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The self-reaction of propargyl ¢8s) radicals has been widely suggested as one of the key routes forming
benzene in a variety of aliphatic flames. Currently, in the majority of aromatic models,stthe € C3Hs
submechanism often contains one or twplEisomers and a few global reaction steps, which do not adequately
represent the actual recombination chemistry. Recent experimental and theoretical studies on the direct propargyl
recombination and subsequeniHg isomerization have provided sufficient information to revisit and revise

the GHj3; + C3Hs reaction submechanism. In the present work, a semidetailed kinetic model consisting of
seven isomeric §Hg species and 14 reaction steps was constructed based on the most recent potential energy
surface for this system. The trial model was subjected to systemic optimization by use of a recently developed
physically bounded Gaus®Newton (PGN) method against detailed species profiles of direct propargyl
recombination and 1,5-hexadiyne (15HD) isomerization obtained from experiments at high temperatures in
a shock tube and at low temperatures in a flow reactor, which were all measured at very high pressure (shock
tube) or atmospheric (flow reactor) conditions. Predictions of the optimized model were in excellent agreement
with all experimental measurements. The optimizell{Ct CsH3 reaction subset was also tested for flame
modeling. Two different aromatic chemistry models that incorporate benzene formation from propargy! radicals
as a single step reaction were modified to include the complete submechanism for propargyl recombination.
The updated models predict significant percentages of three isomeric species [2-ethynyl-1,3-butadiene
(2E13BD), fulvene, and benzene] in premixed fuel-rich acetylene and ethylene flames, reflecting the observed
flame structures.

Introduction Currently, in the majority of aromatic models, the submecha-
nism of GH3 + CzH3 is essentially constructed from the results

i R i 1
soot formation from combustion, it is necessary to understand of Melius and co-workers, obtained over one decade’agb,

benzene formation because the production of the first ring is which do not include some recently_ discovered reaction
believed to be the rate-limiting step in the formation of multiring pathways for benzene formation at relatlvel_y low temperatures.
compounds:5 Despite its importance, the mechanism of Instead, the current4€l; + C3H3 submechanism often consists
benzene formation in combustion systems is still the subject of of only one or two GHs slgeues, benzene and fulvene, and a
debate, with attention focusing mainly on two broad classes of €W global reaction stegs:* Such a representation is too simple
reaction: (a) reactions of Jspecies with @ species and (b)  t© reflect the complexity of the £i; + CsHs reaction and may
reactions of @ species, in particular the self-reaction of the potentlally fail to model accurately the formation gno! consump-
resonantly stabilized propargy! §85) radical®—2 tion of benzeng _and the subsequent aromatic-ring growth.
Over the past few years, the self-reaction of propargyl Consequently, it is reasonable to update th#iL+ CsHa

radicals, RO, submechanism with one based on the recent experimental and

theoretical work on the propargyl self-reaction, which is briefly

C4H; + CgH;— Products (RO)  outlined below.

To minimize polycyclic aromatic hydrocarbons (PAH) and

has gained increasing attention because flame modeling studies The overall recombination rate consta, has been experi-

indicate that RO is the predominant route, forming benzene under™entally determined by a number of real-time measurements,
various combustion conditioffs15 As a particular example to ~ 2nd the agreement is within 1 order of magnitude over a wide

illustrate how important this route is, the predicted peak mole f[emper_ature and pressure rangef equal importance, the

fraction of benzene is reduced significantly to %106 from isomeric product nature of propargyl recombination has also

3.5x 10-5in a fuel-rich premixed ethylene/oxygen/argon flame D€en revealed in several experimental studiés that have

(¢ = 1.9, 50.0% argony = 62.5 cnT! s, 20 Torr) if the permitted reaction pathways to be examined in detail. In

propargyl recombination route is excluded from the kinetic addition, & recent high-pressure shock tube study of propargyl

model of Richter and Howard. recombination has yielded branching ratios for the three entrance
channelg?
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Propargyl Propargyl TABLE 1: Arrhenius Rate Parameters of Reactions in the
- + - ki, CH.+H Semidetailed Simplified Model of the GH3; + C3H3 Reaction
K, 615 [k = AT® exp(—E4//RT)]2
‘V 0.38 reaction A b Ea ref
. 018 12HDSY 1 GCHz;+ CHz— 1.00x 10" O 0 36
_ = K v 0.44 15HD 18
=5 T\ = +0.18 34DMCB
K 34DMCB + 0.38 12HD5Y
/ k 2 15HD— 34DMCB 6.50x 10 0 33360 30
K 6 3 34DMCB— 13HD5Y 4.10x 102 0 50530 p.w.
i/// 4 4 34DMCB-— fulvene 1.44x 10 0 51150 p.w.
Doy ks Fulvene 5 13HD5Y— benzene 3.7& 102 0 48810 p.w.
Il 6 12HD5Y— 2E13BD 2.75% 100 0 34960 18
© K é k; P 7 2E13BD— fulvene 6.61x 102 0 58360 p.w.
Benzene " K 8 fulvene— 2E13BD 9.12x 10" 0 82700 p.w.
10 8 2E13BD 9 fulvene— benzene 9.8% 104 0 70470 p.w.
Ky, ki, 10 benzene- fulvene 5.53x 10 0 100400 p.w.
Ky, 11 GHz+ C3Hz < CeHs+H 3.67x 10°° —3.879 28963 24
CH.+H 12 2E13BD— CgHs + H 3.09x 10 —7.928 118650 24
6775 13 fulvene— CgHs + H 8.51x 10** —2.505 113330 24
Figure 1. A semidetailed kinetic model of propargyl recombination 14 benzene> C¢Hs + H 5.50x 10 —6.178 132000 24

and subsequent¢8s isomerization. 15HD, 1,5-hexadiyne; 1245HT, . .
124 5-hevatetracne; 12HDSY, 1,2-hexadiene-5-yne?/34DMCB, 34- “Note: A units mol cm sec K,E, units cal/mol. 15HD, 1,5-
dimethylenecyclobutene; 13HDS5Y, 1,3-hexadiene-5-yne; 2£13BD, neéxadiyne; 1245HT, 1,2,4,5-hexatetraene; 12HD5Y, 1,2-hexadiene-5-
2-ethynyl-1,3-butadiene. yne; 34DMCB, 3,4-d|methylenecycloputene, 13HD5Y, 1,3-hexadiene-
5-yne; 2E13BD, 2-ethynyl-1,3-butadiene.
benzene without passing through fulvene (see Figure 1 for L
structures). Such an alternate route to benzene appears warranted N the PGN method, rate parameters for a trial kinetic model
based on earlier experimental studies (see ref 30 for a detailed®'® (_)btamed _through systematic optimization agamstl reliable
discussion). For benzene formation, the route via 13HD5Y is detailed species profiles from, in this case, both shock'fe
dominant at low temperatures and provides a lower temperatureand ﬂO\,N react.o?r §tud|es of dlrept propargyl recombination apd
route to benzene, consistent with experimental data of 15HD 1°HD isomerization over a wide temperature range at high-
isomerization, than can be achieved by isomerization of fulvene. Pressure conditions. The remainder of this paper discusses the
Despite its potential importance, the 13HD5Y to benzene route, development of an optimized compac:ﬂ-_ﬁ + CsHs model by )
to the best of our knowledge, has not yet been included into US€ Of the PGN method and the application of the model in
detailed aromatic chemistry models. simulating flame data when th_e compact model is used in p!ace
Miller and Klippenstein also demonstrated that multipkl§ of the one or two global reactions for propargyl recombination
species lie on the 413 + C3H3 potential energy surface, some that are typically used.
of which can be stabilized by collision, in competition with
chemically activated isomerization. A considerable percentage
of these @Hg species have even been observed in premixed 1. Trial Model Construction. The trial (unoptimized)
acetylene and ethylene flames by Westmoreland and co-reaction model consists of 14 reactions and sewts Somers,
workers?>-27 Similarly, a rich variety of GHg species, including Figure 1 and Table 1, which was constructed based on the recent
high mole fractions of 2E13BD, fulvene, and benzene, have experimental and theoretical studies of direct propargyl recom-
been observed in a recent high-pressure shock tube (HPST)bination and subsequentifs isomerizationg824.30.31
study of propargyl recombinatidi. These three isomers, The current treatment of a reaction system that contains many
2E13BD, fulvene, and benzene, are capable of being stabilizedchemically activated individual steps with a pressure-indepen-
at combustion temperatures1500 K)24 Hence, theory strongly ~ dent set of thermal isomerization reactions is only an ap-
indicates that, in order to accurately predict benzene formation proximation that has been developed through mathematical
in combustion, it is necessary to account for multiplgHg parametrization. In the present work, the intrinsically pressure-
species in flames, which cannot be done by the conventionaldependent ¢H; + C3Hj3 system was treated as a two-step
CsHs + C3Hz submechanism because normally it contains only process: (1) the entry channels via various head/tail recombina-

Approach

fulvene and benzene as the isomeric products. tions forming three linear s isomers (15HD, 1245HT, and
The goal of the present work is, on the basis of the new 12HD5Y) and (2) the subsequent isomerizations of these
experimental and theoretical understanding of thidsG- CsH3 chemical-activated complexes forming differengHe com-

reaction described above, to develop a compact submechanisnpounds. The use of 34DMCB as a surrogate for the 1245HT
for propargyl recombination that can be incorporated into entrance channel is based on an earlier shock tube/GC-FID study
combustion models and provide predictions for the multiple of propargyl recombination that demonstrated that 1245HT is
CeéHs species involved in the formation of benzene. The efficiently and predominantly converted to 34DMCBThe
methodology adopted in developing this model is novel and experimentally determined entrance branching ratios were 44%
makes use of a recently developed numerical technique, thel5HD, 38% 12HD5Y, and 18% 34DMCB, respectively. No
physically bounded GausfNewton (PGN) methoé?° to significant temperature and pressure dependence of the branch-
extract rate coefficients from the experimental data available ing ratios was observed in the shock tube study by using
in the literature. This method computes rate parameters numeri-propargyl iodide as the radical precursor. At high temperatures,
cally and, consequently, avoids having to extract phenomeno-the GH3; + CsH3 reaction can dissociate to form phenlylH
logical rate coefficients from the complex reaction network via a sequence of elementary stépgshich, for convenience,
involved in the GH3 + C3H3 potential energy surface by ab  were lumped into one step as R11 in Figure 1. In the current
initio)/RRKM —Master equation techniqués. work, the dissociation channel R11 was included in the trial
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model, even though previous shock tube/H atoms ARAS work from the literature and use the 15HD value for the other linear
by Scherer et aP! revealed that the dissociation channel was CgHs Species and benzene for 34DMCB.

insignificant (representing less than 10% of the overall recom-  Additional starting data for the trial model were obtained as
bination rate from 1100 to 2100 K at 2.2 bar). The initially ~ follows. The overall recombination rate constaat,was taken
formed products 15HD, 34DMCB, and 12HD5Y can be from the experimental value of Fernandes ef@imeasured at
stabilized at moderate temperatures by collision with the bath 994-1440 K and 0.6-1.0 bar by using shock tube/UV
gas or can isomerize at higher temperatures to varigits C ~ absorption. Rate parameters for dissociation reactions-R11
species, including 13HD5Y, 2E13BD, fulvene, and benzene via R14, were taken from the time-dependent solutions of RRKM-
reactions R2R10 in Figure 1. When the temperature is high based master equations calculated at 10%4tRate constant
enough, thermal dissociation oflls isomers to phenyl radicals ~ expressions for the isomerization reactions 15H[34DMCB,
and hydrogen atoms occuisreactions R12R14. R2, and 12HD5Y— 2E13BD, R6, were previously experimen-

To model benzene formation accurately, an adequate descrip-tally determined in the high-pressure shock &#t$and hence

tion of 13HD5Y formation and destruction is necessary because V"¢ l.Jsed qnchanged in this wo_rk. The Arrhenlqs rate param-
o - . - eters, including both preexponential factor and activation energy,
it is the key intermediate in the low-temperature route to

4,30 o P . of the remaining seven isomerization reactioks-s andk;—
gggzee?eém :gttgrzsraimgrv%iﬁ igl:'%?Yt\igveersea?nbesegﬁjiIir;ltt;ﬁockkm)’ were set as active parameters and optimized systematically
P ge. ughly €y against measured species profiles, detailed later. The challenge
tube studies of 15HD isomerization and direct propargyl

binatiort%Two th tical studies h b ducted associated with the trial model construction is the lack of reliable
recombinatiors. . wo eoretical studies have been Conaucted e constant information, in contrast to other work also aimed
on the energetics and kinetics of 13HD5Y. Both works

B ) at obtaining an optimized kinetic model where extensive rate
distinguished two rotamers of 13HDSY but showed considerable ¢, stant recommendations are available for elementary reaction

discrepancies. The calculations using a combination of QCISD- ot jnteres#” Classical transition-state theory can provide order-
(T) and density functional (B3LYP) methods by Miller and ¢ magnitude estimates of preexponential factors and was
Klippenstein generated the same ZPE (zero-point energy) for gpplied to provide initial guesses in the current study. Critical

the two structures and obtained a tight transition state (TS) thatparrier heights were approximated as activation energies subject
is 49 kcal/mol higher than that of the rotan®rdor the to optimization.

interconversion of theis- andtrans-forms. However, in a more 2. Optimization and Computational Procedure. The de-
recent work conducted at G2M level by Kislov and co- termination of rate parameters in the trial model in Figure 1
workers?? the TS has the same energy as that ofdise and from experimentally measured data can be mathematically
thus is much easier to cross. In addition, the Kislov work expressed as a nonlinear dynamic minimization problem in
indicated thdrans rotamer is 3.9 kcal/mol below thas-. Our system 1:

preliminary modeling showed that theans rotamer mole

fraction was greatly underpredicted if a 49 kcal/mol energy m [y &P — yica' 2

barrier was applied, while being enormously overpredicted if min F(P) = Z _— 1)

the barrierless TS was adopted. In neither case could benzene P = y. P

be well predicted. Consequently, in the present study, the two
rotamers were lumped, with an assumption that the rate subject to
parameters of R3 (producing 13HD5Y) and R5 (consuming
13HD5Y) will be automatically adjusted by the optimization ﬁ: f(ycal P) ycal(t ) = yo (1-a)
to account for the interconversion between the two rotamers. dt " 0

Reliable thermodynamic data for most of thgHg isomers
are not available in the literature, which is potentially significant
if the reactions in the compact model are treated as reversible
and the back rate coefficient is calculated from the equilibrium
constant. One advantage of the current PGN method for
extracting rate parameters for the optimized model is that, by
treating the reactions as unidirectional, the optimization tech- d

nique implicitly accou_nts for the_ back reacti_on by the way the (PGN) approaché?® was employed. With respect to the
model results are adjusted to fit the experimental data. Thus, ilization of sensitivity information, the “automatic” optimiza-

the need for high-quality thermochemical data to calculate (o scheme for the reaction rate parameters identification is
equilibrium constants is avoided and the resulting optimized gjmjlar to the solution-mapping approach of refs-3B. But
compact model can be easily inserted into existing models. In the pPGN approach solves directly the dynamic optimization
this regard, the present result will not be affected by the proplem without the algebraic representation (i.e., solution
thermodynamic findings in ref 24. A further consideration is  mapping% of the cost function by proceeding the Gatiss
that the thermodynamic properties of the variogbl§&isomers Newton update with physical trust region bounding.

need to be known so that the effect of heats of reaction at the  The detailed mathematical formulation and validation of the
reaction temperature can be calculated during simulations thatpgN approach has been fully described elsewfeBriefly,

use the model. However, in contrast to the calculation of back gn explicit map between the concentrations and kinetic param-
reaction rates, it is not necessary to have very accurateeter variations is first generated by using the first-order
thermochemistry for computing enthalpy changes dueetdsC  sensitivity information. This map constitutes a first-order
reactions because the concentrations of these species arepproximation of the true response surface, relating each species
typically very small compared to the bulk reaction mixture. trajectory to kinetic parameter perturbations. At every iteration
Thus, for this purpose, it is sufficiently accurate to use the step, a GaussNewton update equation is solved by the
thermodynamic properties for benzerldylvene?* and 15HG° Broyden-Fletcher-Goldfarb—Shanno (BFGS) algorithm by

where m refers to the total number of observed discrete
experimental data points. The solution is the set of unknown
parametersP, that leads to the smallest error between the
experimentally observed concentration8®, and the model
predictions ya,

To solve the optimization problem, a recently developed novel
eterministic method, the physically bounded Gatldswton
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using the line search method to find the optimal perturbation a previously obtained solution was also applied to choose a new
that minimizes the residual error between experiment and starting point to ensure that an “optimal” rate parameter set was
prediction?® To avoid the departure of variables outside their achieved in a multidimension space.

definition space, a physical approach bounding the variable To proceed with the PGN optimization in each run, the
updates, detailed later, is enforced while providing the largest uncertainties of the estimated individual parameters need to be

step length to facilitate convergence.

specified. More realistic bounds of the optimization parameters

The optimization scheme described above was implementedcan be determined by studying the consistency of collaborative

with Chemkin-1B3 and Senkirf! In our previous work? the

dataset on the combinational basis of solution mapping and

PGN method was successfully tested on recovering preexpo-robust control theory, which was demonstrated by Frenklach
nential factors on both linear and nonlinear reaction networks, and co-workerd? In the current study, we did not transfer the

some of which have a similar dimensionality to that in the

uncertainties of the “raw” experimental data into the model

present work. Here, we went a step further and extended its prediction directly. Instead, we focused on the parametrization
application to both activation energies and preexponential factorsof the parameter uncertainty region. Here, théactors were

as follows. For the algorithm to find solutions, it requires

preassigned with a value of #0if experimental recommenda-

sensitivity information with respect to the parameters that need tions are not available (R5, R7, R8, and R10), and allowed to
to be optimized. In this case, the sensitivity of the experimental vary in an uncertainty region of 38-10'“. The variation range

mole fractions with respect to both preexponential factéss,
and activation energ), are required for the PGN method to
be successful. Senkihcomputes only the sensitivity of mass
fractions with respect té\ through a perturbation factom, via

of activation energy was set to bEy(1.1, E¢g*1.1), whereEg

was an estimate. If the optimized value lies on the bounds and
the agreement between experiments and predictions is not
acceptable, we adjusted the bounding range accordingly in the

eq 2. In the current work, it was necessary to modify Senkin so next optimization run.

that the sensitivity of mass fraction with respecBaevas also

The experimental data for the kinetic model development

obtained. To achieve this, eq 3 was incorporated to computewere taken from gHz recombinatiof® and subsequent 15HD

the sensitivity information of mass fraction with respec&o
Although the sensitivities with respect foandE were treated
in a similar way, such th&t is more strongly influential than
A, it does not affect the solution of the Gaudséewton update

isomerizatiod3lexperiments that represent the recombination
chemistry. The kinetic model in Table 1 was used, without any
alteration, in the 15HD simulations simply by setting the reagent
mole fraction to be [15HDR]= 1.0. When simulating shock tube

equation. That means the BFGS line search will provide a study of direct propargyl recombination, the dissociation of
suitable length to update each parameter, minimizing the propargyl iodide'® R15, and the recombination of iodide

discrepancy between experiment and prediction.
k(aA) = o0 AT’ & FRT= ak(A)
k((lE) — ATb e—aE/RTZ ATb(e—E/RT)(I
= (AT e TF)AT) = (AT) UK (E)

)
®)

The sensitivity information of mole fraction with respect to
A andE is computed through mass fraction sensitivity informa-
tion by use of eq 4

% w0 X dy/oa
= —yw )

Wi\ =W

Baj

wherew; is the molecular weight for thegh species andv is
the average molecular weight:

1

W= (®)

K
yilw,

Having constructed a model for optimization, the initial

atoms? R16, were added because experiments were performed
with propargyl iodide (GHsl) as the radical (gHs) precursor.

CHyl — CH; + 1
kis = 10°'? x exp(-20.9 K calRT) s *
(R15)

l+1—1, ki = 10"*%cm®(mol*-s) (R16)

When the optimized subset was incorporated into a detailed
aromatic model, a premixed flame structure was calculated by
using Premix, an application program of the Chemkin collec-
tion,*® considering thermal diffusion and multicomponent
transport. The transport coefficients o§Hg isomers, except
fulvene and benzene, which are usually contained in a flame
model, were calculated by using empirical formutésom their
Lennard-Jones parameters that were estimated by Joback’s
group contribution methotp.

Results and Discussion

1. Model Validation. The trial model was subjected to
systematic optimization and rigorous validation against reliable
detailed species profiles of (a) the recombination of propargy!

parameters in the model need to be estimated. The initial radicals at 25 bar from 720 to 1350 K by Tang et®%shock
parameter guess is of great importance. Experimental values tube, seven species profiles), (b) the 1,5-hexadiyne isomerization
if known, can be used. Alternatively, classical transition-state at 25 bar from 800 to 1360 K by Tranter et38l(shock tube,
theory (TST) can provide order-of-magnitude estimates of six species profiles), and (c) the low-temperature atmospheric
preexponential factors and the activation energy can be estimated.,5-hexadiyne isomerization at 25680 °C by Stein et af!

from heats of formation. One potential problem from making

(flow reactor, four species profiles). Species profiles in shock

such initial estimates is that the optimal solution is usually far tube studies at higher pressures were also obtained but were

away from the initial guess, which in combination with the

not included in the optimization because it was found that

inherent errors in the experimental data poses a great challenggressure influences on product distributions are barely discern-
to any deterministic methods, including the PGN approach, ible839The resulting optimized reaction model oftG; + C3H3
because of their inherent locality. Consequently, during the subset, Table 1, along with its thermochemistry and transport
course of optimization, a trial-and-error model adjustment with property are available in the Supporting Information.
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C,H, recombination at 25 bar
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Figure 2. Observed (symbols, ref 18) and predicted (lines) isomegis@roducts profiles in propargyl recombination by using propargyl iodide
(CsH3l) as the radical precursor at 25 bar {fGl]o = 45—65 ppm).

By using the PGN approach, optimal rate parameters of the temperatures of the discrete experiments. Figure 4 shows clearly
seven isomerization reactionks{ks and k;—kig) were deter- that the most important reactions affecting the 34DMCB
mined. Their Arrhenius parameter valudsandE) are displayed prediction are R3 and R4, with sensitivity spectra occurring in
in Table 1. The optimized 43 + CsHz subset predicts the temperature range of 96@050 K. In comparison, as
experimental species concentrations well in all shock tube indicated in Figure 5, at higher temperatuiies 1050 K, the
studies, as shown in Figures 2 and 3. Note particularly that the benzene profile is largely affected Byvalues of R7, R9 and
peak concentrations of all the stable species are predicted toR10, in addition to R3 and R4, which strongly suggests the
within a 10% deviation, and better in most cases. Generally necessity of studying the isomerization kinetics of 2E13BD and
speaking, the model is able to simulate perfectly the earlier fulvene.

(more active) product wells of thezB3; + CgH3 reaction, in The optimized subset, without any modification, has the
particular 15HD, 34DMCB, 12HD5Y (Figures 2a and 3a), and capability to predict product yields extremely well, Figure 6,
13HDS5Y (Figures 2c and 3c), where the temperatures of startingin the low temperature (258680 °C) atmospheric 15HD
decay or build up were accurately predicted. However, the model isomerization study by Stein and co-work&rsising a flow
showed a slight deficiency in predicting later (more stable) reactor, a reactor that is systematically different from the shock
product wells of 2E13BD (Figure 3c), fulvene, and benzene tube apparatus. Such a demonstrated predictive capability for
(Figure 3b), the implication of this will be discussed later. The experimental measurements in both reactor types implies that
only significant discrepancy occurs in predicting 2E13BD in the model contains the reactions of importance and captures
the shock tube study of 1,5-hexadiyne, Figure 3c, where the the true chemistry of propargyl recombination. Additionally,
prediction are off by more than 50 K. Nevertheless, the model the proposed model predicts a small amount of 13HD5Y in the
predicts a peak value that is consistent with that observed. temperature range of 41®30 °C, which was not experimen-

The sensitivity of optimized rate parameters on model tally observed by Stein et al., with a peak relative yield of about
performance was investigated. It was found through the 10% at 480°C that is in very good agreement with the
optimization that rate parameters of the isomerization reactionstheoretical calculation (Figure 5 in ref 24) by Miller and
(R3—R5) between earlier wells were much easier to determine Klippenstein.
than the later ones (R7R10). In general, the overall predictive Previously Miller and Klippenstein performed RRKM-based
capability of the resulting model is much more sensitive to the multiwell multichannel master equation calculations over the
parameters ranges of RR10 than to that of R3R5. Clearly, whole GH3 + CgH3 potential that consists of 104 elementary
there is a need for more experimental information about reaction step3d* The kinetic solutions obtained by using an
reactions R#R10 in order to reduce the uncertainties of the ordinary differential equation (ODE) integrator to solve energy-
current optimization. A detailed sensitivity analysis has been grained population equations gave good predictions of Stein et
performed with 34DMCB and benzene as two examples as al.’s flow reaction reactor pyrolysis of 15HD. On the basis of
shown in Figures 4 and 5, respectively. In the figures, sensitivity their time dependent solutions, Miller and Klippenstéin
spectra were evaluated at the specific reaction conditions of eactproposed a simplified 10-step model of theHz + CsH3
data set. Note the data set were plotted according to the testrecombination for flame modeling by lumping all products into
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15HD isomerization at 25 bar
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Figure 3. Observed (symbols, ref 30) and predicted (lines) isomegidsGpecies profiles in 15HD isomerization at 25 bar ([1568]42 ppm).
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Figure 4. Sensitivity spectra of 34DMCB with respect to optimized individual preexponential factors in (a) the propargyl recombination study and
(b) the 15HD isomerization study. Note: the data set were ranked according to the test temperatures of the discrete experiments. Detaileal experiment
information can be found in refs 18 and 30, respectively.

four different channels that contain only thregHg isomers, compact model against experiment were reported. Despite the
fulvene, 2E13BD, and benzene. No detailed information regard- potential uncertainty, the 10-step model has recently been
ing the lumping process and no validation of the resultant incorporated into a detailed flame mode by Law et’al.
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Figure 7. Predictive capability of a lumped 10-step model of thelC
+ CgHs reaction (ref 24). Symbols: experimental measurements (ref
18); lines: model predications.

Unfortunately, as clearly shown in Figure 7, the lumped 10-
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Figure 8. A simple sequential one-route benzene formation model.

comparison of the Miller and Klippenstein model predictions
with experimental data in the higher temperature range, the range
the model aims at, albeit the same data were used in these two
figures. More comparisons with the theoretical approach on
pressure dependence could be done if more experimentally
determined entry branching ratios and more concentration
profiles were available, which, unfortunately, was not the case.

2. Implication for CgHg Chemistry. The mechanistic
information on benzene formation from the self-reaction of
propargyl radicals and from the early isomeric product wells
have been the subject of debate for long time. Disputes focused
on whether benzene can be formed from other intermediates
without involving fulvene. Most experimental work suggested
the existence of an additional route forming benzene, as opposed
to theoretical calculations performed at various levels of
sophistication that suggested that benzene is produced solely
via the fulvene— benzene route. Our recent experimental work
on 15HD and propargyl recombinatii®clearly indicates that
benzene is formed by three distinct routes of which only two
involve fulvene as a precursor to benzene. In terms of modeling,
the difference between the current work and a model that
assumes that benzene can only be formed sequentially from
fulvene can be clearly demonstrated by considering the mech-
anism of Thomas et &P.shown in Figure 8. It was found that
the agreement between the predictions of the Thomas et al.
model and the recent HPST data of 15HD thermal rearrangement
is poor. Even with the help of the PGN approach, the agreement
after optimization with experimental data is still not good, as
displayed in Figure 9. The failure is plausible because the
Thomas et al. model cannot account for the formation of benzene
at relatively low temperatures by the isomerization of 13HD5Y.

Thus the present work has further verified the two-route

step model is not able to accurately simulate the recently benzene formation scheme: (a) 13HD5Y benzene and (b)

obtained HPST experimental data of propargyl recombination.
Note that, different from Figure 2b, Figure 7 only displays the

fulvene— benzene. Reaction pathway analysis on the proposed
subdetailed gH; + CsHz model indicated that the relative
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o, 15HD O ,- - - 34MDCB of a mathematical parametrization using the PGN technique and
A e fulvene v ,--—--benzene might fail to describe the underlying physical reality, in

particular, the preexponential factors for reactions-R&0 are
unrealistically highHere, the optimizets—k;o represent their
high-pressure limits at > 1050 K (cf. sensitivity discussion
with Figure 5). Previously, a direct experimental investigation
of fulvene to benzene isomerization by Gaynor et’dhas
generated an Arrhenius rate expression, but the accuracy was
questioned by Madden et #.on the basis of their theoretical
investigation. They concluded that the activation energy obtained
by Gaynor et al. maybe too low. In the present work, the
optimized preexponenti& factor of benzene~ fulvene appears

to be too high, compared to the value using classical transition-
state theory from the vibrational frequencies obtained by Miller
and Klippensteit* However, until a better description of the
fulvene to benzene isomerization can be obtained, it is premature
to force the optimization results to favor the theoretical
Figure 9. The possible best predictions by using the sequential model calculations over the experimentally determined rate coefficient,
in Figure 8 with optimal rate parameters determined by the PGN eyen though the current model would perform more accurately

method. Symbols represent shock tube data of 1,5-hexadiyne isomerq, the species formed in later wells if the activation energy
ization at 25 bar (ref 30). Lines represent predictions using optimized .
was increased and thefactor was reduced.

rate parameters. - ) )
3. Implication for Flame Chemistry. Flame modeling shows

1.0 — T T T T g

Mole fraction

o ¢ . ‘r
800 900 1000 1100 1200 1300 1400
Temperature T, /K

40 L ' T that, as mentioned before, propargyl recombination is often the
P dominant route forming benzene. Relatively high mole fraction
)/ of propargyl (103)2>26and multiple isomeric gHg species have
30 p=25bar,7=1.8ms ’ ] been observed in acetylene and ethylene flathie’s.Unques-
via 13HD5Y to benzene ) tionably, the chemical compositions of the flame structure in

terms of GHe species cannot be reflected by a traditional

detailed kinetic model because, in it, the submechanism of
/ propargyl self-reaction is normally represented by only a few
! global reaction steps and up to two different isomers (benzene
and fulvene). In the current work, some existing models were

/ modified by inclusion of the optimized propargyl recombination
P submechanism in place of the global reactions.

Two aromatic models were considered: (a) the flame model
developed by Richter and Howdrébr prediction of single-
) ) . ) ring aromatic hydrocarbons and their precursors in four laminar
Figure 10. Net fqrmatlon of benzene contrllbuted by two dn‘fer.ent premixed flames, referred to as model A: and (b) the flame
routes as a function of temperature. Reaction pathway analysis was del d | d by R d Remimed at
performed at 25 bar and 1.8 ms reaction time on a reagent mixture of mode . _eve ope y Rasmussen and Co-wo eﬂum_e _a
100 ppm GHal in argon. determining the overall rate constant of the recombination of

propargyl radicals at flame conditions (high temperature and

importance of routes (a) and (b) in contributing to benzene low pressure) from the measurements in a fuel-rich premixed
formation is strongly temperature dependent. In the self-reaction acetylene flame, referred to as model B. These two kinetic
of propargyl radicals, the benzene is formed around 1000 K models have considerable different reaction pathways, but both
primarily through 13HD5Y and the fulvene to benzene route are capable of simulating accurately their targeted flame
will not be effective until around 1100 K, Figure 10. The structures, species concentration profiles as a function of the
13HD5Y — benzene route plays the dominant role only above burner height. Both models include propargyl recombination
1200 K, when the two routes contribute to benzene formation as the main step to benzene formation with a single global
equally. reaction step but with different products:sHz + CgHz —

One may easily notice that the proposed model is able to P€nzene in model A, andsHs + CsHz — phenyl+ H in model
predict extremely well the detailed concentrations of species B- T0 maintain the fidelity of original models, only the
formed in earlier wells on the PES, specifically 15HD, corresponding single propargyl recombination step was replaced
34DMCB, 12HD5Y, and 13HD, but shows a small deficiency PY the semidetailed 415 + CsHg subset in Table 1. To extend
in simulating species formed in later wells on the PES (benzenethe subset to low-pressure premixed flame conditions, rate
and fulvene). This observation is also highlighted in the rate Parameters of dissociation reactionsef-ki4 at 30 Torr were
constant Comparison diagram, F|gure 11. The Optimization rate taken from ref 24. No further modifications were made to the
constant results show good agreement with previously recom_subset from the Optimization procedure or to the Original detailed
mended rate constants for 34DMGCB fulvene, fulvene— flame models.
2E13BD, and 2E13BD- fulvene, but have some discrepancy Figure 12 presents the isomerigH concentration profiles
for fulvene— benzene. Thus it appears that the isomerization predicted by model A with the inclusion of the optimizegHz
between species formed in earlier wells has been understoodt- CsHs subset in a fuel-rich premix ethylene/oxygen/argon
quite well but not with later ones, particularly the one from flame @ = 1.9, 50.0% argony = 62.5 cms™1, 20 Torr)*° The
fulvene to benzene. However, it is worth pointing out that the updated model predicts considerable amounts of benzene,
obtained Arrhenius parameter valuésandE) were the result fulvene, and 2E13BD. Benzene reaches its highest concentration

- - - via fulvene to benzene
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Figure 11. Comparison of Arrhenius plots of (a) 3,4-dimethylenecyclobutene (34DMEBlvene, (b) 2-ethynyl-1,3-butadiene (2E13BB)
fulvene, and (c) fulvene~ benzene.

Premixed C,H,/O,/Ar flame (¢=1.9) 20% fulvene, and 35% 1,5-hexadiyne) by using molecule-beam
30 i i T ! ! mass spectrometry (MBMS) in conjunction with photo-ioniza-
- tion (PIE) measurement and assuming the same cross-sections
for all CgHg species. However, one perhaps should be cautious
with the assignment of 15HD because both experimental and

N
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1500 -
Temperature profile

Temperature /K
g
8

‘©

X

£ 201 B theoretical work has suggested that 15HD is barely able to
B | Heightabowethobuneriem survive at temperature- 1200 K. The primary point of this

& 15r 1 comparison is that our proposed compact model can predict
S benzene multiple GsHe species in flame conditions when the original
€ 1.0F - - -fulvene § model A by Richter and Howard does not have such a capability
iz "o 261380 because its €13 + C3Hs submechanism only contains benzene

rest C H, cluster

e
3

e and fulvene.

In the other case, the updated model B predicts 60% benzene,
0.0 b= : — . . 20% fulvene, and 20% 2E13BD in a fuel-rich acetylene flame,
0.0 0.5 1.0 1.5 2.0 2.5 3.0 ) . X :
Height above the buner /cm Figure 13, a slightly higher percentage of benzene than in the
. . L . ethylene flame but with the relative ratio of 2E13BD to fulvene
Figure 12. CgHs mole fraction profiles in a fuel-rich ethylene/oxygen/ - .
argon flamed = 1.9, 50.0% argon; = 62.5 cms %, 20 Torr) predicted ~ '€Maining the same. Experimental measurements of an acetylene

>

by a detailed kinetic model (ref 9) updated by the proposgds;G- flame by Westmoreland using GC/MS detected the presence
CsH3 subset. Inset: the figure (up right) is a temperature profile (ref of unidentified GHg isomers eluting before benzene with total
49). See text for details. concentrations approximately one-fourth that of benZ&sde,

at 0.5 cm above the burner, while the peaks of fulvene and consistent with the prediction shown in Figure 13. Therefore,
2E13BD appear with about the same heights but higher thanthe present simulation results suggest that, including our
benzene. At their peak locations, the relative ratios are 50% proposed propargyl recombination subset into an aromatic
benzene, 23% fulvene, and 27% 2E13BD. Note that no large formation model can better predict the flame observations of
relative percentages of 15HD were predicted at flame temper- Multiple forms of GHs species than models that include
ature, which is consistent with the shock tube sttfefy. simplified mechanisms for benzene formation from propargy!.
The original model A by Richter and Howard was developed It should be noted that sensitivity analysis showed that the
against experimental data that did not resolve differegisC relative ratios of benzene, fulvene, and 2E13BD are heavily
specie$. Therefore, to study further the consequences of adding dependent on the initial recombination branching ratios. An even
our GHz + C3H3z submechanism to model A, it was necessary better fit to measureddEls yields at flame conditions could be
to use the flame measurements of Law et al. that gave relativeobtained by change the branching ratios of propargyl recom-
CeHe ratios. The experimental investigation of a fuel-lean bination. However, changing the branching ratios is not currently
premixed GH4/O,/Ar flame by Law and co-worke?$ quanti- recommended, considering the possible uncertainty in the
tatively specified three differentd8s species (45% benzene, quantification of flame structure and the authenticity of flame
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Figure 13. CgHs mole fraction profiles in a fuel-rich acetylene/oxygen/
argon flame ¢ = 2.4, 5% argony = 50 cms™, 20 Torr) predicted by

a detailed kinetic model (ref 10) updated by the proposgts G- CsHs
subset. Inset: the figure (up right) is experimental temperature profile
(refs 25, 26). See text for details.

models in predicting the flux-forming propargyl radicals and
the consumption of benzene.

Further application of the current optimized model developed
through comparison with experimental data obtained at tens of

atmospheres to the simulation of flame data that may have been®

obtained at a few Torrs bears discussion. Although the proposed
CsH3 + C3Hj3 subset is much more comprehensive than those
normally used (i.e., one global step) and is able to predjelzC
species distributions at very high pressures, it is still a
simplification of a very complex system that involves multiple
channels and multiple wells as cleared mapped out by Miller
and Klippensteir¥* In addition, the underlying approximation
upon which the current model was developed that leads to
replacing intrinsically pressure-dependent chemically activated
reactions with pressure-independent thermally activated reaction
steps is not completely realistic. This assumption might be
responsible for the model failing to describe the results of the
low-pressure experimental studies, in particular the study by
Alkemade and Homarthat 2.25 Torr and 4.5 Torr in which a
large amount of 1245HT and 12HD5Y were observed and no
2E13BD was detected, and two other studies by Shafir €t al.
and Howe and Fal?8 respectively. Consequently, it is advised
to limit the model’'s application to reaction conditions at high
pressure in order to ensure quantitative accuracy.

Conclusions

A 14-step semidetailed483 + CsH3 submechanism, includ-
ing seven isomeric s products is proposed for inclusion into
aromatic models to achieve better descriptions of benzene
formation from propargyl radicals in flame conditions at high

Tang et al.
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