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a b s t r a c t 

A Hybrid Chemistry (HyChem) approach has been recently developed for the modeling of real fuels; it 

incorporates a basic understanding about the combustion chemistry of multicomponent liquid fuels that 

overcomes some of the limitations of the conventional surrogate fuel approach. The present work extends 

this approach to modeling the combustion behaviors of a two-component bio-derived jet fuel (Gevo, des- 

ignated as C1) and its blending with a conventional, petroleum-derived jet fuel (Jet A, designated as A2). 

The stringent tests and agreement between the HyChem models and experimental measurements for the 

combustion chemistry, including ignition delay and laminar flame speed, of C1 highlight the validity as 

well as potential wider applications of the HyChem concept in studying combustion chemistry of com- 

plex liquid hydrocarbon fuels. Another aspect of the present study aims at answering a central question 

of whether the HyChem models for neat fuels can be simply combined to model the combustion behav- 

iors of fuel blends. The pyrolysis and oxidation of several blends of A2 and C1 were investigated. Flow 

reactor experiments were carried out at pressure of 1 atm, temperature of 1030 K, with equivalence ra- 

tios of 1.0 and 2.0. Shock tube measurements were performed for the blended fuel pyrolysis at 1 atm 

from 1025 to 1325 K. Ignition delay times were also measured using a shock-tube. Good agreement be- 

tween measurements and model predictions was found showing that formation of the products as well 

as combustion properties of the blended fuels were predicted by a simple combination of the HyChem 

models for the two individual fuels, thus demonstrating that the HyChem models for two jet fuels of very 

different com positions are “additive.”

© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

A vast majority of the 200 million gal/day of jet fuels used

orldwide is derived from petroleum, and accounts for ∼2% of to-

al global anthropogenic CO 2 emissions [1] . Bio-derived and syn-

hetic jet fuels currently amount to < 1% of total jet fuel uti-

ization. The use of alternative jet fuels is projected to reach

% by 2020. One of the barriers to adopting alternative jet fu-

ls is the current combination of fuel testing, approval, and cer-

ification processes, which are expensive and time consuming.

s a part of a larger effort to streamline the testing/approval
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E-mail address: haiwang@stanford.edu (H. Wang). 

p  

a  

u  

e

ttps://doi.org/10.1016/j.combustflame.2018.07.012 

010-2180/© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved
rocess [2] , the current work aims at developing a modeling ap-

roach that can reliably predict the combustion chemistry of al-

ernative/conventional fuels and their blends. The current paper is

lso one of a series of studies centered on the development of a

ybrid Chemistry (HyChem) approach to modeling real-fuel com-

ustion chemistry. 

A typical jet fuel is a mixture of thousands of hydrocarbon

pecies. Historically, combustion chemistry modeling of real, mul-

icomponent fuels has been approached through a surrogate fuel

pproach [3–8] . One of the drawbacks of this approach is that it

equires extensive experimentation to validate the surrogate com-

ositions and combustion kinetic models of surrogate components

nd their kinetic couplings. Moreover, these reaction models are

sually large in size with many thermodynamic and kinetic param-

ters that are empirically estimated. 
. 
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Fig. 1. Comparison of composition and key properties between A2 (POSF10325) and C1 (POSF11498). 
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In recent studies [9,10] , we proposed the alternative HyChem

approach to modeling the combustion chemistry of real, multicom-

ponent liquid fuels. Briefly, a HyChem model is comprised of an

experimentally constrained lumped fuel (oxidative) pyrolysis sub-

model and a detailed foundational fuel chemistry submodel that

describes the oxidation of H 2 /CO/C 1 –C 4 /benzene/toluene species.

As discussed in our earlier study [9] , the HyChem approach has

many similarities with the lumping approach championed by Ranzi

et al. (see, e.g., [11–13] ), but it also has two key differences. The

development of the HyChem model does not rely on the avail-

ability of a detailed reaction mechanism or model to derive the

lumped model. Rather, the approach relies on a physical, cause-

and-effect understanding and as importantly, advanced diagnostics

to reliably achieve model predictability. More importantly, the Hy-

Chem approach bypasses the use of surrogate as it seeks to unravel

the real-fuel combustion process and properties and advance the

modeling capability from these properties directly. 

Key assumptions and their justifications have been discussed in

[9] . They are: 

(1) High-temperature combustion of hydrocarbon fuels suffi-

ciently large in molecular size follows a decoupled, two-step

process: fuel pyrolysis first, followed by oxidation of decom-

posed products. 

(2) Fuel decomposition can be described by (experimentally

constrained) lumped reaction steps with constant stoichio-

metric coefficients and pseudo-reaction rate coefficients,

which may be justified from a steady-state analysis. 

(3) The oxidation of the products of fuel pyrolysis, including

C 2 H 4 , C 3 H 6 , C 4 H 8 (1-butene and iso -butene), CH 3 , CH 4 , H,

H 2 , C 6 H 6 (benzene) and C 7 H 8 (toluene), must be treated

by detailed modeling because they govern the combustion

chemistry properties in most cases. 

In the HyChem approach, the lumped fuel pyrolysis and ox-

idative pyrolysis submodel may be derived directly from detailed

time-resolved speciation data from shock tubes and flow reactors.

Global combustion properties, including shock tube ignition delay

times, laminar flame speeds, non-premixed flame extinction strain

rates, are used for testing model accuracy. It was shown that the

approach works well for a range of jet and rocket fuels, all of

which are multicomponent distillate fuels [10] . The size of a Hy-

Chem model is compact, and can be reduced to about 30 species

for incorporation into CFD simulations (see, e.g., [14,15] ). 

Unlike conventional jet fuels, bio-derived fuels often contain a

fewer number of hydrocarbon components. The Gevo alcohol-to-jet

fuel (designated as the C1 fuel [2] ) is such an example. As shown

in Fig. 1 , a typical conventional jet fuel (POSF10325 – a typical
ommercial Jet A designated as the A2 fuel [2] ) contains several

ajor classes of hydrocarbon compounds; and the number of com-

onents is numerous. In comparison, C1 is comprised of almost

ntirely the highly branched i -C 12 H 26 and i -C 16 H 34 (with ∼0.4%

 13 –C 15 hydrocarbons, which appear to be also highly branched).

 comparison for the main properties of the Gevo and A2 fuels is

rovided in Table S1 of the Supplementary materials (SPM). Ad-

itional information can be found in Ref. [2] . The pyrolysis of the

2 fuel produces primarily ethylene (C 2 H 4 ) [10] , whereas C1 pro-

uces mostly iso -butene ( i -C 4 H 8 ), as will be shown later. Coupled

ith the fact that C1 is a representative case of a “few-component”

uel, it forms a unique case to test the range of applicability of the

yChem approach. This constitutes the first objective of the study.

Additional objectives stem from the consideration that alter-

ative fuel utilization is likely to start with fuel blending. A log-

cal question that follows is, what is the acceptable level of a

io-derived fuel, such as the C1 fuel that can be blended into a

onventional jet fuel without an adverse impact on its combustion

roperties? From the standpoint of combustion chemistry evalu-

tion, a related question is, do HyChem models that have been

eveloped separately for two blending components still reproduce

he combustion chemistry properties of blended fuels by simply

ombining the two pyrolysis submodels? Thus, the second objec-

ive of the current study is to address the above question using a

eries of A2–C1 blends as examples. 

. Experimental 

.1. Shock tube facilities 

Pyrolysis speciation and ignition delay time (IDT) exper-

ments were performed using the Stanford high- and low-

ressure shock tubes. Descriptions of these two facilities and

he fuel handling protocol can be found in [10] . Three diag-

ostic methods were used: pyrolysis speciation measurements

ia laser absorption, IDT measurements via OH 

∗ emission and

idewall pressure. Laser absorption measurements employed the

eer–Lambert law, −In [ ( I/ I 0 ) λ] = σλNL , to relate the measured

bsorbance −In [ ( I/ I 0 ) λ] = σλNL to the unknown species concen-

rations, using measured absorption cross-sections σλ. In the ex-

eriments to measure C 2 H 4 and CH 4 time-histories, where one

roduct dominated the absorbance at a particular wavelength and

ther species have nearly constant absorbance at this wavelength,

 two-wavelength differential method was used to determine the

oncentration of the dominant absorber. A three-color sensor using

ccess Laser TM CO 2 gas laser operating at 10.532 and 10.675 μm

nd a Day-light Solutions TM ECQCL operated at 881.4 cm 

–1 was
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sed to measure C 3 H 6 and iso -C 4 H 8 concentrations. Further details

f the laser absorption method are given in Parise et al. [16] . 

.2. Flow reactor facilities 

The Stanford flow reactor facility [17] was used to investigate

he oxidative pyrolysis kinetics of the jet fuels. The flow reactor

s comprised of a vertical 30-cm long and 3-cm diameter quartz

eactor tube enclosed in a pressure vessel. The combustion prod-

cts of a H 2 /air flame stabilized on a water-cooled McKenna burner

t the base of the reactor provide a hot vitiated flow in which

he injected fuel undergoes reaction under near adiabatic condi-

ions. Electric heaters surround the reactor tube to maintain nearly

sothermal conditions. A liquid fuel was injected into a vaporizer

y a syringe pump before being introduced into the reactor with

 nitrogen carrier gas. The reaction products were sampled by a

ooled extraction probe that was translated along the reactor cen-

erline using a computer-controlled stepping motor. Gas samples

ere sent through a heated line to a 4-column micro gas chro-

atograph (Inficon microGC 30 0 0) for sample analysis. In addition,

 non-dispersive infrared analyzer (NDIR) and a paramagnetic an-

lyzer (PMA) were used for real-time measurements of CO, CO 2 

nd O 2 that could be compared with the GC data. Typical residence

imes in the reactor were 30 ms. The total uncertainty in concen-

ration is ± 2–5% for most species. 

.3. Flame speed measurements 

The laminar flame speed S ◦u of A2/air and C1/air mixtures were

easured in a counterflow configuration at atmospheric pressure

nd an unburned mixture temperature T u = 403 K, similar to our

revious study [10] . The system included a high-pressure preci-

ion pump to meter the liquid fuel and a vaporization chamber

n which a quartz nebulizer was used to spray the fuel into a pre-

eated stream of air. Small amounts of silicone oil were added to

he fuel to serve as flow tracer. Throughout the fuel-heating path

he temperatures were controlled in order to avoid hot spots lead-

ng to fuel cracking and cold spots leading to fuel condensation. A

ouble pulsed ND:YAG laser and a high performance 12 bit CCD

amera with 1376 × 1040 pixels of resolution were used to acquire

article Image Velocimetry (PIV) images. The minimum axial veloc-

ty along the system centerline just upstream of the flame was de-

ned as a reference flame speed, S u,ref , and the maximum absolute

alue of axial velocity gradient was defined as a local strain rate, K .

s K was varying, its effect on S u ,ref was recorded, and S ◦u was de-

ermined through computationally-assisted extrapolation [18] . The

 σ standard deviations in S ◦u are indicated with uncertainty bars in

elevant figures. 

.4. Experiments of C1 and A2 Blends 

Oxidation of several A2–C1 blends was examined in the flow

eactor and shock tube facilities. The blended fuels were prepared

y volumetrically mixing A2 and C1 fuels with a pipette. Three

lends were investigated. They are 20-unit volume of A2 blended

ith 80-unit volume of C1 (designated as 20A2-80C1), 50A2-50C1,

nd 80A2-20C1. Note that the molar ratio of a blend is slightly dif-

erent from the volume ratio, due to differences in the fuel density

nd mean molecular weight. The flow reactor experiments were

onducted under atmospheric pressure and temperature of 1030 K

ith the equivalence ratio φ = 1.0 and 2.0. The recovered mass bal-

nces for hydrogen and carbon exceed 95%, indicating most prod-

cts are accounted for. The shock tube experiments focused on the

ormation of C 2 H 4 , C 3 H 6 , and i -C 4 H 8 from the same blends from

025 to 1325 K at a pressure of 1.2 atm. IDTs for blends of 80A2-

0C1 and 50A2-50C1 were also determined in the shock tube. In
oth facilities, individual A2 and C1 experiments were conducted

nder similar conditions. 

. Modeling approach 

.1. HyChem model formulation 

A HyChem model has been proposed previously for the A2 fuel

10] . The present study focuses on the C1 fuel. While the real C1

uel has a molecular formula of C 12.5 H 27.1 , the modeled fuel is as-

umed to have a formula of C 13 H 28 to accommodate the existing

hemical kinetics codes. Thus, in the computations, the specifi-

ation of unreacted mixture compositions relies on matching the

ass fraction of the fuel in an experiment, and not the mole frac-

ion. Details of how to match the mass fraction of the fuel can

e found in [10] . The standard-state enthalpy of formation was

alculated from the LHV value (cf. Fig. 1 ). The specific heat, en-

ropy, and sensible enthalpy were estimated from a mixture con-

aining 86.49% (mole) iso -dodecane and 13.51% iso -hexadecane. Ad-

itionally, the model formula (C 13 H 28 ) is determined by matching

oth the H/C ratio and closest integer round-off of an alkane for-

ula. The transport properties of the fuel are determined based

n a series of recent studies [19–21] of long-chain normal alkane

olecules, assuming the binary diffusion coefficients of the fuel is

qual to the diffusion coefficient of a normal alkane molecule of

he same carbon number. Therefore, the diffusion coefficients of

he C1 fuel are assigned to be those of n -tridecane ( n -C 13 H 28 ). 

The stable products considered for C1 decomposition are

 -C 4 H 8 , C 3 H 6 , C 2 H 4 , CH 4 , and H 2 . The lumped reactions for C1 py-

olysis/oxidative pyrolysis are written as follows: 

 13 H 28 → e d ( i - C 4 H 8 + ω 3 C 3 H 6 + ω 2 C 2 H 4 ) + αH + ( 2 − α) CH 3 

(R1) 

 13 H 28 + H → H 2 + �p (R2) 

 13 H 28 + C H 3 → C H 4 + �p (R3) 

 13 H 28 + OH → H 2 O + �p (R4) 

 13 H 28 + O 2 → H O 2 + �p (R5) 

 13 H 28 + H O 2 → H 2 O 2 + �p (R6) 

 13 H 28 + O → OH + �p (R7) 

here 

p = e a ( i - C 4 H 8 + ω 3 C 3 H 6 + ω 2 C 2 H 4 ) + βH + ( 1 − β) CH 3 

Reaction R1 represents the C 

–C fission in the fuel “molecule”,

ollowed by the decomposition of the resulting radical fragments.

eactions R2 through R7 describes the H-abstraction of the fuel

molecule” followed by β-scission of the resulting fuel radical. e d 
nd e a are dependent stoichiometric coefficients that may be de-

ermined from the independent parameters, α, β , ω 2 , and ω 3 ,

hrough atom balances 

 d ( 4 + 2 ω 2 + 3 ω 3 ) + 2 − α = 13 (1) 

 a ( 4 + 2 ω 2 + 3 ω 3 ) + 1 − β = 13 (2) 

The physical significance of the independent parameters is self-

xplanatory. As seen in Table 1 , α and β are the numbers of H
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Table 1 

Independent, stoichiometric parameters and their determination in the C1 HyChem model. 

Parameter Descriptions Range Method of determination 

α Number of H-atoms produced in the fuel “C –C fission reaction” ( R1 ) per C 13 H 28 [0, 2] Shock-tube species-time history of i -C 4 H 8 , C 3 H 6 , C 2 H 4 and CH 4 

β Number of H-atoms produced in the fuel “H-abstraction reaction” ( R2 ) per C 13 H 28 [0, 1] Shock-tube species-time history of i -C 4 H 8 , C 3 H 6 , C 2 H 4 and CH 4 

ω 3 [C 3 H 6 ]/[ i -C 4 H 8 ] [0, ∞ ) Flow reactor speciation data 

ω 2 [C 2 H 4 ]/[ i -C 4 H 8 ] [0, ∞ ) Flow reactor speciation data 
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radicals generated in R1 and R2–7, respectively. The corresponding

numbers of the methyl (CH 3 ) radicals are 2–α and 1–β , respec-

tively. The production of H 2 and CH 4 are from the H-abstraction

reactions of fuel by H and CH 3 radicals. The parameters ω 2 , and

ω 3 are the C 2 H 4 -to- i- C 4 H 8 and C 3 H 6 -to- i- C 4 H 8 ratios, respectively. 

The stoichiometric coefficients and kinetic rate parameters are

derived from species time histories measured in shock tube pyroly-

sis and flow reactor oxidative pyrolysis of the C1 fuel (see, Table 1 ).

With four independent stoichiometric coefficients and seven rate

coefficients to be determined, the problem can be quite well de-

fined given the experimental capabilities available. The pyrolysis

model is combined with a detailed foundational fuel model to de-

scribe the entire oxidation process. An updated USC Mech II [22] is

used here for this purpose. The updates concern mostly the pyrol-

ysis and oxidation of i -C 4 H 8 as USC Mech II was not specifically

developed to cover that part of the chemistry. The need for and

details of the updates are provided in section S2 of SPM. The py-

rolysis part of the C1 HyChem model thus developed is also pro-

vided in section S2 of the SPM, including the stoichiometric pa-

rameters and kinetic rate parameters. The entire reaction models

and their associated thermochemical and transport data are avail-

able for download from the HyChem website. 

3.2. Blended A2–C1 HyChem model 

A blended HyChem model was created by simply combining the

(experimentally constrained) lumped pyrolysis models of A2 and

C1 with their common foundational chemistry model. As will be

discussed later, neither the global combustion properties measured

nor the experiments on fuel blends were used to determine the

coefficients and rate parameters of the C1 model. The mass density

is 0.804 g/cm 

3 for A2 and 0.761 g/cm 

3 for C1. These values are used

to calculate the mole ratio of A2 to C1 from the pre-blending fuel

volume fraction. 

3.3. Computational details 

The Chemkin code [23] was used for kinetic modeling. The

computed IDT was defined as the time to reach the maximum

OH 

∗ production rate in an adiabatic, isochoric calculation. PREMIX

[24] with multicomponent transport and thermal diffusion was

employed for calculation of S ◦u . 

4. Results and discussions 

4.1. Pyrolysis/oxidative pyrolysis experiments and HyChem model 

development 

The stoichiometric parameters and rate coefficients of the C1

HyChem model are constrained and determined by the speciation

data obtained from both the shock tube and flow reactor facilities.

Representative species profiles in the shock tube pyrolysis of C1

are shown in Fig. 2 . Under the conditions tested, the most impor-

tant products are i -C 4 H 8 , followed by C 3 H 6 , C 2 H 4 , and CH 4 . For the

experiment at 1070 K, the product concentrations continue to rise

within 2 ms of measurement time, whereas at 1317 K, they level off

as nearly all fuel has been consumed in the first 0.1 ms. The types
f data shown here as well as the flow reactor speciation data to

e discussed later were used to derive the HyChem model param-

ters in an inverse problem. Obviously, the model reproduces the

xperimental data well. 

Yields of the two dominant products, i -C 4 H 8 and C 3 H 6 during

1 pyrolysis are shown at the reaction time of 0.5 ms in the left

anel of Fig. 3 . For comparison, the two most important species

n A2 pyrolysis, C 2 H 4 and CH 4 , are also shown in Fig. 3 (the right

anel). Clearly, C1 produces distinctively different species from A2.

hese differences determine the somewhat different combustion

roperties of the two fuels, as will be discussed later. It has been

hown in [10] that over the range tested, pressure exhibits little to

o impact on the product distributions. 

Figure 4 depicts the mole fraction profiles of key species mea-

ured during flow reactor oxidation of C1 at 1030 K and 1 atm.

he fuel concentrations were measured by tracking fuel-relevant

C peaks. A comparison between C1 and A2 flow reactor experi-

ents for the fuel conversion and major product formation is pro-

ided in Fig. S4 of the SPM. Under the condition tested, C1 de-

omposes faster than A2. The observed product distribution in C1

s consistent with the shock tube observations, with i -C 4 H 8 be-

ng the dominant species, followed by H 2 , C 3 H 6 , CH 4 , and C 2 H 4 .

s shown in the right panel of Fig. 4 , several secondary species

re also formed, including C 2 H 6 (ethane), a -C 3 H 4 (allene), and p -

 3 H 4 (propyne). The measurements and modeling for several other

econdary products with concentrations less than 20 PPM, includ-

ng 1-C 4 H 8 (1-butene), C 6 H 6 (benzene), C 6 H 5 CH 3 (toluene), C 2 H 2 

acetylene), C 5 H 6 (cyclopentadiene), are provided in Fig. S5 of the

PM. Key information from the flow reactor experiments, including

he ratios of C 2 H 4 and C 3 H 6 to i -C 4 H 8 and the absolute concentra-

ions of CH 4 and H 2 , were used to derive the parameters of C1

yChem model. 

The rapid rise measured for the concentrations of many species

uring the early stage of reaction was caused by finite-rate fluid

ixing at the reactor entrance. For this reason, simulations start

t 3 ms with the species concentrations measured at that reaction

ime used as the initial condition. This approach was discussed in

n earlier experimental and modeling study of n -dodecane pyrol-

sis and oxidation in the same flow reactor [17] and used in all

revious HyChem work [9,10] . As shown in Fig. 4 , the HyChem

odel results are in good agreement with the experimental data.

he slight overprediction of the C1 concentration at 3 ms and in

he mid-range of the reaction time stems from one of the HyChem

odel assumptions wherein all unaccounted species are lumped

nto the fuel. 

.2. Testing the model against global combustion properties 

The thus developed C1 HyChem model was tested against the

lobal combustion properties. The effects of temperature (950–

550 K), pressure (1–40 atm), and equvelence ratio (0.4 and 1.0)

n IDT were examined in the shock tube. Representative results

re presented in Fig. 5 at two pressures. A more complete ex-

erimental dataset as well as the HyChem model predictions are

rovided in Fig. S6 of the SPM. As these comparisons show, the

1 HyChem model succesfully predicts the IDT data. For compari-

on, the IDT of A2 under comparable conditions are also presented
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Fig. 2. Experimental (solid lines) and computed (long dashed lines) species time histories during the pyrolysis of C1 in shock tube under two conditions ( T 5 and p 5 are 

the post-reflected shock temperature and pressure, respectively). Short dashed lines: computed, ±15 K temperature sensitivity on i -C 4 H 8 . In the left panel, the predicted and 

experimental CH 4 profiles overlap with each other. 

Fig. 3. Measured (symbols) and computed (lines) yields of the dominant decomposition products during the pyrolysis of C1 (the left panel) and A2 (the right panel) in shock 

tube. The data in the right panel are taken from [10] . 

Fig. 4. Experimental (symbols) and computed (lines) species concentrations during oxidative pyrolysis of C1 in flow reactor at T = 1030 K, p = 1 atm, input fuel concentra- 

tion = 305 PPM fuel, φ = 1. See Table S3 in the SPM for the computational initial condition. 
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Fig. 5. Experimental (symbols) and computed (lines) ignition delay times of Jet A (A2) and Gevo (C1) in 4% O 2 diluted by Ar (the left panel), and in air (the right panel). 

The error bars are estimated experimental uncertainties (20% in the ignition delay and 1% in the temperature). 

Fig. 6. Mole fraction profiles computed for the oxidation of C1 (the left panel) and A2 (the right panel), both at 1400 K. 
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in Fig. 5 . Clearly, the IDT of A2 and and C1 exhibit different re-

sponses to temperature. Above 1250 K (the left panel of Fig. 5 ), A2

ignites faster than C1; below 1250 K (the right panel of Fig. 5 ), C1

has shorter IDT. Analyses show that the observed difference can be

explained by the rate of fuel decomposition versus the rate of oxi-

dation of the resulting decomposition products. Above 1250 K, fuel

decomposition is fast for both A2 and C1. Under this condition, C1

has a longer IDT than A2 because the oxidation of i -C 4 H 8 is slower

than that of C 2 H 4 , owing to the fact that the iso -butenyl ( i -C 4 H 7 ) is

a resonantly stabilized species. Its reaction with O 2 is substantially

slower than the reaction between vinyl (C 2 H 3 ) and O 2 . The slower

ignition of C1 is consistent with an earlier observation [25] that

branched-chain hydrocarbons tend to require a longer time to ig-

nite than normal-chain hydrocarbons. Below 1250 K, however, the

overall reaction rate is limited by thermal decomposition of the

parent fuel. Because C1 decomposes faster than A2, its overall in-

duction time shortens as compared to A2. 

To illustrate the above points, Fig. 6 presents the mole fraction

profiles of selected species computed for A2 and C1 oxidation at

1400 K and 1.3 atm. The fuel profiles indicate C1 is consumed at
20 μs and A2 is depleted at ∼60 μs, while the IDT for C1 and

2 are ∼2412 μs and 641 μs, respectively. In both cases, the time

cales of fuel decomposition are substantially smaller than IDT,

nd thus the disparity in the oxidation rates between i -C 4 H 8 and

 2 H 4 dictates the induction time. At a lower temperature of 1050 K,

owever, the thermal decomposition of the fuel is rate limiting,

s shown in Fig. 7 . Under the condition shown, fuel decomposi-

ion takes up more than 90% of the total time to ignition; the fuels

hemselves are present as the dominant species during almost the

ntire ignition process. As the overall rate of C1 pyrolysis is faster

han A2, the IDT of C1 becomes shorter than that of A2. Overall,

he effects of the diluent (Ar versus N 2 ) and reactant concentra-

ion are found to be small for the difference in the ignition-delay

bserved between the A2 and C1 fuel. 

The fact that towards low temperatures (e.g., the condition as

hown in Fig. 7 ) the HyChem approach still reproduces the igni-

ion delay time of both fuels ( cf. , the right panel of Fig. 5 ) suggest

hat some of the key assumptions of the HyChem approach can be

elaxed. Specifically, HyChem assumes that (a) the fuel decomposi-

ion is not rate limiting, and (b) the oxidation of the decomposed
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Fig. 7. Mole fraction profiles computed for the oxidation of C1 (the left panel) and A2 (the right panel), both at 1050 K. 

Fig. 8. Measured (symbols) and simulated (lines) laminar flame speeds of A2/air 

and C1/air mixtures ( T u = 403 K, p = 1 atm). 
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neat fuels. 
roducts must be rate limiting (i.e., assumptions 2 and 4 as stated

n Ref. [9] ). These two related assumptions appear to be unneces-

ary. Even if the fuel decomposition is rate limiting, the decoupled

reatment of fuel pyrolysis followed by decomposed product oxi-

ation appears to be valid under all conditions tested thus far. 

The experimental S ◦u of C1 flames are lower than those of A2

ver the range of φ tested, as shown in Fig. 8 , again due to the fact

hat the flame propagation is largely controlled by the heat release

ate and, hence, the oxidation rate of the decomposed products.

hile the A2 model accurately predicts the experimental data as

hown in the ealier study [10] , the C1 model slightly underpre-

icts the measured S ◦u . Sensitivity analysis suggests that the cause

or the discrepancy is the foundational fuel chemistry model, es-

ecially in the reactions associated with i -C 4 H 8 and i -C 4 H 7 . Tests

f other foundational fuel chemistry models were made, including

he more recent Aramco model (V2.0) [26] , but none were able to

ield a better agreement than what is seen in Fig. 8 using the orig-

nal or updated USC mech II. 
.3. A2–C1 blends 

The measurements and HyChem predictions of the five sets

f flow reactor experiments are presented in Fig. 9 . The uncer-

ainty bars represent data scatter over at least four measurements.

ood reproducibility was achieved during the experiments. Again,

o avoid the mixing effects in the entrance of the flow reactor,

imulations were initiated at around 3 ms of reaction time. All

pecies measured at that reaction time were used as input, which

s provided in Table S4 of the SPM. Again, the small mismatch

f the A2 and C1 fuel concentrations at 3 ms is the result that

he species not accounted for in the HyChem model are lumped

nto the fuel, in these cases, proportionally between A2 and

1. 

Similar to the neat fuel results, both the model predictions

nd experiment show that the fuel decay of C1 in the blends

s faster than A2 under comparable conditions. Furthermore, the

ecomposition rate of each fuel scales with blending mole ra-

ios relative to the neat fuels. This indicates that one fuel in the

lends has no or negligible impact on the decomposition of the

ther. Most of the products exhibited the same behavior. Neat

1 produces mostly i -C 4 H 8 ; the blends produce progressively less

 -C 4 H 8 as the amount of C1 is reduced in the blends. Quantita-

ively, the i -C 4 H 8 yield in each blend is proportional to the C1

ole ratio in the blend. Other products examined include C 3 H 6 ,

 2 , CH 4 , and 1-C 4 H 8 , all of which showed behaviors identical to

 -C 4 H 8 . Kinetic coupling is observed, however, in C 2 H 4 production.

he blended HyChem model predicts this coupling as well as the

roducts that show no coupling, suggesting that the observed ki-

etic coupling occurs because of changes in the radical pool con-

entration, as the fuel coupling is not considered in the blended

odel. 

Figure 10 shows the impact of stoichiometry by doubling the

uel input. With the higher fuel input, more complex chemistry is

xpected. Nevertheless, the same conclusion can be drawn from

uel decay and product time profiles. The only exception again is

 2 H 4 formation, where kinetic coupling is observed. Nevertheless,

he blended HyChem model captures the observed feature. Overall,

he flow reactor experiments show that the formation of products

ther than C 2 H 4 is proportional to the blending molar ratios of the
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Fig. 9. Experimental (symbols) and HyChem predictions (lines) of the oxidative pyrolysis of neat and blended A2–C1 fuels in the flow reactor (Operating conditions: 

T = 1030 K, p = 1 atm, φ = 1.0, average initial fuel mole fraction = 310 ( ± 5) PPM. 20A2-80C1 designates 20-unit volume A2 blended with 80-unit volume of C1). For the 

simulation, the initial species concentrations of all the mixtures (at 3 ms) are taken from the measured values with the missing carbon lumped into the fuel proportionally. 

See Table S4 of the SPM for the computational initial conditions. 
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4.4. Blend speciation from shock-tube experiments 

Shock tube pyrolysis experiments measured the formation of

three major products, C 2 H 4 , C 3 H 6 , and i -C 4 H 8 , over the tempera-

ture range from ∼1025 to 1325 K, in the blends as well as neat

fuels. The measurements and model predictions are shown in Fig.
1 . All the measurements are reported at 2 ms reaction time. The

ata exhibit some scatter, but the overall trends are clear. C 2 H 4 and

 -C 4 H 8 are the major products in A2 and C1 fuels, respectively.

heir formation in the blends is closely related to the mole ra-

ios of the individual fuels. While the C 2 H 4 and i -C 4 H 8 formation

n all fuels is very sensitive to temperature, the C 3 H 6 generation
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Fig. 10. Experimental (symbols) and HyChem predictions (lines) of of the oxidative pyrolysis of blended A2-C1 fuels in the flow reactor (Operating conditions: T = 1030 K, 

p = 1 atm, φ = 2.0, average initial fuel mole fraction = 606 PPM). For the simulation, the initial species concentrations of the 80A2-20C1 and 50A2-50C1 mixtures (at 3 ms) 

are taken from the measured values with the missing carbon lumped into the fuel proportionally; and those of the 20A2-80C1 mixture are directly taken from the measured 

values. See Table S4 of the SPM for the computational initial conditions. 
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howed only weak dependence on temperature. The blended Hy-

hem model for A2–C1 provided an overall good predictions of

hese speciation data. 

.5. Ignition delay time of A2–C1 blends 

IDTs for the A2–C1 blends were also measured in the shock

ube at temperatures from 1200 to 1500 K. The measurements and

redictions are shown in Fig. 12 . As discussed earlier, under these

igh temperature conditions, the ignition process is largely gov-

rned by the oxidation of the decomposed products. Because C 2 H 4 

xidation is faster than i -C 4 H 8 , neat A2 has a shorter IDT than the

eat C1, while the IDT of the blended fuels lies between those of

he two neat fuels, decreasing with less A2 or increasing with more
1 in the blends. The experimental data show some scatter, yet the

rend of ignition delay is clear. The blended HyChem model cap-

ures this trend. 

Quantitatively, the C1 model over-predicts the C1 ignition delay

ata by 20–30%; and thus the combined model also overpredicts

he ignition delays of the blends to an extent. On the other hand,

he experimental values of the A2–air and 80A2-20C1–air mixtures

re equal, at least within the data scatters, though a larger ignition

elay time is expected for the 80A2-20C1 mixture under compa-

able conditions. As discussed in [10] , the kinetic rate uncertainty

f USC Mech II is the largest source of uncertainty in the HyChem

odel. For example, the rate uncertainty of USC Mech II can im-

act the ignition delay predictions for the A2 fuel by as much as

 factor of three. Here we conduct the same sensitivity analysis as
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Fig. 11. Experimental (symbols) and HyChem predictions (dashed lines) of ethylene 

(C 2 H 4 ), propene (C 3 H 6 ), and iso -butene ( i -C 4 H 8 ) in the pyrolysis of neat and blended 

A2–C1 fuels in the shock tube (Operating conditions: 0.4% fuel in Ar, p 5 = 1.2 atm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Experimental (symbols) and HyChem model predictions (lines) of igni- 

tion delay time of neat and blended A2–C1 fuels (Operation conditions: fuel in 

air, p 5 = 0.56 atm, φ = 1.0). The error bars are estimated experimental uncertainties 

(20% in the ignition delay and 1% in the temperature). 

Fig. 13. Sensitivity of HyChem model ignition delay time prediction of C1/air mix- 

ture at p 5 = 0.56 atm and φ = 1.0 condition. 

M  

s  

i

5

 

w  

r  

fl  

s  

c  

0  

o  

w  

t  

c  

fl

 

o  

a  
described in [10] , in which 500 random samples of reaction mod-

els are generated, and the rate constant of each reaction in USC

Mech II is randomly perturbed within its uncertainty. The result is

shown in Fig. 13 for C1/air mixture under the same condition as

that of Fig. 12 . It is seen that the rate uncertainty of USC Mech II

can lead to as much as an order of magnitude variations on the ig-

nition delay time prediction. Figure 14 shows a ranked sensitivity

spectrum computed for C1/air mixture at the initial temperature

of 1400 K and the same pressure and equivalence ratio. There is

one fuel-specific reaction ( R2 ) shown in the ranked spectrum, but

the sensitivity coefficient value is relatively small. The most impor-

tant reaction is H + O 2 = OH + O, which dictates the radical build-

up process, followed by several reactions related to CH 3 and H rad-

icals and i -C 4 H 8 molecule. The sensitivity spectrum suggests that

the reaction rates and uncertainties of small hydrocarbons in USC
ech II is likely the cause for the experiment-model discrepancy

een in Fig. 12 , given that the pyrolysis and oxidation chemistry of

 -C 4 H 8 is even less certain than those of C 2 H 4 . 

. Mechanism reduction 

HyChem models of C1 with 119-species and A2/C1 mixtures

ith 120-species are systematically reduced to obtain compact

educed models that are computationally efficient for large-scale

ame simulations. Model reduction is based on reaction states

ampled from auto-ignition and perfectly stirred reactors (PSR)

overing the pressure range of 0.5–30 atm, equivalence ratio of

.5–1.5, inlet temperature of 300 K for PSR, and initial temperature

f 10 0 0–160 0 K for auto-ignition, and a number of A2/C1 blends

ith 0%, 20%, 50%, 80%, and 100% (mole) of A2. It has been found

hat the thus-reduced models are applicable to different types of

ombustion phenomena including premixed flame propagation and

ame extinction [27] . 

A skeletal reduction is first performed based on the method

f directed relation graph (DRG) [28] and DRG-aided sensitivity

nalysis (DRGASA) [29] , followed by a time-scale based reduction
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Fig. 14. Ranked logarithmic sensitivity coefficients of the ignition delay time of C1–air mixture at an initial temperature of 1400 K, an initial pressure of 0.56 atm, and 

equivalence ratio of 1.0. 
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Fig. 15. Number of retained species as a function of the user-specified relative error 

tolerance in DRGASA for (a) C1 and (b) A2/C1 blends. 

fl  

d  

s  

(  
sing the linearized quasi steady state approximations (LQSSA).

uring skeletal reduction, DRG first maps the species couplings to

 graph, and the species important to selected starting species are

hen identified through a recursive graph search. The H atom is

elected as the starting species in the present study with a thresh-

ld error tolerance of 0.3 to control the worst-case reduction error,

esulting in 93- and 99-species skeletal models for C1 and A2/C1

ixtures, respectively. Next, DRGASA is performed with target pa-

ameters being ignition delay and residence time at several points

ear PSR extinction. 

Figure 15 shows the reduction curves of DRGASA for C1 and

2/C1 blends, respectively. It is seen that the number of species

n the skeletal model decreases rapidly for error tolerances smaller

han about 0.2, and any additional species removal results in rapid

rowth in the worst-case reduction error. By using an error thresh-

ld of 0.22 in DRGASA, a 42-species skeletal model for C1 and a

1-speices skeletal models for A2/C1 mixtures are obtained. 

LQSSA is then applied to further reduce the skeletal models. Us-

ng the same reaction states sampled for the skeletal reduction,

1-species for C1 and 12-species for A2/C1 blends are identified

s globally valid quasi steady state (QSS) species using a method

ased on computational singular perturbation (CSP) [30] . The fi-

al reduced models consist of 31 species for C1 and 39 species

or A2/C1 blends. The QSS species are removed from the trans-

ort equations with their concentrations being analytically solved

sing internal algebraic equations [31] . The approach ensures el-

ment conservation as demonstrated in Ref. [32] . Both the skele-

al and reduced models are available for download at the HyChem

ebsite. They include both the models for the C1 fuel only and for

2/C1 blends. 

Figure 16 shows the selected validation results of 50%/50% of

he A2/C1 blends comparing the skeletal and reduced models to

he detailed model for ignition delay, PSR extinction, and laminar
ame speed. The worst-case error is approximately 9% for ignition

elay, 6% for PSR extinction residence time, and 2.7 cm/s for flame

peed. Similar agreement is observed for lean and rich mixtures

 φ = 0.5–1.5) for C1 ignition delay and PSR extinction, as well as
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Fig. 16. Selected validation of the skeletal and reduced models for (a) ignition delay, (b) PSR extinction, and (c) laminar flame speed with free stream temperature of 300 K 

for 50%/50% of the A2/C1 mixture. Detailed: solid lines, skeletal: dotted lines, reduced: symbols. 
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the A2/C1 blends. Additional test results are shown in section S5

of the SPM (Figs. S7–S13). 

6. Conclusions 

The present work demonstrated the use of the HyChem ap-

proach for the combustion chemistry of an alternative, bio-derived

jet fuel (C1), and its comparison with the conventional, petroleum-

based jet fuel (A2). Flow reactor experiments revealed that C1 de-

composes faster than A2; both the flow reactor and shock tube

experiments showed that C1 produces mostly i -C 4 H 8 rather than

C 2 H 4 . The ignition delay time of C1 was determined to be longer

than that of A2 at high temperatures (above 1250 K), stemming

from the difference in the oxidation rates of i -C 4 H 8 and C 2 H 4 . At

lower temperatures (below 1250 K) on the other hand, fuel de-

composition becomes rate limiting and C1 was found to ignite

faster than A2. The laminar flame speeds of A2/air mixtures were

determined to be higher than those for C1/air mixtures over a

fairly wide range of equivalence ratios. The overall agreement be-

tween the HyChem model predictions and experiment was shown

to be satisfactory. The fact that the HyChem model developed from

species time profile data can predict ignition delay and laminar

flame speed data for the same fuel, suggests that the approach is

robust and can lead to accurate predictions of combustion proper-

ties outside the range of condition where the model is derived. 

One of the key objectives of the present study was to investi-

gate whether the HyChem models developed individually for two

drastically different fuels could be simply combined to model the

combustion behaviors of the blends of the same two fuels. Pyrol-

ysis, oxidation, and ignition delay time measurements were con-

ducted for several blends of the A2 and C1 fuels in both flow re-

actor and shock tube. A “linear blending rule” was observed for

the fuel decay as well as the formation of most of the products

with respect to the blending molar ratios of the fuels. The blended

HyChem model predicts the experimental observations well, show-

ing that HyChem models can be “additive.” In a broader context,

HyChem models currently available for the A2 and C1 fuels may

be sufficient for describing the combustion behaviors of all neat

or blended jet fuels as long as the dominant fuel decomposition

products are C 2 H 4 , i -C 4 H 8 , or both. 
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