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a b s t r a c t 

The competitive oxidation of methane with C 2 hydrocarbons of differing functional groups (alkane, 

alkene, and alkyne) was examined experimentally via combustion of isotopically-labeled fuel mixtures 

and laser absorption spectroscopy of carbon monoxide isotopologues. Quantitative species time-histories 

of the 12 CO and 13 CO isotopologues were measured simultaneously and in situ using laser absorption 

spectroscopy behind reflected shock waves, used for near-instantaneous heating and auto-ignition of bi- 

nary mixtures containing equal carbon fractions of the different fuels. A driver extension and gas tailoring 

were employed on the shock tube facility to extend test times up to 30 milliseconds, enabling dilute ig- 

nition of the fuel blends over a range of temperatures from 110 0–180 0 K. Tested fuel mixtures were 

primarily fuel-rich to force the competition of carbon oxidation between the fuel components. The novel 

dataset of multi-isotopologue species time-histories were compared to available chemical mechanisms, 

revealing insights on the influence of each C 2 fuel on methane ignition. The GRI-MECH 3.0 and Founda- 

tional Fuel Chemistry Model (FFCM-1) reaction models were modified to incorporate 13 C reactions and 

species. Detailed comparison of the measurement data with FFCM-1 simulations revealed generally good 

agreement at elevated temperatures ( > 1500 K), with increasing divergence at lower temperatures, par- 

ticularly for mixtures involving ethane and acetylene. Reaction pathway and sensitivity analysis of the 

variance between data and the modified mechanisms reveal key reactions likely responsible for the dis- 

agreements. 

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Accurate and computationally-efficient chemical kinetic mod- 

ls are desired to design practical combustion systems operating 

ith real fuels—usually blends of several different hydrocarbons—

o meet performance and emissions targets in the transporta- 

ion and power sectors [1] . In several advanced energy conver- 

ion devices—such as Homogeneous Charge Compression Ignition 

HCCI) engines—ignition is governed by reaction kinetics and the 

verall reactivity of the fuel-air mixtures is much more sensitive to 

ystem thermochemistry (temperature, pressure, mixture composi- 

ion) and fuel molecular structure than in traditional combustion 

ystems [2,3] . This represents a significant challenge for modeling 

nd system design, particularly at lower combustion temperatures 
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f Texas at San Antonio (UTSA), San Antonio, TX, 78249, USA. 

E-mail address: daniel.pineda@utsa.edu (D.I. Pineda). 
1 Experimental work performed during postdoctoral appointment at UCLA. 

t

i

s

c

p

ttps://doi.org/10.1016/j.combustflame.2020.11.006 

010-2180/© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved
 < 1500 K) where reaction kinetics can be more complex and are 

enerally less well-understood. This study leverages a novel diag- 

ostic method to examine kinetic behavior of select hydrocarbon 

ixtures, with a particular focus on discerning competitive oxida- 

ion at temperatures below 1200 K, relevant to real fuel combus- 

ion. 

Modeling real fuels such as diesels or kerosenes remains a chal- 

enge in part due to the complex fuel compositions that may in- 

lude hundreds of species of varying carbon number and func- 

ional group. Despite this heterogeneity, large hydrocarbons and 

ixtures thereof have been shown to decompose into a relatively 

maller pool of similar fuel fragments [4–6] ; the reactions of these 

uel fragments are the rate-limiting steps in the combustion of 

igher hydrocarbons [7–9] . Although in principle this increases the 

ractability of the modeling problem, significant challenges remain 

n characterizing the combustion behavior of blends of even the 

mallest C 1 –C 2 hydrocarbons at lower temperatures, as significant 

oupling exists between the intermediates of different fuel com- 

onents [10] . To examine this coupling, several investigators have 
. 
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Fig. 1. Predictions of CO mole fraction evolution during constant-volume reaction 

of 0.7% C 2 H 4 , 1.4% CH 4 , and 4.9% O 2 ( φ ≈ 1 ) in Ar by various chemical kinetic mech- 

anisms at 1 atm and 1800 K and 1200 K, plotted at different x axis scales on the 

left and right, respectively. Simulations performed using Cantera 2.4.0 [50] . 
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Fig. 2. Simplified reaction pathway for the oxidation of a CH 4 / C 2 H 4 blend into 

CO, with carbon atoms color-coded to correspond to source fuel molecule. CH 4 - 

exclusive pathways shown in orange, C 2 H 4 -exclusive pathways shown in blue, and 

common pathways shown in purple. (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article.) 
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tudied the effects of blending small C 1 –C 2 fuels together through 

 variety of experiments including but not limited to measure- 

ents of flame speeds [11–13] , as well as of ignition delay times 

ehind reflected shock waves [14–19] . Despite this experimental 

ork and concurrent progress in chemical mechanisms, many re- 

ction models which predict similar time-evolution of combustion 

pecies at high temperatures ( > 1800 K) yield significantly different 

redictions of time-to-ignition at lower temperatures ( < 1500 K), 

hough peak CO mole fraction remains similarly predicted amongst 

he models. An example of this is shown in Fig. 1 for predictions of

he time-evolution of CO, a key intermediate in the energy conver- 

ion process, during combustion of a methane-ethylene fuel blend. 

Accurate prediction of CO formation and oxidation in combus- 

ion systems is critical for the development of practical energy- 

onversion devices, owing to its importance in the determination 

f heat release and extinction behavior [8,20] . The predictive ca- 

ability of reaction models for fuel oxidation can be evaluated 

hrough comparison with time-resolved species measurements be- 

ind reflected shock waves, often through optically-based mea- 

urement methods. Quantitative species time-histories can pro- 

ide an additional granular constraint on kinetic models along 

ith ignition delay times and flame speeds, which are aggregate 

easurements of overall combustion behavior [21] . Several ex- 

erimental studies have reported measured species time-histories 

f CO during oxidation of hydrocarbons behind reflected shock 

aves, including many using laser absorption-based measurements 

8,22–31] , providing valuable experimental constraints and valida- 

ion benchmarks with which to compare chemical reaction mod- 

ls. However, only a few of these studies considered fuel mixtures 

26–28,31] ; in many modern chemical reaction models available in 

he literature, significant uncertainties remain in several key ele- 

entary reactions involved in the production of CO at low tem- 

eratures, particularly reactions involving the formyl (HCO), vinyl 

C 2 H 3 ), and ketenyl (HCCO) radicals [8,10,29,32–34] . These species 

re prominent in the oxidation of small C 1 –C 2 fuel mixtures, in- 

luding CH 4 and C 2 H 4 , as seen in the simplified reaction pathways 

hown in Fig. 2 . These species participate in a much larger set of

eactions and the relative contribution (i.e. branching fractions) of 

arious fuel components in a mixture to the measured CO species 

ime-histories becomes less clear when additional fuel components 

re added. 

To address this ambiguity, the authors have developed a 

ime-resolved laser absorption spectroscopy (LAS) measurement 

echnique for simultaneous detection of multiple isotopologues to 

iscern individual contributions of fuel components to the produc- 

ion of CO in the oxidation of multi-component fuel blends [35] . 

y isotopically-labeling specific component fuels of the overall fuel 
55 
ixture and simultaneously measuring intermediates (both 12 CO 

nd 13 CO ), we can distinguish reaction pathways and respective 

ates by unambiguously identifying the parent fuels of intermedi- 

te species [36,37] . Figure 2 shows competing reaction pathways 

or the oxidation of CH 4 and C 2 H 4 into CO—many more path- 

ays to CO are observed for C 2 H 4 than are observed for CH 4 , and 

he carbon atoms are color-coded to highlight the utility of the 

ulti-isotopologue LAS technique in providing more information 

bout specific reaction pathways. In previous work [35] , we ob- 

erved that 12 CO (from 
12 C 2 H 4 ) was produced both earlier than 

3 CO (from 
13 CH 4 ) and earlier than predicted by an isotopically- 

abeled GRI-MECH 3.0 [38] reaction model in shock tube oxidation 

xperiments performed at temperatures of 1500 K. In this work, 

e examine an expanded set of oxidizing fuel mixtures behind re- 

ected shock waves at temperatures ranging from 10 0 0–180 0 K, 

ncorporating mixtures that include additional C 2 hydrocarbons: 

he alkane ethane ( C 2 H 6 ) and the alkyne acetylene ( C 2 H 2 ). We pri- 

arily target the fuel-rich domain to force competitive oxidation 

mong the component fuels, and for its relevance in fuel pyrolysis 

nd soot formation. 

The following sections of this paper describe the shock tube 

xperimental setup and isotopic labeling and detection methods, 

ollowed by a presentation of the novel dataset capturing com- 

etitive oxidation of methane and C 2 hydrocarbons. The approach 

o modifying specific chemical mechanisms for isotopic labeling is 

lso presented, and simulation results are compared to experimen- 

al data. A more detailed examination of the modified FFCM 1.0 

echanism is given for CH 4 - C 2 H 4 blends, including reaction path- 

ay and sensitivity analysis, while opportunities for mechanistic 

mprovements are identified to capture kinetic behavior of blends 

ith the other C 2 hydrocarbons. 

. Methods 

This section describes the methods used to examine compet- 

tive oxidation of methane and different C 2 H X hydrocarbons be- 

ind reflected shock waves. We first detail the spectroscopic sens- 

ng methodology as well as the shock tube facility used for all 

xperiments. Additionally, we describe the adaptation of chem- 

cal mechanisms for measurement comparison. Estimates of the 
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easurement uncertainty and model sensitivity are discussed in 

etail in Section 4 . 

.1. Multi-isotopologue CO spectroscopy 

Laser absorption spectroscopy (LAS) is a well-established op- 

ical diagnostic technique for shock tube kinetics studies, owing 

o its high time-resolution, species-specificity, and quantitative ca- 

ability in the measurement of species and temperature. For a 

ingle quantum energy transition or line j, monochromatic light 

bsorption through a uniform gas medium is governed by the 

eer-Lambert law [39] : 

ν = − ln 

(
I t 

I 0 

)
ν

= P S j (T ) X abs Lϕ ν (1) 

here I t /I 0 is the ratio of transmitted to incident light intensity 

t frequency ν [cm 
−1 ], αν is the spectral absorbance at that fre- 

uency, P [atm] is the total pressure, S j (T ) [cm 
−2 /atm] is the

emperature-dependent linestrength of transition j at temperature 

 [K], X abs is the mole fraction of the absorbing species, L [cm] is 

he aggregate path-length of the absorbing medium, and ϕ ν [cm] 

s the spectral lineshape of the transition. 

The mole fractions of two isotopologues of carbon monoxide 

ere measured here using a continuous wave (cw) distributed 

eedback quantum cascade laser (DFB-QCL, ALPES Lasers) target- 

ng the P(0,31) and P(2,20) transitions of 12 C 16 O and the P(0,22) 

nd P(1,16) transitions of 13 C 16 O near 4.9 μm [35] . A scanned- 

avelength direct absorption technique was employed to rapidly 

can over the spectral domain of interest, enabling integration 

n ν over each individual rovibrational transition. This yields a 

pectrally-integrated absorbance area A j [cm 
−1 ] for each transition 

j, 

 j = 

∫ + ∞ 

−∞ 

ανd ν = P S j (T ) X abs L (2) 

liminating dependence on lineshape ϕ ν ( 
∫ + ∞ 

−∞ 
ϕ νd ν = 1 ). Upon 

easuring multiple A j for a given species, gas temperature can 

e determined through two-line thermometry, wherein the ratio 

f two A j reduces to a ratio of S j (T ) , which is a function of T 

nly [39] : 

 = 

A A 
A B 

= 

S A (T ) 

S B (T ) 
= f (T ) (3) 

nce T is known, Eq. (2) can be used to determine absorbing 

pecies mole fraction X abs , assuming independent knowledge of 

he pressure. Herein, temperature and mole fraction were mea- 

ured spectroscopically once the signal-to-noise ratio (SNR) of the 

pectral transitions was high enough to perform the aforemen- 

ioned two-line thermometry technique. Prior to this, temperature 

as obtained using shock relations and assuming isentropic com- 

ression of the measured pressure trace. As demonstrated in prior 

ork [35] , good agreement in the initial post-shock conditions is 

chieved with the two methods. Both temperature values are re- 

orted in the proceeding data. 

The optical setup for the present work is shown in Fig. 3 . 

he laser light pitch and catch system, including the QCL, pho- 

odetector (Vigo PVI-4TE-5), optical bandpass filter (Spectrogon, 

 960 ±14 8 nm), and lens is the same as in prior work targeting

hese CO isotopologues [35] , with a notable exception: To increase 

he modulation depth of the QCL at high scan rates (and subse- 

uently the robustness in baseline fitting), we employ a diplexed 

F modulation technique developed by our group using bias-tee 

ircuitry [40] . In this work, we injection-current modulate the QCL 

ith a sine wave at 50 kHz, resulting in an effective tempera- 

ure and species measurement rate of 100 kHz when perform- 

ng spectral fitting on both the upscan and downscan. Represen- 
56 
ative detector signal waveforms illustrating this modulation dur- 

ng a shock tube oxidation experiment are shown in the top right 

f Fig. 3 . Employing the bias-tee circuitry at a 50 kHz scan rate 

esults in a modulation depth of approximately 1.2 cm 
−1 , captur- 

ng the 12 C 16 O and 13 C 16 O transitions of interest. A representative 

lot of experimentally-measured spectral absorbance for a single 

aser scan period is shown in Fig. 4 for the upscan. A correspond- 

ng spectral fit using the Voigt lineshape model for the targeted 

ransitions is also shown, yielding low residuals ( < 2% ) for all ex- 

eriments performed for this study. Lastly, all measurement un- 

ertainties shown in this study are computed using the approach 

utlined in the appendix of our previous work [35] . 

.2. Shock tube experiments 

Here we use a shock tube facility to serve as a near constant- 

olume reactor to observe chemical kinetics with minimal influ- 

nce of fluid dynamics. Because of the Arrhenius behavior of many 

hemical reactions in combustion, examining lower-temperature 

110 0–120 0 K) ignition behavior and kinetic rates requires sig- 

ificantly longer test times compared to high-temperature com- 

ustion ( > 1800 K). Additionally, variations in either tempera- 

ure or pressure during a test can significantly affect the ob- 

erved kinetics. As an example, a temperature increase as small 

s 1% at 1500 K can lead to a 25% error in the measured rate

oefficient for the dissociation of NO 2 [41] . Consequently, conduct- 

ng low-temperature chemical kinetics experiments requires both 

xtended test times ( > 5 ms) and well-controlled and character- 

zed thermodynamic conditions. In a conventional shock tube, the 

eflected shock wave creates a near-instantaneous and spatially- 

omogenous high-temperature reactor with precisely known ther- 

odynamic conditions (typically < ±1% in pressure and temper- 

ture) [42] ; however, the usable test time is often limited to 

–3 ms [21] due to physical dimensional constraints that lead to 

ave interactions or non-ideal gas dynamics such as boundary 

ayer growth [43] . To extend test times, such that low-temperature 

ombustion kinetics are observable, conventional shock tubes may 

equire physical modification of the geometry and/or gas mixture 

ptimization to mitigate effects that terminate constant pressure 

est times. A notable distinction in the present shock tube study 

rom our prior work [35] is the implementation of a 19.76 ft. driver 

xtension, variable-area driver inserts, and tailored driver gases; 

he judicious combination of which enable significantly longer du- 

ation test times (up to 30 ms) than are achievable in the shock 

ube’s standard configuration [44] . 

The high-enthalpy shock tube used in this study is shown 

n Fig. 3 and is also described in previous work by the au- 

hors [35,45,46] . The facility consists of a high-pressure driver sec- 

ion and a low-pressure driven (test gas) section, which are sep- 

rated by either a polycarbonate or metal diaphragm. When the 

iaphragm ruptures due to pressure-induced strain, an incident 

hock wave forms and propagates into the driven section–

ompressing and heating the test gas and imposing a bulk veloc- 

ty in the direction of the moving shock. Additionally, an expan- 

ion wave travels into the driver and the contact surface between 

he driver and driven gases propagates into the driven section (al- 

hough at a much lower velocity). When the incident shock wave 

eaches the end wall of the driven section, it reflects back towards 

he driver, stagnating the flow and compressing and heating the 

est gas even further. This creates near-constant temperature and 

ressure conditions and initiates the test time for the kinetics ex- 

eriments conducted in this work. 

The pressure time history at the measurement location (near 

he end wall) determines the test time and can be used to as- 

ess uniformity of the thermodynamic conditions during a test. 

he test time typically ends when either the expansion fan reflects 
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Fig. 3. Shock tube facility with driver extension used for extended test times. A cross-section of the test section with optical setup is shown alongside representative test 

data. Example pressure and detector data highlight the diagnostic techniques ability to discern competitive oxidation, via 12 CO and 13 CO measurements, in a reacting mixture 

of 1.14% 13 C 2 H 4 , 1.14% 
12 C 2 H 6 , 5.71% O 2 , and 18.4% He in argon. 

Fig. 4. Example scanned-wavelength Voigt fitting of data in a shock tube oxidation 

experiment. 
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ff the driver end wall and returns to the driven section–changing 

he thermodynamic conditions at the measurement location–or the 

ontact surface and reflected shock wave interact, sending another 

hock or expansion wave back towards the measurement test sec- 

ion. To delay the reflected expansion fan arrival and extend the to- 

al test time, a 19.76 ft. driver extension, shown in Fig. 3 , was used

or all the measurements conducted in this study. The use of the 

river extension enables reflected shock test times up to 30 ms, 

deal for studying low-temperature combustion chemistry. Addi- 

ionally, more uniform thermodynamic conditions were achieved 

y using a tailored driver gas mixture (75%He/ N 2 ) to mitigate con- 

act surface-reflected shock wave interactions along with variable- 

rea driver inserts to minimize the pressure rise, d P /d t, (and the 

ssociated temperature rise [47] ) caused by factors such as bound- 

ry layer growth and shock attenuation. Driver gas tailoring can 

inimize expansion or compression at the test section when the 

eflected shock wave interacts with the contact surface. This is 

chieved by blending a lower speed-of-sound gas, such as N 2 , with 

e, such that the pressures across the contact surface following 

he passage of the reflected shock wave, are identical. To minimize 

 P /d t, variable-area driver inserts were designed [48] to partially 

eflect expansion waves back to the test section where the chemi- 

al kinetic studies are being conducted. The pressure decrease from 

he expansion waves helps offset the pressure rise caused by non- 

dealities in the test section. Combined, these modifications result 

n an approximate factor of 10 increase in the achievable test times 
57 
ompared to our standard shock tube configuration and are partic- 

larly useful for studying low-temperature combustion chemistry, 

here reaction rates are relatively slow. The results can be directly 

bserved in Fig. 3 , where ignition at 1059.2 K and 1.02 atm oc- 

urs on the order of 18 ms, with pre-ignition chemistry observed 

s early as 8 ms. 

To conduct experiments, the driver and driven sections of the 

hock tube are connected to rotary vane roughing pumps (Alcatel 

dixen 2021i) and a turbomolecular pump (Varian V550) to reach 

ltimate pressures < 1 × 10 −4 torr and remove trace amounts of 

ny contaminating species. The driven and driver sections are then 

lled with the test gas mixture and tailored gas, respectively. The 

ailored driver gas contained 75% He balanced in N 2 and was sup- 

lied by Airgas. Test gas mixtures were barometrically prepared 

ith capacitance manometers (Baratron 627D) with an uncertainty 

f 0.12% of reading in an agitated mixing tank. All test gas mix- 

ures were prepared in an Ar or 18.4% He/Ar bath gas and targeted 

 nearly equal number of carbon atoms corresponding to each car- 

on isotope (67% CH 4 /33% C 2 H X , where X = 2 , 4 , 6 ). 12 CH 4 , 
12 C 2 H 2 , 

2 C 2 H 4 , 
12 C 2 H 6 , O 2 , He, and Ar gases were supplied by Airgas with 

urities of 99.97%, 99.6%, 99.9995%, 99.99%, 99.994%, 99.997%, and 

9.999%, respectively. 13 CH 4 and 
13 C 2 H 4 gases were supplied by 

igma-Aldrich with purities of 99% and 99%. Competitive oxidation 

xperiments were conducted over a range of temperatures (10 0 0–

800 K) at near-atmospheric pressures (0.5–1.5 atm). Combustion 

inetics were compared and analyzed based off the thermometry 

nd species measurements discussed in Section 2.1 . Additionally, 
2 CO and 13 CO production rates assisted in evaluating the valid- 

ty and sensitivity of several chemical kinetic models (GRI-MECH 

.0 [38] and FFCM-1 [49] ) for the different fuels and conditions 

onsidered herein. 

.3. Chemical kinetic modeling 

For model comparison and evaluation, we modified both the 

RI-MECH 3.0 [38] mechanism and the Foundational Fuel Chem- 

stry Model (FFCM-1) [49] to account for isotopic labeling of car- 

on atoms. In GRI-MECH 3.0, this increased the number of species 

rom 53 to 117 and the number of reactions from 325 to 886. For 

FCM-1, the number of species increased from 38 to 85 and the 

umber of reactions increased from 291 to 926. We initially ex- 

mine these somewhat reduced models as they possess a small 

nough number of reactions and species so as to be tractable for 

sotopic labeling, and we provide the isotopically labeled FFCM-1 

odel (in the Cantera CTI format) in the supplementary material. 
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Fig. 5. Pressure (top) and temperature (bottom) prescribed / predicted by models 

and measured in experiments in a shock tube oxidation experiment. 0.54% C 2 H 4 , 

1.07% CH 4 , and 2.5% O 2 ( φ ≈ 1 . 5 ) in argon. 
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hese mechanisms include the various fuel components of interest, 

ut it should be noted that the models were primarily developed 

or predicting methane combustion and have had little to no val- 

dation against C 2 fuel blends. Additional larger mechanisms are 

lso employed for comparison of the global kinetic timescales (i.e. 

gnition delay times). 

In addition to the chemical model, the simulation technique 

or a shock tube experiment can affect the quality of comparison 

ith measurements. Measurements of ignition experiments behind 

eflected shock waves are often compared with zero-dimensional 

eactor models, assuming a constant internal energy / volume 

constant U, V ) or a constant enthalpy / pressure (constant H, P ) 

hermochemical process. These models are only valid in reflected 

hock wave experiments for reacting mixtures with minimal heat 

elease, and so these experiments are typically highly diluted in 

nert gas, such as argon. It is often desirable to increase the con- 

entration of reactants in these experiments, either to enable the 

ixture to ignite within the test time allowed by the shock tube, 

r to increase absorbance for a more robust species measurement. 

o enable model comparison with experiments utilizing higher 

oncentrations of reactants, we employ a split-timestep reactor 

odel in Cantera [50] similar to that developed for Chemkin by Li 

t al [51] . At the beginning of each time step, the zero-dimensional 

ixture is at an initial temperature T , pressure P, and composition 

. During the first part of each timestep, the mixture is allowed to 

eact while holding volume V and internal energy U constant, re- 

ulting in new values of temperature T ′ , pressure P ′ , and compo- 

ition X ′ . Following this constant volume reaction, the mixture is 

sentropically expanded (or compressed) assuming a frozen mix- 

ure composition X ′ from the model-predicted pressure P ′ to the 
xperimentally measured pressure P meas : 

 f inal = V ′ 
(
P meas 

P ′ 
)1 /γ

(4) 

his is performed using Cantera ’s wall() function, and has 

he effect of isentropically increasing or decreasing the mixture 

emperature to a value T f inal , which is used as initial temper- 

ture T for the next timestep. A representative assessment of 

he split-timestep reactor model’s performance is shown in Fig. 5 

or a reactive CH 4 / C 2 H 4 / O 2 /Ar mixture at approximately 1500 K 

nd 0.73 atm. The modified split-timestep reactor model displays 

n enhanced accuracy relative to both the constant-volume and 
58 
onstant-pressure reactor models in predicting the temperature 

volution of the system. 

For the split-timestep reactor model currently implemented in 

antera 2.4.0, a small computational performance impact is ob- 

erved for reactor simulations without sensitivity analyses, but this 

mpact is magnified significantly for reactor simulations utilizing 

ensitivity analyses. Sensitivity analyses of the FFCM-1 reaction 

odel were conducted using multiple reactor simulations. For each 

xperiment, a full sensitivity analysis considering all 926 reactions 

or a constant volume reactor model was first conducted to de- 

ermine time-resolved normalized sensitivity coefficients for each 
2 CO and 13 CO concentration with respect to reaction rate con- 

tants k i : 

 k, CO = 

k i 
CO 

· ∂ CO 

∂k i 
(5) 

his constant UV reactor model is initiated with the 

xperimentally-determined reflected shock conditions T 5 and 

 5 , as well as the molar composition X . The Foundational Fuel 

hemistry Model effort provides uncertainty factors for each 

eaction, f k [49] . We can utilize these f k values to weight our 

ormalized sensitivity coefficients, so as to specifically highlight 

eactions that deserve more attention when comparing model 

redictions with experimental measurements: 

 

f 

k, CO 
= f k · S k, CO (6) 

e rank the reactions by their uncertainty-weighted sensitivity, 

nd consider the top 50 in a subsequent sensitivity analysis utiliz- 

ng the split-timestep reactor model discussed previously. We use 

hese sensitivity analyses to identify key reactions which can be 

solated by the multi-isotopologue LAS method. 

. Results 

.1. Competitive oxidation of methane with ethylene 

The oxidation of methane ( CH 4 ) and ethylene ( C 2 H 4 ) mixtures 

ere investigated behind reflected shock waves at multiple tem- 

eratures for both fuel-rich ( φ = 1 . 5 ) and stoichiometric ( φ = 1 . 0 )

quivalence ratios. The experiments are performed at reflected 

hock temperatures between 110 0 and 180 0 K and pressures be- 

ween 0.5 and 1.5 atm. In most cases, included those shown here, 

he initial mole fractions of each fuel component were adjusted 

o give an equal number of carbon atoms, such that at longer 

ime scales approaching equilibrium, the mole fractions of car- 

on monoxide are expected to equalize according to simulations. 

his provided a quantitative check on the magnitudes of each 

easured isotopologue. The convergence of the measurements at 

onger times can be readily observed in the figures throughout this 

ection. 

Temperature and species time-histories of 12 CO and 13 CO dur- 

ng shock tube oxidation experiments for fuel-rich ( φ = 1 . 5 ) mix- 

ures of 13 CH 4 and 
12 C 2 H 4 are shown in Fig. 6 for a series of post- 

hock temperatures. As initial temperature progressively decreases, 

he oxidation process slows overall and timescales of the compo- 

ent fuels increase in separation. At 1726 ± 19 K, 13 CH 4 and 
12 C 2 H 4 

re experimentally observed to oxidize into 13 CO and 12 CO at very 

imilar rates. At 1504 ± 15 K, the reaction timescales are separated, 

ith 12 C 2 H 4 oxidizing into 
12 CO earlier than 13 CH 4 and at a faster 

ate. At 1210 ± 11 K, the reaction timescale separation widens fur- 

her, such that the concentration of 12 CO reaches a value greater 

han seven times that of 13 CO at half the ignition delay time. At 

he lower two initial temperatures of 1504 ± 15 K and 1210 ± 11 K, 

here is an eventual convergence in magnitude and rate of 12 CO 

nd 13 CO production at ≈1.3 ms and ≈7.9 ms, respectively, in- 

icating a transition from lower-temperature oxidation to rapid 
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Fig. 6. Measurements and predictions of temperature (top) and CO mole fraction evolution (bottom) during oxidation behind reflected shock waves of C 2 H 4 / CH 4 / O 2 reactive 

mixtures ( φ ≈ 1 . 5 ) in Ar and Ar/He bath gases. t = 0 denotes passage of reflected shock. Some data points are omitted for reader clarity, and reflected shock temperatures 

decrease from left to right. The data are plotted at different x axis scales to better examine temperature and CO evolution. 
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Fig. 7. Measurements and predictions of CO mole fraction evolution during oxida- 

tion behind reflected shock waves of both stoichiometric ( φ = 1 . 0 , top) and fuel- 

rich ( φ = 1 . 5 , bottom) C 2 H 4 / CH 4 / O 2 reactive mixtures in an Ar/He bath gas. t = 0 

denotes passage of reflected shock. Some data points are omitted for reader clarity. 
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gnition behavior. In all cases, rapid rise in concentration of the CO 

sotopologues is accompanied by a corresponding rise in temper- 

ture. Overall, the results support established understanding that 

thylene possesses an increased ability to consume oxygen rela- 

ive to methane at lower temperatures, increasing mixture reactiv- 

ty and reducing ignition delay in fuel mixtures [11,13,18] . 

The measurement data is overlaid with CO isotopologue simu- 

ations from both the modified FFCM-1 and GRI-MECH 3.0 mod- 

ls. We first note that measured peak values of CO match very 

ell with both mechanisms. The increasing separation in reac- 

ion timescale is predicted by both reaction models, though the 

FCM-1 model more accurately predicts the extent of the increas- 

ng separation than the GRI-MECH 3.0 model. The ignition delay 

ime is also much better predicted by FFCM-1. To better com- 

are the time-resolved model predictions with measured species 

ime-histories prior to ignition, we slightly time-shift experimen- 

al profiles (via adjustment of initial temperature/pressure within 

xperimental uncertainty) such that the measured peak mole frac- 

ions of CO correspond to the numerical peak mole fractions pre- 

icted by FFCM-1 [29,35] . FFCM-1 slightly overpredicts the early 
2 CO production at 1726 ± 19 K and 1504 ± 15 K despite accu- 

ately predicting the production of 13 CO within experimental un- 

ertainty. By contrast, FFCM-1 underpredicts the oxidation rate of 
2 CO from 

12 C 2 H 4 at 1210 ± 11 K, despite qualitatively capturing 

he fuel-specific behavior of low- and high-temperature oxidation. 

n general, the isotopically-labeled FFCM-1 chemical kinetic model 

utperforms the isotopically-labeled GRI-MECH 3.0 model at all 

emperatures examined, particularly at lower temperatures. This is 

nsurprising, as the GRI-MECH effort largely did not target tem- 

eratures much below 1200 K [38] and was not validated against 

 2 H 4 . For this reason, as well as the availability of uncertainty fac- 

ors for each reaction in FFCM-1 (facilitating subsequent sensitivity 

nalysis), we restrict our detailed modeling comparisons to FFCM-1 

n the rest of this work. 

The competitive oxidation behavior of the different fuel com- 

onents persists in the increased availability of oxygen. Figure 7 

ompares the results of two shock tube oxidation experiments at 

imilar temperatures of ≈ 1160 K but with different equivalence 

atios. During oxidation of stoichiometric mixtures of 12 C 2 H 4 and 
3 CH 4 , 

12 CO appears earlier than 13 CO , just as in the fuel-rich mix- 

ures, demonstrating that the reaction pathways of oxidation are 

ot unique to fuel-rich competitive oxidation conditions. As with 

he fuel-rich condition, the FFCM-1 reaction model accurately pre- 

icts the formation of 13 CO , while slightly under-predicting 12 CO 

n the earlier stages of ignition. The reduction in absolute magni- 
59 
ude of CO concentration for both isotopologues is well predicted 

y the model at both equivalence ratios. 

Overall the FFCM-1 model predictions are in relatively good 

greement with the results, and the temporal evolution of 12 CO is 

argely captured despite underprediction of early CO formation at 

ower temperatures. It should be noted that FFCM-1 was not op- 

imized with C 2 H 4 as a target [8,49] , and has explicitly not been 

ecommended for use beyond H 2 , H 2 / CO , CH 2 O , and CH 4 combus- 

ion [49] . However, the reaction model remarkably appears to cap- 

ure the kinetic behavior of the CH 4 / C 2 H 4 mixtures quite well, es- 

ecially for the predicted time to peak CO concentration. 

.2. Competitive oxidation of CH 4 with different C 2 fuels 

To examine the effect of functional group on the competi- 

ive oxidation behavior of CH 4 / C 2 H X fuel mixtures, mixtures of 

H 4 with the alkane C 2 H 6 , the alkene C 2 H 4 , and the alkyne 

 2 H 2 were prepared, maintaining a constant ratio of carbon-to- 

xygen across the different fuel combinations. Time-histories of 

oth CO isotopologues for two shock tube oxidation experiments 

f near-stoichiometric mixtures of 13 CH 4 / 
12 C 2 H 4 ( φ = 1 . 00 ) and 

3 CH / 12 C H ( φ = 1 . 07 ) are shown in Fig. 8 for similar temper- 
4 2 6 
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Fig. 8. Measurements and predictions of CO mole fraction evolution during ox- 

idation behind reflected shock waves of near-stoichiometric reactive mixtures of 

C 2 H 4 / CH 4 / O 2 (top) and C 2 H 6 / CH 4 / O 2 (bottom) in an Ar/He bath gas. t = 0 denotes 

passage of reflected shock. Some data points are omitted for reader clarity. 
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Fig. 9. Measurements and predictions of temperature and CO mole fraction evolu- 

tion during oxidation behind reflected shock waves of fuel-rich reactive mixtures of 

C 2 H 4 / CH 4 / O 2 (top), C 2 H 6 / CH 4 / O 2 (middle), and C 2 H 2 / CH 4 / O 2 (bottom) in an Ar/He 

bath gas. t = 0 denotes passage of reflected shock. Some data points are omitted for 

reader clarity. 
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tures of ≈ 1200 K. Note that although the equivalence ratios are 

ifferent, the carbon/oxygen ratios, O 2 concentration, and dilution 

f reactants for the two tests are the same. The 13 CH 4 / 
12 C 2 H 6 

ixture is observed to ignite slightly later than the 13 CH 4 / 
12 C 2 H 4 

ixture despite higher pressures, highlighting the greater reac- 

ivity of C 2 H 4 under near-stoichiometric conditions. While both 

 2 H 6 and C 2 H 4 promote earlier oxidation of CH 4 at lower tem- 

eratures than would be observed on its own, the effect of each 

 2 H X fuel is distinctly different. In the 
13 CH 4 / 

12 C 2 H 6 mixture, 13 CO 

nitially appears at very similar concentrations as 12 CO , indicating 

hat both fuels are oxidizing to CO at similar rates in the earlier 

tages of combustion. After about 5 ms, however, the concentra- 

ion of 12 CO outpaces that of 13 CO , although not to the same ex- 

ent that is observed for the 13 CH 4 / 
12 C 2 H 4 mixture. The FFCM-1 

eaction model significantly overpredicts the oxidation rate of the 

H 4 / C 2 H 6 alkane fuel blend, beyond which is explained by ex- 

erimental uncertainty—overprediction of peak CO concentration 

y state-of-the-art reaction models at the stoichiometric condition 

as also noted by Mathieu et al. in their investigation of CH 4 oxi- 

ation [29] . Notably, the difference of ignition delays between the 

wo mixtures examined here is less pronounced than that pre- 

icted by the model. 

In fuel-rich conditions, competition for available O 2 is greater, 

agnifying the distinct behavior of each C 2 H X fuel on the over- 

ll evolution of both CO isotopologues. Time-histories of tem- 

erature and both CO isotopologues for three shock tube oxida- 

ion experiments of fuel-rich mixtures of 13 CH 4 / 
12 C 2 H 4 ( φ = 1 . 50 ), 

3 CH 4 / 
12 C 2 H 6 ( φ = 1 . 60 ), and 13 CH 4 / 

12 C 2 H 2 ( φ = 1 . 40 ) are shown

n Fig. 9 for similar temperatures of ≈ 1150 K. As with the near- 

toichiometric experiments shown in Fig. 8 , the carbon/oxygen ra- 

io, O 2 concentration, and reactant dilution are the same among 

he three tests shown. Unlike in the near-stoichiometric experi- 

ents, however, the 13 CH 4 / 
12 C 2 H 6 mixture is observed to ignite 

lightly earlier than the 13 CH 4 / 
12 C 2 H 4 mixture. Additionally, the 

3 CH 4 / 
12 C 2 H 6 mixture is observed to ignite at a similar time as 

he 13 CH 4 / 
12 C 2 H 2 mixture, although uncertainties in initial tem- 

erature preclude a definite conclusion. The 13 CH 4 / 
12 C 2 H 2 mix- 

ure displays the earliest temperature rise and earliest 12 CO for- 

ation, indicating more pre-ignition heat release than the other 

ixtures at these temperatures. The largest separation in oxida- 

ion timescales between the two CO isotopologues is observed for 

he 13 CH 4 / 
12 C 2 H 4 mixture, followed by the 13 CH 4 / 

12 C 2 H 2 and the 
3 CH / 12 C H mixture. As was observed in the near-stoichiometric 
4 2 6 

60 
ases for the alkane mixture containing 12 C 2 H 6 , 
13 CO initially ap- 

ears at very similar concentrations as 12 CO , indicating that the 

eactions involved in 12 C 2 H 6 oxidation also serve to promote the 

xidation of 13 CH 4 . Additionally, the FFCM-1 significantly over- 

redicts the oxidation rate of the alkane mixture while under- 

redicting the oxidation rate of the 13 CH 4 / 
12 C 2 H 2 mixture. As C 2 H 2 

as not a target fuel and only a limited set of C 2 H 6 was included 

n the FFCM-1 optimization effort [49] , the disagreement is not un- 

xpected. 

To check whether or not isotopic effects may be occurring on 

he timescales associated with the measurements presented in this 

tudy, a mixture of 13 C 2 H 4 and 
12 CH 4 —analogous to the fuel-rich 

 φ = 1 . 5 ) mixture shown previously in Figs. 6, 7 , and 9 —was pre-

ared to compare species evolution behind reflected shock waves. 

he results of a representative shock tube oxidation experiment at 

1160 K are shown in Fig. 10 . The results show evolution of both 
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Fig. 10. Measurements and predictions of CO mole fraction evolution during oxida- 

tion behind reflected shock waves of a fuel-rich ( φ = 1 . 5 ) 13 C 2 H 4 / 
12 CH 4 / O 2 reactive 

mixture in an Ar/He bath gas. t = 0 denotes passage of reflected shock. Some data 

points are omitted for reader clarity. 
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Fig. 11. Temperature dependence of predicted and experimentally observed global 

kinetic timescales for different mixtures of CH 4 / C 2 H X hydrocarbons assuming 

constant volume ignition (top) alongside relative predictive capability of vari- 

ous reaction models when using the split-timestep reactor model described in 

Section 2.3 (bottom). 
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O isotopologues that is reversed from the previous tests: 13 CO 

ow appears earlier and in higher concentrations than 12 CO , sug- 

esting that the 13 C 2 H 4 is oxidizing earlier and more rapidly than 
2 CH 4 , and—most importantly—that this behavior prior to ignition 

s unaffected by any observable isotopic effects. Additionally, the 

sotopically-labeled FFCM-1 reaction model generally captures the 

elative oxidation of the two CO isotopologues. The time to igni- 

ion is observed to be shorter than the analogous experiment in 

ig. 9 ; this is attributed to a difference in initial pressure in the 

xperiments. 

The results shown in this section highlight representative data 

rom each mixture. A total of 40 shock tube tests were run over a 

ange of conditions and trends are examined more holistically in 

he following section. 

. Discussion 

Here we examine global kinetic scales (ignition delay times) 

nd more granular reaction pathways via the time-resolved multi- 

sotopologue species measurements. A focused sensitivity analysis 

s performed on the CH 4 / C 2 H 4 mixtures, and some future research 

irections are suggested. 

.1. Ignition delay times 

To take advantage of the availability of larger detailed mecha- 

isms (for which isotopic labeling is outside the scope of this in- 

estigation), we examine measured global kinetic timescales and 

ompare several modern detailed chemical reaction models against 

xperimental data for binary fuel mixtures, several of which—

articularly those of CH 4 / C 2 H 4 —have not previously been reported 

or these temperatures, pressures, mixture and equivalence ratios, 

ven without isotopic labeling. Besides FFCM-1 [49] , these mod- 

ls include USC Mech II [52] , AramcoMech 2.0 [53] , and Caltech 

ech 2.3 [54] . For these comparisons, the time-resolved summa- 

ion of both CO isotopologue mole fractions is assumed to behave 

he same as an unlabeled mixture. We compare an ignition delay 

ime, τign , defined here as the time between the passage of the re- 

ected shock and the time of peak CO concentration. This readily 

uantifiable metric facilitates comparison between model predic- 

ions and experimental observations in this work. 

To examine the different models’ predictive capability rela- 

ive to one another for the temperature range of interest, con- 

tant volume reactor ignition simulations were performed for sev- 

ral examined mixtures assuming an initial pressure—averaged 

cross all experiments for a given test gas composition as P avg,mix —

sentropically compressed using an averaged d P /d t pressure rise 

1.5%/ms). This scaling of the initial pressure and temperature 

ccounts for the pre-ignition pressure rise associated with the 
61 
nergetic mixtures examined in this study while reducing the 

nfluence of test-specific pressure behavior, allowing for easier 

omparison amongst model predictions. Constant-volume reac- 

or τign predictions for different 
13 CH 4 / 

12 C 2 H X / O 2 /Ar/He mixtures 

t constant carbon-to-oxygen ratio ( C / O = 0 . 856 ) are shown in 

he top of Fig. 11 alongside measured τign . In the top plot of 
ig. 11 , the experimentally-determined τign,Meas is simply scaled by 

 P 5 , Meas /P avg,mix ) to facilitate test-to-test comparison across a range 

f pressures: 

ign = 

(
P 5 , Meas 

P avg,mix 

)
τign,Meas (7) 

ote that this is a relatively small correction as most tests were 

ear atmospheric pressure (1 atm), and at these elevated tempera- 

ures, τign ∝ 1 /P . Beyond this, we do not attempt to determine any 

caling laws for the experimental data. As mentioned previously, 

he carbon/oxygen ratio, O 2 concentration, and reactant dilution 

re the same across tests, with the goal to examine variations as- 

ociated with fuel structure. 

Somewhat surprisingly, in the experimental global kinetic 

imescale data shown in Fig. 11 , there are no obvious fuel-specific 

ffects, suggesting that—at least for the binary mixtures, tempera- 

ures, and pressures examined in this study—the structure of C 2 H X 

ydrocarbons does not strongly affect overall τign . This contrasts 
ith several reaction models that predict a much greater influence 

f fuel components on the ignition delay than is experimentally 

bserved. FFCM-1 predicts shorter ignition delay times for mix- 

ures containing C 2 H 6 than for those containing C 2 H 4 , which are 

redicted to ignite much more quickly than mixtures containing 

 2 H 2 . USC Mech-II predicts the same fuel-ordering in τign , though 
he fuel-specific influence is reduced. Similarly, AramcoMech 2.0 

redicts that mixtures containing C 2 H 6 ignite faster than the oth- 

rs, although it predicts that those containing C 2 H 4 react most 

lowly. Of the models examined, the Caltech Mech 2.3 reaction 

odel predicts the most similar τign behavior among the binary 

uel mixtures, and the predictions for the CH / C H mixture are 
4 2 4 



D.I. Pineda, F.A. Bendana and R. Mitchell Spearrin Combustion and Flame 224 (2021) 54–65 

Fig. 12. Temperature dependence of predicted and experimentally observed global 

kinetic timescales for binary CH 4 / C 2 H 4 mixtures at two different equivalence ratios 

assuming constant volume ignition (top) alongside relative predictive capability of 

various reaction models when using the split-timestep reactor model described in 

Section 2.3 (bottom). 
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early identical to those of FFCM-1 for the temperature range ex- 

mined. 

For an assessment of the ability of the models to predict CO 

ime history and ignition delay while considering shock tube non- 

dealities such as pressure variation, we use the split-timestep re- 

ctor model developed in Section 2.3 to determine τign,Sim 
pre- 

icted by each chemical model. Relative predictive capability of 

he most accurate models with respect to τign,Meas are shown in 

he bottom of Fig. 11 for all CH 4 / C 2 H X mixtures as a ratio of ob-

erved versus predicted values. In this analysis, the data are not 

ime-shifted to compare time-resolved speciation of CO. Of the re- 

ction models, FFCM-1 is observed to best capture both the quan- 

itative and qualitative temperature-dependent ignition behavior 

f the fuel-rich 13 CH 4 / 
12 C 2 H 4 fuel mixtures, which was shown in 

ection 3 . Despite the overprediction relative to FFCM-1 shown for 

he constant-volume simulations of 13 CH 4 / 
12 C 2 H 6 mixtures, USC 

ech-II is observed to best capture their behavior when consid- 

ring experimental pressure variation, although the disagreement 

ncreases at lower temperatures. When considering time-varying 

ressure in the shock tube experiments, nearly all of the models 

ignificantly underpredict the reactivity of the 13 CH 4 / 
12 C 2 H 2 fuel 

ixtures for the tests shown, exhibiting a delayed formation of 

O relative to experimental observations, similar to what was ob- 

erved in Fig. 9 . Of the models, USC Mech-II is observed to have

he best relative predictive capability, as shown in the bottom plot 

f Fig. 11 . Overall, the best model for acetylene mixture underpre- 

icts reactivity, the best model for ethane overpredicts reactivity, 

hile for ethylene mixtures the best model (FFCM-1) very closely 

redicts the ignition delay. 

To gain more insight with respect to competitive oxida- 

ion, we can further examine a single binary fuel combina- 

ion, 13 CH 4 / 
12 C 2 H 4 . Constant-volume reactor τign predictions for 

3 CH 4 / 
12 C 2 H 4 / O 2 /Ar/He mixtures at two different equivalence ra- 

ios ( φ = 1 . 0 , 1 . 5 ) are shown in the top of Fig. 12 alongside mea-

ured τign . A distinct separation in reaction timescales is observed 

etween the fuel-rich and stoichiometric mixtures of the fuel 

lends, with the stoichiometric mixtures igniting earlier than the 

uel-rich mixtures. As expected, there is an increase in ignition 

elay as temperatures decrease, accompanied by a divergence in 

ign predicted by the models. Most of the models, with the ex- 

eption of Caltech Mech 2.3, predict faster ignition for the sto- 
62 
chiometric equivalence ratio. For the fuel-rich mixtures, Caltech 

ech 2.3 and FFCM-1 predict similar ignition behavior with re- 

pect to temperature-dependence, while the other models either 

nderpredict (USC Mech-II) or overpredict (AramcoMech 2.0) ig- 

ition delay at lower temperatures. Relative predictive capability 

f FFCM-1 with respect to τign,Meas is shown in the bottom of 

ig. 12 for both fuel-rich and stoichiometic mixtures as a ratio 

f observed versus predicted values. As was shown in Section 3 , 

he FFCM-1 reaction model generally demonstrates excellent agree- 

ent with experimental observations for binary CH 4 / C 2 H 4 mix- 

ures, with many tests exhibiting agreement of ignition delay time 

ithin 5%. It should be noted that the increase in measurement 

catter in the top of Fig. 12 relates to variation of initial test pres-

ure and variation throughout the test time. When incorporating 

he split-timestep model, as shown in the residual plot, scatter is 

educed and trends are more clear. While the FFCM-1 model per- 

orms quite well, there is a somewhat increasing overprediction of 

he ignition delay time with decreasing temperature that is outside 

f measurement scatter, though additional measurements at lower 

emperatures are needed to confirm this trend. 

.2. CH 4 –C 2 H 4 oxidation pathway analysis 

The generally good agreement in ignition delay between the 

redictions of the split-timestep reactor model using FFCM-1 

nd the measured CO time-histories for binary fuel mixtures of 

H 4 / C 2 H 4 enables a more granular sensitivity analysis of CO pro- 

uction, examining the different isotopologues to identify reac- 

ions responsible for disagreement during early oxidation. As CO 

s near the end of the overall oxidation process, many reactions 

ommon to the oxidation of all fuels—including those with large 

ncertainty factors f k —are expected to be revealed as sensitive to 

ts production; however, the ability to track each carbon isotope 

ndependently enables isolation of reactions which can be priori- 

ized for further optimization. For example, experiments for which 
3 CO mole fraction agrees with numerical predictions, while 12 CO 

ole fraction is lower than numerical predictions, prompt investi- 

ation into specific reactions for which increasing rates would pro- 

uce relatively more 12 CO than 13 CO . To identify these reactions, 

e calculate the uncertainty-weighted sensitivity coefficients for 

he difference between 12 CO and 13 CO : 

 

f 

k, 	CO 
= 

f k · k i 
12 CO − 13 CO 

·
∂ 
(
12 CO − 13 CO 

)
∂k i 

(8) 

his can be expressed in terms of the sensitivity coefficients de- 

ned previously in Eqs. (5) and (6) : 

 

f 

k, 	CO 
= 

12 CO · S f 
k, 12 CO 

− 13 CO · S f 
k, 13 CO 

12 CO − 13 CO 

(9) 

Time-resolved uncertainty-weighted isotopologue-difference 

ensitivity coefficients of selected reactions in the FFCM-1 chem- 

cal model for high temperature oxidation—spanning almost the 

ntire duration of the experiment shown in the left of Fig. 6 —are 

hown in Fig. 13 . In the high-temperature experiment, the concen- 

ration of 12 CO just prior to ignition was slightly overpredicted by 

he model. Reactions with relatively uncertain rate constants that 

re candidates for adjustment include a few containing the formyl 

HCO) and vinylidene ( H 2 CC ) radicals: 

 

12 
2 C 

12 C + O 2 ←→ 2 H 

12 CO (R185) 

2 C 2 H 2 + M ←→ H 

12 
2 C 

12 C + M (R176) 

2 C 2 H 4 + M ←→ H 2 + H 

12 
2 C 

12 C + M (R237) 

For reader convenience, we label the selected reactions in the 

ext according to their reaction number in the original unlabeled 
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Fig. 13. Time-resolved S f 
k, 	CO 

for selected reactions in an oxidation experiment at 

1726 K. Dash/line styles simply help distinguish the respective reactions. 

Fig. 14. Time-resolved S f 
k, 	CO 

for selected reactions in an oxidation experiment at 

1161 K. Dash/line styles simply help distinguish the respective reactions. 
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FCM-1 reaction model. At the peak CO concentration, the de- 

ominator in Eq. (9) drops to zero as the predicted concentra- 

ions of 12 CO and 13 CO become nearly equal, and the sensitiv- 

ty analysis provided by S 
f 

k, 	CO 
becomes less informative. After 

he peak CO concentration, the uncertainty-weighted isotopologue- 

ifference sensitivity coefficients of the reactions for both CO are 

ery similar, and so and neither isotopologue is significantly more 

ensitive than the other to any of the reaction rates, and S 
f 

k, 	CO 

rops to zero, though this is not shown in Fig. 13 . 

At lower temperatures, different reactions become much 

ore significant. Figure 14 shows the uncertainty-weighted 

sotopologue-difference sensitivity coefficients of selected reactions 

or low temperature oxidation, corresponding to the experiment 

hown in the top of Fig. 7 . In this plot, we highlight the region of

he experiment near 10 ms, since that is where the greatest model 

isagreement is observed. In this experiment, the concentration of 
2 CO prior to ignition was largely underpredicted by FFCM-1, while 

he concentration of 13 CO was predicted to within experimental 

ncertainty, allowing for identification of the the following reac- 

ions: 

2 C 2 H 4 + OH ←→ 
12 C 2 H 3 + H 2 O (R243) 

2 C 2 H 3 + O 2 ←→ 
12 CH 

12 
2 CHO + O (R205) 

2 CH 3 + HO 2 ←→ 
12 CH 4 + O 2 (R104) 

2 C 2 H 4 + H ←→ 
12 C 2 H 3 + H 2 (R239) 

ome key reactions involving the vinyl ( C 2 H 3 ) radical are observed. 

otably, S 
f 

k, CO 
for reaction R205 is large for both 12 CO and 13 CO (at 
63 
0 ms, 6.619 and 4.794, respectively). A reaction pathway analysis 

f the FFCM-1 chemical model near the same point in the ignition 

rocess (10 ms) shows that most ( > 60%) of the 12 C from 
12 C 2 H 4 

ollows a path through the vinyl ( C 2 H 3 ) radical. Most of this is by 

eaction R243 with OH ( ≈72%), followed by reaction R239 with H 

 ≈20%), and both of these reactions have been identified in the 

ensitivity analysis. Once C 2 H 4 becomes C 2 H 3 , about 24% of this 

 2 H 3 reacts with O 2 to form CH 2 CHO in reaction R205 . Reaction 

205 is one of several of C 2 H 3 with O 2 ; these have been investi- 

ated by Goldsmith et al. [32] , who determined that uncertainties 

n barrier heights on the C 2 H 3 O 2 potential energy surface result 

n a significant uncertainty in the temperature at which reaction 

205 dominates all other competing reaction pathways. 

While increasing the relatively uncertain rate of reaction 

205 would increase 12 CO more than 13 CO , doing so without con- 

ideration of other sensitive reactions would cause 13 CO to be over- 

redicted by the model. Other prominent reactions in Fig. 14 in- 

lude low temperature pathways for 13 CH 4 oxidation: 

3 CH 3 + HO 2 ←→ 
13 CH 4 + O 2 (R104) 

 
13 CH 3 + M ←→ 

13 C 2 H 6 + M (R112) 

Adjusting these rates could increase the difference between 
2 CO and 13 CO concentration (currently underpredicted in the ex- 

eriment); however, this would do so by decreasing 13 CO concen- 

ration rather than increasing 12 CO concentration. Since 13 CO con- 

entration is well-predicted by the model, other rates should be 

rioritized in model optimization. 

Notably, reactions containing 13 C are often observed to have 

igh sensitivity coefficients with respect to 12 CO production, and 

ice-versa—this is often because these reactions consume or pro- 

uce other species, such as the radicals OH, O , H , or HO 2 , which 

re highly influential to the oxidation of all fuels. In this way, the 

ulti-isotopologue technique provides increased granularity in the 

ensitivity analysis. 

. Conclusions 

The competitive oxidation kinetics of methane ( CH 4 ) with C 2 
ydrocarbons of differing functional groups (alkane, alkene, and 

lkyne) was investigated via time-resolved measurements of car- 

on monoxide isotopologues ( 12 CO and 13 CO ) in shock-heated 

sotopically-labeled fuel mixtures. Fuel-rich mixtures of methane 

ith acteylene ( C 2 H 2 ), ethylene ( C 2 H 4 ), and ethane ( C 2 H 6 ) were 

xamined by isotopically labeling one of the fuels with 13 C . Shock 

ube auto-ignition experiments were conducted over a range of 

emperatures from 110 0–180 0 K and near-atmospheric pressures 

0.5–1.5 atm). In aggregate this has yielded a novel dataset with 

ore granular constraints than prior efforts (including, to the au- 

hors’ knowledge, the first species time history measurements for 

hese binary mixtures) that may be used as validation targets in 

echanism refinement. In particular, recent studies in the HyChem 

ffort [7–9] have shown that large fuel pyrolysis produces large 

mounts of methane and ethylene, further promoting the rele- 

ance of the reported measurements. In order to compare chemical 

odels to measurement data, two mechanisms for small hydrocar- 

ons fuels (GRI-MECH and FFCM-1) were modified in this work 

o include isotopically-labeled reactions and species. A modified 

echanism—available in the supplementary material for FFCM1—

ay be used to identify reactions for future investigation, including 

hose which may exhibit isotope effects. Other lar ger mechanisms 

ere also employed to evaluate the global kinetics (ignition delay). 

hen holding carbon/oxygen ratio and dilution constant, it was 

ound that the different fuel-rich binary mixtures exhibited very 

imilar ignition delay times, contrasting the stronger divergence 



D.I. Pineda, F.A. Bendana and R. Mitchell Spearrin Combustion and Flame 224 (2021) 54–65 

p

f

v

t

t

m

e

a

s

t

c

a

t

a

D

c

i

A

L

o

I

R

e

b

a

t

S

f

0

R

 

 

 

[

[

[

[

[

[  

[

 

[

[

[

redicted by the models. A similar convergence has been observed 

or larger real fuel blends of highly variable composition [55] . 

The Foundational Fuel Chemistry Model was found to be in 

ery good agreement for ignition delay of the CH 4 / C 2 H 4 fuel mix- 

ures at both stoichiometric and fuel-rich conditions, extending 

he validation range of the mechanism; however, the modified 

echanism consistently under-predicted initial CO formation from 

thylene oxidation at lower temperatures. A rigorous sensitivity 

nalysis was performed to identify key reactions that may be re- 

ponsible for the disagreement weighted by their uncertainty in 

he mechanism. While this work stops short of adjusting the rate 

onstants, a framework is presented for future work towards mech- 

nism refinement using the isotopic labeling approach, and addi- 

ional validation data—complete with measurement uncertainties–

re included as supplementary material. 
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