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ABSTRACT

The HyChem (hybrid chemistry) approach has been proposed recently for modeling high-temperature
combustion of real, multicomponent fuels. The approach combines lumped reaction steps for fuel ther-
mal and oxidative pyrolysis with detailed chemistry for oxidation of the resulting pyrolysis products. The
14 independent model parameters in the lumped reaction steps are determined by matching the time
histories of key pyrolysis products of the fuel, obtained notably from the Stanford shock tube and laser
diagnostics facilities, and from flow reactor experiments. The prediction accuracy of HyChem model de-
pends on the availability of the speciation data and their accuracy. In the present work, we carry out
comprehensive Monte Carlo analysis of model predictions with respect to species measurement using
the Jet A HyChem model as the test case. We assess the impact of the measured fuel pyrolysis prod-
ucts, including ethylene (C;H4), methane (CH4), propene (C3Hg), iso-butene (i-C4Hg), 1-butene (1-C4Hg),
benzene (CgHg), and toluene (C;Hg) on HyChem predictions using ignition delay time and laminar flame
speed as test cases. The results show that the speciation data are necessary to obtain reliable predictions
for the laminar flame speed and ignition delay time at and above 1200 K. Additional measurement tar-
gets (e.g., CO and CH,0) are proposed for future HyChem model development, especially in improving

model predictions for ignition delay time.

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

1. Introduction

Proposed recently, the HyChem (hybrid chemistry) approach
[1-4] offers an alternative path to modeling high-temperature
combustion chemistry of real, liquid fuels. The approach has been
applied to a range of practical fuels, including jet fuels [2-4],
rocket fuels [2], and gasoline fuels [5], some of which are multi-
component and derived from a petroleum origin, while others are
single-component and of a renewable origin. Blends of a single-
component, bio-derived jet fuel with a conventional jet fuel have
also been studied within the HyChem framework [3]. Because of
its compact size and with further model reduction, the HyChem
models are found to be particularly useful in simulating turbulent
combustion of real fuels [6,7] and computational fluid dynamics
under realistic combustor conditions (see, e.g. [8,9]). A HyChem
model has been combined with a recent NOy model [10] to sim-
ulate NOy production in a series of premixed stagnation flames of
a conventional Jet A with satisfactory results [11].
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HyChem exploits several key factors in large-hydrocarbon
combustion: a) fuel pyrolysis occurs in the flame front or in the
induction period leading to ignition at high temperatures and is
usually much faster than the oxidation of the resulting pyrolysis
products; b) there are only a few key fuel pyrolysis products that
need to be followed as opposed to the fuel itself which usually
contains substantially more components. The disparity in time
scales of fuel pyrolysis and the oxidation of the pyrolysis products
at high temperatures [1,12] enables us to express the overall
kinetic process of the fuel oxidation in two sequential, loosely
coupled processes/submodels: i) an experimentally constrained,
lumped fuel thermal and oxidative pyrolysis submodel and ii) a
detailed foundational fuel chemistry model that describes oxi-
dation of the resulting pyrolysis products. Suffice it to note that
many of the concepts involved in the HyChem approach are not
new. For example, lumped reaction modeling has been discussed
in simulating complex hydrocarbon combustion a long time ago
(see, for example, [13]). Williams and coworkers have advocated a
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“simplified” reaction modeling approach and used it in modeling
JP-10 combustion [14,15].

In practice, HyChem models are developed and tested in two
separate steps. In the first step, the thermal/oxidative pyrolysis
submodel of the fuel is formulated first on the basis of elemental
conservation. Coupled with the foundational fuel chemistry model,
the kinetic parameters of the pyrolysis model are determined by
species time history measurements in shock tube and flow reac-
tor through an inverse value problem. For common jet fuels, the
key intermediates of the pyrolysis process [1,2] are typically ethy-
lene (C;H4), methane (CH,), propene (C3Hg), iso-butene (i-C4Hg),
1-butene (1-C4Hg), benzene (CgHg) and toluene (C;Hg). In the sec-
ond step, the model is tested against global combustion proper-
ties, including ignition delay time, laminar flame speed, and lami-
nar non-premixed flame extinction strain rate.

The HyChem approach bypasses some of the difficulties en-
countered in the commonly adopted surrogate fuel approach (e.g.,
[16,17]). In essence, the HyChem approach seeks to unravel the
complex chemistry of real fuel combustion by establishing the ki-
netic relationship between fuel combustion properties and inde-
pendent variables directly related to these properties. It has been
argued [1,2] that these independent variables are the composition
of the fuel pyrolysis products, rather than the detailed molecular
functionalities in the original fuel molecules. Since the key fuel py-
rolysis products are rather few and their productions are fast [1],
the HyChem approach does not make an attempt to follow the de-
tailed chemical process of fuel breakdown. Rather, it utilizes the
measured pyrolysis products as the input to the model. At the fun-
damental level, the key difference between the HyChem and sur-
rogate approaches is nothing more than where we start to carry
out the lumping procedure: the surrogate seeks lumping at the
fuel composition level, while HyChem seeks lumping beyond fuel
pyrolysis.

The HyChem approach has its own drawbacks. Like the sur-
rogate approach, the accuracy of the HyChem fuel pyrolysis sub-
model is subject to the accuracy of model assumptions, and as
importantly, to the availability and completeness of the specia-
tion data and their measurement uncertainties. While the model
assumptions have been discussed and justified extensively in ear-
lier studies [1,2], several questions remain; and this will be the
focus of the present work. In particular, given the amount of data
available and used, it is possible that the model parameter set is
not unique or the model is not mathematically closed. As the re-
sult, there is a feasible parameter set within which all combina-
tions of the parameter values can reproduce the speciation data,
yet within this feasible parameter set the model diverges in com-
bustion property prediction. Two related questions are: i) are the
speciation data we used sufficient in scope and accuracy in mak-
ing accurate and converged predictions of global combustion prop-
erties, and ii) what additional speciation data might be needed to
make improvements? To answer these questions, we take the Jet A
fuel (designated as POSF10325 in the National Jet Fuel Combustion
Program [18]) and its associated HyChem reaction model [2] as our
test case. We carry out Monte Carlo (MC) analysis to determine
the feasible parameter set within which the HyChem model repro-
duces the time profiles of the key pyrolysis species. The feasible
set is examined for convergence of the respective HyChem param-
eters and tested for predicting the global combustion properties of
ignition delay and laminar flame speed. We then carry out simi-
lar analyses by relaxing some or all available speciation constraints
to address two additional questions: i) what is the role of speci-
ation data in HyChem model development, and ii) what are the
minimum set of data needed for obtaining a reasonably reliable
HyChem model.
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2. HyChem model assumptions and approach

We briefly review the HyChem assumptions and formation
here. Details can be found in [2]. Some key HyChem assumptions
are:

(1) High-temperature combustion of large hydrocarbon fuels fol-
lows a decoupled reaction process: fuel pyrolysis first, oxida-
tion of the pyrolysis products second.

(2) The pyrolysis process is not rate limiting and can be de-
scribed by lumped reaction steps, yielding several key pyrol-
ysis products as the intermediates with fairly well defined,
detailed combustion chemistry.

(3) For conventional distillate fuels, the number of key pyrolysis
products is small. They are: C,Hy, CHy, C3Hg, i-C4Hg, 1-C4Hg,
CGHG- and C7H8.

(4) The oxidation of the pyrolysis products is rate limiting and
must be treated by detailed chemistry.

The approach expresses the fuel pyrolysis and oxidation of the
pyrolysis products in two submodels. Fuel pyrolysis is modeled by
experimentally constrained lumped reaction steps. The oxidation of
the pyrolysis products is described by a detailed foundational fuel
chemistry model; USC Mech II [19] is used here for that purpose.
The lumped reactions are cast into the following reactions:

CmHp — e4(CoHy + A3C3Hg + )\.4_,'i-C4H3 + )\.4‘1 1-C4Hg)

+balxCsHs + (1 x)CHs]+aH + 2 —a)CH; (KD
CmHn +R — RH + )/CH4 + ea(C2H4 + )\.3C3H6
+ )\,4,,'1'-C4H8 + )\,4711-C4H3) (R2-R7)

+ba[ xCeHs + (1 — x)C7Hg] + BH + (1 — B)CH3

where R = H, CHs, OH, 0,5, HO,, and O. For real fuels, m and n
are usually non-integer values. In the current HyChem formulation,
however, we approximate m and n as integers, since most com-
puter codes can only handle integer molecular formula [2]. Reac-
tion (R1) is the C-C fission reaction of the fuel “molecule”, even-
tually producing H and CHj radicals. Reactions (R2-R7) describes
the H-abstraction of the fuel “molecule” followed by B-scission of
the resulting fuel radical. Since the H-abstraction reaction produc-
ing the fuel radical is rate limiting while the following B-scission
is facile, the two reaction processes are combined into a single
step, as described by Reactions (R2-R7). Furthermore, the stoi-
chiometric parameters of the pyrolysis products in Reactions (R2-
R7) are assumed to be independent of the H-abstraction reacting
radicals/molecules. The detailed explanations are presented in an
earlier study using n-hexane thermal decomposition as an exam-
ple [1]. Briefly, for H-abstraction of a large hydrocarbon molecule
CyHy, the equilibrium concentration of the resulting radical iso-
mers (CpHp.q) is primarily determined by their Gibbs free ener-
gies. The composition of the radical isomers directly determines
the composition of the pyrolysis product, regardless of what the
H-abstraction reacting radicals/molecules are.

With carbon and hydrogen elemental conservations, the stoi-
chiometric coefficients, ey, eq, by, and b, can be treated as depen-
dent variables,

=@ -x)m+ (7 - x)n/2+3a+ x —13]
- 3(2 +3)&3 +4)\4,,' +4)\.4_1)

=@ =xx)m+ T -x)n/2+38 - (10— x)y — (10 = Y)]
n 3(2+3A3 +4Arg; +40g1)

€d

(1)

€q
(2)

bg=(m—-n/2+1)/3 (3)
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Summary of independent stoichiometric parameters of the HyChem Jet A model and test cases considered in the current work.

Parameter  Description Method of Range Nominal =~ MC cases and parameter ranges®
determination?® value©
1 2 3 4

o Number of H atoms from (R1) per C;,H, ST [0, 2] 0.50 d d [0, 2] [0, 2]

B Number of H atoms from (R2-R7) per C,H, ST [0, 1] 0.30 d d [0, 1] [0, 1]

Yy CH, yield in addition to H-abstraction by CHs3 in (R2-R7) ST [0, ymax]? 0.45 d [0, 0.9] [0, 0.9] [0, ¥ max]
A3 C3Hg-to-CoHy yield FR, ST [0, o0] 0.47 [0.43, 0.51] [0, 0.94] [0, 0.94] [0, 2]
Aai i-C4Hg-to-CyHy yield FR, ST [0, <] 0.05 [0.04, 0.06] [0, 0.1] [0, 0.1] [0, 2]
Aai 1-C4Hg-to-CoH, yield FR, ST [0, o0] 0.15 [0.13,0.17] [0, 0.3] [0, 0.3] [0, 2]

X CsHs-to-(CgHg + C7Hg) yield FR, ST [0, 1] 0.51 [0.47, 0.55] [0, 1] [0, 1] [0, 1]

2 ST: shock tube species time histories of C;H; and CHy; FR: flow reactor.  y . is derived from Eqn. (2) by setting e; > 0: Ymax = —1+[-(4— x)m+ (7 — x)n/2 +
38]/(10 — x)-Values used in the nominal Jet A model [1]. ¢ The parameter values are determined from C,H4 and CH,4 time history data (and their uncertainties). In the
MC procedure, the initial ranges of «, 8, and y are chosen to be those of Case 3. The randomly sampled reaction models are then down-selected to a feasible set with all
models in the set give C;H4 and/or CH,4 time history profiles that lie inside the experimental uncertainty band. See text. ¢ The MC sampling uses uniform distributions over

the respective parameter ranges stated.

bo=(m-n/2+y+1)/3 (4)

while o, B8, v, A3, Agj Agqq, and x are the independent stoichio-
metric parameters. The above formulation contains a total of 14
undetermined parameters in all; seven of them are the stoichio-
metric parameters and the other seven are the rate coefficients k;
(i=12..,7).

In Table 1, the physical ranges of the stoichiometric parameters
are provided, and these bounds are defined by elemental conser-
vation. The parameters A3, A4; and A4y are the C3Hg-to-CyHy, i-
C4Hg-to-CyHy, and 1-C4Hg-to-CyHy4 yield ratios, respectively; x is
the ratio of CgHg to the sum of CgHg and C;Hg yields. These ratio
values are usually estimated first from oxidative pyrolysis exper-
iments in a flow reactor [2]. The parameters « and S represent
the number of H radicals generated from C-C fission reaction (R1)
and from H-abstraction reaction (R2-R7) followed by B-scission,
respectively. y is the CH, yield per fuel “molecule” in addition to
H-abstraction from the CHs; radical. The seven rate coefficients k;
(i=1,2,...,7) are estimated initially from the analogous reactions
(e.g., of n-dodecane in JetSurF 2.0 [20]). Briefly, k; is assumed to
be the sum of all the n-dodecane C-C bond fission reaction rates.
The rate coefficient k, is initially estimated to be the sum of the
H-abstraction rates of n-dodecane by H atom, producing n-dodecyl
radicals. Similarly, k3-k; are the sum of rates of n-dodecane H-
abstraction by CH3, OH, O,, HO,, and O, respectively. Then, these
rate coefficients, together with «, 8, and y, and the ratio parame-
ters discussed earlier are jointly determined by matching the C,Hy
and CH4 time history data from shock-tube thermal and oxidative
pyrolysis experiments of the fuel in an inverse problem. The values
of the ratio parameters are adjusted accordingly during this pro-
cess, and their final values are always close to those directly mea-
sured in the flow reactor [1,2]. For Jet A, the nominal values of the
stoichiometric parameters are listed in Table 1 for reference. The
rate coefficients can be found in the original publication [1]. Suf-
fice it to note that the HyChem model predictions of global com-
bustion properties are more sensitive to stoichiometric parameters
(e.g., B and X3); and less to the rate coefficients.

3. Simulation method and cases

Kinetic modeling is carried out using the Sandia Chemkin pack-
age [21]. Fuel pyrolysis is simulated isobarically and adiabatically.
The ignition delay time (7jg,) is computed as the time to the max-
imum rate of OH* production under the isochoric and adiabatic
condition. The laminar flame speed (S;) is calculated using PREMIX
[22]with multicomponent transport and thermal diffusion.

The Monte Carlo (MC) cases, listed in Table 1, are designed to
address the questions raised in the Introduction section. Case 1
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is the base case built on the actual experimental speciation val-
ues and their respective uncertainties. The ratio parameter (A’s and
x ) values are sampled within their respective uncertainties in the
Stanford flow reactor, which are discussed in [2]. The «, B, and
y values are sampled implicitly from C;H4 and CH,4 time histories
measured in the Stanford shock tube facilities and their respective
uncertainties by a MC shooting method, as will be discussed later.
This case features the feasible parameter set of the HyChem model
for the Jet A fuel.

Case 2 essentially uses C,H, speciation as the only constraint
and tests the question about how accurate the HyChem model can
be when it is constrained by this dominant pyrolytic product only.
We relax the constraints on A’s and yx hypothetically in Case 1
and also the constraint on y to an extent from the shock-tube
CH,4 time history, all of which now vary from zero to two times
of their respective nominal values. In that way, the constraint of x
can reach its upper physically possible bound. In Case 3, we exam-
ine the scenario when neither C;H4 nor CH4 time history data is
available, so that the o and B can take values over their respective
physical ranges, while the ratio parameters are still loosely bound
as in Case 2. Lastly, Case 4 extends the ratio parameters to ranges
that correspond to random productions of C,Hy4, C3Hg, 1-C4Hg and
i-C4Hg with the mean ratio values equal to unity. The bound of y
is set to be its entire physical range. In this last case, a HyChem
model is built largely from elemental balance only.

Using the MC approach, we generate random samples of re-
action models using uniform distributions over the respective pa-
rameter ranges listed in Table 1. In all test cases, the rate coeffi-
cients ky_; are also perturbed in terms of the pre-exponential A
factor, within a factor of five from the respective nominal values,
assuming a uniform distribution in log(k). For Cases 1 and 2 where
C,H,4 and/or CH,4 species data are imposed, we first generate the
random model samples using the «, B, and y bounds of Case 3,
and then down-select the reaction models using the MC shooting
method into a feasible set, all of which would predict the C,Hy
and/or CH,4 time profiles within the respective bands as defined
by the experimental uncertainty. Figure 1 shows the C,H, profiles
of a typical pyrolysis experiment taken from [23], which has been
used for Jet A HyChem model development [2]. For all the CoHy
data considered in the earlier study of Jet A, the measurement un-
certainty varies from 15 to 20%, depending on different test con-
ditions [2,23]. We use the nominal simulated profile and calculate
the 20% upper and lower bounds in the C;H4 profile, which is dis-
played as the shaded band in the figure. We choose the nominal
model predictions to set up the uncertainty bounds and not the
experimental data themselves because the nominal model predic-
tion removes the random errors in each experiment, and it pro-
vides a more unbiased framework for sampling the experimental
uncertainty. As illustrated in the figure, Model 1 (M1) is accepted
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0.72 % Jet A in Ar
T5 =1200 K, p5 = 12.5 atm
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Time, t (us)
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Fig. 1. Time histories of C;H4 from 0.72% (mole) Jet A under the conditions shown.
Symbols: experimental data [23]; solid line: the nominal Jet A model simulation
[2]; shaded band: the +20% C,H, uncertainty; dotted line: a MC model sample (M1)
accepted into the feasible set; dashed lines (M2-M4): example model samples that
are rejected.

Table 2
Thermodynamic conditions® of experiments for which
Cases 1 & 2 model samples are derived.

No. Reactant ps (atm)  Ts (K)
1 0.74% Jet A/Ar 124 1050
2 0.74% Jet A/Ar 12.4 1100
3 0.74% Jet A/Ar 12.4 1200
4 0.74% Jet A/Ar 12.4 1300
5 0.74% Jet A/Ar 124 1400
6 0.4% Jet A/6.6% O,/Ar 1.6 1050
7 0.4% Jet A/6.6% O,/Ar 1.6 1100
8 0.4% Jet A[6.6% O,/Ar 1.6 1200

2 The conditions were taken from shock tube experi-
ments in [2].

into the feasible set, as its simulated C,H,4 profile falls within the
uncertainty bounds over the entire range of test time. Models 2-
4 are rejected, each for a different reason. The above procedure is
exercised for eight initial conditions, as listed in Table 2, spanning
the ranges of the speciation data available over five pyrolysis and
three oxidative pyrolysis cases. Ultimately, MC reaction models that
satisfy all eight experimental conditions are adopted in the feasible
set and used for subsequent tig, and Sjevaluations.

4. Results and discussion

The results of all four MC cases are summarized in Fig. 2. Here,
we use the ignition delay time (7g,) measured for Jet A-air mix-
tures at the equivalence ratio ¢ = 1.1 and pressure behind reflect
shock ps = 10.9 atm over a range of temperature, and the laminar
flame speed of Jet A-air at an unburned temperature T, = 403 K
and pressure p = 1 atm over a range of equivalence ratio as our
test cases. Both the experimental data of ignition delay time and
laminar flame speed are taken from Ref. [2]. Several sets of ignition
delay data are available; the set shown in Fig. 2 is chosen because
it is the most representative data set of Jet A [2]. The probabil-
ity distribution functions (PDFs) are obtained from 2000 MC model
samples for each combustion property and each test case. Scatter
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plots of MC results are shown respectively in Figs. S1a-S1h of the
Supplementary Material (SM).

Case 1 uses constraints from all measured species (CoHy, CHy,
C3Hg, i-C4Hg, 1-C4Hg, CgHg, and C;Hg). As it can be seen from
Figs. 2a and 2b, the speciation data constrain the model well as far
as predicting the global combustion properties is concerned: the
Tign Nominal prediction is in agreement with the experiment, and
the tig, predicted uncertainty is approximately 50%, 60% and 90%
at 1400, 1200 and 1000 K, respectively. We note that in the pre-
vious effort of HyChem model development, a limited number of
ignition delay time data have been used to provide further guid-
ance in parameter determination; while in Case 1, we impose no
ignition delay constraints to the model. We will show in later text
that with additional species considered, the 7, prediction uncer-
tainty can be further reduced. Nevertheless, the uncertainty pre-
dicted for ignition delay in Case 1 is satisfactory above 1200 K, as
the total uncertainty span is about factor of 2, which is compara-
ble to the corresponding uncertainty in shock-tube ignition delay
measurements. Suffice it to note that these uncertainty values are
smaller than the model uncertainties resulting from the founda-
tional fuel chemistry that lead to a uncertainty span size of tjg,
ranging from factor of 5 to an order of magnitude, as discussed in
an earlier study [2].

The laminar flame speed is well predicted, and the speciation
uncertainties have very little impact on the S;prediction, as the
20 band is within +1.5 cm/s. The predicted 20 band is much
lower than the experimental 2o uncertainty, which varies from 2
to 5 cm/s. The results presented in Figs. 2a and 2b suggest that the
HyChem-related experimental measurements are accurate enough
for deriving the HyChem model parameters for predicting the ig-
nition delay above 1200 K and laminar flame speed. Except for «,
nearly all stoichiometric parameters are constrained well as seen
by the corresponding PDFs in Figs. 3a-3g. In contrast, the rate co-
efficients are generally not constrained as well as the stoichiomet-
ric parameters, as shown in Figs. 3h-3n, in which the nominal rate
parameters are shown for comparison. Four parameters («, k4, kg,
and k) are particularly under-constrained, because over the range
of conditions considered, the thermal/oxidative pyrolysis rates are
not sensitive to their values. Nonetheless, the nominal parameter
values adopted in the HyChem model agree with the median val-
ues of the well-constrained parameters (i.e. ¥, A3, Aqj Aq1, X, k1,
and k3).

The increased ignition delay time prediction uncertainties for
Ts < 1200 K (Fig. 2a) can be explained by the sensitivity spectra
with respect to the HyChem model parameters, as shown in Fig. 4.
At 1400 K when fuel pyrolysis and the oxidation of the fuel frag-
ments are fully decoupled, the 7y, prediction is especially sensi-
tive to A3 (i.e., the C3Hg-to-CyHy4 yield ratio). C3Hg is the second
most dominant pyrolysis product from Jet A [2]. An increase in the
A3 value decreases the reactivity of the pyrolyzed product mix-
ture, and thus delays autoignition. Since the C3Hg uncertainty as
measured in the flow reactor is quite small, the A3 value derived
from it and the resulting ignition delay predictions are both quite
accurate. In contrast, at the 1000 K initial temperature when the
coupling of fuel thermal decomposition and the oxidation of the
pyrolysis fragments is enhanced, A3 becomes a less important pa-
rameter since the production rates of the pyrolysis products (i.e.
C3Hg and CyH, here) are slow. At this temperature, 8 is now the
dominant parameter because of its association with radical produc-
tion from the fuel pyrolytic steps; and its impact amplifies toward
lower temperatures. An increase in the 8 value enhances the pro-
duction of H atom from fuel pyrolysis, thus enhancing both fuel
decomposition and radical chain branching, leading to a shortened
ignition delay.

To further illustrate the above point, we use two feasible Case 1
models (denoted as Models a and b) which predict nearly the same
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Fig. 2. Normalized probability distributions calculated for the ignition delay time (Jet A-air, ¢ = 1.1, and ps = 10.9 atm) and laminar flame speed (Jet A-air, T, = 403 K,
and p = 1 atm), with intensities shown in the respective bars on the right side of the plots). Each distribution is derived from 2000 MC model samples for each of the four
test cases. Open circles: experimental data taken from Ref. [2]; the error bars on the flame speed data are the 20 uncertainties; solid lines: predictions of the nominal Jet
A model [2]; dashed lines: means of the model predictions; dotted lines: 2o bounds of the model predictions. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 4. Logarithmic sensitivity coefficients of ignition delay time computed for Jet
A-air mixture under the conditions shown with respect to HyChem model parame-
ters.

ignition delay time at 1400 K, but have significantly different val-
ues at 1000 K. The values of the 14 independent parameters of the
two models are listed in Table S1 of the Supplementary Material.
As shown, the A3 value differs by only 10% between the two model
parameter sets, while the 8 value in Model b is a factor of 3 of that
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in Model a. The differences among other parameters vary to differ-
ent extents. Nevertheless, Fig. 5 shows the key species profiles at
the 1400 and 1000 K initial temperature. Clearly, at 1400 K, fuel
pyrolysis and the oxidation of pyrolysis products (e.g. C;H4 shown
here) are decoupled in time, and the two models predict almost
identical temporal structures leading to ignition. At 1000 K, how-
ever, both models show increased coupling between fuel decom-
position and oxidation of fuel fragments. This extended coupling
is primarily due to the lower rates of fuel pyrolysis. Moreover, at
1000 K, Model b predicts the early-stage H radical concentration to
be five times that of Model a. This difference leads to quite sub-
stantial difference in the fuel pyrolytic rates. Although the peak
C,Hy yields are almost identical, Model b still predicts a nearly 50%
shorter 7jg, than Model a. Besides of the difference in the H con-
centration, CH,O and CO, which are commonly identified as key
species involved in first-stage ignition processes, also exhibit dif-
ferent production rates. At around 1000 K, their production and
destruction rates become closely coupled to the fuel decomposi-
tion chemistry, again because of the increased coupling between
fuel pyrolysis and the oxidation of the pyrolysis products.

The sensitivities shown for CO and CH,0 suggest that these
species could be critical to remedying the inability of the current
HyChem model to more accurately predict ignition delay toward
its lower temperature bound of applicability. Figure 6 presents the
sensitivity spectra of several key species with respect to the 14
HyChem parameters computed for a 0.4% Jet A/6.6% O,/Ar mix-
ture at 1050 K initial temperature and 1.6 atm constant pressure.
The spectra are calculated using the species concentrations (x) at
2 ms reaction time under Condition 6 of Table 2 (Ts = 1050 K).
The sensitivity coefficient is defined as S = [Ax], « p [ [Ax]p -
1, where Ax = x(t = 2 ms) - x(t = 0) and p refers to any of the
14 model parameters. It is seen that under the condition shown,
CO production is sensitive to the parameters that govern radical
pool buildup, including «, 8, k, (CHy + H), and k4 (CrHp + OH).
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Models a (solid lines) and b (dashed lines) for Jet A-air ignition at 1400 K (a) and
1000 K (b) initial temperature, 1.1 equivalence ratio and 10.9 atm initial pressure.
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Fig. 6. Logarithmic sensitivity spectra of selected species with respect to HyChem
parameters computed for 0.4% Jet A/6.6% O,/Ar reaction at 1050 K initial tem-
perature and 1.6 atm constant pressure. The sensitivity coefficient is defined as
S =[Ax]y « p | [Ax], - 1, where Ax = x(t = 2 ms) - x(t = 0) and p refers to
any of the 14 HyChem parameters.

The sensitivity spectra of CH,0 are similar to CO, but with weaker
intensities. Nevertheless, the results shown here suggest that CO
and CH,O0 are the additional measurement targets to reduce the
HyChem model uncertainty in the 1000 K to 1200 K temperature
range, especially considering that laser diagnostics of CO [24,25]
and CH,0 [26,27] are well-developed for shock tubes. Additionally,
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CO and CH,0 can be measured in other legacy experimental fa-
cilities such as jet stirred reactors and flow reactors (see, for ex-
ample, [4,17,28-32]). Furthermore, the CO speciation is helpful to
reducing 7, prediction uncertainties above 1200 K also, because
of its strong sensitivity to k,, ks and B. In particular, the results
of Fig. 4 suggest that k, is important for the ignition delay time
prediction at the 1400 K initial temperature, as Reaction (R2) con-
tributes to H-radical removal, and this can impact both the pyroly-
sis and oxidation processes. Since k; is loosely constrained by the
current set of speciation data (see Fig. 3i), introducing CO as a tar-
get species would benefit HyChem model accuracy.

Additionally, hydrogen (H,) production and fuel consumption
exhibit very strong sensitivity to 8 and their measurement would
impose a strong constraint on this parameter. While H, can be
measured using combined gas chromatography and mass spec-
trometry technique (GC-MS) [30], fuel consumption is more chal-
lenging because of its multicomponent nature. In an earlier phase
of HyChem model development, one set of H, and fuel (Jet A) data
from flow reactor experiment were consulted [2], and these data
were indeed found to be useful. Other species that can be utilized
in HyChem model development include C;Hg by GC-MS [30], and
CHs, OH, and HO,, all of which are amenable to laser diagnostics
[33-35].

We assess the impact of CyH, speciation next (Case 2 of
Table 1). Figure 2c and d show the PDFs of model predictions of
Case 2. As it can be seen, C;H4 speciation alone is sufficient for
deriving the HyChem model parameters at least for the conditions
tested. The nominal predictions for the ignition delay (tig,) and
laminar flame speed (S;) are in close agreement with the exper-
imental data. This is not surprising considering that C;Hyis the
most dominant product from Jet A pyrolysis, accounting for up to
1/3 of total carbon yield [1,2,23,36]. The PDFs of the 14 indepen-
dent parameters shown in Fig. 3 suggest that 8, k;, and k3 are
primarily constrained by the C,H4 speciation data, and other pa-
rameters, e.g., A3, ky, and ks, are constrained by the same data to
an extent. Importantly, the current analysis illustrates yet another
example concerning the importance of ethylene diagnostics in the
high-temperature combustion chemistry of hydrocarbons. Without
experimental constrains beyond C,Hy, the 20 prediction spans ex-
pectedly increase as compared to those of Case 1. The 2o values in
Spare now +2 cmy/s, and the uncertainties in Tig, are < 70% above
1200 K, leading to a total span size of T, to be within factor of 3
of the nominal prediction and the experimental data.

If we take away the constraint of C,H4 along with all other
speciation data, a HyChem model would be developed essen-
tially from elemental conservations. Cases 3 and 4 are such cases,
varying the degree of the constraints on the stoichiometric pa-
rameters that range from an educated guess (Case 3) to prac-
tically unconstrained case except for the expectation of equal,
statistical importance of CyH4, C3Hg, i-C4Hg, and 1-C4Hg as the
Jet A pyrolysis products (Case 4). In both cases, «, 8, and ¥
span their respective physical ranges. In Case 3, the bounds of
X's, and y remain the same as those for Case 2. In Case 4,
the upper bounds of A’s are relaxed to 2, so the mean val-
ues of these ratio parameters are unity. Overall, Case 4 al-
lows the model prediction to be less impacted by C,H; and
more influenced by C3 and C4 alkene species, which generally
lead to reduced high-temperature oxidation rate, because the
oxidation of i-C4Hg and C3Hg is notably slower than that of
CoHy [3].

To understand the last two cases tested, we first plot in Fig. 7
the PDFs of the yields of CyHy, i-C4Hg, and C3Hg from Jet A py-
rolysis. Each yield value is calculated from a set of stoichiomet-
ric parameters sampled; 2000 such MC samples are generated for
each case. Here, we assume that all pyrolysis products are pro-
duced from H-abstraction reactions (R2-R7) without coupling with
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Fig. 7. C,H,4 (a), i-C4Hg (b), and C3Hg (c) yields calculated from Eqns. (5), (6), and (7) using the stoichiometric parameters in 2000 MC samples for each test cases.

secondary reactions. Therefore, from Eqn. (2), the yields of CyHy4,
i-C4Hg, and C3Hg may be derived from elemental balance as:

}’cz H,,elementalbalance

[-(4-x)m+ 7-x)n/2+3B - (10 — x)y—(10 - x)]
3(2 + 3)\.3 —+ 4)\.4,,' +4)\.4y1)

~

= ea:

(5)
Yi- -C4Hg.elementalbalance = ea)\4i
_ =@ 0m+(7 —0m2+36 - 10—y (10— 0],
3(2+3A3 +4)\.4, +4)\.4 1)

(6)

yC3 Hg.elementalbalance

& e, [ZmI0M+ (T=0n/2 + 38-(10- )y =(10- )1,
B 3(243X3+4Agi+4ra1)

(7)

As shown in Fig. 7, the dominance of C;H4 as a pyrolysis prod-
uct becomes weaker from Case 3 to Case 4 as the median CyHy
yield decreases by about factor of 5, from 1.64 to 0.37. On the other
hand, the median yield of i-C4Hg increases from 0.08 in Case 3 to
0.30 in Case 4. Additionally, the median C3Hg yield decreases from
0.75 in Case 3 to 0.30 in Case 4.

The results computed for the ignition delay and laminar flame
speed are shown in Fig. 2e through 2h. Informed essentially by
elemental conservations, Case 3 shows that the mean values of
Tign and Sjare still in close agreement with the experimental data,
while the mean values in Case 4 deviate from the experiments,
even though model predictions span surprisingly small ranges in
both cases. For Case 3, the uncertainty span size in Tjg, is within
an order of magnitude (x [+3 the mean value), and the mean value
of the probability distribution is within 25% of the experimental
data and nominal model predictions. For S;, the predictions lie in
a + 4 cm/s 20 band, which is comparable to the 20 experimental
uncertainty. In Case 4, the mean value of the probability distribu-
tion of 7, starts to deviate from the nominal model prediction
above 1250 K, and the mean value of the S;distributions are lower
than the value predicted by nomial Jet A model. Clearly, the slower
oxidation behavior predicted is associated with decreased produc-
tions of C;Hy, and increases in the less reactive intermediates (e.g.
i-C4Hg) as discused earlier.

To illustrate the above point, we plot in Fig. 8a and b the simu-
lated S;values at 1.04 equivalence ratio as functions of C;H,4 and i-
C4Hg yields using 500 MC samples combined under Cases 3 and 4.
Again, the C;H, and i-C4Hg yields are calculated from Egs. (5) and
(6), respectively. Clearly, from Case 3 to 4, the dependency of lam-
inar flame speed prediction on C;H4 becomes much weaker, while
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such dependency turns stronger on i-C4Hg. Similarly, Fig. 8c and d
present the same set of simulated S;values as functions of CyHy4
and C3Hg yields under Cases 3 and 4. In Case 3, when C;H4 and
C3Hg are the top two most dominant pyrolysis products, the lami-
nar flame speed shows stronger dependencies on C,;H4 than C3Hg.
However, in Case 4 when both species yields are reduced and be-
ing equal, laminar flame speed is still more sensitive to C;H4 than
C3Hg. Overall, the tests shown in Fig. 8 illustrate that (a) the lam-
inar flame speed is the most sensitive to the C;H, yield from the
fuel - an increase in the C;H4 yield causes the flame speed to in-
crease, and (b) an increase in the i-C4Hg or C3Hg yield reduces the
flame speed, and the effect of i-C4Hg appears to be larger. Analy-
ses of the reaction fluxes and sensitivities indicate that the attack
of i-C4Hg and C3Hg by the H-atom both lead to effective H-atom
recombination, i.e.,

i-C4Hg + H — i-C4H; + H,
i-C4H;7 + H (+M) — i-C4Hg (+M)
C3Hg + H — a-C3Hs + Hj
a-C3Hs + H (+M) — C3Hg (+M)

where i-C4H is the methylpropenyl radical (H,C=C(CH3)C-H,) and
a-C3H;s is the allyl radical (H,C=C(H)C+H,), both of which are res-
onantly stabilized and resistant against further decomposition or
oxidation. In contrast, the H-abstraction of C,H,4 produces the vinyl
radical (C;H3), which decomposes readily to C;H, + H or reacts
with O, to form CH,0 + HCO and CH,CHO + O, all of which speed
up the radical buld-up.

The effect of the rate coefficients on the prediction of ignition
delay time and laminar flame speed is significantly smaller than
the stoichiometric parameters, as stated before. Results of sensitiv-
ity analyses with 10 x and 2 x the rate coefficient perturbation
are provided in Fig. S2 as probability distributions and in Fig. S3 as
scatter plots, and these are compared to the results obtained with
5 x the rate coefficient perturbation, all for Case 3. As shown in
Figs. S2b and S2d, the S;prediction is insensitive to the rate coeffi-
cient perturbation. Such insensitivity is expected, since S;is mostly
sensitive to foundational fuel chemistry (e.g. H + O, = OH + O and
CO + OH = CO; + H) [2]. As for the tig, prediction, the size of the
prediction uncertainty band increases from 2 x to 10 x rate per-
turbations, which are primarily caused by kj, k4, and ks. However,
we note that the impact of the rate coefficients (k;_7) is generally
smaller than that of the stoichiometric parameters especially for T
> 1200 K (see, Fig. 4). Under this condition, the oxidative pyrolysis
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Fig. 8. Simulated laminar flame speed of the Jet A-air mixture at 403 K unburned temperature, 1 atm pressure, and 1.04 equivalence ratio as functions of C;H, and i-C4Hg
yields (top panels), and as functions of C;H4 and C3Hg yields (bottom panels), using 500 MC reaction models under (a) & (c) Case 3, (b) & (d) Case 4. The C,Hy, i-C4Hg, and
C3Hg yields are calculated from elemental balance Egs. (5), (6), and (7), respectively. The 2D surface shown in each figure is a 2nd order polynomial fit to guide the eyes.

time is much shorter than the time for the oxidation of the pyrol-
ysis products, and as such, the choices of the rate coefficients are
not particularly important.

Lastly, another interesting message that we can extract also
from the results of Case 4 is that when no experimental
speciation information is available, a HyChem model formulated
essentially by elemental conservation can be reasonably predic-
tive as far as ignition delay time and laminar flame speed are
concerned. Because all of the modern reaction models along with
the relevant computer codes explicitly or implicity impose elemen-
tal conservation, any such model is expected to predict the global
combustion properties of real, liquid fuels well as long as its foun-
dational fuel chemistry submodel is reaonably accurate.

5. Conclusions

The predictive capability of the HyChem model is evaluated in
the context of experimental speciation data in shock tube and flow
reactor using the Jet A fuel and its HyChem reaction model as
the test case. We assessed the impact of C;H,4, CHy4, C3Hg, i-C4Hg,
1-C4Hg, CgHg and C;Hg speciation measurements on the ability
of the HyChem model to predict ignition delay time and laminar
flame speed. The following conclusions are reached:

(1) With the available speciation data, the HyChem Jet A model
is mathematically closed with respect to its predictions of
the laminar flame speed and of shock tube ignition delay
time above 1200 K initial temperature, even though some
of the model parameters remain under-constrained or even
unconstrained.

(2) The uncertainties for the predicted ignition delay remain
disturbingly large below 1200 K. To this end, CO and CH,0
speciation from oxidative pyrolysis of the fuel hold the po-
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tential for drastically improving the HyChem predictive con-
fidence under that condition. CO and CH,0 can be measured
in a shock tube using well-developed laser diagnostic tech-
niques, and they can also be accessed by other experimental
facilities, such as jet stirred reactors and flow reactors.

In absence of any meaningful experimental information
about the fuel pyrolysis products, the HyChem formulation
derived on elemental conservation only can predict ignition
delay time of fuel-air mixtures to a reasonable degree of ac-
curacy: under the worst case scenario, within an order of
magnitude (x [+ 3 the mean value) for ignition delay times
above the 1000 K initial temperature and within +4 cm/s for
laminar flame speed at atmospheric pressure across a fairly
wide range of equivalence ratio.

(3

—

Finally, we note that reliable laser diagnostics of ethylene and
other related species, developed in Professor Ronald Hanson’s lab-
oratory over the past two decades, prove to be critical to HyChem
model development in two related aspects. First, the diagnostic ca-
pability provides the intellectual underpinning for the HyChem ap-
proach, in that it enables a cause-and-effect argument underlying
the HyChem approach. Second, the reliable laser diagnostic tech-
nique is crucial to developing a predictive HyChem model for any
real, liquid fuels with limited number of experiments without even
knowing its detailed composition.
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