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A B S T R A C T

The Hybrid Chemistry (HyChem) approach is applied to model the combustion chemistry of Gevo’s alcohol-
to-jet (ATJ) fuel, a conventional Jet A fuel, and their blends. The focus of the current study is on the
foundational fuel chemistry submodel in the HyChem approach. Specifically, the newly developed Foundational
Fuel Chemistry Model 2 (FFCM-2) is used as the base model for describing the high-temperature pyrolysis and
oxidation kinetics of hydrogen, carbon monoxide, formaldehyde, and C1-4 hydrocarbons. Key issues addressed
and resolved include difficulties of a previous kinetic model in accurately predicting the pyrolysis kinetics
and combustion properties of iso-butene, which is the key intermediate in the combustion of the ATJ fuel.
Additionally, we show that FFCM-2, being fully assessed for its kinetic uncertainty, enables us to quantify the
uncertainties of the HyChem models of both real fuels.
1. Introduction

In an earlier work we proposed a physics-based Hybrid Chemistry
(HyChem) approach to modeling real liquid fuels [1,2]. The approach
leverages the fact that high-temperature combustion of large hydrocar-
bons and real liquid fuels proceeds in two separate stages: the fuel first
decomposes into intermediate fragment species which are consisted of
primarily H2, C1-4 hydrocarbons, benzene and toluene (referred to as
foundational fuels), followed by the oxidation of the fragments. These
two steps can be modeled separately: the fast fuel decomposition may
be described by several global, lumped reactions based on speciation
measurements. The oxidation of the fragments is rate-limiting and thus
must be treated with a detailed chemistry model. To illustrate the
above point, Fig. 1 shows the species time-history during oxidation of
Gevo’s alcohol-to-jet (ATJ) fuel and a conventional aviation fuel Jet
A, where the experimental data are taken from previous studies [2,3]
and the simulation results are from HyChem model predictions [2,3].
Clearly, fuel decomposition is temporally separable from the oxidation
of the pyrolysis products. HyChem removes the difficulty in defining
the composition of real fuels; it relies on the more direct speciation
data that define the combustion chemistry properties of a real fuel.
The HyChem approach significantly reduces the number of species and
reactions which are often difficult to study from first-principles or ex-
periments; and it has been successfully applied to model a series of real
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fuels, from conventional jet fuels [1,2], synthetic jet fuels [4], rocket
fuels [2], gasoline fuels [5], and sustainable aviation fuels [3], to NO𝑥
formation from Jet A combustion [6]. HyChem models have also been
used in some of the recent direct numerical simulations of turbulent
combustion problems and computational fluid dynamics of real-fuel
combustion behaviors in complex combustors (see, e.g., [7–16]).

Earlier HyChem studies used USC Mech II [17] as the foundational
fuel chemistry model. While the resulting HyChem models were able to
predict a range of combustion property data, including laminar flame
speed, non-premixed flame extinction strain rates, and ignition delay
time, a key issue identified was that the model prediction uncertainties
remain large. These uncertainties stem largely from the rate parameter
uncertainties in USC Mech II [2,3,18]. Another issue is the deficiency
of USC Mech II in the iso-butene (𝑖-C4H8) chemistry. Gevo ATJ consists
primarily of two highly-branched alkanes: iso-dodecane (𝑖-C12H26) and
iso-cetane (𝑖-C16H34) [3,19]; its high-temperature decomposition yields
𝑖-C4H8 as a major intermediate species (see, Fig. 1).

The aforementioned issues with USC Mech II led us to re-examine
the foundational fuel chemistry model in recent years. FFCM-1 [20,21]
was such an effort, but the fuel coverage of the FFCM-1 model is narrow
and ranges from H2, syngas, to CH4 only. Very recently, we developed
Foundational Fuel Chemistry Model version 2.0 (FFCM-2) [22]. FFCM-
2 assembles the state of kinetic knowledge in C0-4 fuel combustion
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Fig. 1. Flow reactor species time–history predicted by the earlier, USC Mech II based HyChem ATJ and Jet A models for the oxidative pyrolysis of 305 ppm ATJ (left column)
and 314 ppm Jet A (right column) in a vitiated oxygen–nitrogen mixture at temperature 𝑇 = 1030 K and pressure 𝑝 = 1 atm. The symbols and lines are experimental data and
model predictions for Jet A from [2] and ATJ from [3], respectively. Error bars indicate 2𝜎 uncertainty of the data, many of which are smaller than the symbol sizes.
chemistry into a reaction model, and improves its prediction accuracy
by assimilating a wide range of legacy combustion property data into
the model through a rigorous parameter optimization and uncertainty
minimization study. Optimization and uncertainty minimization used
a version of the Method of Uncertainty Minimization using Polynomial
Chaos Expansions (MUM-PCE) [23,24] that is now extended to the use
of neural network (NN)-based response surfaces [25]. The NN-MUM-
PCE improved the overall accuracy, efficiency, and scalability of the
original MUM-PCE and enabled the optimization of FFCM-2 against
1192 fundamental combustion property targets over a wide range of
thermodynamic conditions.

A key objective of the current work is to examine closely the 𝑖-C4H8
chemistry in FFCM-2, and in doing so, re-examine the HyChem model
for the ATJ fuel. In the current work, we advanced a systematic ap-
proach to deriving the HyChem model parameters through the solution
of an inverse problem using an improved foundational fuel chemistry
model. A conventional aviation fuel Jet A is included in the current
analysis because of the interest in ATJ-Jet A fuel blends. Lastly, we
assess the impact of reduced prediction uncertainty of the optimized
FFCM-2 on the prediction uncertainty of the updated HyChem models.

2. Methods

2.1. iso-Butene chemistry

In this section, we briefly summarize the FFCM-2 effort, and illus-
trate the development process using the 𝑖-C4H8 sub-model as an exam-
ple. The optimized FFCM-2 and additional details, including the full list
of the optimization targets, are available at https://web.stanford.edu/
group/haiwanglab/FFCM2/ [22]. Separately, the HyChem parameters
were determined subsequently for two aviation fuels using methods to
be discussed later in this section.

The trial FFCM-2 comprises of 96 species and 1054 reactions, cover-
2

ing the combustion chemistry of relevant C0-4 foundational fuels [22].
The trial model was compiled after reviewing the state of knowledge
for the foundational fuel reaction kinetics. The reactions and their
rate constants were sourced from 227 publications that date back to
1960 [22]. Legacy fundamental combustion property data (laminar
flame speed, shock tube ignition delay time and species time–history
measurements) were collected, resulting in the Stanford Fundamental
Combustion Property Database (SFCPD) that consists of 2148 sets of
data dating back to 1937 [22]. A total of 1192 optimization targets
were selected from this database, and the coverage of the optimization
targets is provided in Table S1 of the Supplementary Materials (SM).
For each selected target, experimental uncertainty was evaluated, tak-
ing into consideration the statistical consistency among the data and
the underlying measurement techniques. More details about optimiza-
tion targets and additional test data are available from the FFCM-2
website [22].

For the current work, we focus on the reaction kinetics of the
𝑖-C4H8 submodel of FFCM-2. Relevant combustion property data [26–
37] are discussed in Section S2 of the Supplementary Materials (SM).
Highlighted below are several key reaction for 𝑖-C4H8 pyrolysis and
oxidation, and the source of the trial model rate parameter assignments.
In a recent work, Nagaraja et al. [30] measured the products formed
during the pyrolysis of 2% 𝑖-C4H8-98% Ar at pressure 𝑝5 = 2 atm,
temperature 𝑇5 = 982 − 1764 K, and residence time around 3 ms, in
a single-pulse shock tube. They found that the isomerization of 𝑖-C4H8

𝑖-C4H8 ⇌ 1-C4H8 , (1)

𝑖-C4H8 ⇌ 2-C4H8 , (2)

1-C4H8 ⇌ 2-C4H8 , (3)

could be critical to the destruction of 𝑖-C4H8. In FFCM-2, the rate
constants of these reactions were determined by combining reaction
rate theory analysis with constrained optimization against shock tube

speciation data. The trial rate constants were calculated through a
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Table 1
HyChem parameters and their physical limits.

Fuel Descriptions Parameters Rangea

ATJ

𝐴-factors of the lumped ATJ reactions 𝐴1 − 𝐴7 [𝐴𝑘, 0∕10, 𝐴𝑘, 0 × 10]

Number of H produced in the C–C fission reaction
per C𝑚H𝑛 in reaction (14)

𝛼1 [0, 2]

Number of H produced in the H-abstraction
reactions per C𝑚H𝑛 in reaction (15)

𝛽1 [0, 1]

Ratio of C2H4 to 𝑖-C4H8 𝜔2 [0, 1]
Ratio of C3H6 to 𝑖-C4H8 𝜔3 [0, 1]

Jet A

𝐴-factors of the lumped Jet A reactions 𝐴8 − 𝐴14 [𝐴𝑘, 0∕10, 𝐴𝑘, 0 × 10]

Number of H produced in the C–C fission reaction
per C𝑚H𝑛 in reaction (16)

𝛼2 [0, 2]

Number of H produced in the H-abstraction
reactions per C𝑚H𝑛 in reaction (17)

𝛽2 [0, 1]

CH4 yield per C𝑚H𝑛 in addition to H abstraction
by CH3 in reaction (17)

𝛾 [0, 𝛾max]b

Ratio of C3H6 to C2H4 𝜆3 [0, 1]
Ratio of 𝑖-C4H8 to C2H4 𝜆4, 𝑖 [0, 1]
Ratio of 1-C4H8 to C2H4 𝜆4, 1 [0, 1]
Ratio of C6H6 to C6H6 + C6H5CH3 𝜒 [0, 1]

a For the stoichiometric parameters, the range values correspond to their physical bounds; while for the 𝐴-factors, the ranges
correspond to allowed bounds (i.e. upper/lower by factor of 10) during HyChem parameter determination.
b 𝛾max = [−(4 − 𝜒)𝑚 + (7 − 𝜒)𝑛∕2 + 3𝛽2]∕(10 − 𝜒) − 1 by setting 𝑒𝑎, 2 ≥ 0 in reaction (17).
w
o
c
a
n

𝑥

methylcyclopropane (MCP) intermediate on the basis of experimental
observations [38] for MCP shock tube isomerization to the butene iso-
mers. Quantum chemistry calculations on cyclopropane ring opening to
propene [39] provided guidance for transition state parameters to the
concerted hydrogen shift–ring opening process. We conducted master
equation [40] calculations (𝑇 = 1000−2000 K, 𝑝 = 1−10 atm) with the
MultiWell code [41] to produce the initial rate parameters, thought to
be peripheral at the time, adjusting the transition state parameters and
barriers to mimic the MCP experimental results. Note for brevity our
model uses a thermal average of the cis- and trans-2-butene and omits
cyclic isomers.

The allylic-site hydrogen abstraction by H radical and the chemi-
cally activated addition reaction of H radical to 𝑖-C4H8

𝑖-C4H8 + H ⇌ 𝑖-C4H7 + H2, (4)

𝑖-C4H8 + H ⇌ C3H6 + CH3 (5)

were adopted from the RRKM [42–44] and master equation calculations
by Power et al. [45]. The hydrogen abstraction reaction by CH3

𝑖-C4H8 + CH3 ⇌ 𝑖-C4H7 + CH4 (6)

was from the rate constant calculations by Wang and Dean [46] based
on CBS-QB3 level of theory [47].

Key reactions of 𝑖-C4H8 oxidation were carefully evaluated, taking
into consideration multiple literature studies. For example, ignition
delay times of 𝑖-C4H8/air mixtures are sensitive to the allylic-site
hydrogen abstraction

𝑖-C4H8 + O2 ⇌ 𝑖-C4H7 + HO2 (7)

under elevated pressures and high oxygen concentrations [28,35]. The
rate expression of Lokachari et al. [37] was adopted. The rate expres-
sion of hydrogen abstraction by OH,

𝑖-C4H8 + OH ⇌ 𝑖-C4H7 + H2O (8)

was derived from a joint consideration of the shock tube measurements
by Khaled et al. [48] and Vasu et al. [49]. Other rate assignments are
discussed in [22].
3

2.2. FFCM-2 optimization and uncertainty minimization

The neural network based MUM-PCE (NN-MUM-PCE) [25] ap-
proach was used for optimization and uncertainty minimization of
FFCM-2. Details are given in [22]. Briefly, 𝐾 = 1052 rate parameters
(1029 𝐴-factors and 23 third-body Chaperon efficiencies) in the model
were optimized against 𝑀 = 1192 combustion property targets by
solving a globally constrained minimization problem given as,

min
𝐱

𝛷1(𝐱) = min
𝐱

{

𝑀
∑

𝑚=1

( 𝑦𝑚(𝐱) − 𝑦𝑚,𝑜𝑏𝑠
𝜎𝑚,𝑜𝑏𝑠

)2
+ ‖𝜆𝐱‖22

}

, 𝑠.𝑡., 𝐱 ∈ [−𝟏, 𝟏] , (9)

here 𝑀 is the number of experimental targets, 𝐱 ∈ R𝐾 is the vector
f normalized rate parameters, 𝐾 is the number of rate parameters
onsidered in optimization, including the 𝐴-factors of all reactions
nd selected third-body Chaperon efficiencies (𝛽𝑀 ). We define the
ormalized rate parameters 𝑥𝑘 and 𝑥𝑙 as

𝑘 =
log(𝐴𝑘∕𝐴𝑘,0)

log 𝑓𝑘
, (10)

𝑥𝑙 =
log(𝛽𝑀,𝑘∕𝛽𝑀,𝑘,0)

log 𝑓𝑀,𝑘
, (11)

where 𝑓𝑘 and 𝑓𝑀,𝑘 are the respective uncertainty factors, and 𝐴𝑘,0
are 𝛽𝑀,𝑘,0 are the trial model assignments. The first term of Eq. (9)
measures the residual sum of squares between the computed 𝑦𝑚(𝐱) and
experimental target 𝑦𝑚,𝑜𝑏𝑠, inversely weighted by the squares of the
standard deviation of the target 𝜎𝑚,𝑜𝑏𝑠. The second term is introduced
to prevent the optimization from over-fitting the targets, where 𝜆
is a regularization factor that provides weighting between the rate
parameters and combustion property targets. In FFCM-2 optimization,
𝜆 = 4 was found to be an appropriate choice [22], as it provides roughly
equal weighting between the first and second terms of Eq. (9). The
computed 𝑦𝑚(𝐱) is represented by a response surface (or a surrogate
model) using a fully-connected neural network, which maps 𝐾 = 1052
active rate parameters to the computed combustion property using
training samples generated from suitable Monte Carlo simulations [25].

To minimize model uncertainties, we assumed a multivariate log-
normal distribution on x in the prior distribution. We could linearize
the response surfaces after optimization, and express the optimized rate

∗ (𝟎)∗ (𝟏)∗
parameter as 𝐱 = 𝐱 + 𝐱 𝜉, where 𝜉 ∼  (0, 1) is a standard normal
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Fig. 2. Pyrolysis of 2% 𝑖-C4H8 in Ar at 𝑝5 = 2 atm, over the temperature range of 𝑇5 = 982 − 1764 K. Symbols are experimental data (Nagaraja et al. [30]). The dashed and solid
lines represent predictions by the trial and optimized FFCM-2, respectively.
F
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random variable, and the mean 𝐱(𝟎)∗ is the optimized rate parameter.
Using the Bayes’ rule, the posterior covariance matrix may be obtained
analytically as

𝚺∗ = 𝐱(𝟏)∗𝐱(𝟏)∗T =
(

𝑀
∑

𝑚=1

𝐉T𝐦𝐉𝐦
𝜎2𝑚,𝑜𝑏𝑠

+ 𝜆2𝐈
)−1

, (12)

here 𝐉𝐦 = (𝜕𝑦𝑚∕𝜕𝐱)|𝐱=𝐱(𝟎)∗ is the Jacobian matrix of the 𝑚th target
valuated at the optimal point, and 𝐈 is the identity matrix. Clearly,
he covariance matrix of the trial model is a diagonal matrix, given as
−2𝐈.

Following the approach of polynomial chaos expansions [23], the
odel prediction uncertainties can be evaluated analytically using

∗2
𝑚 = ‖𝐉T𝐦𝐋‖

2
2 +

1
2
‖𝐋T𝐇𝐦𝐋‖2𝐹 , (13)

here 𝐉𝐦 and 𝐇𝐦 are the Jacobian and Hessian matrices, respec-
ively, and 𝐋 is the Cholesky decomposition of the covariance matrix
𝚺 = 𝐋𝐋T). The subscripts 2 and 𝐹 stand for the Euclidean norm and
he Frobenius norm, respectively.

.3. HyChem model and its parameters

The two aviation fuels considered are the Gevo ATJ fuel (POSF
1498) and a conventional Jet A (POSF10325), where the POSF num-
4

er refers to the fuel batch number designated by the National Jet
uels Combustion Program [19]. In the HyChem formulation, the ATJ
uel (POSF11498) is represented as (C13H28) [3] and the lumped fuel
eactions are

C13H28 → 𝑒𝑑,1(𝑖-C4H8 + 𝜔3C3H6 + 𝜔2C2H4) + 𝛼1H + (2 − 𝛼1)CH3 , (14)
C13H28 + R → RH + 𝑒𝑎,1(𝑖-C4H8 + 𝜔3C3H6 + 𝜔2C2H4) + 𝛽1H + (1 − 𝛽1)CH3 .

(15)

Similarly, we consider C11H22 for Jet A (POSF10325) [2]:

C11H22 → 𝑒𝑑,2(C2H4 + 𝜆3C3H6 + 𝜆4,𝑖𝑖-C4H8 + 𝜆4,11-C4H8)

+ 𝑏𝑑 [𝜒C6H6 + (1 − 𝜒)C7H8] + 𝛼2H + (2 − 𝛼2)CH3 , (16)
C11H22 + R → RH + 𝛾CH4 + 𝑒𝑎,2(C2H4 + 𝜆3C3H6 + 𝜆4,𝑖𝑖-C4H8 + 𝜆4,11-C4H8)

+ 𝑏𝑎[𝜒C6H6 + (1 − 𝜒)C7H8] + 𝛽2H + (1 − 𝛽2)CH3 . (17)

where R = H, CH3, OH, O2, HO2, and O. The HyChem parameters are
summarized in Table 1. There are four independent stoichiometric pa-
rameters (𝜔3, 𝜔2, 𝛼1, 𝛽1) and seven rate coefficients to be determined for
ATJ. For Jet A, we have seven independent stoichiometric coefficients
(𝜆3, 𝜆4,𝑖, 𝜆4,1, 𝛾, 𝜒 , 𝛼2, 𝛽2) and seven rate coefficients. The stoichiometric
parameters 𝑒𝑑,1, 𝑒𝑎,1, 𝑒𝑑,2, 𝑒𝑎,2, 𝑏𝑑 and 𝑏𝑎 are dependent variables due to
C and H elemental conservation [2,3].

The HyChem formulation and the underlying assumptions are the

same as those in the earlier HyChem work [1–3]. Differing from the
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Fig. 3. Ranked sensitivity coefficients computed for 1-C4H8 and 2-C4H8 yields in shock tube pyrolysis of 2% 𝑖-C4H8 in Ar at 𝑇5 = 1352 K, 𝑝5 = 2 atm, and 3 ms residence time.
Fig. 4. Shock tube speciation time history predicted by the trial and optimized FFCM-2
for the pyrolysis of 1% 𝑖-C4H8 in Ar at various temperatures and pressure 𝑝5 near 5.5
atm. The solid lines are experimental data [29]. The dashed-dot-dashed lines represent
the optimized FFCM-2, and the dashed lines represent the trial FFCM-2. The shaded
areas show the temperature sensitivity (±15 K) calculated using the optimized FFCM-2.

earlier effort is the use of FFCM-2 as an improved foundational fuel
chemistry model (rather than USC Mech II). In the current work, we
demonstrate and document how HyChem parameters are updated when
USC Mech II is replaced by FFCM-2. More importantly, we assess
the HyChem model uncertainty by considering the remaining uncer-
tainty of the optimized FFCM-2. To determine the updated HyChem
parameters, we consider an inverse problem given by

𝛷2(𝐱) = min
𝐱

𝑀
∑

𝑚=1

( 𝑦𝑚(𝐱) − 𝑦𝑚,𝑜𝑏𝑠
𝜎𝑚,𝑜𝑏𝑠

)2
, (18)

where 𝑦𝑚,𝑜𝑏𝑠 and 𝜎𝑚,𝑜𝑏𝑠 refers to the 𝑚th speciation target data and its
uncertainty, respectively. As in the previous studies [2,3], the global
combustion properties (laminar flame speed and ignition delay time)
are used for model validation and testing only; they are not used as
5

the targets in HyChem parameter determination, thus differing from
FFCM-2 optimization, which considered both species measurements
and global combustion properties as optimization targets. For the flow
reactor experiments, we consider the species time-histories after 3 ms
of the reaction time as discussed in [2,3]. We considered all measured
foundational fuels/species as targets (C2H4, C3H6, 𝑖-C4H8, 1-C4H8,
CH4, C2H2, 𝑎-C3H4, 𝑝-C3H4, C6H6, C6H5CH3). For shock tube species,
all experiments discussed in [2] were considered as targets. Targets
were selected over intervals of every 0.25 ms. The optimized foun-
dational fuel chemistry model, FFCM-2, was frozen during HyChem
parameter determination. The reactions and rate constants of C5-7
species of USC Mech II are appended to FFCM-2 to account for the
aromatic chemistry. Low- and NTC-enabled HyChem models are also
available through this work, and the model formations are discussed in
the SM Section S8.

2.4. Kinetic simulations

Simulations used Cantera (version 2.6.0) interfaced with Python
[51]. For ignition delay times, we obtained the time histories by solving
the initial value problems under the constant-volume condition, using
the IdealGasReactor module. Ignition delay times are then deter-
mined using methods that are consistent with the experiments. Shock
tube species were simulated using the IdealGasConstPressur-
eReactor module, under constant pressure. Flow reactor species time
histories were simulated under the constant-temperature, constant-
pressure condition, at starting time around 3 ms with initial conditions,
as discussed in [2,3]. For laminar flame speeds, we implemented the
FreeFlame module. Each flame is computed on at least 400 mesh
grids, with thermal diffusion and multi-component transport.

3. Results and discussion

3.1. iso-Butene pyrolysis and oxidation

We first focus on the iso-butene (𝑖-C4H8) submodel of FFCM-2. Un-
der high-temperature pyrolytic conditions, the consumption of 𝑖-C H
4 8
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e

Fig. 5. Laminar flame speed and ignition delay time of several 𝑖-C4H8 mixtures. Symbols are experimental data. In panel (a), 3: Davis and Law [31], □: Kelly [32], 9: Zhao
t al. [33], ★★ : Park et al. [34], #: Zhou et al. [35] (CNRS data), ⊲: Zhou et al. (Princeton data) [35], ⊳: Zhou et al. (Texas A&M data) [35]. In panel (b), ⊲: Kelly [32], #:

Zhao et al. [33]. The dashed lines and solid lines are model predictions by the trial and optimized FFCM-2. The shaded areas are the 2𝜎 model prediction uncertainty bounds.
The filled diamonds with error bars are the experimental targets considered in FFCM-2 optimization and their 2𝜎 uncertainties.
is initiated by the C–H fission of 𝑖-C4H8 to produce a resonantly-
stabilized 𝑖-C4H7 (2-methylallyl) radical, and to a lesser extent, its iso-
merization to form 1-C4H8 and 2-C4H8. 𝑖-C4H8 also undergoes hydro-
gen abstraction by H and CH3 to form 𝑖-C4H7. The resonantly-stabilized
𝑖-C4H7 radical is a major intermediate during 𝑖-C4H8 pyrolysis. It under-
goes further decomposition to produce CH3 and allene (𝑎-C3H4). The
latter equilibrates quickly with propyne (𝑝-C3H4). Chemically activated
reactions involving H addition followed by C–C fission to form C3H6
and CH3 can be important also under some conditions. Fig. 2 shows
comparisons of the experiment [30] and model predictions for the
major and minor species in shock tube pyrolysis of 2% 𝑖-C4H8 in Ar
at 𝑝5 = 2 atm, over the temperature range of 𝑇5 = 982 − 1764 K. Two
observations can be made. First, the trial model yields predictions that
are generally in good agreement with the experiment. The model over-
predicts the production of 1-C4H8 and 2-C4H8, as we had expected,
because the trial assignments of the rate coefficients for reactions (1)
and (2) are rather tentative. Fig. 3 shows the peak yields of 1-C4H8
and 2-C4H8 to be sensitive to the isomerization from 𝑖-C4H8. FFCM-2
optimization used the mole fractions of 1-C4H8 and 2-C4H8 at 1352 K as
part of the optimization targets, and reduced the 𝐴-factors of reactions
(1) and (2) to 44% and 35% of their trial values, respectively. These
changes are well within the uncertainty bounds we assigned initially.
The yields of 1-C4H8 and 2-C4H8 predicted with the optimized FFCM-2
are now in close agreement with the experiment (Fig. 2b&c). In Fig.
S4, the trial and optimized isomerization reaction rate coefficients are
compared with that of the C–H fission reaction (𝑖-C4H8 ⇌ 𝑖-C4H7 + H),
showing that the optimized isomerization rates are comparable to that
of the C–H fission reaction, thus explaining the top sensitivity observed
for these initiation reactions during shock tube pyrolysis of 𝑖𝑠𝑜-butene.

Another observation from Fig. 2 is that both trial and optimized
FFCM-2 over-predicts propyne (𝑝-C3H4) and 1,3-butadiene (1,3-
C4H6) concentrations and under-predicts allene (𝑎-C3H4) and
ethane (C2H6) concentrations above 1400 K. The discrepancy is ex-
plained by missing benzene chemistry in FFCM-2 as the model truncates
at C . To illustrate this point, the C aromatics chemistry (benzene
6

4 5-7
and toluene) of USC Mech II was appended to the optimized FFCM-2;
and the resulting model is improved for these species (Fig. S2 of the
SM).

Time histories of 𝑖-C4H8 as measured during its pyrolysis in the Stan-
ford shock tube [29] are also considered as targets. Fig. 4 compares the
model predictions against experimental data, where the shaded areas
represent 𝑇5 ±15 K temperature sensitivity calculated by the optimized
FFCM-2. As shown, the trial model (dashed lines) over-predicts the 𝑖-
C4H8 consumption rates, while the optimized model predicts the rates
well within the expected data uncertainty. The optimization indicates
that key rate coefficients impacting 𝑖-C4H8 pyrolysis include reactions
(2), (3), and (6) (Section S4 of the SM). The rate coefficients of the two
isomerization reactions (reactions (2) and (3)) were changed signifi-
cantly from the trial assignments, with the optimized-to-trial rate ratios
of 0.34 and 0.45, respectively. These changes are not surprising con-
sidering that the initial assignments using reaction rate theories were
rather tentative and approximate. Changes to other 𝑖-C4H8 reactions
are smaller, and within 30% of the original estimates. In Fig. S3, we
compared the mean and 95% confidence interval of some key 𝑖-C4H8
reaction rate coefficients before and after uncertainty minimization,
showing that all changes are within the uncertainty bounds initially
assigned to the rate parameters.

The optimized FFCM-2 is validated and tested against the global
combustion properties (laminar flame speeds and ignition delay times)
over a wide range of thermodynamic conditions. Fig. 5 shows selected
results of the trial and optimized FFCM-2 on 𝑖-C4H8 flame speed and
ignition delay. In each panel, the experimental targets considered in
FFCM-2 optimization are marked by the filled symbols with error bars.
It can be seen that in comparison with the trial model, the optimized
FFCM-2 improves the prediction accuracy. As importantly, the pre-
diction uncertainties of the optimized model are significantly reduced
from the trial model, as evidenced by the narrowed 2𝜎 bands plotted.
Notably, the optimized model gives significantly reduced prediction
uncertainty in the laminar flame speed and ignition delay at elevated

pressures (Fig. 5c&f).
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Fig. 6. Time histories of key species during the oxidation of ATJ (left column, 305 ppm ATJ in a vitiated O2-N2 mixture at 𝜙 = 1) and Jet A (right column, 314 ppm Jet A in a
vitiated O2-N2 mixture at 𝜙 = 1) in the Stanford flow reactor at temperature 𝑇 = 1030 K and pressure 𝑝 = 1 atm. Symbols are experimental data: ATJ [3] and Jet A [2]. Lines are
calculations using the respective HyChem ATJ and Jet A models. Simulation starts at 2.87 ms using measured species concentrations as the input (see, [2,3]).
3.2. ATJ and Jet A models

Using FFCM-2 as the foundational fuel chemistry model (with ad-
dition of the USC Mech II benzene and toluene chemistry), we re-
examined the earlier HyChem models for ATJ [3] and Jet A [2]
combustion. As discussed before, the HyChem parameters were de-
termined through a subsequent inverse problem using pyrolysis and
oxidative pyrolysis speciation data [2,3]. The resulting parameter val-
ues are provided in Table S1 (Section S5 of the SM). Fig. 6 presents the
experimental data and model results for oxidative pyrolysis of ATJ and
Jet A (310 PPM fuel in vitiated O2-N2 mixtures at 1.0 equivalence ratio,
1030 K temperature and 1 atm pressure). As seen, the HyChem models
capture the time histories of the major and minor species well. Fig. 7
7

presents similar comparisons for shock tube pyrolysis of ATJ focusing
on four key pyrolysis products: 𝑖-C4H8, C3H6, C2H4 and CH4. Likewise,
the Jet A model reproduces also key species data: C2H4 and CH4.
Furthermore, Fig. S5 shows the HyChem model captures the measured
C2H4 yields in both pyrolysis and oxidative pyrolysis of Jet A at several
reaction times.

3.3. ATJ and Jet A HyChem model validation against global combustion
properties

A key aspect of the HyChem model development is that it relies on
the shock tube and flow reactor speciation data for model parameter
determination. Global combustion properties (e.g., laminar flame speed



Combustion and Flame 259 (2024) 113168Y. Zhang et al.
Fig. 7. Selected shock tube speciation data (symbols and lines with data noises) for ATJ [3] and Jet A [2] pyrolysis and current HyChem model simulations (solid lines). (a)
0.8% ATJ in Ar at 𝑇5 = 1070 K and 𝑝5 = 1.49 atm, (b) 0.77% ATJ in Ar at 𝑇5 = 1317 K and 𝑝5 = 1.31 atm, (c) 0.77% ATJ in Ar at 𝑝5 = 1.4 atm and residence time 𝜏 = 0.5 ms, (d)
0.73% Jet A in Ar at 𝑇5 = 1228 K and 𝑝5 = 12.4 atm, (e) 0.73% Jet A in Ar at 𝑝5 = 12.4 atm and 𝜏 = 0.5 ms, and (f) 0.73% Jet A in Ar at 𝑝5 = 12.4 atm and 𝜏 = 1.0 ms. Dashed
lines represent the computed ±15 K temperature sensitivity on the species mole fractions. Vertical error bars in (c), (e) and (f) represent the species measurement uncertainty;
horizontal error bars represent ±15 K 𝑇5 uncertainty.
and ignition delay time), are then used to test a model. As shown in
Fig. 8, the current HyChem model reproduce well the laminar flame
speed and ignition delay data of ATJ/air mixtures. Here we considered
the flame speed data of Wang et al. [3], and the more recent data of
Richter et al. [50], which were collected using a burner flame cone-
angle approach. As it can be seen in Fig. 8, the model predicts the
fuel-lean flame speed well for all three sets of flame speed data shown.
In the fuel rich region, some inconsistency is seen between the two
data sources: the HyChem model predicts a somewhat higher flame
speed value than the data of [3], while it produces a lower value than
the data of Richter et al. [50]. Overall, the model predictions are well
within the 2𝜎 uncertainties of the respective measurements for both the
8

flame speed and shock tube ignition delay. Plots for Jet A are shown in
Fig. 9 with similar observations: the updated HyChem model reproduce
the laminar flame speed and shock tube ignition delay data available
from [2] within the measurement uncertainties.

Critical to the current effort is an assessment of the impact of
FFCM-2 uncertainty minimization on the HyChem models. We show
in Figs. 8 and 9 the HyChem prediction uncertainties for each of the
global combustion properties considered. As the foundation model,
the optimized and uncertainty minimized FFCM-2 produces signifi-
cantly improved HyChem model prediction accuracy than using unop-
timized, trial FFCM-2. Critically, the uncertainty band sizes are reduced
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Fig. 8. Experimental (symbols, Wang et al. [3] and Richter et al. [50]) laminar flame speed and ignition delay time of ATJ/air mixtures compared to predictions (lines) of the
pdated HyChem model. The shaded areas show prediction uncertainties (95% confidence intervals), comparing optimized and uncertainty minimized FFCM-2 with its trial version
f the model. Error bars represent 2𝜎 data uncertainty.
Fig. 9. Experimental (symbols [2]) laminar flame speed of and ignition delay time of Jet A/O2/diluent mixtures compared to predictions (lines) of the updated HyChem model.
he shaded areas show prediction uncertainties (95% confidence intervals), comparing optimized and uncertainty minimized FFCM-2 with its trial version of the model. Error bars
re 2𝜎 uncertainty of selected data points.
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ignificantly when the optimized FFCM-2 compared to the trial FFCM-
. The impact is particularly large at elevated pressures than at the
mbient pressure. The results shown illustrates again that our ability to
9

redict the combustion properties of large, real liquid fuels lies largely
n the accuracy of the foundational fuel chemistry model, as discussed
n [2,3,18].
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Fig. 10. Experimental (symbols [3]) and computed (lines) species time history during oxidative pyrolysis of several 310 ppm ATJ/Jet A fuel blends in the Stanford flow reactor
at temperature 𝑇5 = 1030 K, pressure 𝑝5 = 1 atm and equivalence ratio 𝜙 = 1.0.
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.4. ATJ-Jet A blends

Owing to the relatively shorter time scale of fuel decomposition
han fragment oxidation, the pyrolytic reaction kinetics of blends of
wo real fuels typically do not couple with each other, and as such
he HyChem models developed for each fuel can be simply added to
ach other to make appropriate predictions for the blends [3]. Such
n ‘‘additive’’ behavior is consistent with the fast time scales for the
hermal decomposition of both fuels during their combustion. To again
llustrate this point, we plot in Fig. 10 key species time histories of
hree ATJ-Jet A blends (20%/80%, 50%/50% and 80%/20%) during
he early stage of their stoichiometric oxidation in the Stanford flow
eactor (𝑇 = 1030 K, 𝑝 = 1 atm) [3]. Consistently, both the experiment
nd model show the ‘‘additive’’ behavior in the decomposition species.
igure S6 of the SM presents a similar comparison for a fuel-rich case
𝜙 = 2). Figure S7 of the SM further shows that the simple ‘‘additive’’
yChem model reproduces the shock tube yield of C2H4, C3H6 and 𝑖-
4H8 for the same three ATJ/Jet A blends. In all cases, the production
f C H is invariant with respect to fuel blending as one would expect.
10

3 6
Fig. 11 shows that the combined ATJ-Jet A HyChem models cap-
ures the effect of blending on the ignition delay at two blending ratios:
0% ATJ – 50% Jet A and 20% ATJ – 80% Jet A. The impact of FFCM-2
ncertainty minimization is again illustrated here. While the HyChem
lended model using trial FFCM-2 reproduces the ignition delay data
losely, the prediction uncertainty remains large, by as much as ±50%,

for the ignition delay time considered. With the uncertainty-minimized
FFCM-2, the HyChem prediction uncertainty is reduced significantly,
to about ±15%–20%, as shown by the 2𝜎 bands of the predictions in
Fig. 11.

The critical impact of the foundational fuel chemistry model on the
prediction of combustion properties of real fuels may be understood
by examining Fig. S8 of the SM, where sensitivity spectra are shown
for the mixtures of Fig. 11, all at 𝑇5 = 1400 K. HyChem-specific rate
parameters play little role in the ignition delay predictions. For all
cases H + O2 ⇌ O + OH is the dominating reaction that impacts the
ignition delay. Further, we observed that the ignition delay of neat ATJ
is sensitive to the 𝑖-C4H8 chemistry (Fig. S8a). Notably, 𝑖-C4H8 + H ⇌
𝑖-C H + H and 𝑖-C H + H ⇌ C H + CH are both ranked among
4 7 2 4 8 3 6 3
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Fig. 11. Experimental (symbols, [3]) and computed (lines) ignition delay time of stoichiometric ATJ and Jet A in air and two stoichiometric ATJ/Jet A blends in air, at 𝑝5 = 0.56
atm. Error bars are data uncertainties [3]. Shaded areas are prediction uncertainties of the trial and optimized FFCM-2.
the top reactions. The H-abstraction of 𝑖-C4H8 by OH is also found in
the list. In comparison, the ignition delay of Jet A is sensitive to a
different set of reactions. Apart from H + O2 ⇌ O + OH, the reactions
involving C3H6 and the allyl radical (𝑎-C3H5) impact the oxidation
rate. The H-abstraction of C2H4 by OH also promoted the reactivity.
For the fuel blends, we again observe very little sensitivities from the
fuel-specific reactions or the HyChem parameters on the ignition delay
time. Because the sensitivity is overwhelmingly skewed toward the
foundational fuel chemistry, the tightening of the FFCM-2 uncertainty
also leads to the tightening of the HyChem prediction uncertainty. In
fact, the HyChem model uncertainties are smaller than the uncertainty
of the corresponding real-fuel experiments, as it can be seen in Fig. 11
as well as Figs. 8 and 9.

NTC-enabled HyChem models are also available from the current
study for the ATJ and Jet A fuels. The development of these models
are discussed in Section S9 of the SM. The model formulations follow
that of [2], and the comparisons to the experimental ignition delay
times covering high-, NTC- and low-temperature regions are provided
in Figs. S9, S10, and S11 of the SM. Lastly, we note that both the
high-temperature and NTC-enabled HyChem models are available in
Chemkin and Cantera formats from https://web.stanford.edu/group/
haiwanglab/FFCM2/docs/Application/.

4. Conclusions

In the current study, we updated the HyChem combustion reaction
models for Gevo ATJ and a typical Jet A using the recently developed
Foundational Fuel Chemistry Model version 2 (FFCM-2). A part of our
focus was on the iso-butene submodel of FFCM-2, showing that the
optimized and uncertainty-minimized FFCM-2 model is capable of re-
producing a large body of iso-butene pyrolysis and oxidation data with
significantly reduced prediction uncertainties. Further to this effort,
we demonstrate that uncertainty minimization of FFCM-2 is crucial
to making accurate predictions of the combustion properties of real,
11
multi-component liquid fuels through the HyChem approach. A system-
atic framework is also established for determining HyChem submodel
parameters, using as targets the thermal and oxidative pyrolysis data
measured in shock tube or flow reactor. The updated HyChem models
are shown to accurately predict the global combustion properties for
ATJ and Jet A. Of equal importance, the prediction uncertainties show
appreciable reduction owing to the minimized uncertainties in FFCM-
2. The two HyChem models can simply be combined to make useful
predictions for the combustion properties of ATJ/Jet A blends.
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