value of Ny for which no burning steady-state solution is possible.

The extinction transient has been simulated starting from a steady-state solution at No = 0.8 Ng ext and
imposing a step change of Ny at ¢t = 0, with a value higher than Ny (. In order to investigate the effect
of the duration of the extinction event, for each condition three different extinction transients have been
simulated by imposing an Ny equal to 1.1Ng ext, 1.2Ng ext and 1.5Ng ext, respectively. Quantities plotted
in this paper are the peak quantity values; values taken at the stoichiometric contour produced similar
conclusions.

It should be noted that simulations performed in physical space produced similar phenomenon to the

results observed using the mixture fraction space approach. The duplication of the observed phenomena
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Table 1: Cases investigated. The configuration is indicated by P for ‘premixed’ and NP for ‘non-premixed’.

Fuel Pressure (bar) T, (K) Configuration Key (571) / Noext (s71)

1 403 P, NP 1830 (P), 249 (NP)

CH, 1 498 NP 360
5 571 P, NP 9674 (P), 945 (NP)

10 617 NP 1345

1 403 P 474

7’L—C12H26 1 489 NP 525
5 571 P, NP 3031 (P), 2028 (NP)

10 617 NP 3353

using both approaches further reinforces that this phenomenon can be captured even with the assumptions
made in the mixture fraction space approach. Additional information is included in supplementary material

to reinforce this conclusion.

2.3. Conditions of interest

Both the premixed and non-premixed flame configurations were studied with CHy and n-CioHog at
different pressures. CHy is commonly used in turbulent flame studies and n-CioHog is representative of
complex practical liquid fuels. The investigated conditions are summarized in Table 1. Configuration is
indicated in the table by ‘NP’ for non-premixed and ‘P’ for premixed. The flame response in the premixed
case was examined for CHy/air and n-CjioHgg/air flames at equivalence ratio ¢p=0.7 for 1 and 5 bar.
The unburned mixture temperature (7;,) was 403 K at 1 bar. For higher pressures, T,, was adjusted to
account for n-CioHog vaporization requirements. The non-premixed flame configuration was investigated
for three different pressures: 1, 5, and 10 bar. The temperature of the fuel and oxidizer was chosen to
ensure the existence of pure fuel in vapor form at the respective pressure. The kinetic models used were
USC-Mech II [37] for the CH4 flames and JetSurf 2.0 [38] for the n-CjoHgs flames. Both models have
been extensively validated against propagation and extinction data for laminar flames and include the
CH*/OH* model developed by Nori and Seitzman [39]. Though the model has not been validated under
extinction conditions, it has been validated against a similar range of fuels and pressures as utilized in this
paper [40-42].

All quantities plotted in this paper have been scaled by the starting value of the computational cycle.



3. Results and discussion

3.1. Characterization of the extinction transient: indicators of heat release

Extinction results will first be discussed for the 1 bar extinction case. Figure 1 illustrates the extinction
process for the CHy premixed and non-premixed flames. The results in Fig. 1 include the peak instantaneous
values of species mole fractions and peak heat release rates scaled by the starting value of the computational

cycle, that is (X max)scaled for species i and (gmax) respectively.

scaled

Figure 1 focuses on the behavior of six key quantities, that is OH, HCO, the product of mole fractions
of OH and CH,O, CH*, and CH30 as well as the maximum heat release rate (¢max). Xnco and the
product of Xon and Xcp,0 are often used as experimental markers for heat release in turbulent flames,
while CH* is produced during vigorous burning and can indicate the location of the reaction zone as it is
concentrated in regions of high temperature. The results of Fig. 1la indicate that the flame experiences a
period of decreased reactivity followed by recovery and then complete extinction. Extinction is indicated
by the steep loss of ¢max and species concentrations. Figure 1b shows in the non-premixed case that the
application of the Ny exceeding N ext causes a reduction of chemical activity and eventual extinction as
indicated by the loss of gmax. (XHCO,max)scaled a1d (XOH,max)scaled X (XCH0,max)scaled follow the temporal
behavior of ¢max in both the premixed and non-premixed extinction transient. (XcH« max)scaled does closely
follow the temporal fluctuations of the heat release.

It can be seen that Najm et al. [24] were initially correct in their hypothesis, as CH* does disappear
while there is still OH and HCO present. Yet, as CH* disappears, OH and HCO (in addition to ¢max)
shortly follow. CH* scaled well with the temporal fluctuations of ¢max and OH prior to extinction in
the premixed flame, which suggests that the general extinction potential can be inferred through the
CH* behavior. In all simulations with unsteady extinction, no flame recovery was observed after the
maximum CH* concentration dropped to negligible concentrations for both premixed and non-premixed
flames. Therefore, it is perhaps more accurate to treat CH* as the first indicator that the flame is on the
path to extinction and will extinguish. Though the absence of CH* may not indicate immediate extinction,

it should be treated as an indicator that extinction will occur.

3.2. Characterization of the extinction transient: behavior of CHyO through extinction

Of particular note is the behavior of (XcH,0 max)scaled- As seen in Fig. 1, CH20 concentration remains
high once the extinction process initiates and subsequently decays at a more gradual rate than the other
key species. This behavior is observed in both the CHy and n-Ci9Hog non-premixed and premixed flames.
In the premixed configuration, it can be noted that (XcH,0 max)scaled do€s not experience a significant
response to the oscillation in strain rate, unlike ¢ax and other species. In the non-premixed configuration,

(X CH,0,max )scaled increases significantly during the extinction transient before decaying.
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Reaction path analysis indicates that the dominant pathway for CH2O consumption throughout the
extinction transient is through the CHyO + OH < HCO + H5O reaction, as can be seen in Fig. 2. Though
previous studies have suggested the influence of CH2O reaction of O and HOq, these reactions did not
feature heavily under these conditions [43, 44].

This dependency on OH suggests that a loss of OH concentration would results in a halt in CH30
consumption. This can be further elucidated by observing the characteristic destruction time of CHsO,
T = [Ccn,o]/ DCH207 where Ccn,0 and DCHQO stand for the molar concentration and molar destruction
rate of CH20O respectively. 7 is an indicator of CH2O consumption and the overall reaction intensity.
Under vigorously burning conditions, 7 remains small. When the consumption process slows and/or stops,
this change can be observed through an exponential increase in 7. Figure 3 provides a closer look at the

behavior of (XOH,max)scaled’ (Qmax)scaleda (XCHQO,maX)scaled7 and 7.

Reaction cessation is indicated by the notable reduction in (qmax) and the attendant exponential

scaled
increase in 7. Loss of (XOH max)scaled OCcurs concurrently with this exponential increase. As expected from

the reaction path analysis, this confirms that the loss of OH concentration correlates with the cessation

of CH30 consumption. Therefore, after extinction CH20O is no longer being consumed and it is merely
transported away from the previously reacting region via convection and/or diffusion. It is also worthwhile

to mention that the some of the reaction processes that consume large hydrocarbon fragments to produce

CH5O are also responsible for the consumption of OH. During the extinction process therefore, CHoO
consumption may also be offset by its concurrent production, responsible in part for the reduction in OH.

This relationship could also account for the relative insensitivity of CH2O to the flow oscillations of the
premixed flame.

Another contributing factor to the persistence of Xcp,0 is the insensitivity of Xcp,0 to the temperature
fluctuations present during extinction. Figure 4 illustrates the dependence on maximum temperature of
the five key species and ¢uax through the extinction transient of the premixed and non-premixed CHy
flame extinction.

The behavior of Xcp,0 compared to the other species is particularly striking. (Xom max)scaled, (XHCO,max )scaled;
(XOH,max)scaled X (XCH,0,max)scaleds (XCHs,max)scaled Show a sharp decrease in concentration in response to
small changes in temperature. This is to be expected with high activation energy processes in which small
decreases in temperature will cause large reductions in reaction rates and chemical activity. Xcp,0 how-
ever is relatively insensitive to the temperature fluctuations present. Xcm,o0 in the premixed flame exhibits
only small fluctuations to the reduction of temperature during the extinction transient. This could also
account for the relative insensitivity of CH2O to the flow oscillations of the premixed flame. In Fig. 4a, the
initial reduction in Xcp,0 as the flame oscillates towards extinction is due to the continuation of reaction

of CH2O with OH balanced by against CH2O production from fuel consumption reactions. However, after



the notable reduction of OH concentration at the lower temperatures, incomplete combustion continues
to produce some CH50O to compete with the outwards transport of species. In the non-premixed flame
shown in Fig. 4b, the buildup of Xcn,0 is likely to be due to the presence of rich mixture fractions in
the non-premixed flame. These mixture fractions continuously feed the extinction zone with CH50O, which
hence takes a longer time to diffuse.

The CH5O persistence after extinction therefore poses a concern in the interpretation of CH2O con-
centration measurement in flames with conditions near extinction or experiencing extinction events. In
such cases, the presence of a CHoO signal would not coincide with the preheat layer in premixed flames,
but rather exist in wider regions due to potentially multiple local extinction events at conditions of high
Karlovitz numbers. It is suggested that future experimental studies use caution in interpreting the presence

of Xcm,0 as a marker of the preheat zone.

3.3. Fuel effects with regards to CHyO extinction behavior

Next, a closer look is taken at the CHoO behavior in CH4 and n-CioHsgg premixed flames under
extinction conditions. Both premixed flames exhibit very similar behavior. Figure 3 demonstrated that
during the period of reaction and extinction, CH5O is primarily consumed through reaction with OH for
both fuels of interest. As seen in Fig. 3, in both CH4 and n-Ci2Hgs premixed flames, (XcH,0 max)scaled
remains significant throughout the extinction process. Once OH has dissipated, CH2O consumption stops.

The comparison of fuel behaviors for the non-premixed flame extinction presents a more complicated
picture. Figure 5 depicts the response of the CHy and n-CioHog flame in response to the extinction
transient, focusing on (XcH,0,max)scaled a0d (XOH max )scaled-

Unlike in the premixed flame however, (XcH,0 max)scaled for n-C12Hag is higher and persists longer than
that for CH4. The growth behavior can be attributed to the persistence of CHg, one of the main CH2O
precursors. As n-CioHgg has more carbon fragments to support the continued growth of (XcH,0 max)scaleds
this is partly responsible for the pronounced growth as compared to the simpler CHy structure. There may

also be contributions in the balance between OH consumption reactions and CHoO production.

3.4. Effect of the duration of the extinction transient

In the non-premixed flame simulations, three scalar dissipation rates were used to produce the extinction
transient: No=1.1 Noext, No=1.2 Noext, No=1.5 Noext. Figure 7 shows the effect of changing the applied
scalar dissipation rate on (XcH,0,max)scaled @1d (XOH max)scaled-

Increasing the applied scalar dissipation rate results in a decrease of the duration of the extinction
transient. However, the peak CH20O concentration and extinction behavior remain the same. As the OH

concentration reduction occurs sooner with higher Ny, the occurrence of the (YcH,0,max )scaled Peak similarly



decreases. CHsO concentrations remain high after extinction for all Ny studied, thus the conclusions

discussed in Section 3.2 are valid for changing scalar dissipation rates.

3.5. Effect of increased pressure on experimental observables

Pressure can notably affect burning characteristics [45, 46]. The vast majority of applications operate
at high pressures, and thus turbulent flame studies at high pressure should address the changes in flame
behavior from atmospheric conditions. In particular, it is desirable to understand how changes in pressures

can affect experimental observables in the event of an unsteady flame extinction.

3.5.1. Effect of pressure on XcH,0, max

To explore the potential effects of pressure on CHO concentration in an extinction event, premixed
and non-premixed flame calculations at the pressures investigated in this work are discussed next. Figure 6
shows the evolution of CH,O and OH concentration in a n-CisHgg flame with the time being scaled by
the extinction strain rate; using a density-weighted strain rate instead did not change the conclusions.

The CH2O production continues during the extinction transient, as consumption rates and diffusion
are not significant enough to drive down its concentration. The continued increase in CH2O concentration
after OH loss can be attributed to extinction-induced incomplete combustion.

The value of the (XcH,0 max)scaled Peak after extinction also increases with changing pressure. This
can be attributed mostly to the extension of the reactivity with increased pressure. After the loss of OH,
(X CH,0,max )scaled €xperiences a sharp upwards growth before diffusing away. (XcmH,0, max)scaled 15 different
for each pressure when the concentration of OH has been notably diminished. The extension of reactivity
for the higher pressure cases allows more CHsO to be produced during the extinction transient, thus
resulting in a higher peak after extinction. In addition, the increased peak value of (XcH,0 max)scaled takes
longer to dissipate. Therefore, higher pressure causes (XcH,0 max)scaled t0 persist for longer period after
extinction.

It should be noted that these conclusions are also valid for premixed flames, as illustrated in Fig. 6b.
The extension of reactivity is clearly noted between the 1 bar and 5 bar cases, as is the increasing time-
separation between the reductions of OH and CH20O. The increase in (X¢H,0 max)scaled 1S also slightly
visible as a small peak at the £ x Ke=10 and 13. Therefore, it can be concluded that the above observed

behavior is not configuration dependent.

3.5.2. Effect of pressure on chemiluminescence
Chemiluminescence is widely used as an experimental observable, particularly in situations where it is
too difficult or costly to apply PLIF measurements. In Section 3.1 the use of CH* chemiluminescence in

atmospheric conditions and near extinction was discussed. It was noted that under atmospheric conditions,



though the absence of CH* may not indicate immediate extinction, it should be treated as an indicator
that extinction will occur. Exploration of the behavior of both CH* and OH* under pressure is also
advantageous given the use of chemiluminescence in high-pressure, optically challenging environments.
As also indicated in Fig. 1, the CH* in the non-premixed flame decays to zero at extinction, but unlike
the premixed flame, it decays faster than gmax. When ¢max starts decreasing (after the initial increase due
to the sudden increase of Ny), CH* has already decayed to about 30% of the pre-extinction value. This
is further analyzed in Fig. 8 where the time evolution of the peak value of CH* and ¢ax is shown for the
two fuels and the two levels of pressure. The time evolution of OH* is also included as another radical
typically measured in chemiluminescence experiments. It is interesting to note that in the non-premixed
flame, OH* follows better the heat release rate profile at all the conditions, especially for n-Ci2Hsg, whereas
the CH* evolution follows ¢max only for n-CioHag at high pressure. Some discrepancies in the ¢max, OH*
and CH* transients arise for CH4 flames at high pressure. This shows that for non-premixed systems,
chemiluminescence based on OH*, rather than CH*, might be a better marker of heat release during an
extinction transient. However, the absence of both CH* and OH* are sufficient to indicate flame extinction

potential.

3.5.3. Correlation between the product of Xon and Xcn,o0 and Gmax

The product of Xon and Xcp,0 is often used as an experimental marker for heat release in turbulent
flames, as first validated by Paul and Najm [24, 47]. Studies by Nikolaou and Swaminathan [48] showed
that despite the drawbacks, Xoug x Xcm,0 can still be used to indicate increased chemical activity in
both methane and multi-component fuels. While this diagnostic is widely implemented in turbulent flames
at atmospheric pressures, its implementation under high pressure conditions is far more limited. It is
desirable to know if the correlation between the product of OH and CH2O and ¢uax is still valid for
increasing pressures. Figure 9 shows the evolution of OH x CHO concentration and ¢max in a n-CioHog
premixed flame at both 1 and 5 bar.

As seen in the CHy flames at 1 bar, (XoH max)scaled X (XCH,0 max)scaled and ¢max both exhibit sim-
ilar temporal behavior. When the pressure is increased to 5 bar, this correlation remains valid, as
(XOH,max)scaled X (XCH,0 max)scaled tracks the extinction behavior of ¢max quite well. The results sug-
gest first that (XoH max)scaled X (XCH,0 max)scaled 15 @ suitable diagnostic to approximate the behavior of
(max for multiple fuels.

Furthermore, the close correlation between the product of Xon and Xcu,0 and ¢max is valid at both
1 bar and 5 bar throughout the extinction process. This indicates that this experimental approach for
tracking the heat release rate can likely be utilized to provide insight to flame behavior for not only a range

of fuels but also high pressure, highly turbulent conditions with the potential for extinction events.
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The correlation between the heat release rate, ¢, and the product of Xon and Xcp,0 is further analyzed
in Figs. 10 and 11 for the non-premixed CH, and n-Ci2Hog flames, respectively. The correlation across the
entire mixture fraction space is shown at several time instants during the extinction transient. Correlation
of the heat release rate with the relevant species discussed in the previous Sections, such as Xom«, XcHs
and Xcm,o are also included. Results at both p =1 bar and p = 10 bar are reported.

Results show that, in the conditions investigated in this work, the heat release rate is well correlated
with the Xon-Xcn,0 product for both CHy and n-Ci2Hge flames. It is also interesting to note that the
relation between the heat release rate and the product of Xog and Xcp,o is almost linear (high value of
the correlation coefficient) with the corresponding slope that does not change during the extinction. The
values of ¢ are also well correlated with Xop+ and Xcp+ with the peak of ¢ that corresponds with the peak
of the two markers also in the transient leading to extinction. The correlation coefficient between ¢ and such
quantities is generally high, especially for Xom+, however the corresponding slope of linear approximation
changes during the extinction. On the contrary, as already discussed in Section 3.2, ¢ does not correlate
well with CH2O which is still present also when the heat release rate is negligible. Furthermore, in general,

the peak of ¢ does not correspond to the peak of Xcn,0.

4. Conclusions

In the present study, premixed and non-premixed flame calculations were performed to characterize
species evolution during transient extinction. The results can be used towards improved interpretation of
experimental diagnostics in turbulent combustion. CH4 and n-Ci9Hyg flames were chosen for this analysis
as CHy is typical of turbulent combustion studies, and n-CioHog is of interest in practical fuel studies.
These fuels were studied under a variety of pressures with accompanying change in preheat temperature
to ensure vaporization for n-CqioHag.

It was observed that CH2O concentration persists after the extinction transient for both premixed
and non-premixed flame configurations. Through reaction path analysis and examination of the CHsO
consumption time, it was found that in both CHy and n-Ci9Hsg premixed flames, reaction with OH is
the dominant CH3O consumption pathway. When the extinction transient passes and OH dissipates,
CH50 consumption also ceases and is transported away. For non-premixed flames however, n-CioHog
flames showed a greater increase in CH2O than the CHy flame, likely due to the increased availability of
hydrocarbon fragments.

Increased pressure extends the region of reactivity and causes an increase in peak CH2O concentration
and longer persistence after extinction. Increased pressure also does not affect the good correlation of OH

x CH90 and ¢ax for n-CioHog premixed flames. In addition, a change in the magnitude of the applied
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scalar dissipation rate for the non-premixed flames does not alter the trends of CH2O during extinction.

The behavior of CH* and OH* chemiluminescence was also examined during the extinction transient,
and it was concluded that CH* could serve as an indicator that flame extinction was imminent. In both
the premixed and non-premixed flame configurations, it was determined that CH* and OH* loss precedes
extinction, and no circumstances were observed when a flame remained burning shortly after a notable
reduction in CH*/OH* concentration. In the non-premixed flames, OH* followed the behavior of the heat
release through the transient for all pressures examined.

It should be noted that while the present studies involved a rather oversimplified set of conditions
controlling the behavior of unsteady laminar flames, the results strongly suggest that unsteady effects
must be taken into consideration during the interpretation of experimental data obtained in complex
turbulent flame experiments in which local extinction phenomena are highly probable at large Karlovitz

numbers.
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