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Abstract: The effects of fuel and oxygen concentrations on the extinction limits of non-
premixed cool flames for large n-alkanes, ranging from n-heptane to n-dodecane, are measured
in an atmospheric counterflow burner. The measurements are used (a) to derive a scaling law
between the cool flame reactivity and the oxygen concentration and (b) to develop a radical
index to rank the cool flame reactivity of n-alkanes, with the assistance of kinetic modeling. First,
due to the significant role of multiple oxygen addition reactions in the low-temperature
branching sequence, the relationship between cool flame extinction (and hence the chemical time
scale) and oxygen concentration are examined. The results suggest that all measured n-alkane
cool flame extinction limits exhibit similar nonlinear dependence on oxygen concentration. The
results further show that, due to the combined effects of multi-oxygen addition processes and the
negative temperature coefficient effect, the cool flame low temperature reactivity of n-alkanes is
proportional to nth power of oxygen mole fraction, [O2]", with n = 1.5-2. Furthermore, by
accounting for thermal and mass transport effects using a mass-weighted enthalpy, a cool flame
radical index is proposed to evaluate the role of cool flame reactivity on the extinction limits of
large n-alkanes. We find that the radical index of large n-alkanes increases with the increase of
carbon length of the fuel molecules, which is consistent with stronger low-temperature reactivity.
Keywords: Cool flame; cool flame radical index; n-alkane; counterflow; extinction limit;

oxygen effect; non-premixed flame

1. Introduction
Large n-alkanes, which exhibit strong low-temperature reactivity, make up a large
proportion of many commercial transportation fuels and their surrogates. For example, n-heptane

is a primary reference fuel component for gasoline surrogates [1-3]. Furthermore, fuel



components such as n-decane [4-6] or n-dodecane [7-9] are often used to represent linear
paraffins in fuel surrogate formulations. Previous work has shown that the low-temperature
reactivity of large n-alkanes can establish self-sustaining cool flames [10][11,12] and has
important influences on the extension of the lean flammability limit in premixed flames [13-15],
mixture ignition [16—18], and engine knock [19,20]. As a result, the low-temperature oxidation
of large n-alkanes has been studied extensively in various kinetic experiments [10,21-26] in
order to develop and validate chemical kinetic models of low-temperature reactivity.
Microgravity n-alkane droplet combustion measurements conducted onboard the ISS
[27-31], as well as terrestrial counterflow cool flame studies [12,32-34], have provided
significant insights into the cool flame chemistry of large n-alkanes and their extinction
dynamics. The droplet measurements have suggested that the residence times at cool flame
extinction for different large n-alkane droplets have the same dependence on oxygen

concentration [27]. However, counterflow cool flame experiments [32] revealed that the cool

flame extinction limits differ significantly depending on the length of the chain. Naturally, one
can ask how these two different flame geometries can, at first glance, give different dependences
of fuel reactivity on molecule size of n-alkanes. Moreover, is it possible to use the counterflow
diffusion cool flames to derive a similar oxygen dependence of n-alkane fuel reactivity on the
oxygen concentration to the results of droplet combustion?

Additionally, although the extinction limits of non-premixed cool flames in the
counterflow configuration play a critical role in validating fuel oxidation when coupled with
transport and heat release, it is not clear how to delineate the role of kinetics and transport
without properly accounting for the variation in the transport properties of the fuel. Specifically,

the mass transport influences the distributions of fuel and oxidizer in the flame reaction zone,



which then affect the temperature and reaction rate profiles. Hence, it is important to separate the
thermal and mass transport effects for quantifying the effect of chemical kinetics on cool flame
extinctions.

The transport-weighted enthalpy and the concept of the radical index were proposed to
evaluate the chemical kinetic contributions to non-premixed hot flame extinction [35]. However,
the dominant chain-branching reaction pathways in the cool and hot flame are different [10]. The
cool flame is governed by the peroxy chemistry related to the large fuel-sized molecules, while
chain branching in the hot flame mainly depends on small species oxidation chemistry [10],
which leads to differences in their respective flame structure [12,14,36]. In the hot flame of n-
alkane/air, far from extinction conditions, the fuel is consumed well before the reaction zone, and
only negligible oxidizer leaks across the reaction zone. Whereas, in the cool flame, significant
leakage of both fuel and oxidizer is observed in the cool flame structure, even far from extinction
conditions. Owing to such fundamental differences, it stands to reason that the transport-
weighted enthalpy and the radical index proposed for the hot flames in [35] may not be
applicable directly to cool flames. Instead, we seek a cool flame radical index that properly
accounts for the effects of transport and kinetics. Having such a scaling at hand would simplify
the way to screen the low-temperature chemistry of fuels and surrogate fuels. For example,
recent measurements have shown the difficulty in tailoring physical and chemical properties of
kerosene surrogates to match the target fuel reactivity, even when the DCN of the surrogate
matches that of the target [37]. Hence, having a robust screening method for low-temperature
reactivity of individual components and blends is therefore crucial for rapid fuel synthesis,
particularly since low-temperature ignition characterization in constant volume laboratory-scale

can diverge significantly from full-scale engine performance [38].



Motivated by the above, the purpose of this work is to measure the extinction limits of
cool flames of large n-alkanes and to derive a generic correlation between cool flame reactivity
of n-alkanes and the oxygen concentration and carbon chain-length. The non-premixed cool
flame extinction limits of large n-alkanes, ranging from n-heptane and n-dodecane, at different
fuel and oxygen mole fractions are measured in an atmospheric counterflow burner. Using the
measured extinction limits, we determine a scaling relationship between the oxygen
concentration and the extinction strain rate. In addition, this work examines whether the
relationship determined via the counterflow burner is similar to that derived from microgravity
droplet combustion experiments [27]. Moreover, to isolate the effects of thermal and mass
transport, a mass-weighted cool flame enthalpy and radical index are proposed to scale the

impact of low-temperature chemical reactivity on the cool flame extinction limits.

2. Experimental and computational methods
2.1 Experiments

To measure the non-premixed cool flame extinction limits, an atmospheric counterflow is
employed. Details of the experimental setup are presented in our previous works [12,36,39]. The
experimental counterflow configuration consists of two opposed burners, a liquid fuel injection
pump, a liquid fuel atomization and vaporization system, flow controllers, and an ozone
generator. A schematic of the experimental setup of the atmospheric counterflow burner is
sketched in Fig. 1. The two opposed burners contain a pair of main flow converged nozzles with
13 mm exit diameters maintained at a 22.5 mm separation distance and a pair of co-flow nozzles.
Liquid fuel is injected into a heated vaporization chamber using a steel syringe pump (Harvard

PHD) and the vaporized fuel gas is carried by pre-heated nitrogen forming a nitrogen-diluted fuel



mixture which ejects through the main nozzle of the upper burner. The oxidizer is ejected from
the main flow nozzle of the bottom burner. To isolate the flame from the surrounding
environment, nitrogen co-flows are ejected from co-flow nozzles of both upper and bottom
burners, maintained at their respective main flow temperatures within 10 K. The measured
temperatures of the flow at the nozzle exit center position (the position shown as the red points in
Fig. 1) are defined as the burner temperatures. The upper/fuel-side burner temperature (77) is
maintained at 550 = 5 K, and the bottom/oxidizer-side burner temperature is maintained at 550 +
5Kor300+5K.

In the present study, n-dodecane, n-decane, n-octane, and n-heptane (all Sigma-Aldrich,
anhydrous, >99%) are chosen as representative fuels to study low-temperature chemical
reactivity in cool flames. To establish non-premixed cool flames of n-alkanes/O2/N> mixtures,
ozone doping is used to initiate the ozone-assisted cool flame. When the oxidizer-side burner
temperature is set at 300 K, Oz in the oxidizer directly goes through an ozone generator (Ozone
Solutions, TG-20) to form ozone. However, the same method does not work well for 550 K cases
since ozone would decompose rapidly inside the burner [40]. In that case, ozone is doped
directly into the oxidizer stream using a small tube, as shown the blue flow pathway in Fig. 1.
After the stable cool flames are established, the ozone generator is turned off and the small ozone
supply tube is removed from the oxidizer stream. The cool flame extinction limits are determined
by gradually increasing the velocities of the fuel and oxidizer stream (while holding momentum
balance) at fixed fuel and oxygen mole fractions until the flame extinguishes. The axial velocity
gradient at the oxidizer side is defined as a global strain rate, a = 2Uo/L[1+(Us /Us)(/ po)"?],
where U, and Ur are the flow velocities of oxidizer and fuel side streams, 0, and or are the

density of the two streams, and L is the separation distance between the burners. The



experimental measurements were repeated at least 3 times and had a maximum scatter of + 5 s7!,

which is within the instrument uncertainty and is appropriate for our purposes.

2.2 Computational and kinetic models

Numerical simulations of cool flame extinction limits were performed using the OPPDIF
[41] module of the CHEMKIN package. A similar procedure to the experiments was employed
to predict the extinction limits; specifically, the velocities of the fuel and oxidizer streams are
simultaneously increased (maintaining momentum balance) at constant fuel and oxygen mole
fractions until extinction occurs. A slightly smaller strain rate solution is used as a restart in
OPPDIF using the mixture-averaged transport properties. This approach and settings have been
validated previously [12,32,42]. Moreover, to determine the heat of low-temperature combustion
(AHvLow, ig) for evaluating the chemical contribution in cool flame extinction, the homogeneous 0-
D reactor module [43] of the CHEMKIN package at constant pressure is used in this work.

Two detailed n-alkane models (containing all of the tested n-alkanes) from Lawrence
Livermore National Laboratory (LLNL model) [44] and RWTH Aachen University (Cai model)
[45] were used to model low-temperature oxidation. Based on the conclusions of our previous
study [32,34,39] and examination of other recently updated kinetic models in the present study,
the CRECK kerosene surrogates model [46] containing both n-dodecane and n-decane showed

greatest fidelity to the measurements and was hence selected for further computations.

3. Results and discussion
The measured and computed non-premixed cool flame extinction strain rates of n-

dodecane (nCi2Ha26), n-decane (nCioH22), n-octane (nCgHisg), and n-heptane (nC7Hi6) as functions



of fuel and oxygen mole fractions are shown in Fig. 2. To establish cool flames at a lower range
of oxygen mole fraction, the initial temperature of the oxidizer-side burner is extended to 550 K.
In addition, to examine that the conclusions in this study are not affected by boundary
temperature experimental data at the oxidizer temperature of 300 K were also determined. From
the experimental results shown in Fig. 2, the extinction strain rates of these n-alkane non-
premixed cool flames increase with the increase of both fuel and oxygen mole fractions. It also
can be noted that, similar to previous findings [32], the extinction strain rates of n-alkane with
longer chain length are higher than those with shorter ones at the same fuel mole fraction. For
example, the extinction limit of the n-dodecane cool flame is about a factor of four higher than
that of the n-octane cool flame at the fuel mole fraction of 0.11 and oxidizer temperature of 550
K. Moreover, as expected, the extinction limits at the temperature of oxidizer-side burner of 550
K are higher than those at 300 K.

To examine the low-temperature reactivity prediction performance of the current kinetic
mechanisms, a few of the reduced chemical kinetic models are examined via the present
experimental cool flame extinction strain rates, and the comparisons for each fuel are presented
in the Fig. S1-S4 of Supplementary Material. Here, only the kinetic model computations with the
best agreement with experimental data are shown in Fig. 2. It is found that no single kinetic
mechanism shows a reasonable prediction for all tested n-alkanes. Specifically, the CRECK
lumped kerosene surrogates model [46] shows better predictions for the cool flame extinction
limits of n-dodecane and n-decane, and the reduced Chang model [47] works better for the n-
octane. However, all of the employed kinetic models over-predict the cool flame extinction strain

rates for n-heptane by at least a factor of two (and are hence not shown in Fig. 2).



3.1 Effect of oxygen concentration on cool flame extinction

The non-premixed flame extinction limits are governed by the ratio of flow residence
time to the chemical reaction time, expressed as the Damkohler number (Da). The inverse of
extinction strain rate can be regarded as the characteristic flow time in which the heat release of
the low-temperature chemistry can barely sustain the cool flame. In the low-temperature chain-
branching reaction pathway of cool flame, the reactions of multiple oxygen addition reactions via,
R + 02 = ROz and QOOH + Oz = O2QOO0H, are two major steps for chain-branching [10] and
major exothermic reactions in non-premixed cool flames [39], indicating that the concentration
of Oz will significantly affect the global low-temperature branching rate of cool flames.
Moreover, the global low-temperature branching rate (@) is inversely proportional to low-
temperature chemical time scale (7), which can be approximated as the cool flame residence time
at extinction (1/ag).

The measured cool flame residence time at extinction as a function of oxygen molar
concentration for n-dodecane, n-decane, n-octane and n-heptane, with the corresponding fits, are
given in Fig. 3. The margin of error is the standard error of regression slope within the 95%
confidence interval. To examine the effect of fuel mole fraction on the slope, experimental data
of n-dodecane at fuel mole fraction of 0.11 and 0.10 and 7, = 300 K were also measured, and a
good agreement in their slopes can be found. Moreover, to extend the range of oxygen
concentrations, the temperature of the oxidizer-side was increased to 550 K. Again, a close
agreement in slope was observed for n-dodecane and n-decane at 7, = 300 and 550 K,
respectively. These results demonstrate that the oxygen dependence for a specific fuel is weakly
affected by the boundary conditions at atmospheric pressure, indicating the slope of oxygen

dependence curve represents a fuel property.



Furthermore, as shown in Fig. 3, the slopes of oxygen dependence of the different n-
alkanes are approximately proportional to [O]" with n = 1.7. To understand the nonlinear oxygen
dependence of cool flame extinction, one can simply consider the key forward reactions of R +
02 = ROz (R1), ROz = QOOH (R2), and QOOH + Oz = O2QOO0H (R3) in the low-temperature
chain-branching process. We further assume that RO, and QOOH are quasi-steady-state species
[48]. Hence, it can be deduced that w~1/7 ~ agx ~ [02]%. Therefore, in this case, the slope of [O2]
and 1/ag in the logarithmic plot is —2. However, in reality, because the reactions occur both
forward backwards, the concentration of the O involved in the reactions is strictly lower than the
one in n = 2, especially for the cool flame near extinction. In addition, the negative temperature
coefficient (NTC) effect via these backward reactions and decomposition of QOOH and
02QO0H further slows down the low temperature reactivity. This explains why the present
measured slopes are between —1 and —2. This indicates that the oxygen dependence of the cool
flame is different from that of hot flame, in which only one oxygen molecule is involved in the
chain-branching process, governed mainly by H + O2 = OH + O reaction.

On the other hand, as mentioned previously, the relationship between cool flame
residence times at extinction and oxygen concentrations for large n-alkane was also determined
by Nayagam and co-authors [27][29] via microgravity droplet-combustion experiments
conducted onboard the ISS with a simplified theoretical model. From their discussion, the
logarithmic plot of cool flame residence time at extinction and oxygen concentration should have
a slope of around —3/2, based on the assumptions that the low-temperature branching rate
through the decomposition of ketohydroperoxides is comparable to the consumption rate of alkyl

radicals (R) at near the crossover temperature and that, near extinction, the reaction rates of alkyl
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radical unimolecular decomposition and its oxygen addition reaction are equal and also occur at
the crossover temperature.

However, these simplified assumptions may not be suitable for the cases in the
counterflow configuration. First, the effect of transport property on the extinction limits is not
considered in the simplified theoretical model. Moreover, the flame temperature near extinction
in the counterflow configuration is not exactly at crossover temperature. Figure 4 gives the
calculated flame temperatures near cool flame extinction as a function of the oxygen
concentration and the crossover temperatures (approximated by the temperature of the midpoint
in NTC region based on ignition delay times) for n-dodecane and n-decane. Clearly, the flame
temperatures near cool flame extinction are far lower than the crossover temperature. At
temperatures below the NTC crossover, peroxy branching is more prominent. Hence, the slope
would be expected to be closer to n = 2. Furthermore, we find that the alkyl radical reaction with
oxygen is orders of magnitude faster than alkyl radical decomposition near the extinction of cool
flames in the present study, as show in Fig. S5 of Supplementary Material. Based on the
relationship of the rates of these two reactions (following the analysis in Ref.[27]), it follows that
the slope should indeed be greater than the value of —=3/2 (a corresponding simple derivation is
shown in Supplementary Material). In summary, the previous discussion suggests that a slope of
—1.7 is both reasonable and is to be expected.

3.2 A scaling analysis of non-premixed cool flame extinction limits

In the previous section, the measurements suggest that the cool flame extinction limits of
n-alkanes of different carbon lengths exhibit a similar dependence on oxygen concentration.
However, the extinction limits of non-premixed cool flames are governed by the coupling

between chemical kinetics, thermal transport, and mass transport. In this section, we develop a
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simple scaling that allows for delineating of the contributions of transport and reactivity to cool
flame extinction.

Won et al. [35] proposed a transport-weighted enthalpy (TWE) concept to separate the
effect of chemical kinetics on the hot flame extinction from the thermal and mass transport term,
based on asymptotic analysis [49] and the assumption of flame being very close to the stagnation
plane and in the near-equilibrium diffusion flame regime [50]. Moreover, in the TWE scaling,
only the fuel diffusion coefficient (which scales as the inverse of the square root of the fuel
molecular weight) was employed to evaluate the transport property. This is not appropriate for
cases in which the flames are located on the fuel side of the stagnation plane [32], as shown the
failed rescaling of the hot flame extinction limits for counterflow n-alkane/N> vs O> mixtures by
TWE and by the flame structure of one representative n-alkane (n-decane) near flame extinction
in Figs. S6 and S7 of Supplementary Material, respectively. Since the fuel can be simply
convected by the bulk flow, therefore, the diffusivity of the reactants should be based on the
diffusion coefficient of oxygen. This suggests that the original TWE would over-emphasize the
influence of fuel diffusivity for the cases with the flame on the fuel side of the stagnation plane.

For all cases presented, the cool flame is situated on the fuel side of the stagnation plane.
Moreover, due to the fact that the low-temperature kinetic process is relatively slow, significant
leakage of both fuel and oxidizer is observed in the cool flame structure [31]. Therefore, we posit
that the same idea of TWE scaling cannot be directly applied to predict the cool flame extinction
limits. Considering the large leakage of fuel across the cool flame, the transport property for cool
flame can be simply regarded as the rate of transport by convection. Under the same velocity of

the bulk flow, the mass flux depends on the density of the advected material. For simplicity, the
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contribution of transport in cool flame extinction may be normalized as the density of the fuel
(Oree1) and nondimensionalized by the density of nitrogen (Oruel /0n2).

As for the thermal effect, the heat release of low-temperature combustion of different n-
alkanes needs to be appropriately accounted for. The heat release of low-temperature oxidation
can be approximated as the enthalpy change of the low-temperature ignition stage (AHLow,ig) of a
n-alkane/O> mixture at stoichiometric conditions. Since the fuel is partially oxidized to
intermediate species in the low-temperature ignition process (or cool flame), it is difficult to infer
the enthalpy change for this non-equilibrium process. Based on the temperature profile, AHpow,ig
is defined as the difference between the corresponding formation and sensible enthalpy of the
mixtures at the initial state and at the point of the minimum local dT/dt gradient during the period
after low-temperature ignition and before high-temperature ignition, as shown in Fig. 5.

Since the low-temperature heat release is contributed to by many reactions of different
intermediate species, the reduction of a detailed mechanism would cause large deviations in the
predicted heat release [32]. Two detailed mechanisms containing all tested n-alkanes, Lawrence
Livermore National Laboratory (LLNL model) [44] and RWTH Aachen University (Cai model)
[45], are used in the present homogeneous ignition simulations. The calculated heat release of
low-temperature combustion from the ignition simulations at the experimental temperature of
550 K and atmospheric pressure are summarized in Table 1.

From the discussion above, the thermal and transport effects on the cool flame extinction
limit might be scaled by the product of fuel concentration, [Fuel], oxygen concentration, [O2],
the ratio of fuel to nitrogen density, Orel /Oh2, and the heat release of low-temperature combustion,
AHyow,ig. For simplicity, the [Fuel] X [O2] X AHLow_ig X Pruel /P2 produced is termed the mass-

weighted enthalpy.
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Table 1. The employed enthalpy of low-temperature combustion and density for n-dodecane, n-

decane, n-octane and n-heptane.

AHvowigliNL  AHlow,ig Cai

Fuel p lkg/m’] [kcal/mol] [kcal/mol]
nCi2Hae 3.954 32.37 30.25
nCioHa2z 3.241 26.48 25.29
nCsHis 2.572 20.65 19.95
nC7Hi6 2.248 17.81 16.44

3.3 Chemical kinetic contribution at a constant mass-weighted enthalpy

To discern the validity of the mass-weighted enthalpy as a parameter to account for the
contributions of thermal and mass transport in cool flame extinction, numerical simulations are
examined at first. From the previous validation of kinetic models, the lumped kerosene model
from CRECK modeling group [46] can reasonably predict the cool flame extinction limit for
both n-dodecane and n-decane, and the Chang model shows a better performance for n-octane.
However, the calculated heat release of low-temperature combustion from Chang model for n-
octane is much lower than that predicted by the detailed LLNL and Cai models, while the
lumped kerosene model gives closer values to the detailed models for n-dodecane and n-decane
(see Table S1 in the Supplementary Material). Hence, numerical computations of n-
dodecane/N2-O2 (Xt = 0.100) and n-decane/N2-Oz (Xt = 0.145) non-premixed cool flames at a
fixed value of mass-weighted enthalpy (AHLow,ig evaluated by CRECK model) are discussed.

The maximum temperature represents the reactivity of the cool flame and strongly
depends on the heat of the low-temperature oxidation of the fuel. In addition, the heat release rate
is governed by the amount of fuel transported into the reaction zone and burned. Hence, these
two properties were examined to evaluate the enthalpy flux into the reaction zone. Figure 6 gives

the calculated maximum flame temperature and heat release rate as functions of Damkohler
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number, defined as ag/a, at oxidizer-side temperatures of 550 and 300 K. The maximum flame
temperatures and heat release rates collapse for the different fuels at fixed mass-weighted
enthalpy. This supports the appropriateness of mass-weighted enthalpy parameter to characterize
the enthalpy flux into the reaction zone, demonstrating that the thermal and mass transport
effects on non-premixed cool flame extinction limits can be successfully scaled by the mass-
weighted enthalpy.

The results in Fig. 6 shows that the contributions of thermal and mass transport on the
cool flame extinction limits can be normalized by the mass-weighted enthalpy. The measured
cool flame extinction strain rates for n-alkanes as a function of the mass-weighted enthalpy (the
calculated AHpow,ig from LLNL model) are shown in Fig. 7. Note that the cool flame extinction
strain rate of all measured n-alkanes from Fig. 2 are rescaled into two groups, depending on the
oxidizer-side temperature, by the mass-weighted enthalpy metric. For the cases at the same
initial oxidizer-side temperature, it is seen that the extinction strain rate of n-decane is slightly
lower than the one of n-dodecane. Further, the extinction strain rates of these n-alkanes are
gradually smaller with the decrease of carbon number after normalizing by the mass-weighted
enthalpy, demonstrating that the low-temperature chemical kinetics of the cool flame extinction
limits for these n-alkanes becomes weaker with the decrease of the chain length.

The hydroxyl (OH) radical plays a dominant role in fuel consumption and heat
production in the non-premixed cool flame [10]. In this work, the maximum OH concentration
and OH profile thickness as functions of Damkohler number for n-dodecane and n-decane at a
constant mass-weighted enthalpy are used to examine the difference of the chemical kinetic
contribution, as shown in Fig. 8. The OH profile thickness is defined as 99.7% of the full width

of the OH profile determined by fitting Gaussian distribution. With the decrease of Damkohler
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number, the OH profile thickness becomes thinner due to the chemical reaction time becoming
shorter relative to the increasing flow time scale causing weaker fuel oxidation. Further, the OH
profile thickness at different oxidizer-side temperatures remains almost the same at fixed
Damkohler number for different fuels, even though the flame temperatures are different (seen in
Fig. 6), indicating the OH distribution in the flame is insensitive to the boundary temperature at a
fixed ratio of chemical and flow time scale. Since the non-premixed flames are sensitive to the
fuel and oxygen concentration, the concentration of reactants would have a significant impact on
the OH profile thickness. Further discussion on the effects of fuel and oxygen concentration on
the flame thickness are provided in the Fig. S8 of Supplementary Material. We find that the OH
profile thickness decreases with the increase of the fuel and oxygen concentration at the constant
Damkohler number.

It is also shown in Fig.8 that the maximum concentration of OH radicals is sensitive to
the boundary temperatures. The maximum concentration of OH radicals at oxidizer temperature
of 550 K is higher than the one at 300 K, due to higher heat loss in the latter case. Moreover, the
peak OH concentration increases with the decreasing Damkohler number, although the flame
temperature continually decreases. This is caused by the branching reactions (generating multiple
OH radicals) being favored more than chain-propagating reactions at low temperatures (NTC
kinetics). Note that OH concentration decreases with the decreasing Damkohler number in hot
diffusion flame due to the chain-branching reactions (i.e. H + O2 = O + OH) are faster at higher
temperature in hot flames [35]. Further, a small difference in OH concentrations for n-dodecane
and n-decane is observed, indicating a slight difference in their low-temperature chemical kinetic

contribution to the cool flame extinction limits.
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As shown in Fig. 7, the effects of low-temperature chemical kinetics on the cool flame
extinction of the tested alkanes are different. Accordingly, the contribution of their respective
low-temperature reactivities needs to be quantified. In our previous study [35], a radical index
concept (basing on the OH formation rate) was proposed to represent the kinetic contribution to
the flame extinction limits. However, as mentioned previously, none of the current kinetic
models can reasonably predict the cool flame extinction limits of the tested fuels. Moreover, the
measurement of OH radical concentrations in cool flames is not easily accessible in the current
configuration using traditional optical diagnostics (e.g., OH laser-induced fluorescence) due to
the very low signal-to-noise ratio (as the OH concentration is several orders of magnitude lower
than that present in hot flames at atmospheric conditions). Hence, currently, it is not possible to
determine measure the radical index based on the OH radical to quantify the kinetic contribution
for all tested n-alkanes.

Instead, the chemical kinetic contribution (represented by RI) of each n-alkane can be
directly inferred by collapsing the extinction strain rates onto a single curve. In this work, n-
dodecane is set as a reference fuel with a unity cool flame radical index (RI = 1). With Rl = 1
defined for n-dodecane cool flames, the chemical kinetic contributions of n-decane, n-octane, n-
heptane relative to n-dodecane are determined accordingly and shown in Fig. 9. By using the
cool flame RI and the mass-weighted enthalpy, the low-temperature reactivity of n-alkanes can
be discerned and ranked. With the decreasing of the chain length, the low-temperature reactivity
decreases. To examine the influence of the detailed kinetic model for evaluating AHpow,ig in
rescaling the experimental data, the one using the calculated AHow,i; from the other detailed n-
alkanes models (Cai model) is compared and shown in Fig. S9 and S10 of Supplementary

Material. We find that the effect of the calculated AHLow,ig using these two different detailed
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kinetic models on the determination of chemical kinetic contribution is negligible. Therefore,
using the measurements of counterflow cool flame extinction limits, one can rank the fuel low
temperature reactivity quantitatively and conveniently by using the cool flame radical index,
which can rapidly accelerate surrogate component formulation and fuel screening, especially for
oxygenated fuels which may have different low temperature reactivities and dependence on

oxygen concentration [S51].

4. Conclusion

The extinction limits of non-premixed cool flames of large n-alkanes ranging from n-
heptane to n-dodecane measured in an atmospheric counterflow burner. The results demonstrate
that an increase in fuel and oxygen concentration increases the cool flame extinction limit. In
addition, with the increase in the carbon chain length of the n-alkane, the cool extinction limit
also increases. The results also demonstrate that the dependence of cool flame extinction limit on
ambient oxygen concentration for different n-alkanes is similar. The results are consistent with
the measurements of extinction conditions in microgravity n-alkane-droplet experiments [27,29].
The results also demonstrate that, due to the combined effects of multi-oxygen addition
processes and the negative temperature coefficient effect, the cool flame low-temperature
reactivity of n-alkanes is proportional to nth power of oxygen mole fraction, [Oz]". In this study,
we measured n = 1.7, which is greater than n = 1.5 derived from the microgravity droplet
experiment. The increase is due to the estimated NTC crossover temperature and radical
dissociation being higher than the peak cool flame temperature predicted with detailed chemistry

and transport effects.
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Furthermore, we also found that the transport-weighted enthalpy and radical index
proposed for non-premixed hot flames are not directly applicable to the cool flames because of
the existence of fuel and oxygen leakage in cool flames and the location of the flame with
respect to the stagnation plane. By accounting for the cool flame thermal and mass transport
effects with a mass-weighted enthalpy, a cool flame radical index was proposed to evaluate the
cool flame reactivity and to correlate the extinction limits of large n-alkanes with different
carbon lengths. The results showed that the cool flame extinction limits of n-alkanes collapse for
the combination of the cool flame radical index and the mass-weighted enthalpy. In addition, the
results showed that, with the increase of the chain length of the fuel molecule, the cool flame
radical index increases. The derived scaling relation and radical index provide an alternative and
convenient metric to evaluate low-temperature reactivity for new fuels and surrogate fuel
mixtures. Further work to extend the current results to fuels with different moieties (and hence

radical indices) is warranted and is of practical relevance.
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Fig.1. Schematic of experimental setup of the atmospheric counterflow burner.
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Fig. 2. Measured and predicted cool flame extinction strain rates as functions of fuel (left) or

oxygen (right) mole fraction for n-dodecane, n-decane, n-octane, and n-heptane flames. Kinetic

models for n-dodecane and n-decane from [46] and for n-octane from [47].
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Fig. 3. Cool flame residence time at extinction as a function of oxygen molar concentration for
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Fig. 7. Cool flame extinction strain rates as a function of mass-weighted enthalpy for n-dodecane,

n-decane, n-octane, and n-heptane at oxidizer-side temperature of 550 and 300 K.
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Fig. 8. Computational results of flame thickness and maximum OH concentration versus

Damkohler number for n-dodecane and n-decane with a constant mass-weighted enthalpy

(shown in the figure) at oxidizer-side temperature of 550 and 300 K.
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