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a b s t r a c t 

The HyChem ( hy brid chem istry) 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 2 H 4 ), methane (CH 4 ), propene (C 3 H 6 ), iso -butene ( i -C 4 H 8 ), 1-butene (1-C 4 H 8 ), 

benzene (C 6 H 6 ), and toluene (C 7 H 8 ) 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 2 O) 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. 
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. Introduction 

Proposed recently, the HyChem (hybrid chemistry) approach 

1–4] offers an alternative path to modeling high-temperature 

ombustion chemistry of real, liquid fuels. The approach has been 

pplied to a range of practical fuels, including jet fuels [2 –4] , 

ocket fuels [2] , and gasoline fuels [5] , some of which are multi-

omponent and derived from a petroleum origin, while others are 

ingle-component and of a renewable origin. Blends of a single- 

omponent, bio-derived jet fuel with a conventional jet fuel have 

lso been studied within the HyChem framework [3] . Because of 

ts compact size and with further model reduction, the HyChem 

odels are found to be particularly useful in simulating turbulent 

ombustion of real fuels [ 6 , 7] and computational fluid dynamics 

nder realistic combustor conditions (see, e.g. [ 8 , 9] ). A HyChem 

odel has been combined with a recent NO x model [10] to sim- 

late NO x production in a series of premixed stagnation flames of 

 conventional Jet A with satisfactory results [11] . 
∗ Corresponding author. 

E-mail address: ruixu@stanford.edu (R. Xu). 
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HyChem exploits several key factors in large-hydrocarbon 

ombustion: a) fuel pyrolysis occurs in the flame front or in the 

nduction period leading to ignition at high temperatures and is 

sually much faster than the oxidation of the resulting pyrolysis 

roducts; b) there are only a few key fuel pyrolysis products that 

eed to be followed as opposed to the fuel itself which usually 

ontains substantially more components. The disparity in time 

cales of fuel pyrolysis and the oxidation of the pyrolysis products 

t high temperatures [1 , 12] enables us to express the overall 

inetic process of the fuel oxidation in two sequential, loosely 

oupled processes/submodels: i) an experimentally constrained, 

umped fuel thermal and oxidative pyrolysis submodel and ii) a 

etailed foundational fuel chemistry model that describes oxi- 

ation of the resulting pyrolysis products. Suffice it to note that 

any of the concepts involved in the HyChem approach are not 

ew. For example, lumped reaction modeling has been discussed 

n 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 

P-10 combustion [14 , 15] . 

In practice, HyChem models are developed and tested in two 

eparate steps. In the first step, the thermal/oxidative pyrolysis 

ubmodel of the fuel is formulated first on the basis of elemental 

onservation. Coupled with the foundational fuel chemistry model, 

he kinetic parameters of the pyrolysis model are determined by 

pecies time history measurements in shock tube and flow reac- 

or through an inverse value problem. For common jet fuels, the 

ey intermediates of the pyrolysis process [1 , 2] are typically ethy- 

ene (C 2 H 4 ), methane (CH 4 ), propene (C 3 H 6 ), iso -butene ( i -C 4 H 8 ),

-butene (1-C 4 H 8 ), benzene (C 6 H 6 ) and toluene (C 7 H 8 ). In the sec-

nd step, the model is tested against global combustion proper- 

ies, including ignition delay time, laminar flame speed, and lami- 

ar non-premixed flame extinction strain rate. 

The HyChem approach bypasses some of the difficulties en- 

ountered in the commonly adopted surrogate fuel approach (e.g., 

16 , 17] ). In essence, the HyChem approach seeks to unravel the 

omplex chemistry of real fuel combustion by establishing the ki- 

etic relationship between fuel combustion properties and inde- 

endent variables directly related to these properties. It has been 

rgued [1 , 2] that these independent variables are the composition 

f the fuel pyrolysis products, rather than the detailed molecular 

unctionalities in the original fuel molecules. Since the key fuel py- 

olysis products are rather few and their productions are fast [1] , 

he HyChem approach does not make an attempt to follow the de- 

ailed chemical process of fuel breakdown. Rather, it utilizes the 

easured pyrolysis products as the input to the model. At the fun- 

amental level, the key difference between the HyChem and sur- 

ogate approaches is nothing more than where we start to carry 

ut the lumping procedure: the surrogate seeks lumping at the 

uel composition level, while HyChem seeks lumping beyond fuel 

yrolysis. 

The HyChem approach has its own drawbacks. Like the sur- 

ogate approach, the accuracy of the HyChem fuel pyrolysis sub- 

odel is subject to the accuracy of model assumptions, and as 

mportantly, to the availability and completeness of the specia- 

ion data and their measurement uncertainties. While the model 

ssumptions have been discussed and justified extensively in ear- 

ier studies [1 , 2] , several questions remain; and this will be the

ocus of the present work. In particular, given the amount of data 

vailable and used, it is possible that the model parameter set is 

ot unique or the model is not mathematically closed. As the re- 

ult, there is a feasible parameter set within which all combina- 

ions of the parameter values can reproduce the speciation data, 

et within this feasible parameter set the model diverges in com- 

ustion property prediction. Two related questions are: i) are the 

peciation data we used sufficient in scope and accuracy in mak- 

ng accurate and converged predictions of global combustion prop- 

rties, and ii) what additional speciation data might be needed to 

ake improvements? To answer these questions, we take the Jet A 

uel (designated as POSF10325 in the National Jet Fuel Combustion 

rogram [18] ) and its associated HyChem reaction model [2] as our 

est case. We carry out Monte Carlo (MC) analysis to determine 

he feasible parameter set within which the HyChem model repro- 

uces the time profiles of the key pyrolysis species. The feasible 

et is examined for convergence of the respective HyChem param- 

ters and tested for predicting the global combustion properties of 

gnition delay and laminar flame speed. We then carry out simi- 

ar analyses by relaxing some or all available speciation constraints 

o address two additional questions: i) what is the role of speci- 

tion data in HyChem model development, and ii) what are the 

inimum set of data needed for obtaining a reasonably reliable 

yChem model. 
b

127 
. HyChem model assumptions and approach 

We briefly review the HyChem assumptions and formation 

ere. Details can be found in [2] . Some key HyChem assumptions 

re: 

(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 2 H 4 , CH 4 , C 3 H 6 , i -C 4 H 8 , 1-C 4 H 8 ,

C 6 H 6 , and C 7 H 8 . 

(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 

yrolysis products in two submodels. Fuel pyrolysis is modeled by 

xperimentally constrained lumped reaction steps. The oxidation of 

he pyrolysis products is described by a detailed foundational fuel 

hemistry model; USC Mech II [19] is used here for that purpose. 

he lumped reactions are cast into the following reactions: 

 m 

H n → e d ( C 2 H 4 + λ3 C 3 H 6 + λ4 ,i i - C 4 H 8 + λ4 , 1 1 - C 4 H 8 ) 
+ b d [ χC 6 H 6 + ( 1 − χ) C 7 H 8 ] + αH + ( 2 − α) CH 3 

(R1) 

 m 

H n + R → R H + γ CH 4 + e a ( C 2 H 4 + λ3 C 3 H 6 

+ λ4 ,i i - C 4 H 8 + λ4 , 1 1 - C 4 H 8 ) 
+ b a [ χC 6 H 6 + ( 1 − χ) C 7 H 8 ] + βH + ( 1 − β) CH 3 

(R2-R7) 

here R = H, CH 3 , OH, O 2 , HO 2 , and O. For real fuels, m and n

re usually non-integer values. In the current HyChem formulation, 

owever, we approximate m and n as integers, since most com- 

uter codes can only handle integer molecular formula [2] . Reac- 

ion (R1) is the C 

–C fission reaction of the fuel “molecule”, even- 

ually producing H and CH 3 radicals. Reactions (R2-R7) describes 

he H-abstraction of the fuel “molecule” followed by β-scission of 

he resulting fuel radical. Since the H-abstraction reaction produc- 

ng the fuel radical is rate limiting while the following β-scission 

s facile, the two reaction processes are combined into a single 

tep, as described by Reactions (R2-R7). Furthermore, the stoi- 

hiometric parameters of the pyrolysis products in Reactions (R2- 

7) are assumed to be independent of the H-abstraction reacting 

adicals/molecules. The detailed explanations are presented in an 

arlier study using n -hexane thermal decomposition as an exam- 

le [1] . Briefly, for H-abstraction of a large hydrocarbon molecule 

 m 

H n , the equilibrium concentration of the resulting radical iso- 

ers (C m 

H n -1 ) is primarily determined by their Gibbs free ener- 

ies. The composition of the radical isomers directly determines 

he composition of the pyrolysis product, regardless of what the 

-abstraction reacting radicals/molecules are. 

With carbon and hydrogen elemental conservations, the stoi- 

hiometric coefficients, e d , e a , b d , and b a can be treated as depen-

ent variables, 

 d = 

[ −( 4 − χ) m + ( 7 − χ) n/ 2 + 3 α + χ − 13 ] 

3 ( 2 + 3 λ3 + 4 λ4 ,i + 4 λ4 , 1 ) 
(1) 

 a = 

[ −( 4 − χ) m + ( 7 − χ) n/ 2 + 3 β − ( 10 − χ) γ − ( 10 − χ) ] 

3 ( 2 + 3 λ3 + 4 λ4 ,i + 4 λ4 , 1 ) 

(2) 

 d = ( m − n/ 2 + 1 ) / 3 (3) 
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Table 1 

Summary of independent stoichiometric parameters of the HyChem Jet A model and test cases considered in the current work. 

Parameter Description Method of 

determination a 
Range Nominal 

value c 
MC cases and parameter ranges e 

1 2 3 4 

α Number of H atoms from (R1) per C m H n ST [0, 2] 0.50 d d [0, 2] [0, 2] 

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

γ CH 4 yield in addition to H-abstraction by CH 3 in (R2-R7) ST [0, γ max ] 
b 0.45 d [0, 0.9] [0, 0.9] [0, γ max ] 

λ3 C 3 H 6 -to-C 2 H 4 yield FR, ST [0, ∞ ] 0.47 [0.43, 0.51] [0, 0.94] [0, 0.94] [0, 2] 

λ4, i i -C 4 H 8 -to-C 2 H 4 yield FR, ST [0, ∞ ] 0.05 [0.04, 0.06] [0, 0.1] [0, 0.1] [0, 2] 

λ4, i 1-C 4 H 8 -to-C 2 H 4 yield FR, ST [0, ∞ ] 0.15 [0.13, 0.17] [0, 0.3] [0, 0.3] [0, 2] 

χ C 6 H 6 -to-(C 6 H 6 + C 7 H 8 ) yield FR, ST [0, 1] 0.51 [0.47, 0.55] [0, 1] [0, 1] [0, 1] 

a ST: shock tube species time histories of C 2 H 4 and CH 4 ; FR: flow reactor. b γ max is derived from Eqn. (2) by setting e a ≥ 0: γmax = −1 + [ −( 4 − χ) m + ( 7 − χ) n/ 2 + 

3 β] / ( 10 − χ) . c Values used in the nominal Jet A model [1] . d The parameter values are determined from C 2 H 4 and CH 4 time history data (and their uncertainties). In the 

MC procedure, the initial ranges of α, β , and γ 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 2 H 4 and/or CH 4 time history profiles that lie inside the experimental uncertainty band. See text. e The MC sampling uses uniform distributions over 

the respective parameter ranges stated. 
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 a = ( m − n/ 2 + γ + 1 ) / 3 (4) 

hile α, β , γ , λ3 , λ4, i , λ4,1 , and χ are the independent stoichio- 

etric parameters. The above formulation contains a total of 14 

ndetermined parameters in all; seven of them are the stoichio- 

etric parameters and the other seven are the rate coefficients k i 
 i = 1, 2, …, 7). 

In Table 1 , the physical ranges of the stoichiometric parameters 

re provided, and these bounds are defined by elemental conser- 

ation. The parameters λ3 , λ4, i , and λ4,1 are the C 3 H 6 -to-C 2 H 4 , i -

 4 H 8 -to-C 2 H 4 , and 1-C 4 H 8 -to-C 2 H 4 yield ratios, respectively; χ is

he ratio of C 6 H 6 to the sum of C 6 H 6 and C 7 H 8 yields. These ratio

alues are usually estimated first from oxidative pyrolysis exper- 

ments in a flow reactor [2] . The parameters α and β represent 

he number of H radicals generated from C 

–C fission reaction (R1) 

nd from H-abstraction reaction (R2-R7) followed by β-scission, 

espectively. γ is the CH 4 yield per fuel “molecule” in addition to 

-abstraction from the CH 3 radical. The seven rate coefficients k i 
 i = 1, 2, …, 7) are estimated initially from the analogous reactions

e.g., of n -dodecane in JetSurF 2.0 [20] ). Briefly, k 1 is assumed to

e the sum of all the n -dodecane C 

–C bond fission reaction rates.

he rate coefficient k 2 is initially estimated to be the sum of the 

-abstraction rates of n -dodecane by H atom, producing n -dodecyl 

adicals. Similarly, k 3 - k 7 are the sum of rates of n -dodecane H-

bstraction by CH 3 , OH, O 2 , HO 2 , and O, respectively. Then, these

ate coefficients, together with α, β , and γ , and the ratio parame- 

ers discussed earlier are jointly determined by matching the C 2 H 4 

nd CH 4 time history data from shock-tube thermal and oxidative 

yrolysis experiments of the fuel in an inverse problem. The values 

f the ratio parameters are adjusted accordingly during this pro- 

ess, and their final values are always close to those directly mea- 

ured in the flow reactor [1 , 2] . For Jet A, the nominal values of the

toichiometric parameters are listed in Table 1 for reference. The 

ate coefficients can be found in the original publication [1] . Suf- 

ce it to note that the HyChem model predictions of global com- 

ustion properties are more sensitive to stoichiometric parameters 

e.g., β and λ3 ); and less to the rate coefficients. 

. Simulation method and cases 

Kinetic modeling is carried out using the Sandia Chemkin pack- 

ge [21] . Fuel pyrolysis is simulated isobarically and adiabatically. 

he ignition delay time ( τ ign ) is computed as the time to the max-

mum rate of OH 

∗ production under the isochoric and adiabatic 

ondition. The laminar flame speed ( S ◦u ) is calculated using PREMIX 

22] with multicomponent transport and thermal diffusion. 

The Monte Carlo (MC) cases, listed in Table 1 , are designed to 

ddress the questions raised in the Introduction section. Case 1 
128 
s the base case built on the actual experimental speciation val- 

es and their respective uncertainties. The ratio parameter ( λ’s and 

) values are sampled within their respective uncertainties in the 

tanford flow reactor, which are discussed in [2] . The α, β , and 

values are sampled implicitly from C 2 H 4 and CH 4 time histories 

easured in the Stanford shock tube facilities and their respective 

ncertainties by a MC shooting method, as will be discussed later. 

his case features the feasible parameter set of the HyChem model 

or the Jet A fuel. 

Case 2 essentially uses C 2 H 4 speciation as the only constraint 

nd tests the question about how accurate the HyChem model can 

e when it is constrained by this dominant pyrolytic product only. 

e relax the constraints on λ’s and χ hypothetically in Case 1 

nd also the constraint on γ to an extent from the shock-tube 

H 4 time history, all of which now vary from zero to two times 

f their respective nominal values. In that way, the constraint of χ
an reach its upper physically possible bound. In Case 3, we exam- 

ne the scenario when neither C 2 H 4 nor CH 4 time history data is 

vailable, so that the α and β can take values over their respective 

hysical ranges, while the ratio parameters are still loosely bound 

s in Case 2. Lastly, Case 4 extends the ratio parameters to ranges 

hat correspond to random productions of C 2 H 4 , C 3 H 6 , 1-C 4 H 8 and

 -C 4 H 8 with the mean ratio values equal to unity. The bound of γ
s set to be its entire physical range. In this last case, a HyChem 

odel is built largely from elemental balance only. 

Using the MC approach, we generate random samples of re- 

ction models using uniform distributions over the respective pa- 

ameter ranges listed in Table 1 . In all test cases, the rate coeffi- 

ients k 1–7 are also perturbed in terms of the pre-exponential A 

actor, within a factor of five from the respective nominal values, 

ssuming a uniform distribution in log( k ). For Cases 1 and 2 where 

 2 H 4 and/or CH 4 species data are imposed, we first generate the 

andom model samples using the α, β , and γ bounds of Case 3, 

nd then down-select the reaction models using the MC shooting 

ethod into a feasible set, all of which would predict the C 2 H 4 

nd/or CH 4 time profiles within the respective bands as defined 

y the experimental uncertainty. Figure 1 shows the C 2 H 4 profiles 

f a typical pyrolysis experiment taken from [23] , which has been 

sed for Jet A HyChem model development [2] . For all the C 2 H 4 

ata considered in the earlier study of Jet A, the measurement un- 

ertainty varies from 15 to 20%, depending on different test con- 

itions [2 , 23] . We use the nominal simulated profile and calculate 

he 20% upper and lower bounds in the C 2 H 4 profile, which is dis- 

layed as the shaded band in the figure. We choose the nominal 

odel predictions to set up the uncertainty bounds and not the 

xperimental data themselves because the nominal model predic- 

ion removes the random errors in each experiment, and it pro- 

ides a more unbiased framework for sampling the experimental 

ncertainty. As illustrated in the figure, Model 1 (M1) is accepted 
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Fig. 1. Time histories of C 2 H 4 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 2 H 4 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 a of experiments for which 

Cases 1 & 2 model samples are derived. 

No. Reactant p 5 (atm) T 5 (K) 

1 0.74% Jet A/Ar 12.4 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 12.4 1400 

6 0.4% Jet A/6.6% O 2 /Ar 1.6 1050 

7 0.4% Jet A/6.6% O 2 /Ar 1.6 1100 

8 0.4% Jet A/6.6% O 2 /Ar 1.6 1200 

a The conditions were taken from shock tube experi- 

ments in [2] . 
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nto the feasible set, as its simulated C 2 H 4 profile falls within the 

ncertainty bounds over the entire range of test time. Models 2–

 are rejected, each for a different reason. The above procedure is 

xercised for eight initial conditions, as listed in Table 2 , spanning 

he ranges of the speciation data available over five pyrolysis and 

hree oxidative pyrolysis cases. Ultimately, MC reaction models that 

atisfy all eight experimental conditions are adopted in the feasible 

et and used for subsequent τ ign and S ◦u evaluations. 

. Results and discussion 

The results of all four MC cases are summarized in Fig. 2 . Here,

e use the ignition delay time ( τ ign ) measured for Jet A-air mix- 

ures at the equivalence ratio φ = 1.1 and pressure behind reflect 

hock p 5 = 10.9 atm over a range of temperature, and the laminar 

ame speed of Jet A-air at an unburned temperature T u = 403 K 

nd pressure p = 1 atm over a range of equivalence ratio as our 

est cases. Both the experimental data of ignition delay time and 

aminar flame speed are taken from Ref. [2] . Several sets of ignition 

elay data are available; the set shown in Fig. 2 is chosen because 

t is the most representative data set of Jet A [2] . The probabil-

ty distribution functions (PDFs) are obtained from 20 0 0 MC model 

amples for each combustion property and each test case. Scatter 
129 
lots of MC results are shown respectively in Figs. S1a-S1h of the 

upplementary Material (SM). 

Case 1 uses constraints from all measured species (C 2 H 4 , CH 4 , 

 3 H 6 , i -C 4 H 8 , 1-C 4 H 8 , C 6 H 6 , and C 7 H 8 ). As it can be seen from

igs. 2 a and 2 b, the speciation data constrain the model well as far

s predicting the global combustion properties is concerned: the 

ign nominal prediction is in agreement with the experiment, and 

he τ ign predicted uncertainty is approximately 50%, 60% and 90% 

t 140 0, 120 0 and 10 0 0 K, respectively. We note that in the pre-

ious effort of HyChem model development, a limited number of 

gnition delay time data have been used to provide further guid- 

nce in parameter determination; while in Case 1, we impose no 

gnition delay constraints to the model. We will show in later text 

hat with additional species considered, the τ ign prediction uncer- 

ainty can be further reduced. Nevertheless, the uncertainty pre- 

icted for ignition delay in Case 1 is satisfactory above 1200 K, as 

he total uncertainty span is about factor of 2, which is compara- 

le to the corresponding uncertainty in shock-tube ignition delay 

easurements. Suffice it to note that these uncertainty values are 

maller than the model uncertainties resulting from the founda- 

ional fuel chemistry that lead to a uncertainty span size of τ ign 

anging from factor of 5 to an order of magnitude, as discussed in 

n earlier study [2] . 

The laminar flame speed is well predicted, and the speciation 

ncertainties have very little impact on the S ◦u prediction, as the 

 σ band is within ±1.5 cm/s. The predicted 2 σ band is much 

ower than the experimental 2 σ uncertainty, which varies from 2 

o 5 cm/s. The results presented in Figs. 2 a and 2 b suggest that the

yChem-related experimental measurements are accurate enough 

or deriving the HyChem model parameters for predicting the ig- 

ition delay above 1200 K and laminar flame speed. Except for α, 

early all stoichiometric parameters are constrained well as seen 

y the corresponding PDFs in Figs. 3a-3g . In contrast, the rate co- 

fficients are generally not constrained as well as the stoichiomet- 

ic parameters, as shown in Figs. 3h-3n , in which the nominal rate 

arameters are shown for comparison. Four parameters ( α, k 4 , k 6 , 

nd k 7 ) are particularly under-constrained, because over the range 

f conditions considered, the thermal/oxidative pyrolysis rates are 

ot sensitive to their values. Nonetheless, the nominal parameter 

alues adopted in the HyChem model agree with the median val- 

es of the well-constrained parameters (i.e. γ , λ3 , λ4, i , λ4,1 , χ , k 1 , 

nd k 3 ). 

The increased ignition delay time prediction uncertainties for 

 5 < 1200 K ( Fig. 2 a) can be explained by the sensitivity spectra

ith respect to the HyChem model parameters, as shown in Fig. 4 . 

t 1400 K when fuel pyrolysis and the oxidation of the fuel frag- 

ents are fully decoupled, the τ ign prediction is especially sensi- 

ive to λ3 (i.e., the C 3 H 6 -to-C 2 H 4 yield ratio). C 3 H 6 is the second

ost dominant pyrolysis product from Jet A [2] . An increase in the 

3 value decreases the reactivity of the pyrolyzed product mix- 

ure, and thus delays autoignition. Since the C 3 H 6 uncertainty as 

easured in the flow reactor is quite small, the λ3 value derived 

rom it and the resulting ignition delay predictions are both quite 

ccurate. In contrast, at the 10 0 0 K initial temperature when the 

oupling of fuel thermal decomposition and the oxidation of the 

yrolysis fragments is enhanced, λ3 becomes a less important pa- 

ameter since the production rates of the pyrolysis products (i.e. 

 3 H 6 and C 2 H 4 here) are slow. At this temperature, β is now the 

ominant parameter because of its association with radical produc- 

ion from the fuel pyrolytic steps; and its impact amplifies toward 

ower temperatures. An increase in the β value enhances the pro- 

uction of H atom from fuel pyrolysis, thus enhancing both fuel 

ecomposition and radical chain branching, leading to a shortened 

gnition delay. 

To further illustrate the above point, we use two feasible Case 1 

odels (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, φ = 1.1, and p 5 = 10.9 atm) and laminar flame speed (Jet A-air, T u = 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 20 0 0 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 2 σ uncertainties; solid lines: predictions of the nominal Jet 

A model [2] ; dashed lines: means of the model predictions; dotted lines: 2 σ 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. 3. Probability distributions of seven stoichiometric parameters compared to their respective nominal values (a-g, top panel) and seven rate coefficients normalized by 

their respective nominal values (h-n, bottom panel), computed for Cases 1 and 2. Solid line: nominal values in the Jet A HyChem model; dashed line: the initial parameter 

bounds from Case 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

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. 
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gnition delay time at 1400 K, but have significantly different val- 

es at 10 0 0 K. The values of the 14 independent parameters of the

wo models are listed in Table S1 of the Supplementary Material. 

s shown, the λ3 value differs by only 10% between the two model 

arameter sets, while the β value in Model b is a factor of 3 of that
131 
n Model a . The differences among other parameters vary to differ- 

nt extents. Nevertheless, Fig. 5 shows the key species profiles at 

he 1400 and 1000 K initial temperature. Clearly, at 1400 K, fuel 

yrolysis and the oxidation of pyrolysis products (e.g. C 2 H 4 shown 

ere) are decoupled in time, and the two models predict almost 

dentical temporal structures leading to ignition. At 10 0 0 K, how- 

ver, both models show increased coupling between fuel decom- 

osition and oxidation of fuel fragments. This extended coupling 

s primarily due to the lower rates of fuel pyrolysis. Moreover, at 

0 0 0 K, Model b predicts the early-stage H radical concentration to 

e five times that of Model a . This difference leads to quite sub- 

tantial difference in the fuel pyrolytic rates. Although the peak 

 2 H 4 yields are almost identical, Model b still predicts a nearly 50% 

horter τ ign than Model a . Besides of the difference in the H con- 

entration, CH 2 O and CO, which are commonly identified as key 

pecies involved in first-stage ignition processes, also exhibit dif- 

erent production rates. At around 10 0 0 K, their production and 

estruction rates become closely coupled to the fuel decomposi- 

ion chemistry, again because of the increased coupling between 

uel pyrolysis and the oxidation of the pyrolysis products. 

The sensitivities shown for CO and CH 2 O suggest that these 

pecies could be critical to remedying the inability of the current 

yChem model to more accurately predict ignition delay toward 

ts lower temperature bound of applicability. Figure 6 presents the 

ensitivity spectra of several key species with respect to the 14 

yChem parameters computed for a 0.4% Jet A/6.6% O 2 /Ar mix- 

ure at 1050 K initial temperature and 1.6 atm constant pressure. 

he spectra are calculated using the species concentrations ( x ) at 

 ms reaction time under Condition 6 of Table 2 ( T 5 = 1050 K).

he sensitivity coefficient is defined as S = [ 
x ] 2 × p / [ 
x ] p –

, where 
x = x ( t = 2 ms) – x ( t = 0) and p refers to any of the

4 model parameters. It is seen that under the condition shown, 

O production is sensitive to the parameters that govern radical 

ool buildup, including α, β , k 2 (C m 

H n + H ), and k 4 (C m 

H n + OH).
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Fig. 5. Time histories of mole fractions computed for key species using sample 

Models a (solid lines) and b (dashed lines) for Jet A-air ignition at 1400 K (a) and 

10 0 0 K (b) initial temperature, 1.1 equivalence ratio and 10.9 atm initial pressure. 

Fig. 6. Logarithmic sensitivity spectra of selected species with respect to HyChem 

parameters computed for 0.4% Jet A/6.6% O 2 /Ar reaction at 1050 K initial tem- 

perature and 1.6 atm constant pressure. The sensitivity coefficient is defined as 

S = [ 
x ] 2 × p / [ 
x ] p – 1, where 
x = x ( t = 2 ms) – x ( t = 0) and p refers to 

any of the 14 HyChem parameters. 
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he sensitivity spectra of CH 2 O are similar to CO, but with weaker 

ntensities. Nevertheless, the results shown here suggest that CO 

nd CH 2 O are the additional measurement targets to reduce the 

yChem model uncertainty in the 10 0 0 K to 120 0 K temperature

ange, especially considering that laser diagnostics of CO [24 , 25] 

nd CH O [26 , 27] are well-developed for shock tubes. Additionally, 
2 

132 
O and CH 2 O can be measured in other legacy experimental fa- 

ilities such as jet stirred reactors and flow reactors (see, for ex- 

mple, [4 , 17 , 28-32 ]). Furthermore, the CO speciation is helpful to 

educing τ ign prediction uncertainties above 1200 K also, because 

f its strong sensitivity to k 2 , k 4 and β . In particular, the results

f Fig. 4 suggest that k 2 is important for the ignition delay time 

rediction at the 1400 K initial temperature, as Reaction (R2) con- 

ributes to H-radical removal, and this can impact both the pyroly- 

is and oxidation processes. Since k 2 is loosely constrained by the 

urrent set of speciation data (see Fig. 3 i), introducing CO as a tar- 

et species would benefit HyChem model accuracy. 

Additionally, hydrogen (H 2 ) production and fuel consumption 

xhibit very strong sensitivity to β and their measurement would 

mpose a strong constraint on this parameter. While H 2 can be 

easured using combined gas chromatography and mass spec- 

rometry technique (GC–MS) [30] , fuel consumption is more chal- 

enging because of its multicomponent nature. In an earlier phase 

f HyChem model development, one set of H 2 and fuel (Jet A) data 

rom flow reactor experiment were consulted [2] , and these data 

ere indeed found to be useful. Other species that can be utilized 

n HyChem model development include C 2 H 6 by GC–MS [30] , and 

H 3 , OH, and HO 2 , all of which are amenable to laser diagnostics

33-35] . 

We assess the impact of C 2 H 4 speciation next (Case 2 of 

able 1 ). Figure 2 c and d show the PDFs of model predictions of

ase 2. As it can be seen, C 2 H 4 speciation alone is sufficient for 

eriving the HyChem model parameters at least for the conditions 

ested. The nominal predictions for the ignition delay ( τ ign ) and 

aminar flame speed ( S ◦u ) are in close agreement with the exper- 

mental data. This is not surprising considering that C 2 H 4 is the 

ost dominant product from Jet A pyrolysis, accounting for up to 

/3 of total carbon yield [1 , 2 , 23 , 36] . The PDFs of the 14 indepen-

ent parameters shown in Fig. 3 suggest that β , k 1 , and k 3 are

rimarily constrained by the C 2 H 4 speciation data, and other pa- 

ameters, e.g., λ3 , k 2 , and k 5 , are constrained by the same data to

n extent. Importantly, the current analysis illustrates yet another 

xample concerning the importance of ethylene diagnostics in the 

igh-temperature combustion chemistry of hydrocarbons. Without 

xperimental constrains beyond C 2 H 4 , the 2 σ prediction spans ex- 

ectedly increase as compared to those of Case 1. The 2 σ values in 

 

◦
u are now ±2 cm/s, and the uncertainties in τ ign are < 70% above 

200 K, leading to a total span size of τ ign to be within factor of 3

f the nominal prediction and the experimental data. 

If we take away the constraint of C 2 H 4 along with all other 

peciation data, a HyChem model would be developed essen- 

ially from elemental conservations. Cases 3 and 4 are such cases, 

arying the degree of the constraints on the stoichiometric pa- 

ameters that range from an educated guess (Case 3) to prac- 

ically unconstrained case except for the expectation of equal, 

tatistical importance of C 2 H 4 , C 3 H 6 , i -C 4 H 8 , and 1-C 4 H 8 as the

et A pyrolysis products (Case 4). In both cases, α, β , and χ
pan their respective physical ranges. In Case 3, the bounds of 

’s, and γ remain the same as those for Case 2. In Case 4, 

he upper bounds of λ’s are relaxed to 2, so the mean val- 

es of these ratio parameters are unity. Overall, Case 4 al- 

ows the model prediction to be less impacted by C 2 H 4 and 

ore influenced by C 3 and C 4 alkene species, which generally 

ead to reduced high-temperature oxidation rate, because the 

xidation of i -C 4 H 8 and C 3 H 6 is notably slower than that of 

 2 H 4 [3] . 

To understand the last two cases tested, we first plot in Fig. 7 

he PDFs of the yields of C 2 H 4 , i -C 4 H 8 , and C 3 H 6 from Jet A py-

olysis. Each yield value is calculated from a set of stoichiomet- 

ic parameters sampled; 20 0 0 such MC samples are generated for 

ach case. Here, we assume that all pyrolysis products are pro- 

uced from H-abstraction reactions (R2–R7) without coupling with 
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Fig. 7. C 2 H 4 (a), i -C 4 H 8 (b), and C 3 H 6 (c) yields calculated from Eqns. (5) , (6) , and (7) using the stoichiometric parameters in 20 0 0 MC samples for each test cases. 
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econdary reactions. Therefore, from Eqn. (2) , the yields of C 2 H 4 , 

 -C 4 H 8 , and C 3 H 6 may be derived from elemental balance as: 

 C 2 H 4 , elementalbalance 

∼= 

e a = 

[ −( 4 − χ) m + ( 7 −χ) n/ 2 + 3 β − ( 10 − χ) γ −( 10 − χ) ] 

3 ( 2 + 3 λ3 + 4 λ4 ,i + 4 λ4 , 1 ) 

(5) 

 i - C 4 H 8 , elemental balance 
∼= 

e a λ4 ,i 

= 

[ −( 4 − χ) m + (7 − χ) n/ 2 + 3 β − (10 −χ) γ − (10 − χ) ] 

3(2 + 3 λ3 + 4 λ4 ,i + 4 λ4 , 1 ) 
λ4 ,i 

(6) 
 C 3 H 6 , elementalbalance 

∼= 

e a λ3 = 

[ −( 4 −χ) m + ( 7 −χ) n/ 2 + 3 β−( 10 −χ) γ −( 10 −χ) ] 

3 ( 2 + 3 λ3 + 4 λ4 ,i + 4 λ4 , 1 ) 
λ3 

(7) 

As shown in Fig. 7 , the dominance of C 2 H 4 as a pyrolysis prod-

ct becomes weaker from Case 3 to Case 4 as the median C 2 H 4 

ield decreases by about factor of 5, from 1.64 to 0.37. On the other 

and, the median yield of i -C 4 H 8 increases from 0.08 in Case 3 to

.30 in Case 4. Additionally, the median C 3 H 6 yield decreases from 

.75 in Case 3 to 0.30 in Case 4. 

The results computed for the ignition delay and laminar flame 

peed are shown in Fig. 2 e through 2h. Informed essentially by 

lemental conservations, Case 3 shows that the mean values of 

ign and S ◦u are still in close agreement with the experimental data, 

hile the mean values in Case 4 deviate from the experiments, 

ven though model predictions span surprisingly small ranges in 

oth cases. For Case 3, the uncertainty span size in τ ign is within 

n order of magnitude ( × / ÷3 the mean value), and the mean value

f the probability distribution is within 25% of the experimental 

ata and nominal model predictions . For S ◦u , the predictions lie in 

 ± 4 cm/s 2 σ band, which is comparable to the 2 σ experimental 

ncertainty. In Case 4, the mean value of the probability distribu- 

ion of τ ign starts to deviate from the nominal model prediction 

bove 1250 K, and the mean value of the S ◦u distributions are lower 

han the value predicted by nomial Jet A model. Clearly, the slower 

xidation behavior predicted is associated with decreased produc- 

ions of C 2 H 4 , and increases in the less reactive intermediates (e.g. 

 -C 4 H 8 ) as discused earlier. 

To illustrate the above point, we plot in Fig. 8 a and b the simu-

ated S ◦u values at 1.04 equivalence ratio as functions of C 2 H 4 and i -

 4 H 8 yields using 500 MC samples combined under Cases 3 and 4. 

gain, the C 2 H 4 and i -C 4 H 8 yields are calculated from Eqs. (5) and

6) , respectively. Clearly, from Case 3 to 4, the dependency of lam- 

nar flame speed prediction on C H becomes much weaker, while 
2 4 

133 
uch dependency turns stronger on i -C 4 H 8 . Similarly, Fig. 8 c and d

resent the same set of simulated S ◦u values as functions of C 2 H 4 

nd C 3 H 6 yields under Cases 3 and 4. In Case 3, when C 2 H 4 and

 3 H 6 are the top two most dominant pyrolysis products, the lami- 

ar flame speed shows stronger dependencies on C 2 H 4 than C 3 H 6 . 

owever, in Case 4 when both species yields are reduced and be- 

ng equal, laminar flame speed is still more sensitive to C 2 H 4 than 

 3 H 6 . Overall, the tests shown in Fig. 8 illustrate that (a) the lam-

nar flame speed is the most sensitive to the C 2 H 4 yield from the 

uel – an increase in the C 2 H 4 yield causes the flame speed to in-

rease, and (b) an increase in the i -C 4 H 8 or C 3 H 6 yield reduces the

ame speed, and the effect of i -C 4 H 8 appears to be larger. Analy- 

es of the reaction fluxes and sensitivities indicate that the attack 

f i -C 4 H 8 and C 3 H 6 by the H-atom both lead to effective H-atom

ecombination, i.e., 

 -C 4 H 8 + H → i -C 4 H 7 + H 2 

 -C 4 H 7 + H ( + M) → i -C 4 H 8 ( + M) 

 3 H 6 + H → a -C 3 H 5 + H 2 

 -C 3 H 5 + H ( + M) → C 3 H 6 ( + M) 

here i -C 4 H 7 is the methylpropenyl radical (H 2 C 

= C(CH 3 )C • H 2 ) and

 -C 3 H 5 is the allyl radical (H 2 C 

= C(H)C • H 2 ), both of which are res-

nantly stabilized and resistant against further decomposition or 

xidation. In contrast, the H-abstraction of C 2 H 4 produces the vinyl 

adical (C 2 H 3 ), which decomposes readily to C 2 H 2 + H or reacts

ith O 2 to form CH 2 O + HCO and CH 2 CHO + O, all of which speed

p the radical buld-up. 

The effect of the rate coefficients on the prediction of ignition 

elay time and laminar flame speed is significantly smaller than 

he stoichiometric parameters, as stated before. Results of sensitiv- 

ty analyses with 10 × and 2 × the rate coefficient perturbation 

re provided in Fig. S2 as probability distributions and in Fig. S3 as 

catter plots, and these are compared to the results obtained with 

 × the rate coefficient perturbation, all for Case 3. As shown in 

igs. S2b and S2d, the S ◦u prediction is insensitive to the rate coeffi- 

ient perturbation. Such insensitivity is expected, since S ◦u is mostly 

ensitive to foundational fuel chemistry (e.g. H + O 2 = OH + O and

O + OH = CO 2 + H) [2] . As for the τ ign prediction, the size of the

rediction uncertainty band increases from 2 × to 10 × rate per- 

urbations, which are primarily caused by k 2 , k 4 , and k 5 . However,

e note that the impact of the rate coefficients ( k 1–7 ) is generally

maller 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 2 H 4 and i -C 4 H 8 

yields (top panels), and as functions of C 2 H 4 and C 3 H 6 yields (bottom panels), using 500 MC reaction models under (a) & (c) Case 3, (b) & (d) Case 4. The C 2 H 4 , i -C 4 H 8 , and 

C 3 H 6 yields are calculated from elemental balance Eqs. (5) , (6) , and (7) , respectively. The 2D surface shown in each figure is a 2nd order polynomial fit to guide the eyes. 
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ime is much shorter than the time for the oxidation of the pyrol- 

sis products, and as such, the choices of the rate coefficients are 

ot particularly important. 

Lastly, another interesting message that we can extract also 

rom the results of Case 4 is that when no experimental 

peciation information is available, a HyChem model formulated 

ssentially by elemental conservation can be reasonably predic- 

ive as far as ignition delay time and laminar flame speed are 

oncerned. Because all of the modern reaction models along with 

he relevant computer codes explicitly or implicity impose elemen- 

al conservation, any such model is expected to predict the global 

ombustion properties of real, liquid fuels well as long as its foun- 

ational fuel chemistry submodel is reaonably accurate. 

. Conclusions 

The predictive capability of the HyChem model is evaluated in 

he context of experimental speciation data in shock tube and flow 

eactor using the Jet A fuel and its HyChem reaction model as 

he test case. We assessed the impact of C 2 H 4 , CH 4 , C 3 H 6 , i -C 4 H 8 ,

-C 4 H 8 , C 6 H 6 and C 7 H 8 speciation measurements on the ability 

f the HyChem model to predict ignition delay time and laminar 

ame 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 2 O 

speciation from oxidative pyrolysis of the fuel hold the po- 
134 
tential for drastically improving the HyChem predictive con- 

fidence under that condition. CO and CH 2 O 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. 

(3) 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 ( × / ÷ 3 the mean value) for ignition delay times 

above the 10 0 0 K initial temperature and within ±4 cm/s for 

laminar flame speed at atmospheric pressure across a fairly 

wide range of equivalence ratio. 

Finally, we note that reliable laser diagnostics of ethylene and 

ther related species, developed in Professor Ronald Hanson’s lab- 

ratory over the past two decades, prove to be critical to HyChem 

odel development in two related aspects. First, the diagnostic ca- 

ability provides the intellectual underpinning for the HyChem ap- 

roach, in that it enables a cause-and-effect ar gument underlying 

he HyChem approach. Second, the reliable laser diagnostic tech- 

ique is crucial to developing a predictive HyChem model for any 

eal, liquid fuels with limited number of experiments without even 

nowing its detailed composition. 
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