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Abstract 

The development of renewable, alternative jet fuels presents an exigent challenge to the aviation 

community. In this work, a streamlined methodology for building computationally efficient kinetic 

models of real fuels from shock tube experiments is developed and applied to a low cetane-number, 

broad-boiling alternative jet fuel (termed C-4). A multi-wavelength laser absorption spectroscopy 

technique was used to determine species time-histories during the high-temperature pyrolysis of C-4, and 

a batch gradient descent optimization routine built a hybrid-chemistry (HyChem) kinetic model from the 

measured data. The model was evaluated using combustor-relevant, high-pressure ignition delay time 

measurements with satisfactory agreement. The present model enables predictive simulations of C-4 in 

practical environments, while the underlying methodology described here can be readily extended to build 

kinetic models for a broad range of real fuels of interest. 

Keywords: Pyrolysis; Jet fuel; Kinetic model; Shock tube; Laser absorption spectroscopy; Convex 

optimization 

1. Introduction 

Energy-rich petroleum has fueled many of the undeniable advances of the modern, globalized 

society, including global connectivity through land and air transportation. However, such boons are 

balanced by the deleterious effects of the massive reliance on chemical propulsion. Toxic and greenhouse 

gas (GHG) emissions severely degrade air quality and climate change threatens rising global 

temperatures. In recent years, the world has grappled with the challenge of decarbonizing transportation 

in a world that relies on it more than ever. Because the vast majority of jet fuels are derived from 

petroleum, the U.S. Government in 2015 set the ambitious goal of carbon-neutral U.S. jet aviation growth 

by 2020 [1]. Current efforts to achieve such carbon-neutrality have focused on “drop-in” fuels: 

alternative hydrocarbon jet fuels with equivalent performance as their petroleum-derived counterparts, but 

produced with lower life-cycle carbon emissions [2,3]. Examples include alcohol-to-jet (ATJ), Fischer-

Tropsch (FT), and biodiesel alternative jet fuels [3]. 

The National Jet Fuels Combustion Program (NJFCP) has led an effort to develop fundamental 

modeling and experimental capabilities for designing, testing, and ultimately certifying alternative jet 

fuels for commercial use [2]. To enable a cohesive body of research, the program has identified a set of 

test and reference jet fuels to guide fundamental research, model development, and experimental 

validation [2]. To elucidate the fundamental links between fuel composition and practical performance, a 

set of test fuels (termed Category C fuels) were chosen to span a broad scope of physical properties not 

commonly found in conventional jet fuels. In-depth discussions of the chosen test fuels, denoted C-1 
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through C-9 (note the use of hyphens for disambiguation), including their unique formulations and 

properties can be found in [2,4]. Central to the NJFCP’s research goals is the development of 

fundamental kinetic models that effectively integrate into computational simulations to predict the 

performance of such fuels in practical combustors. 

The need for computationally efficient predictive models has impelled recent advances in the 

approach to kinetic model development. The hybrid-chemistry (HyChem) modeling approach, detailed in 

[5–8], leverages the two-stage nature of fuel combustion to simplify the development of computational 

models. Because practical fuels consistently undergo fast pyrolysis well before the slower oxidation of 

the resulting pyrolytic products, HyChem models separate the pyrolysis and oxidation stages of reaction. 

They use well-characterized reaction models to describe the oxidation kinetics of the smaller 

hydrocarbons produced during pyrolysis, and append an additional set of lumped reactions describing the 

cracking patterns and kinetics of the parent fuel. To date, the HyChem approach has been successfully 

leveraged to build kinetic models for distillate jet fuels (A-1, A-2, and A-3), synthetic jet fuels (JP-10, C-

1, and C-5), and distillate rocket fuels (RP2-1 and RP2-2) [5-8]. Because HyChem model development 

relies on fundamental measurements of fuel cracking patterns, shock tube facilities and laser absorption 

spectroscopy provide the necessary and ideal experimental tools, namely well-controlled conditions and 

high measurement bandwidth, for the determination of pyrolysis pathways at combustion-relevant 

conditions. Specialized laser absorption diagnostics have been developed to measure the time-histories of 

fuel [9], temperature [10], methane [11], ethylene [12], ethane [13], acetylene [14], aromatics [15], 

propene [16], and iso-butene [17] during shock tube pyrolysis, and the multi-wavelength speciation 

methodology proposed by Pinkowski et al. [15] has enabled the simultaneous determination of species 

mole fractions during the pyrolysis of hydrocarbon fuels. 

Emerging new methods to develop HyChem models have been recently proposed that use 

machine learning approaches to fit models for reference fuels against pre-published shock tube 

experimental data [18,19]. The current study extends these concepts by providing new measurements of a 

previously uncharacterized fuel and computationally constructing a HyChem model. In this work, a low-

cetane number, broad-boiling test fuel (C-4) was studied and a computationally efficient, HyChem model 

was developed to describe its high-temperature chemical behavior. The multi-wavelength laser 

absorption spectroscopy technique described in [13,15,20] was employed to characterize the pyrolysis of 

the fuel in a shock tube at a range of combustion-relevant conditions, and the resulting data was used to 

inform model development. Consequently, the present study aims to (1) provide species time-histories 

and early-time yields of the high-temperature pyrolysis of C-4, (2) describe the integration of this data 

into the development of a hybrid-chemistry kinetic model, and (3) evaluate the resulting model with 

comparisons to new measurements of global ignition delay times. 

2. Background 

2.1 Laser absorption spectroscopy 

By leveraging differences in the way matter interacts with light, laser absorption spectroscopy 

enables the quantitative measurement of species gas properties such as mole fraction, temperature, 

pressure, and bulk gas velocity. The Beer-Lambert Relation (Eq. 1) describes the attenuation of 

monochromatic light at wavelength � as it passes through an absorbing medium. The spectral absorbance 

�, the negative logarithm of the fractional transmission �/��, is a function of the number density of the ith 

species (� ), measurement path length (�), and the absorption cross-section ( ) of the ith species. The 

absorption cross-section itself is sensitive to temperature, pressure, gas composition, and wavelength, and 

describes the propensity of a species to absorb light at a given wavelength. It incorporates fundamental 
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spectroscopic behavior such as collisional broadening, narrowing, line mixing, and temperature-

dependent linestrengths (see [21–23] for more information) into a single term at a single wavelength of 

light. 

� = − ln � � � = �  � Eq. 1�� 

Eq. 1 describes a system with only one absorbing species at wavelength �. In a practical 

pyrolysis experiment, however, many such species may be present, and the measured absorbance 

represents a composite summation over contributions from each absorber. Isolating and measuring 

individual species from such blended absorption presents a challenge in laser spectroscopy studies. To 

overcome this challenge, Pinkowski et al. [13,15] have developed and demonstrated a multi-wavelength 

speciation methodology in which a range of simultaneously probed wavelengths, in concert with a matrix 

of cross-section measurements, untangle the unique spectral shapes of each absorber and isolate the mole 

fractions of the contributing species. This methodology, employed here, was first developed in [15] and 

subsequently demonstrated in the pyrolysis of 1-butene [13] and additional jet fuels [20]. 

2.2 Shock tube facilities 

Fundamentally, a shock tube consists of a long, closed tube partitioned by a sacrificial diaphragm 

into two separate regions [24]. The ‘driven’ region is filled with a low-pressure test gas mixture, while 

the other (‘driver’) region is pressurized until the diaphragm bursts. A shock wave generated by the 

pressure differential travels down the length of the tube and reflects off the end-wall, shock-heating and 

pressurizing the test gas to well-controlled measurement conditions. A nominally stagnant test region of 

high-temperature and pressure forms near the end of the shock tube, and test times typically last between 

1 and 10 ms [25,26]. 

In the present work, pyrolysis and ignition delay time measurements spanned three pressure-

driven, stainless steel shock tubes with driven-section internal diameters (I.D.) of 13.97 cm, 14.13 cm, 

and 5 cm. The 13.97 cm I.D. facility (described in [27]) and 14.13 cm facility (see [13]) were designed to 

accommodate pressures up to 10 atm, while the 5 cm I.D. shock tube [28] was developed specifically for 

high-pressure experiments up to 500 atm. The initial test gas temperature, pressure, and composition, 

along with measurements of the incident shock velocity inferred from pressure transducers located along 

each driven section, were used to determine the thermodynamic state of the gas across both the incident-

and reflected-shock waves. Such test conditions were calculated with software developed in [29] using 

the shock-jump relations and assumptions of frozen chemistry and a vibrationally equilibrated system. 

Additional details supporting these assumptions can be found in [30]. 

2.3 Laser systems 

In total, six lasers systems, emitting monochromatic light at nine wavelengths in the 3 µm and 10 

µm regions, were aligned through one of the three shock tubes to collect absorbance measurements. Due 

to the limited optical lines-of-sight through each shock tube, multiple iterations of optical configurations 

were developed on each facility to acquire measurements at all wavelengths for a range of conditions. 

Diagnostic lasers and their wavelengths were chosen for strong sensitivity to specific species anticipated 

to be present in the system. Table 1 outlines the selected wavelengths, their target species, and the lasers 

used for each in this work. Bristol 721 or 771 spectrum analyzers were used to confirm the wavelengths 

of each laser between successive experiments. 
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Table 1. Selected wavelengths and their target species used to determine mole fractions of C-4 fuel 

pyrolysis in the present work. 

Wavelength Target Species Laser 

3.1758 µm (online)/3.175595 

µm (offline) 
CH4 [11] 

Tunable interband cascade laser 

(ICL) 

3.283 µm C6H6 /C7H8 [15] Tunable ICL 

3.3519 µm C2H6 [13] Tunable ICL 

3.41 µm Fuel [9] Tunable ICL 

10.532 µm (online)/10.675 µm 

(offline) 
C2H4 [12,31] CO2 gas laser 

10.958 µm/11.345 µm C3H6 [16] / i-C4H8 [17] 
External cavity quantum 

cascade laser (EC-QCL) 

Laser wavelength selection was informed by supporting flow reactor measurements (described in 

Appendix B). The laser systems were chosen to target all major species observed. However, some 

species appear in trace amounts in the flow reactor results that are not accounted for with the present 

spectroscopic sensor suite. The largest of these are acetylene, propyne, propadiene, and 1,3-butadiene 

(see Fig. B.1 in Appendix B). Spectroscopic measurements require sufficient optical absorbance for 

species detection. As evidenced by Eq. 1, absorbance at a given wavelength is sensitive both to a species’ 

cross-section and to its mole fraction. Because both the mole fractions of these possible interferers (Fig. 

B.1) and their cross-sections at the chosen wavelengths (Fig. B.2) are small, they are not expected to 

contribute meaningful interference to the measured absorbance time-histories. 

Figure 1(a) shows a representative schematic of a shock tube facility with laser diagnostics 

aligned for measurement. Light from each laser crosses the measurement plane of the shock tube through 

two optical ports and is subsequently collected by a photovoltaic detector. Narrow-bandpass spectral 

filters placed before the detectors attenuate unwanted emission from the high-temperature test gas. For 

laser light in the 3 µm region, optical access through the tube was provided by sapphire windows and 

transmitted light was focused onto liquid nitrogen-cooled photovoltaic indium antimonide detectors. In 

the 10-12 µm region, zinc selenide windows offered optical access across the shock tube, and light was 

collected by thermoelectrically cooled photovoltaic mercury cadmium telluride detectors. Fig. 1(b) shows 

an example laser absorption measurement of species time-histories during the pyrolysis of 0.4% C-4 fuel 

at 1304 K, 1.53 atm. Absorbance time-histories at wavelengths 3.41 µm, sensitive to fuel, and 11.345 

µm, sensitive to iso-butene, are shown. Measurement time-zero is defined to coincide with the passage of 

the reflected shock wave across the measurement plane. 

2.4 C-4 test fuel 

In support of alternative jet fuel studies, six Category C test fuels were chosen by NJFCP to span 

a wide range of unusual chemical and physical properties [4]. The fuel C-4, in particular, is a synthetic 

blend of two other fuels: 60% Sasol Iso-Paraffinic Kerosene (IPK) and 40% Gevo Alcohol-to-Jet (ATJ). 

Gevo ATJ is a bimodal fuel primarily composed of C12 and C16 iso-paraffins with a very low cetane 

number of 17.1 [4]. Because of its extreme bimodal boiling behavior, Gevo ATJ was blended with 

another low-cetane fuel, Sasol IPK, to produce a test fuel (C-4) that exhibits a more broad-boiling fuel 

profile. Table 2 shows selected global properties of C-4, compared with a reference fuel for Jet A (A-2), 

Gevo ATJ alone (C-1), and another alternative jet fuel (C-5) known for its flat-boiling behavior. Figure 2 
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compares the fuel compositions of a reference Jet A fuel with C-4. As a fuel almost entirely composed of 

iso-paraffins, C-4 is expected to display distinct behavior as it undergoes pyrolysis and combustion. 

Table 2. Thermochemical properties of Jet A (denoted A-2), Gevo ATJ (denoted C-1), a mixture of Sasol 

IPK and Gevo ATJ (denoted C-4), and a broad-boiling alternative jet fuel (C-5). Molecular weights 

(MW) and lower heating values (LHV) are sourced from [4], the average formulae (CxHy), Hv, and 

Δ��°��� are sourced from [5], and derived cetane number from [4]. 

Fuel Description Average MW LHV Hv ���° ��� DCNa 

Formula (g/mol) (MJ/kg) (MJ/kg) (kcal/mol) 

Jet A (A-2) Highly varied mix of aromatics, ���.!���." 158.6 43.12 0.36 -66.8 47.0 
iso-paraffins, n-paraffins, and 

cyclo-paraffins 

Gevo ATJ 61 wt. % pentamethyl-heptane, ���.#��".� 178.0 43.90 0.35 -81.9 17.1 
(C-1) 17 wt. % highly branched C12 

iso-paraffins, 8 wt. % 

heptamethyl-nonane, and high-

branched C16 iso-paraffins 

Sasol/Gevo (~40% Gevo, ~60% Sasol IPK) ���.!��!." 162.2 43.79 0.35 -79.0 28 

(C-4) 24 wt. % pentamethyl-heptane, 7 

wt. % less highly branched (3 & 

4) C12 iso-paraffins; 3 wt.% 

heptamethyl-nonane. From 

Sasol: 1- to 4- branched iso-

paraffins 

(C-5) 74% C10 iso-paraffins, 26% ��."���." 139.3 42.98 0.38 -46.6 39.6 
1,3,5-trimethyl benzene. Very 

flat boiling range 
a Derived cetane number ASTM D613 

3. Pyrolysis speciation measurements 

3.1 Experimental preparation 

Highly dilute molar mixtures of 0.4% jet fuel in argon were used in all high-temperature speciation 

and ignition delay time measurements. Care was taken to ensure that the fuel did not condense out of the 

test gas between the time of initial mixture preparation and the arrival of the reflected shock wave. In two 

of the three shock tubes, jacketed heaters on the shock tube driven-gas sections, heated mixing tanks, and 

heated gas-delivery manifolds were used to maintain the fuel in the vapor phase [32]. In the third 

(unheated) shock tube, mixture preparation was completed at low pressures inside of the shock tube itself, 

without the use of a high-temperature mixing tank. To avoid fuel condensation in the unheated driven-gas 

section of this shock tube, all mixtures were prepared using a diffusive-mixing process over 2-3 hours at 

low total pressures of 50-100 Torr. The compositions of all test-gas mixtures were validated by an 

independent laser absorption diagnostic at 3.41 µm immediately prior to each shock tube experiment. Pre-

shock measurements of the fuel mole fraction were within ± 5% of the manometrically prepared samples. 

3.2 Results 

3.2.1 Laser absorbance measurements 
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In total, two subsets of multi-wavelength pyrolysis data for C-4 were collected using five and nine 

wavelengths in two different shock tubes. The five-wavelength subset yielded mole fractions of ethylene, 

propene, and iso-butene using the measured absorbance at wavelengths 10.532 µm, 10.675 µm, 10.958 

µm, 11.345 µm, and 3.41µm across a range of temperatures from 1120-1470 K. However, at 1470 K, due 

to rapid C-4 decomposition, only selected absorbance time-histories were used. The nine-wavelength 

measurement subset used all wavelengths in Table 1 to yield mole fractions for eight species (methane, 

ethane, ethylene, propene, iso-butene, benzene, toluene, and C-4) at two temperatures (1135 K and 1225 

K). Representative pressure- and path length-normalized absorbance traces are presented for 1225 K in 

Fig. 3. The absorbance time-histories of Fig. 3 were produced from an interpolation of several 

independent shock tube experiments to the uniform condition of 1225 K. The process used to generate the 

interpolated absorbance traces, and its corresponding uncertainty, has been previously discussed in the 

literature [13]. 

3.2.2 Inferred mole fraction measurements 

Constrained convex optimization was used to calculate mole fractions from the absorbance 

measurements. A Beer-Lambert system was formulated in the form of Eq. 2 including a vector of $ 
pressure-and path-length normalized absorbances, % ∈ '(, a vector of ) species mole fractions, * ∈ '+ , 

a matrix of absorption cross-sections , ∈ '(-+ and a weighting parameter matrix . ∈ '(-+. Several 

convex constraints were employed, including elemental constraints of hydrogen and carbon and the 

assumption that a proportionate amount of carbon goes to both benzene and toluene. The diagonal 

weighing matrix / accounts for system heteroscedasticity and provides a method to devalue wavelengths 

with potential interfering absorbance [13]. 

�)0�01023: ‖.7,* − %8‖� E 

9:;<3=> >?: 

1) @A B 0 
2) The calculated number of hydrogen and carbon atoms 

must not exceed the known amount of carbon loaded 

into the shock tube. 

The absorption cross-section matrix includes 81 temperature- and (for methane and ethylene) 

pressure-dependent cross-section correlations for each species at each wavelength. All cross-section 

correlations, except for those of the fuel C-4, have been previously characterized [13,15]. Absorption 

cross-section measurements for C-4 are included in Appendix A. The convex absorbance system was 

solved at each instance in time using CVX in Matlab [33,34]. Due to an anticipated temperature decrease 

over the test time, estimated temperature profiles from C-1 HyChem model were used to account for 

changing absorption cross-sections during endothermic fuel pyrolysis. Ultimately, temperature was 

included in the uncertainty analysis and the results were found to be insensitive to its contribution. 

Representative mole fractions measurements from the high-temperature thermal decomposition of 0.4% 

C-4 in argon are presented in Fig. 4 (a-f) and consistent with the independent flow reactor data included 

in Appendix B. 
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Two additional constraints from elemental balance were used in the mole fraction calculations: 

that the atomic balance of measured carbon and hydrogen not exceed 100% at any time. While not 

altogether necessary, these constraints ensure physically valid results. For the nine-wavelength 

measurements (within expected uncertainty), the system showed the tendency to completely fill the 

carbon constraint. This result agrees well with flow reactor data (Appendix B), which shows measured 

species capturing 97% of the system’s total carbon. Conversely, the percentage of captured hydrogen was 

observed to decay as the system evolves, a phenomenon suggesting the formation of hydrogen gas as a 

pyrolysis product. Although not quantified here, the expected hydrogen from an elemental balance agrees 

well with simulated profiles from other Category C jet fuels. Because current aromatics laser diagnostics 

cannot yet distinguish between toluene and benzene, the measured carbon attributed to aromatics in the 

system was equally split between benzene and toluene. This assumption is supported by the 

measurements of Corporan et al. [35]. Ultimately, because the amounts of both benzene and toluene are 

small, this constraint did not impact model development. To account for wavelength-dependent 

heteroscedasticity, the method described in Pinkowski et al. [13], was employed to set the diagonal 

weighting matrix / based on the expected spectra of potential interferers (C2H2, 1,3-C4H6, a-C3H4, p-

C3H4, and 1-C4H8 for example). The most prevalent interference would occur from such small species in 

the 3 μm region (see Fig. B.2, notably the 1-C4H8 cross-section). Correspondingly, the weighting matrix 

devalues wavelengths such as 3.3519 μm and 3.392 μm to desensitize the solution to spurious interference 

at any particular wavelength. Such a weighting scheme does, however, result in increased overall mole 

fraction uncertainties (especially in minor species) based on the rigorous multi-wavelength uncertainty 

quantification method described in [13]. 

4. Hybrid-chemistry model optimization 

In order to build a hybrid-chemistry kinetic model from high-temperature pyrolysis data, the lumped-

pyrolysis reaction rates and branching ratios describing a fuel’s cracking patterns must be adjusted until 

modeled species time-histories agree with experimental data. In this work, 11 such model parameters 

were numerically optimized over the full set of laser-based speciation data to develop a complete hybrid-

chemistry model describing C-4 fuel. This model was then tested using ignition delay time measurements 

at high-pressure conditions relevant to practical aircraft engines. This section describes the formulation, 

numerical optimization routine, and experimental evaluation of the resulting model. Using methods 

common to machine/statistical learning, three steps were used to train the model from pyrolysis data: 1) 

definition of the model and its independent parameters, 2) selection of an optimization cost function, and 

3) choice of search strategy in the multi-dimensional parameter space. Ultimately, the authors believe this 

numerical, supervised learning approach is one of the most robust methods to optimize a HyChem model 

using a wide range of experimental results. 

4.1 The hybrid-chemistry (HyChem) model 

A HyChem kinetic model leverages the observed pyrolysis behavior of parent fuels to simplify 

chemical complexity. In the combustion process, large fuels undergo reaction in two primary stages: first, 

they thermally decompose into smaller hydrocarbons, then these smaller fuels react to form combustion 

products [5–8]. Thermal decomposition occurs even when oxygen is present and can accelerate due to 

the production of OH and HO2 during fuel pyrolysis. A HyChem model describes the thermal 

decomposition of a fuel through seven lumped-pyrolysis reactions (R1-7 below), which are then 

concatenated with a foundational-chemistry mechanism. R represents species H, CH3, OH, O2, HO2, and 

O, the Greek letters (α, β, χ, λ, and γ) denote independent stoichiometric parameters that are to be 
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determined experimentally, and 3D and 3E are dependent stoichiometric parameters derived from 

hydrogen and carbon elemental conservation [6]. In this work, the detailed USC Mech II, used as the 

foundational kinetic model, was augmented to include the additional seven hybrid-chemistry reactions. 

The sum of the alkene and aromatics (ΣEGHIJIK and ΣELM) used in the hybrid-chemistry reactions are 

provided by Eq. 3-4. 

R1 �N�J → 3DΣEGHIJIK P ;DΣELM P �� P 72 − �8��R 

R2 �N�J P � → 7�8 P S��! P 3DΣEGHIJIK P ;DΣELM P T� P 71 − T8��R 

R3 �N�J P ��R → 7��!8 P S��! P 3DΣEGHIJIK P ;DΣELM P T� P 71 − T8��R 

R4 �N�J P V� → 7V�8 P S��! P 3DΣEGHIJIK P ;DΣELM P T� P 71 − T8��R 

R5 �N�J P V� → 7V�8 P S��! P 3DΣEGHIJIK P ;DΣELM P T� P 71 − T8��R 

R6 �N�J P �V� → 7�V�8 P S��! P 3DΣEGHIJIK P ;DΣELM P T� P 71 − T8��R 

R7 �N�J P V → 7V8 P S��! P 3DΣEGHIJIK P ;DΣELM P T� P 71 − T8��R 

ΣEGHIJIK = ���! P �R�R�W P �!,�1�!�� P �!, 0�!�� Eq. 3 

ΣELM = Y�W�W P 71 − Y8�"�� Eq. 4 

Reactions 1-7 each proceed with rate constants of the form provided in Eq. 5: 

Z  = [ \N] exp a− d
b
e
c
f
,] g for i=1-7 Eq. 5 

While substantially less complex than detailed modeling approaches for large fuels [36–39], the 

formulation of a hybrid-chemistry model still requires the determination of a large number of unknowns. 

Table 3 provides an overview of the variables required for model formulation and the methods employed 

to determine them. For many parameters, such as �!,� (the relative ratio between 1-butene and ethylene), 

appropriate assumptions can be made to reduce the total number of unknowns in the system. Due to 

structural similarities of the fuel, reaction rates for R4-R7 were adopted from [5], which are consistent 

with the n-heptane and n-dodecane rate constants employed in the JetSurF mechanism [35,36]. 

Table 3. An overview of the independent parameters required for the formulation of a hybrid-chemistry 

kinetic model. The 11 parameters determined through model optimization are indicated. 

Variable Description Determination 

hi [C3H6]/[C2H4] Model optimization 

hj,k [1-C4H8]/[C2H4] Measured to be approximately zero 
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hj,l [i-C4H8]/[C2H4] Model optimization 

m [C6H6]/([C6H6]+[C7H8]) Estimated to be 0.5 [5,6] 

n H atoms produced by C-C fission of fuel Model optimization 

o H atoms produced by H-abstraction reactions Model optimization 

p CH4 stoichiometric coefficient Model optimization 

qkri R1-R3 rate constant parameters Model optimization 

st,kri R1-R3 rate constant parameter Model optimization 
1The model was fit to pyrolysis measurements over a relatively small temperature range, and hence assumed 

Arrhenius form. Accordingly, non-Arrhenius behavior (1�r") was approximated from analogous n-heptane 

reactions [5,38,39]. 
2Not included in the optimization process are rates for reactions 4-7, which are approximated from [5,38,39]. 

Pyrolysis time-histories were fit over a 200 K temperature range and Arrhenius behavior was 

assumed (1�r" = 08 for the fitting process. However, the final model is presented in non-Arrhenius 

format with previous hybrid-chemistry models offering estimates for the modified Arrhenius expression 

(Eq. 5). 

4.2 Loss criterion selection 

When fitting the model to pyrolysis species time-history measurements, the performance of the model 

was assessed using the L2 norm of the difference in the measured vs. predicted mole fraction vectors. 

Equation 6 mathematically describes the selected cost function (�) summed over $ species and ) 
temperatures. The variables uv,l and uwv,l represent the measured and predicted mole fraction of species 0 
for test conditions <. 

+ ( 

� = xxy*z,{ − *|z,{7}8y� 
Eq. 6 

�~�  ~� 

4.3 Optimization strategy 

A batch gradient descent method was used to determine the optimal values for the 11 independent 

parameters shown in Table 3. For a given set of input parameters, denoted by vector �, a reaction was 

simulated and a cost � calculated. Inputs � were specified as vector elements between -1 and 1, and 

randomly initialized. The inputs � passed through sigmoid functions that mapped each input to a hybrid 

chemistry parameter. The sigmoid input layer provided a method to constrain the maximum and 

minimum values for parameters within reasonable bounds. The stoichiometric parameters �, T, and S 
were constrained between 0 and 1, and �R and �!  were constrained between 0 and 3. Among rate 

parameters for Reactions 1-3, the activation energies were constrained between 74 to 80 kcal/mol, 8 to 13 

kcal/mol, and 12 to 20 kcal/mol, respectively. The A parameters were constrained from 5×1016 to 2×1018 

1/s, 2×1014 to 5×1015 cm 3/mol/s, and 6×1012 to 5×1014 cm 3/mol/s, for reactions 1-3 respectively. Of note, 

reactions R1-R3 were computationally constrained to fall within kinetically reasonable bounds. 

The chemical kinetic differential equations were solved using open-source Cantera software that 

enabled iterative execution and refinement of the model [40]. A zero-dimensional, constant-pressure 

reactor was used to simulate high-temperature pyrolysis of C-4. Thermochemical properties from the 

literature were used in all kinetic simulations [41]. Pyrolysis of C-4 in argon was simulated and the cost 

function � calculated at each of the measurement conditions in the pyrolysis dataset (see Fig. 4). Partial 
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derivatives, ��/��, of the cost function with respect to each component of the input vector, were then 

estimated through a forward-perturbation-based numerical approximation. 

An iteration-dependent learning rate, �, was used to update all parameters in the input variable � 
along the direction of the steepest decline of the cost function �. Updates were performed on a 

logarithmic scale using Eq. 7. Equation 8 describes how the learning rate � decreased with every iteration 

(0>3�) from one until a specified maximum iteration, 0>3�NE�. Convergence of the system is evidenced in 

Fig. 5, as the cost function � decreases to a stable point over 100 iterations. A synthesis of the search 

strategy is provided in Algorithm 1. 

ln�} ,JI�� = ln7} 8 − ln �1 − �0�� ��
�� 

} 
��� Eq. 7 

1 0>3� Eq. 8� = 4 
exp �− �0>3�NE� 

4.4 Model results 

The resulting hybrid-chemistry parameters from the converged batch gradient descent algorithm are 

presented in Table 4. Figure 6 provides a comparison between the measured and modeled mole fractions 

across five representative conditions. Measured and modeled species yields at 0.5 ms are provided in Fig. 

7 for the most abundant species: ethylene, propene, and iso-butene. Yields are defined at 0.5 ms for the 

mole fraction of each species normalized by the initial mole fraction of C-4. With few exceptions, good 

agreement is observed across a wide range of temperatures. While excellent agreement is obtained from 

1120 to 1230 K, the predicted ethylene time-histories diverge somewhat between the model and 

experimental data for the highest temperature of 1322 K. Ultimately, due to the rapid decomposition of C-

4, reactions above 1300 K are impacted further by pyrolysis of fuel fragments. Improvements in the 

foundational fuel chemistry model, especially in the kinetics of i-C4H8, will likely improve agreement at 

these high temperatures. Uncertainty in the mole fraction measurements was determined rigorously using 

the methods described in [13]. This process involves numerically perturbing each cross-section 

correlation, absorbance time-history, weighting parameter, and the temperature profile and determining 

their individual contributions to uncertainty. Here, mole fraction uncertainties range between 10-20%, 

arising primarily from absorbance measurements at 10.532 μm, 10.958 μm, and 11.345 μm. The 

uncertainty inherent in modeled pyrolysis mole fractions is conservatively estimated as 30%, a value 

dominated primarily by uncertainty induced by inferring mole fractions from raw absorbance (10-20%) 

and from the HyChem optimization routine. The HyChem contribution to uncertainty (20%) was 

estimated from the discrepancy between measurement and model at a representative condition: propene 

mole fraction at 1 ms at 1231 K (see Fig. 6(d)). This value is comparable to uncertainties reported in 

previous HyChem models [6]. 

Table 4. Resulting hybrid-chemistry parameters from the batch gradient descent algorithm for C-4 

compared to two existing models for other Category C fuels, C-1 [7] and C-5 [42]. 

Variable C-4 model C-1 model C-5 model 

hi 2.40 2.32 0.30 
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-2.66 

0.00 0.00 0.04hj,k 
1.86 10.00 0.05 hj,l 
0.50 0.0 0.01p 
1.00 1.06 1.00 n 
0.61 0.98 0.65 o 
0.50 0.00 0.26 m 
B m B m B mEb Eb Eb 

k1 

Rxna 

5.17E26 -2.58 8.49E4 2.83E26 -2.58 8.02E4 1.47E26 8.82E4 

8.56E6 2.4 4.61E3 8.72E-5 2.40 2.58E3 7.66E-2 4.76 1.29 k2 

2.50E-7 5.95b 4.95E2 4.64 3.46 4.60E3 4.76E-7 5.95 4.75E3 k3 

2.96E9 1.02 2.13E2 4.88E10 0.51 64.00 3.55E10 1.02 2.13E2 k4 

1.78E15 0.06 4.75E4 1.49E15 0.00 4.30E4 2.55E14 0.06 4.75E4 k5 

6.98E4 2.94 1.43E4 9.03E3 2.77 1.05E4 2.33E4 2.94 1.43E4 k6 

8.94E1 3.86 7.65E2 7.85E4 2.50 1.11E3 8.94E1 3.86 7.65E2 k7 

a Rate parameters (� = q���rst/��8 with R in units of cal/molK and the activation energy Eb in units of 

cal/mol 
b This value, estimated from C-5, was found to yield results consistent with the current experimental 

results. 
c Not included in the optimization process are rates for reactions 4-7, which were approximated from 

[5,38,39]. 

4.5 Model evaluation against ignition delay 

C-4 ignition delay time (IDT) data was used to assess the ability of the present hybrid-chemistry 

model, formulated only from high-temperature pyrolysis measurements, to effectively capture global 

chemical behavior of C-4 during combustion. The resulting measured and modeled IDTs are shown in 

Fig. 8. Here, IDT is defined as the residence time between time-zero and a time where the maximum 

slope of the OH* time-history is extrapolated back to zero. Modeled conditions assumed a constant 

volume reactor [43]. Good agreement between the model and the measurements was achieved for 

conditions below 1100 K (1000/T>0.91). A small discrepancy between modeled and measured IDT data 

is observed and grows as initial temperature increases, likely a result of the secondary pyrolysis of C-4 

fuel fragments. A maximum difference exists above 1100 K (1000/T<0.0.91) but remains of order unity. 

5. Conclusion 

As part of the National Jet Fuel Combustion Program initiative to develop fundamental models of 

suitable low-carbon jet fuel alternatives, the present study represents one step in this larger effort: the 

pyrolysis characterization and kinetic-model development for one particular test fuel, C-4. C-4, a low-

cetane number, broad-boiling fuel, was shock-heated to a range of combustion-relevant conditions and 

interrogated at nine laser wavelengths during pyrolysis. Species time-histories and early-time yields were 
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recovered using a multi-wavelength matrix speciation technique, and the results were used to develop a 

hybrid-chemistry kinetic model. The model was subsequently evaluated with new experimental ignition 

delay time measurements of C-4 near 12 atm and displays good agreement. In addition to offering a 

computational model of C-4 for the alternative jet fuel community, this study offers a systematic method 

to derive hybrid-chemistry model parameters from experimental pyrolysis measurements. The 

methodology presented here can be readily extended to any number of additional fuels to develop 

accurate, computationally efficient kinetic models for a range of practical applications. 
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Appendix A 

Absorption cross-section correlations for C-4 are presented in Table A.1. Cross-section 

measurements used for all correlations were produced from high-temperature shock tube experiments 

using the measured absorbance immediately following time-zero. 

Table A.1. Cross-section correlation table for C-4. 

Species Fitted value of cross-section 7� � �� 

����8 vs. 

temperature 7� ���8 

Standard error 
(� = # �� �������8 

Notes 

Cross-sections at 3.1758 µm 

C4 = �� P ��\ 
�� = −0.4234 
�� = 0.00203 

� = 21 
� = 19 
'99 = 50.89617 
>�# = 2.093 
�ff = 2.78¤6 
\¥ = 724.805 

Correlation valid between 

600-1300K. 

Cross-sections at 3.283 µm 

C4 = �� P �� exp �− 
\ − @��;� �� = 7.62268 

�� = 11.26859 
;� = 212.79 
@� = 283.48138 

� = 21 
� = 17 
'99 = 224.65802 
>�# = 2.110 
�ff = 2.78¤6 
\¥ = 724.80 

Correlation valid between 

600-1300K. 

Cross-sections at 3.3519 µm 

C4 = �� P ��\ P ��\� 

�� = 39.1197 
�� = −0.01162 
�� = −4.94786¤ − 6 

� = 16 
� = 13 
'99 = 205.307 
>�# = 2.16 
�ff = 1.85¤6 
\¥ = 833.42675 

Correlation valid between 

600-1300K. 
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Cross-sections at 3.41 µm 

C4 = �� P ��\ P ��\� P �R\R 

�� = 52.03922 
�� = −0.05106 
�� = 1.04587¤ − 4 
�R = −5.32737¤ − 8 

� = 33 
� = 29 
'99 = 97.33397 
>�# = 2.045 
�ff = 4.99¤6 
\¥ = 796.541133 

Correlation valid between 

600-1500K. 

Cross-sections at 10.532 µm 

C4 = �� P ��\ 
�� = 1.06674 
�� = 0.00119 

� = 19 
� = 17 
'99 = 17.24092 
>�# = 2.110 
�ff = 1.74¤6 
\¥ = 793.876 

Correlation valid between 

600-1500K. 

Cross-sections at 10.675 µm 

C4 = �� P ��\ 
�� = 3.87053 
�� = −0.00156 

� = 7 
� = 5 
'99 = 3.59571 
>�# = 2.571 
�ff = 9.81¤5 
\¥ = 830.5517 

Correlation valid between 

600-1400K. 

Cross-sections at 10.958 µm 

C4 = �� P ��\ 
�� = −0.73551 
�� = 0.00125 

� = 10 
� = 8 
'99 = 1.08109 
>�# = 2.306 
�ff = 3.10¤5 
\¥ = 801.205 

Correlation valid between 

600-1400K. 

Cross-sections at 11.345 µm 

C4 = �� P ��\ 
�� = −0.4432 
�� = 09.56862¤ − 4 

� = 18 
� = 16 
'99 = 7.37934 
>�# = 2.120 
�ff = 9.30¤5 
\¥ = 793.876 

Correlation valid between 

600-1400K. 

Appendix B 

To inform the choice of laser wavelengths for expected species, the carbon distribution of high-

temperature C-4 pyrolysis was measured with the acetylene-fired Stanford Variable Pressure Flow 

Reactor Facility (see [47]), and 2 ms yield results are shown in Fig. B.1 [44]. This flow reactor facility 

was used to support previous HyChem models [5-8]. From these data, laser wavelengths were chosen to 
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target the major expected species, including methane, ethane, ethylene, propene, and iso-butene. Also 

shown are laser absorption measurements of the target species and HyChem model predictions at 2 ms. 

The HyChem model agrees well with both laser absorption and flow reactor data. The methane 

concentration measured with the flow reactor, artificially high due to flow vitiation, is not shown in Fig. 

B.1. Trace amounts of additional species, primarily alkynes and dienes, also appear in the flow reactors 

measurements. These species were not targeted in this work. 

Figure B.2 shows the cross-sections for species not considered in multi-wavelength measurements or 

model development. These species include acetylene, propyne, propadiene, 1,3-butadiene, and 1-butene. 

The data in Fig. B.2 comes from the PNNL database [45]. In each case, the combination of trace mole 

fractions and relatively weak absorption cross-sections both precluded the sensitive spectroscopic 

detection of these species and minimized their expected interference at the chosen laser wavelengths. 
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Figures 

Fig. 1. (a) A representative schematic of lasers aligned through the measurement plane of a shock tube 

facility, and (b) a representative plot of absorbance time-histories collected during the pyrolysis of 0.4% 

C-4 fuel in Ar at an initial temperature of 1304 K, 1.53 atm. The wavelengths shown, 3.41 µm (black) 

and 11.345 µm (red), are highly sensitive to fuel and iso-butene, respectively. 
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Fig. 2. Comparative fuel compositions of (a) Jet A (A-2) and (b) C-4 from [4]. C-4’s choice as an 

“unusual” test fuel with a unique chemical composition is evident. 

Fig. 3. Pressure- and path length-normalized absorbance traces produced at 1225 K through an 

interpolation of shock tube experiments. The measured absorbance at each wavelength arises from the 

composite absorption of each species present in the system. Each laser wavelength shown in the figure 

and in Table 1 targets unique absorption features of individual species forming or decomposing during 

pyrolysis. 
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Fig. 4. Representative mole fraction measurements at conditions of T = 1120-1470 K, P = 1.4-1.7 atm, 

and @� = 0.4% C-4/Ar showing two demonstrative conditions (left) and the major species (right): a) eight 

species at 1225 K, b) 8 species at 1135 K, c) multi-temperature measurements of ethylene, d) propene, e) 

iso-butene, and f) methane. 
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Fig. 5. Convergence curve of the batch gradient descent model optimization process over 100 iterations. 
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Fig. 6. Comparisons of modeled and measured time-histories for C-4 pyrolysis at five experimental test 

conditions (a-e). Representative 1-sigma uncertainties are shown in (a). 

20 



 

 

 
 

                  

                

             

 

 
 

                  

                     

           

 

 

Fig. 7. A comparison of modeled versus measured species yields at 0.5 ms for ethylene (C2H4, left), 

propene (C3H6, center), and iso-butene (i-C4H8, right). Yields are defined as the mole fraction of each 

species at 0.5 ms normalized by the mole fraction of C-4 at time-zero. 

Fig. 8. A comparison between the modeled and measured ignition delay time (IDT) for 11% C-4/ 21% O2 

(¦=1) at 12 atm. Also shown are measured and modeled IDT for C-1 fuel at 16 atm, in red [46]. Good 

agreement is observed between the measurements and the model. 
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Fig. B.1. Flow reactor species yields at 2 ms of 302 ppmv C-4/Ar pyrolysis at 1140 K, 1 atm (gray), 

compared with laser absorption-based speciation values at 1225 K, 1.6 atm, with 0.4% C-4/Ar (red) and 

HyChem model predictions at 1225 K, 1.6 atm (blue). Here, yield is defined as species mole fractions 

normalized by the initial fuel mole fraction. Good agreement is observed between the model and both 

sets of measurements. Flow reactor uncertainty was taken as 20%. 

Fig. B.2. Absorption cross-sections of expected interferers not quantified with the present measurements, 

at 323 K, 1 atm [45]. Also shown is ethylene for reference. These species are included in the 

measurements. 

Algorithms 

Algorithm 1. Search strategy for optimal hybrid-chemistry parameters �∗ . 
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	Abstract 
	Abstract 
	The development of renewable, alternative jet fuels presents an exigent challenge to the aviation community. In this work, a streamlined methodology for building computationally efficient kinetic models of real fuels from shock tube experiments is developed and applied to a low cetane-number, broad-boiling alternative jet fuel (termed C-4). A multi-wavelength laser absorption spectroscopy technique was used to determine species time-histories during the high-temperature pyrolysis of C-4, and a batch gradien
	Keywords: Pyrolysis; Jet fuel; Kinetic model; Shock tube; Laser absorption spectroscopy; Convex optimization 
	1. Introduction 
	1. Introduction 
	Energy-rich petroleum has fueled many of the undeniable advances of the modern, globalized society, including global connectivity through land and air transportation. However, such boons are balanced by the deleterious effects of the massive reliance on chemical propulsion. Toxic and greenhouse gas (GHG) emissions severely degrade air quality and climate change threatens rising global temperatures. In recent years, the world has grappled with the challenge of decarbonizing transportation in a world that rel
	The National Jet Fuels Combustion Program (NJFCP) has led an effort to develop fundamental modeling and experimental capabilities for designing, testing, and ultimately certifying alternative jet fuels for commercial use [2]. To enable a cohesive body of research, the program has identified a set of test and reference jet fuels to guide fundamental research, model development, and experimental validation [2]. To elucidate the fundamental links between fuel composition and practical performance, a set of tes
	© 2020 published by Elsevier. This manuscript is made available under the Elsevier user license 
	https://www.elsevier.com/open-access/userlicense/1.0/ 
	https://www.elsevier.com/open-access/userlicense/1.0/ 

	through C-9 (note the use of hyphens for disambiguation), including their unique formulations and properties can be found in [2,4]. Central to the NJFCP’s research goals is the development of fundamental kinetic models that effectively integrate into computational simulations to predict the performance of such fuels in practical combustors. 
	The need for computationally efficient predictive models has impelled recent advances in the approach to kinetic model development. The hybrid-chemistry (HyChem) modeling approach, detailed in [5–8], leverages the two-stage nature of fuel combustion to simplify the development of computational models. Because practical fuels consistently undergo fast pyrolysis well before the slower oxidation of the resulting pyrolytic products, HyChem models separate the pyrolysis and oxidation stages of reaction. They use
	-

	Emerging new methods to develop HyChem models have been recently proposed that use machine learning approaches to fit models for reference fuels against pre-published shock tube experimental data [18,19]. The current study extends these concepts by providing new measurements of a previously uncharacterized fuel and computationally constructing a HyChem model. In this work, a lowcetane number, broad-boiling test fuel (C-4) was studied and a computationally efficient, HyChem model was developed to describe it
	-


	2. Background 
	2. Background 
	2.1 Laser absorption spectroscopy 
	2.1 Laser absorption spectroscopy 
	By leveraging differences in the way matter interacts with light, laser absorption spectroscopy enables the quantitative measurement of species gas properties such as mole fraction, temperature, pressure, and bulk gas velocity. The Beer-Lambert Relation (Eq. 1) describes the attenuation of monochromatic light at wavelength  as it passes through an absorbing medium. The spectral absorbance , the negative logarithm of the fractional transmission /, is a function of the number density of the ispecies (), measu
	By leveraging differences in the way matter interacts with light, laser absorption spectroscopy enables the quantitative measurement of species gas properties such as mole fraction, temperature, pressure, and bulk gas velocity. The Beer-Lambert Relation (Eq. 1) describes the attenuation of monochromatic light at wavelength  as it passes through an absorbing medium. The spectral absorbance , the negative logarithm of the fractional transmission /, is a function of the number density of the ispecies (), measu
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	spectroscopic behavior such as collisional broadening, narrowing, line mixing, and temperature-dependent linestrengths (see [21–23] for more information) into a single term at a single wavelength of light. 

	 =−ln = Eq. 1
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	Eq. 1 describes a system with only one absorbing species at wavelength . In a practical pyrolysis experiment, however, many such species may be present, and the measured absorbance represents a composite summation over contributions from each absorber. Isolating and measuring individual species from such blended absorption presents a challenge in laser spectroscopy studies. To overcome this challenge, Pinkowski et al. [13,15] have developed and demonstrated a multi-wavelength speciation methodology in which

	2.2 Shock tube facilities 
	2.2 Shock tube facilities 
	Fundamentally, a shock tube consists of a long, closed tube partitioned by a sacrificial diaphragm into two separate regions [24]. The ‘driven’ region is filled with a low-pressure test gas mixture, while the other (‘driver’) region is pressurized until the diaphragm bursts. A shock wave generated by the pressure differential travels down the length of the tube and reflects off the end-wall, shock-heating and pressurizing the test gas to well-controlled measurement conditions. A nominally stagnant test regi
	In the present work, pyrolysis and ignition delay time measurements spanned three pressure-driven, stainless steel shock tubes with driven-section internal diameters (I.D.) of 13.97 cm, 14.13 cm, and 5 cm. The 13.97 cm I.D. facility (described in [27]) and 14.13 cm facility (see [13]) were designed to accommodate pressures up to 10 atm, while the 5 cm I.D. shock tube [28] was developed specifically for high-pressure experiments up to 500 atm. The initial test gas temperature, pressure, and composition, alon

	2.3 Laser systems 
	2.3 Laser systems 
	In total, six lasers systems, emitting monochromatic light at nine wavelengths in the 3 µm and 10 µm regions, were aligned through one of the three shock tubes to collect absorbance measurements. Due to the limited optical lines-of-sight through each shock tube, multiple iterations of optical configurations were developed on each facility to acquire measurements at all wavelengths for a range of conditions. Diagnostic lasers and their wavelengths were chosen for strong sensitivity to specific species antici
	Table 1. Selected wavelengths and their target species used to determine mole fractions of C-4 fuel pyrolysis in the present work. 
	Wavelength 
	Wavelength 
	Wavelength 
	Target Species 
	Laser 

	3.1758 µm (online)/3.175595 µm (offline) 
	3.1758 µm (online)/3.175595 µm (offline) 
	CH4 [11] 
	Tunable interband cascade laser (ICL) 

	3.283 µm 
	3.283 µm 
	C6H6 /C7H8 [15] 
	Tunable ICL 

	3.3519 µm 
	3.3519 µm 
	C2H6 [13] 
	Tunable ICL 

	3.41 µm 
	3.41 µm 
	Fuel [9] 
	Tunable ICL 

	10.532 µm (online)/10.675 µm (offline) 
	10.532 µm (online)/10.675 µm (offline) 
	C2H4 [12,31] 
	CO2 gas laser 

	10.958 µm/11.345 µm 
	10.958 µm/11.345 µm 
	C3H6 [16] / i-C4H8 [17] 
	External cavity quantum cascade laser (EC-QCL) 


	Laser wavelength selection was informed by supporting flow reactor measurements (described in Appendix B). The laser systems were chosen to target all major species observed. However, some species appear in trace amounts in the flow reactor results that are not accounted for with the present spectroscopic sensor suite. The largest of these are acetylene, propyne, propadiene, and 1,3-butadiene (see Fig. B.1 in Appendix B). Spectroscopic measurements require sufficient optical absorbance for species detection
	B.1) and their cross-sections at the chosen wavelengths (Fig. B.2) are small, they are not expected to contribute meaningful interference to the measured absorbance time-histories. 
	Figure 1(a) shows a representative schematic of a shock tube facility with laser diagnostics aligned for measurement. Light from each laser crosses the measurement plane of the shock tube through two optical ports and is subsequently collected by a photovoltaic detector. Narrow-bandpass spectral filters placed before the detectors attenuate unwanted emission from the high-temperature test gas. For laser light in the 3 µm region, optical access through the tube was provided by sapphire windows and transmitte

	2.4 C-4 test fuel 
	2.4 C-4 test fuel 
	In support of alternative jet fuel studies, six Category C test fuels were chosen by NJFCP to span a wide range of unusual chemical and physical properties [4]. The fuel C-4, in particular, is a synthetic blend of two other fuels: 60% Sasol Iso-Paraffinic Kerosene (IPK) and 40% Gevo Alcohol-to-Jet (ATJ). Gevo ATJ is a bimodal fuel primarily composed of C12 and C16 iso-paraffins with a very low cetane number of 17.1 [4]. Because of its extreme bimodal boiling behavior, Gevo ATJ was blended with another low-c
	In support of alternative jet fuel studies, six Category C test fuels were chosen by NJFCP to span a wide range of unusual chemical and physical properties [4]. The fuel C-4, in particular, is a synthetic blend of two other fuels: 60% Sasol Iso-Paraffinic Kerosene (IPK) and 40% Gevo Alcohol-to-Jet (ATJ). Gevo ATJ is a bimodal fuel primarily composed of C12 and C16 iso-paraffins with a very low cetane number of 17.1 [4]. Because of its extreme bimodal boiling behavior, Gevo ATJ was blended with another low-c
	compares the fuel compositions of a reference Jet A fuel with C-4. As a fuel almost entirely composed of iso-paraffins, C-4 is expected to display distinct behavior as it undergoes pyrolysis and combustion. 

	Table 2. Thermochemical properties of Jet A (denoted A-2), Gevo ATJ (denoted C-1), a mixture of Sasol IPK and Gevo ATJ (denoted C-4), and a broad-boiling alternative jet fuel (C-5). Molecular weights xHy), Hv, and Δ°are sourced from [5], and derived cetane number from [4]. 
	(MW) and lower heating values (LHV) are sourced from [4], the average formulae (C
	StyleSpan
	 

	Fuel 
	Fuel 
	Fuel 
	Description 
	Average 
	MW 
	LHV 
	Hv 
	°  
	DCNa 

	TR
	Formula 
	(g/mol) 
	(MJ/kg) 
	(MJ/kg) 
	(kcal/mol) 

	Jet A (A-2) 
	Jet A (A-2) 
	Highly varied mix of aromatics, 
	.. 
	158.6 
	43.12 
	0.36 
	-66.8 
	47.0 

	TR
	iso-paraffins, 
	n-paraffins, 
	and 

	TR
	cyclo-paraffins 

	Gevo 
	Gevo 
	ATJ 
	61 wt. % 
	pentamethyl-heptane, 
	.. 
	178.0 
	43.90 
	0.35 
	-81.9 
	17.1 

	(C-1) 
	(C-1) 
	17 wt. % highly branched C12 

	TR
	iso-paraffins, 
	8 
	wt. 
	% 

	TR
	heptamethyl-nonane, 
	and 
	high-

	TR
	branched C16 iso-paraffins 

	Sasol/Gevo 
	Sasol/Gevo 
	(~40% Gevo, ~60% Sasol IPK) 
	.. 
	162.2 
	43.79 
	0.35 
	-79.0 
	28 

	(C-4) 
	(C-4) 
	24 wt. % pentamethyl-heptane, 7 

	TR
	wt. % less highly branched (3 & 

	TR
	4) 
	C12 iso-paraffins; 
	3 
	wt.% 

	TR
	heptamethyl-nonane. 
	From 

	TR
	Sasol: 
	1
	-

	to 
	4
	-

	branched 
	iso
	-


	TR
	paraffins 

	(C-5) 
	(C-5) 
	74% 
	C10 
	iso-paraffins, 
	26% 
	.. 
	139.3 
	42.98 
	0.38 
	-46.6 
	39.6 

	TR
	1,3,5-trimethyl 
	benzene. 
	Very 

	TR
	flat boiling range 


	Derived cetane number ASTM D613 
	a 




	3. Pyrolysis speciation measurements 
	3. Pyrolysis speciation measurements 
	3.1 Experimental preparation 
	3.1 Experimental preparation 
	Highly dilute molar mixtures of 0.4% jet fuel in argon were used in all high-temperature speciation and ignition delay time measurements. Care was taken to ensure that the fuel did not condense out of the test gas between the time of initial mixture preparation and the arrival of the reflected shock wave. In two of the three shock tubes, jacketed heaters on the shock tube driven-gas sections, heated mixing tanks, and heated gas-delivery manifolds were used to maintain the fuel in the vapor phase [32]. In th
	-


	3.2 Results 
	3.2 Results 
	3.2.1 Laser absorbance measurements 
	3.2.1 Laser absorbance measurements 
	In total, two subsets of multi-wavelength pyrolysis data for C-4 were collected using five and nine wavelengths in two different shock tubes. The five-wavelength subset yielded mole fractions of ethylene, propene, and iso-butene using the measured absorbance at wavelengths 10.532 µm, 10.675 µm, 10.958 µm, 11.345 µm, and 3.41µm across a range of temperatures from 1120-1470 K. However, at 1470 K, due to rapid C-4 decomposition, only selected absorbance time-histories were used. The nine-wavelength measurement

	3.2.2 Inferred mole fraction measurements 
	3.2.2 Inferred mole fraction measurements 
	Constrained convex optimization was used to calculate mole fractions from the absorbance measurements. A Beer-Lambert system was formulated in the form of Eq. 2 including a vector of  pressure-and path-length normalized absorbances,  ∈ , a vector of  species mole fractions,  ∈ , a matrix of absorption cross-sections  ∈ and a weighting parameter matrix  ∈ . Several convex constraints were employed, including elemental constraints of hydrogen and carbon and the assumption that a proportionate amount of carbon
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	1)   0 
	2) The calculated number of hydrogen and carbon atoms must not exceed the known amount of carbon loaded into the shock tube. 
	The absorption cross-section matrix includes 81 temperature-and (for methane and ethylene) pressure-dependent cross-section correlations for each species at each wavelength. All cross-section correlations, except for those of the fuel C-4, have been previously characterized [13,15]. Absorption cross-section measurements for C-4 are included in Appendix A. The convex absorbance system was solved at each instance in time using CVX in Matlab [33,34]. Due to an anticipated temperature decrease over the test tim
	Two additional constraints from elemental balance were used in the mole fraction calculations: that the atomic balance of measured carbon and hydrogen not exceed 100% at any time. While not altogether necessary, these constraints ensure physically valid results. For the nine-wavelength measurements (within expected uncertainty), the system showed the tendency to completely fill the carbon constraint. This result agrees well with flow reactor data (Appendix B), which shows measured species capturing 97% of t
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	4. Hybrid-chemistry model optimization 
	4. Hybrid-chemistry model optimization 
	In order to build a hybrid-chemistry kinetic model from high-temperature pyrolysis data, the lumped-pyrolysis reaction rates and branching ratios describing a fuel’s cracking patterns must be adjusted until modeled species time-histories agree with experimental data. In this work, 11 such model parameters were numerically optimized over the full set of laser-based speciation data to develop a complete hybrid-chemistry model describing C-4 fuel. This model was then tested using ignition delay time measuremen
	3) choice of search strategy in the multi-dimensional parameter space. Ultimately, the authors believe this numerical, supervised learning approach is one of the most robust methods to optimize a HyChem model using a wide range of experimental results. 
	4.1 The hybrid-chemistry (HyChem) model 
	4.1 The hybrid-chemistry (HyChem) model 
	A HyChem kinetic model leverages the observed pyrolysis behavior of parent fuels to simplify chemical complexity. In the combustion process, large fuels undergo reaction in two primary stages: first, they thermally decompose into smaller hydrocarbons, then these smaller fuels react to form combustion products [5–8]. Thermal decomposition occurs even when oxygen is present and can accelerate due to during fuel pyrolysis. A HyChem model describes the thermal decomposition of a fuel through seven lumped-pyroly
	A HyChem kinetic model leverages the observed pyrolysis behavior of parent fuels to simplify chemical complexity. In the combustion process, large fuels undergo reaction in two primary stages: first, they thermally decompose into smaller hydrocarbons, then these smaller fuels react to form combustion products [5–8]. Thermal decomposition occurs even when oxygen is present and can accelerate due to during fuel pyrolysis. A HyChem model describes the thermal decomposition of a fuel through seven lumped-pyroly
	the production of OH and HO
	2 
	concatenated with a foundational-chemistry mechanism. R represents species H, CH
	3
	2
	2

	determined experimentally, and and are dependent stoichiometric parameters derived from hydrogen and carbon elemental conservation [6]. In this work, the detailed USC Mech II, used as the foundational kinetic model, was augmented to include the additional seven hybrid-chemistry reactions. The sum of the alkene and aromatics (Σand Σ) used in the hybrid-chemistry reactions are provided by Eq. 3-4. 
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	Reactions 1-7 each proceed with rate constants of the form provided in Eq. 5: 
	=exp − for i=1-7 Eq. 5 
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	While substantially less complex than detailed modeling approaches for large fuels [36–39], the formulation of a hybrid-chemistry model still requires the determination of a large number of unknowns. Table 3 provides an overview of the variables required for model formulation and the methods employed to determine them. For many parameters, such as (the relative ratio between 1-butene and ethylene), appropriate assumptions can be made to reduce the total number of unknowns in the system. Due to structural si
	, 

	Table 3. An overview of the independent parameters required for the formulation of a hybrid-chemistry kinetic model. The 11 parameters determined through model optimization are indicated. 
	Variable 
	Variable 
	Variable 
	Description 
	Determination 

	 
	 
	[C3H6]/[C2H4] 
	Model optimization 

	, 
	, 
	[1-C4H8]/[C2H4] 
	Measured to be approximately zero 


	, 
	, 
	, 
	[i-C4H8]/[C2H4] 
	Model optimization 

	 
	 
	[C6H6]/([C6H6]+[C7H8]) 
	Estimated to be 0.5 [5,6] 

	 
	 
	H atoms produced by C-C fission of fuel 
	Model optimization 

	 
	 
	H atoms produced by H-abstraction reactions 
	Model optimization 

	 
	 
	CH4 stoichiometric coefficient 
	Model optimization 

	 
	 
	R1-R3 rate constant parameters 
	Model optimization 

	, 
	, 
	R1-R3 rate constant parameter 
	Model optimization 


	The model was fit to pyrolysis measurements over a relatively small temperature range, and hence assumed Arrhenius form. Accordingly, non-Arrhenius behavior () was approximated from analogous n-heptane reactions [5,38,39]. Not included in the optimization process are rates for reactions 4-7, which are approximated from [5,38,39]. 
	1
	2

	Pyrolysis time-histories were fit over a 200 K temperature range and Arrhenius behavior was assumed (= 0 for the fitting process. However, the final model is presented in non-Arrhenius format with previous hybrid-chemistry models offering estimates for the modified Arrhenius expression (Eq. 5). 
	 


	4.2 Loss criterion selection 
	4.2 Loss criterion selection 
	When fitting the model to pyrolysis species time-history measurements, the performance of the model was assessed using the L2 norm of the difference in the measured vs. predicted mole fraction vectors. Equation 6 mathematically describes the selected cost function () summed over  species and  temperatures. The variables and represent the measured and predicted mole fraction of species  
	, 
	, 

	for test conditions . 
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	4.3 Optimization strategy 
	4.3 Optimization strategy 
	A batch gradient descent method was used to determine the optimal values for the 11 independent parameters shown in Table 3. For a given set of input parameters, denoted by vector , a reaction was simulated and a cost  calculated. Inputs  were specified as vector elements between -1 and 1, and randomly initialized. The inputs  passed through sigmoid functions that mapped each input to a hybrid chemistry parameter. The sigmoid input layer provided a method to constrain the maximum and minimum values for para
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	1/s, 2×10to 5×10cm /mol/s, and 6×10to 5×10cm /mol/s, for reactions 1-3 respectively. Of note, 
	14 
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	reactions R1-R3 were computationally constrained to fall within kinetically reasonable bounds. 
	The chemical kinetic differential equations were solved using open-source Cantera software that enabled iterative execution and refinement of the model [40]. A zero-dimensional, constant-pressure reactor was used to simulate high-temperature pyrolysis of C-4. Thermochemical properties from the literature were used in all kinetic simulations [41]. Pyrolysis of C-4 in argon was simulated and the cost function  calculated at each of the measurement conditions in the pyrolysis dataset (see Fig. 4). Partial 
	The chemical kinetic differential equations were solved using open-source Cantera software that enabled iterative execution and refinement of the model [40]. A zero-dimensional, constant-pressure reactor was used to simulate high-temperature pyrolysis of C-4. Thermochemical properties from the literature were used in all kinetic simulations [41]. Pyrolysis of C-4 in argon was simulated and the cost function  calculated at each of the measurement conditions in the pyrolysis dataset (see Fig. 4). Partial 
	derivatives, /, of the cost function with respect to each component of the input vector, were then estimated through a forward-perturbation-based numerical approximation. 

	An iteration-dependent learning rate, , was used to update all parameters in the input variable  along the direction of the steepest decline of the cost function . Updates were performed on a logarithmic scale using Eq. 7. Equation 8 describes how the learning rate  decreased with every iteration () from one until a specified maximum iteration, . Convergence of the system is evidenced in Fig. 5, as the cost function  decreases to a stable point over 100 iterations. A synthesis of the search strategy is prov
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	4.4 Model results 
	4.4 Model results 
	The resulting hybrid-chemistry parameters from the converged batch gradient descent algorithm are presented in Table 4. Figure 6 provides a comparison between the measured and modeled mole fractions across five representative conditions. Measured and modeled species yields at 0.5 ms are provided in Fig. 7 for the most abundant species: ethylene, propene, and iso-butene. Yields are defined at 0.5 ms for the mole fraction of each species normalized by the initial mole fraction of C-4. With few exceptions, goo
	-
	foundational fuel chemistry model, especially in the kinetics of i-C
	4
	8

	Table 4. Resulting hybrid-chemistry parameters from the batch gradient descent algorithm for C-4 compared to two existing models for other Category C fuels, C-1 [7] and C-5 [42]. 
	Variable C-4 model C-1 model C-5 model  2.40 2.32 0.30 
	0.00 
	0.00 
	0.04
	, 
	1.86 
	10.00 
	0.05 
	, 
	0.50 
	0.0 
	0.01
	 
	1.00 
	1.06 
	1.00 
	 
	0.61 
	0.98 
	0.65 
	 
	0.50 
	0.00 
	0.26 
	 
	B 
	B 
	m 
	B 
	m 
	B 
	m
	Eb 
	Eb 

	Eb 
	k
	1 

	Rxn
	a 

	5.17E26 
	-2.58 
	8.49E4 
	2.83E26 
	-2.58 
	8.02E4 
	1.47E26 
	8.82E4 
	8.56E6 
	2.4 
	4.61E3 
	8.72E-5 
	2.40 
	2.58E3 
	7.66E-2 
	4.76 
	1.29 
	k
	k
	2 

	2.50E-7 
	5.95
	b 

	4.95E2 
	4.64 
	3.46 
	4.60E3 
	4.76E-7 
	5.95 
	4.75E3 
	k
	k
	3 

	2.96E9 
	1.02 
	2.13E2 
	4.88E10 
	0.51 
	64.00 
	3.55E10 
	1.02 
	2.13E2 
	k
	k
	4 

	1.78E15 
	0.06 
	4.75E4 
	1.49E15 
	0.00 
	4.30E4 
	2.55E14 
	0.06 
	4.75E4 
	k
	k
	5 

	6.98E4 
	2.94 
	1.43E4 
	9.03E3 
	2.77 
	1.05E4 
	2.33E4 
	2.94 
	1.43E4 
	k
	k
	6 

	8.94E1 
	3.86 
	7.65E2 
	7.85E4 
	2.50 
	1.11E3 
	8.94E1 
	3.86 
	7.65E2 
	k
	k
	7 

	a 
	Rate parameters ( =  with R in units of cal/molK and the activation energy Eb in units of 
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	cal/mol This value, estimated from C-5, was found to yield results consistent with the current experimental results. Not included in the optimization process are rates for reactions 4-7, which were approximated from 
	b 
	c 

	[5,38,39]. 

	4.5 Model evaluation against ignition delay 
	4.5 Model evaluation against ignition delay 
	C-4 ignition delay time (IDT) data was used to assess the ability of the present hybrid-chemistry model, formulated only from high-temperature pyrolysis measurements, to effectively capture global chemical behavior of C-4 during combustion. The resulting measured and modeled IDTs are shown in Fig. 8. Here, IDT is defined as the residence time between time-zero and a time where the maximum slope of the OH* time-history is extrapolated back to zero. Modeled conditions assumed a constant volume reactor [43]. G
	(1000/T>0.91). 
	1100 K (1000/T<0.0.91) but 
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	As part of the National Jet Fuel Combustion Program initiative to develop fundamental models of suitable low-carbon jet fuel alternatives, the present study represents one step in this larger effort: the pyrolysis characterization and kinetic-model development for one particular test fuel, C-4. C-4, a lowcetane number, broad-boiling fuel, was shock-heated to a range of combustion-relevant conditions and interrogated at nine laser wavelengths during pyrolysis. Species time-histories and early-time yields wer
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	-

	recovered using a multi-wavelength matrix speciation technique, and the results were used to develop a hybrid-chemistry kinetic model. The model was subsequently evaluated with new experimental ignition delay time measurements of C-4 near 12 atm and displays good agreement. In addition to offering a computational model of C-4 for the alternative jet fuel community, this study offers a systematic method to derive hybrid-chemistry model parameters from experimental pyrolysis measurements. The methodology pres
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	Appendix A 
	Appendix A 
	Absorption cross-section correlations for C-4 are presented in Table A.1. Cross-section measurements used for all correlations were produced from high-temperature shock tube experiments using the measured absorbance immediately following time-zero. 
	Table A.1. Cross-section correlation table for C-4. 
	Table A.1. Cross-section correlation table for C-4. 
	Table A.1. Cross-section correlation table for C-4. 

	Species 
	Species 
	Fitted value of cross-section     vs. temperature   
	Standard error ( = #   
	Notes 

	Cross-sections at 3.1758 µm 
	Cross-sections at 3.1758 µm 

	C4 
	C4 
	=     = −0.4234  = 0.00203 
	 = 21  = 19  = 50.89617  = 2.093  = 2.786  = 724.805 
	Correlation valid between 600-1300K. 

	Cross-sections at 3.283 µm 
	Cross-sections at 3.283 µm 

	C4 
	C4 
	=    exp −  −   = 7.62268  = 11.26859  = 212.79  = 283.48138 
	 = 21  = 17  = 224.65802  = 2.110  = 2.786  = 724.80 
	Correlation valid between 600-1300K. 

	Cross-sections at 3.3519 µm 
	Cross-sections at 3.3519 µm 

	C4 
	C4 
	=       = 39.1197  = −0.01162  = −4.94786 − 6 
	 = 16  = 13  = 205.307  = 2.16  = 1.856  = 833.42675 
	Correlation valid between 600-1300K. 


	Table
	Cross-sections at 3.41 µm 
	Cross-sections at 3.41 µm 

	C4 
	C4 
	=         = 52.03922  = −0.05106  = 1.04587 − 4  = −5.32737 − 8 
	 = 33  = 29  = 97.33397  = 2.045  = 4.996  = 796.541133 
	Correlation valid between 600-1500K. 

	Cross-sections at 10.532 µm 
	Cross-sections at 10.532 µm 

	C4 
	C4 
	=     = 1.06674  = 0.00119 
	 = 19  = 17  = 17.24092  = 2.110  = 1.746  = 793.876 
	Correlation valid between 600-1500K. 

	Cross-sections at 10.675 µm 
	Cross-sections at 10.675 µm 

	C4 
	C4 
	=     = 3.87053  = −0.00156 
	 = 7  = 5  = 3.59571  = 2.571  = 9.815  = 830.5517 
	Correlation valid between 600-1400K. 

	Cross-sections at 10.958 µm 
	Cross-sections at 10.958 µm 

	C4 
	C4 
	=     = −0.73551  = 0.00125 
	 = 10  = 8  = 1.08109  = 2.306  = 3.105  = 801.205 
	Correlation valid between 600-1400K. 

	Cross-sections at 11.345 µm 
	Cross-sections at 11.345 µm 

	C4 
	C4 
	=     = −0.4432  = 09.56862 − 4 
	 = 18  = 16  = 7.37934  = 2.120  = 9.305  = 793.876 
	Correlation valid between 600-1400K. 



	Appendix B 
	Appendix B 
	To inform the choice of laser wavelengths for expected species, the carbon distribution of high-temperature C-4 pyrolysis was measured with the acetylene-fired Stanford Variable Pressure Flow Reactor Facility (see [47]), and 2 ms yield results are shown in Fig. B.1 [44]. This flow reactor facility was used to support previous HyChem models [5-8]. From these data, laser wavelengths were chosen to 
	To inform the choice of laser wavelengths for expected species, the carbon distribution of high-temperature C-4 pyrolysis was measured with the acetylene-fired Stanford Variable Pressure Flow Reactor Facility (see [47]), and 2 ms yield results are shown in Fig. B.1 [44]. This flow reactor facility was used to support previous HyChem models [5-8]. From these data, laser wavelengths were chosen to 
	target the major expected species, including methane, ethane, ethylene, propene, and iso-butene. Also shown are laser absorption measurements of the target species and HyChem model predictions at 2 ms. The HyChem model agrees well with both laser absorption and flow reactor data. The methane concentration measured with the flow reactor, artificially high due to flow vitiation, is not shown in Fig. 

	B.1. Trace amounts of additional species, primarily alkynes and dienes, also appear in the flow reactors measurements. These species were not targeted in this work. 
	Figure B.2 shows the cross-sections for species not considered in multi-wavelength measurements or model development. These species include acetylene, propyne, propadiene, 1,3-butadiene, and 1-butene. The data in Fig. B.2 comes from the PNNL database [45]. In each case, the combination of trace mole fractions and relatively weak absorption cross-sections both precluded the sensitive spectroscopic detection of these species and minimized their expected interference at the chosen laser wavelengths. 
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	Figures 
	Figure
	Fig. 1. (a) A representative schematic of lasers aligned through the measurement plane of a shock tube facility, and (b) a representative plot of absorbance time-histories collected during the pyrolysis of 0.4% C-4 fuel in Ar at an initial temperature of 1304 K, 1.53 atm. The wavelengths shown, 3.41 µm (black) and 11.345 µm (red), are highly sensitive to fuel and iso-butene, respectively. 
	Figure
	Fig. 2. Comparative fuel compositions of (a) Jet A (A-2) and (b) C-4 from [4]. C-4’s choice as an “unusual” test fuel with a unique chemical composition is evident. 
	Figure
	Fig. 3. Pressure-and path length-normalized absorbance traces produced at 1225 K through an interpolation of shock tube experiments. The measured absorbance at each wavelength arises from the composite absorption of each species present in the system. Each laser wavelength shown in the figure and in Table 1 targets unique absorption features of individual species forming or decomposing during pyrolysis. 
	Figure
	Fig. 4. Representative mole fraction measurements at conditions of T = 1120-1470 K, P = 1.4-1.7 atm, and = 0.4% C-4/Ar showing two demonstrative conditions (left) and the major species (right): a) eight species at 1225 K, b) 8 species at 1135 K, c) multi-temperature measurements of ethylene, d) propene, e) iso-butene, and f) methane. 
	 

	Figure
	Fig. 5. Convergence curve of the batch gradient descent model optimization process over 100 iterations. 
	Figure
	Fig. 6. Comparisons of modeled and measured time-histories for C-4 pyrolysis at five experimental test conditions (a-e). Representative 1-sigma uncertainties are shown in (a). 
	Figure
	H, left), H, center), and iso-butene (i-CH, right). Yields are defined as the mole fraction of each species at 0.5 ms normalized by the mole fraction of C-4 at time-zero. 
	Fig. 7. 
	A comparison of modeled versus measured species yields at 0.5 ms for ethylene (C
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	Figure
	(=1) at 12 atm. Also shown are measured and modeled IDT for C-1 fuel at 16 atm, in red [46]. Good agreement is observed between the measurements and the model. 
	Fig. 8. 
	A comparison between the modeled and measured ignition delay time (IDT) for 11% C-4/ 21% O
	2 

	Figure
	Fig. B.1. Flow reactor species yields at 2 ms of 302 ppmv C-4/Ar pyrolysis at 1140 K, 1 atm (gray), compared with laser absorption-based speciation values at 1225 K, 1.6 atm, with 0.4% C-4/Ar (red) and HyChem model predictions at 1225 K, 1.6 atm (blue). Here, yield is defined as species mole fractions normalized by the initial fuel mole fraction. Good agreement is observed between the model and both sets of measurements. Flow reactor uncertainty was taken as 20%. 
	Fig. B.1. Flow reactor species yields at 2 ms of 302 ppmv C-4/Ar pyrolysis at 1140 K, 1 atm (gray), compared with laser absorption-based speciation values at 1225 K, 1.6 atm, with 0.4% C-4/Ar (red) and HyChem model predictions at 1225 K, 1.6 atm (blue). Here, yield is defined as species mole fractions normalized by the initial fuel mole fraction. Good agreement is observed between the model and both sets of measurements. Flow reactor uncertainty was taken as 20%. 


	Figure
	Fig. B.2. Absorption cross-sections of expected interferers not quantified with the present measurements, at 323 K, 1 atm [45]. Also shown is ethylene for reference. These species are included in the measurements. 
	Fig. B.2. Absorption cross-sections of expected interferers not quantified with the present measurements, at 323 K, 1 atm [45]. Also shown is ethylene for reference. These species are included in the measurements. 
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	Algorithm 1. Search strategy for optimal hybrid-chemistry parameters . 
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