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Abstract

Speciation in jet-stirred reactor pyrolysis and laminar burning velocity of four hexane isomers (n-hexane, 3-methylpentane, 2,3-dimethylbutane, and
2-methylpentane) were measured at various pressures. The results revealed that the molecular structure of the fuel significantly influenced both the
pyrolysis reactivity and the laminar burning velocities of the four hexane isomers. In the jet-stirred reactor pyrolysis, the initial decomposition temperatures
of the four hexane isomers are similar, while n-hexane exhibits the highest laminar burning velocities, followed by 2-methylpentane and 3-methylpentane,
with 2,3-dimethylbutane showing the slowest results. A comprehensive kinetic model for the four hexane isomers was proposed and subsequently
validated through comparison with newly obtained experimental data. Modeling analyses were conducted to gain a deeper understanding of the fuel
isomeric effects of the hexane isomers on pyrolysis characteristics and laminar flame propagation. The primary consumption pathways for the pyrolysis of
four hexane isomers all involve H-abstraction reactions, followed by unimolecular decomposition. The subsequent S-scission of their primary radicals
primarily governs the formation of the main products. A significant portion of 2,3-dimethylbutane is converted to propene, whereas the majority of the
carbon flux from n-hexane is directed towards the production of ethylene. In the four hexane isomer flames, 2,3-dimethylbutane tends to produce propene
and methyl radical, which have strong H-consuming ability and thus inhibit flame propagation. As a result, 2,3-dimethylbutane exhibits the slowest rate of
laminar flame propagation. However, n-hexane tends to produce more ethyl and ethylene, which promotes flame propagation, so it demonstrates the
fastest rate of laminar flame propagation.
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Introduction

As a crucial component of conventional transportation fuels, the
combustion investigations of alkanes is of great significance for
understanding the key combustion behaviors of transportation
fuels, such as flame propagation, ignition, and combustion instabil-
ityl". Alkanes are also an important component of sustainable avia-
tion fuels, which can be used in aero engines to replace conven-
tional jet fuell?. Hexane is a typical component of the alkane family.
Currently, n-hexane has been used as a fuel additive to improve the
efficiency and emission of diesel enginesi>4. In addition, hexane is
very abundant in light naphthal®l. Figure 1 shows four hexane
isomers with different molecular structures, i.e. n-hexane, 3-
methylpentane, 2,3-dimethylbutane, and 2-methylpentane. The
combustion characteristics of fuels can be significantly influenced
by their isomeric structures, such as flame propagation®-9, ignition
delay timel'0-12, pyrolysis reactivity!®7.'3], octane number'¥, and
soot generation trend!'%]. Therefore, investigating the effects of fuel
isomerism will enhance the understanding of how the molecular
structure of fuels influences their reactivity.

Previous studies on hexane isomer combustion mainly involved
the measurements of speciation information!'¢-21, ignition delay
times (IDTs)l'218.22-26] and laminar burning velocities (LBVs)[27-311, |t
is noted that most of them focus on n-hexanel!6-22.2427-311 \while
only a few combustion studies have focused on branched
hexanes!['217:23], Wang et al.l'”l studied the low-temperature oxida-
tion of the five hexane isomers in a jet-stirred reactor (JSR) at 1 atm,
spanning a temperature range of 550 to 1,000 K. They observed that
n-hexane exhibited the highest reactivity among the isomers, while
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2,3-dimethylbutane showed the weakest reactivity at low tempera-
tures (below 800 K). Recently, Zhang et al.l'2'8 measured IDTs of five
hexane isomers to examine fuel isomeric effects on ignition behav-
ior. This was done under stoichiometric conditions at a pressure of
15 bar, using a high-pressure shock tube and a rapid compression
machine, with temperatures ranging from 600 to 1,300 K. They
found that the IDTs increase in the order of n-hexane, 3-methylpen-
tane, 2-methylpentane, 2,2-dimethylbutane, and 2,3-dimethylbu-
tane. To date, there are very few investigations on the pyrolysis of
hexanes. Yasunaga et al.l'¥ studied the pyrolysis of n-hexane in a
shock tube at 1.0-2.5 atm and 1,000—-1,500 K. Some light pyrolysis
products such as ethylene (C,H,), methane (CH,), ethane (C,Hg), and
propene (C5Hg) were detected and quantified by gas chromatogra-
phy (GCQ). As is widely known, LBV is one of the crucial combustion
characteristics for industrial applications in gas turbine engines and
rocket propulsion systemsB2, and developing chemical kinetic
modelsB3l, Ji et al.l?8] obtained the LBVs of n-hexane/air mixtures
using counterflow configuration at the initial pressure (P,) of 1 atm,
initial temperature (T,) = 353 K and equivalence ratio (¢) of 0.75-1.5.
Kelley et al.>! obtained the LBVs of n-hexane/air mixtures using a
constant-pressure combustion chamber at P, = 1-10 atm, T, = 353
K, and ¢ = 0.7-1.7. Recently, Li et al.®"l obtained the LBVs of n-
hexane/air mixtures using a high-pressure cylindrical combustion
vessel at P, = 1 atm, T, =353 K, and ¢ = 0.8—1.5. It can be seen that,
to date, only Kelley et all?®) measured the high-pressure LBV of
n-hexane. There are also no previous measurements on LBVs of the
other three hexane isomers and limited measurements on pyrolysis
speciation information of the other three hexane isomers. In conclu-
sion, research on the effects of fuel isomerism on laminar flame
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Fig.1 Molecular structures of the four hexane isomers.

propagation and pyrolysis of the four hexane isomers remains
limited.

Building on experimental advancements, kinetic models for
hexane isomers have been proposed!'21821], Zhang et al.l'2'8] deve-
loped a comprehensive combustion reaction kinetic model of five
hexane isomers (named as the Zhang model in the following study)
based on IDTs and JSR oxidation species mole fraction. Recently,
Belhadj et al.l2'l proposed the kinetic reaction mechanism of n-
hexane based on JSR oxidation species mole fraction. However, due
to the limitations of experimental studies, the validation of basic
combustion data such as LBVs and pyrolysis species mole fraction
remains vague.

This work aims to explore the fuel isomeric effects of hexanes on
the pyrolysis and laminar flame propagation characteristics. First,
the pyrolysis of the four hexane isomers was investigated in a JSR at
1 atm using GC. Laminar flame propagation of the four hexane
isomers was also investigated in a high-temperature high-pressure
combustion vessel at T, = 373 K, P, = 1-10 atm. Second, a detailed
intermediate-to-high temperature kinetic model for the four hexane
isomers was developed and validated using the experimental data
presented in this study and previously reported literature. Further-
more, an analysis of the fuel isomeric effects on the pyrolysis and
combustion behavior of hexane isomers is performed.

Experimental methods

Jet-stirred reactor pyrolysis

The pyrolysis speciation measurements in JSR were conducted in
this work. The detailed description of the quartz JSR can be found in
previous work3435 and its design adheres to the guidelines
suggested in previous studiesi®6371, Generally, the reactor features
four 0.3-mm orifice nozzles positioned in the sphere with a spheri-
cal volume of 102 cm3. During the experiments, the prepared reac-
tant mixture was introduced into the reactor after passing through a
preheating tube. The preheating tube, the spherical reactor, and the
exhaust tube were all heated by adjustable heating jackets, with
temperature control provided by dedicated units. The reaction
temperature was monitored using a K-type thermocouple posi-
tioned at the center of the reactor. The temperature and pressure
conditions in this work are 675-1,075 K and 1 atm, respectively.
Hexanes (n-hexane, 3-methylpentane, 2,3-dimethylbutane, and 2-
methylpentane) with a purity of 99% were purchased from Shang-
hai Titan Technology Co. Ltd (Shanghai, China), while argon
(99.999% purity) was provided by Air Liquide (Shanghai) Co., Ltd
(Shanghai, China). The total flow rate of all experiments was kept at
1,000 standard cubic centimeter per minute (SCCM) with the fuel
and argon inlet mole fractions of 1% and 99% respectively. Pyrolysis
products were analyzed using an online gas chromatograph
(Agilent 7890B) fitted with two flame ionization detectors (FIDs). The
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FIDs, coupled with GS-Alumina capillary columns, were employed to
quantify hydrocarbons, primarily C;-C, species in this study. Follow-
ing the methods in previous workB839, the mole fraction of pyroly-
sis products was determined using both the direct calibration
method with standard gas mixtures and the indirect effective
carbon number approach, based on the FID response. The uncer-
tainties in mole fraction measurements are estimated to be + 15%
for direct calibration with standard gases, and + 20% for the indirect
calibration using the fuel(384041], respectively.

Laminar burning velocity

The laminar flame propagation of hexane/air mixtures were inves-
tigated in a high-temperature, high-pressure combustion vessel.
The related description of the experimental facility can be referred
to in detail to our previous work“Z., In brief, the experimental facility
mainly includes an injection system, a premixing vessel (an inner
volume of 9.06 L), a cylindrical combustion vessel (an inner volume
of 2.77 L), a spark ignition system, a temperature control system, a
pressure control system, and a schlieren system. In the experiment,
the synthetic air was provided by Air Liquide (Shanghai) Co., Ltd,
while hexanes (n-hexane, 3-methylpentane, 2,3-dimethylbutane,
and 2-methylpentane) with a purity of 99% were purchased from
Shanghai Titan Technology Co., Ltd. The fuel vapor and synthetic air
(21%0,/79%N,) were first mixed in the premixing vessel at a given
equivalence ratio by using the partial pressure method. The defini-
tion of the stoichiometric reaction is CgH;,4 + 9.5(0, + 3.76N,) = 6CO,
+ 7H,0. The prepared combustible mixtures were ignited by a spark
generated at the center of the combustion vessel. The experiments
of hexanes were performed at T, = 373 K, P, = 1-10 atm, and ¢ =
0.7-1.5. All the related systems were heated to 373 K to prevent fuel
condensation. The propagation of spherical flames was recorded
using a high-speed camera (Phantom V310), which was operated at
12,000 fps with a resolution of 480 x 480 pixels (corresponding to
75 X 75 mm?2 region). The flame radius range was chosen to be
10-23 mm to eliminate the impact of ignition and
confinement*3-431 on flame propagation. The data processing and
uncertainty evaluation methods are outlined in detail in our pre-
vious work[3942l, Uncertainties from radiation, flame radius determi-
nation, repeatability, extrapolation/fitting, temperature, and pres-
sure are considered. The uncertainty of the inlet temperature and
inlet pressure are = 1 Kand £ 0.2 kPa, respectively.

Kinetic model

In this work, a comprehensive intermediate-to-high-temperature
kinetic model of four hexane isomers containing 288 species and
2,179 reactions was proposed. The Cy,-C, core mechanism was
adopted from our propanol, propanal®, and butane-2,3-dionel*
models. The C5 sub-mechanism was derived from the model for
pentane isomers!'8l, The sub-mechanism of the four hexane isomers
was mainly adopted from the work of Zhang et al.l'? with several
important reactions updated based on the latest theoretical study,
which is detailed in Supplementary Table S1. Thermodynamic data
and transport data of Cy-C, species and C; species were obtained
from our recent models of propanol], and the pentane isomers
modell'8], respectively. Thermodynamic data and transport data of
species involved in the sub-mechanism of the four hexane isomers
were adapted from Zhang et al.l'2],

The present model incorporates H-atom abstraction reactions for
n-hexane (NCgH;4), 2-methylpentane (ICg), 3-methylpentane (I5Cg),
and 2,3-dimethylbutane (XCg), involving radicals such as H, CH3, OH,
HO,, O, 0,, CH;0, C,H;, and C,Hs. The rate constants for H-atom
abstraction reactions by H-atoms from n-hexane (R1-R3, see in
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Supplementary Table S1), 2-methylpentane (R10-R14), 3-
methylpentane (R25—-R28), and 2,3-dimethylbutane (R37—-R38) were
derived from analogous reactions of n-butane (nC4H,,), and i-
butane (iC4H;,), based on theoretical calculations and shock tube
experiments conducted by Peukert et al.l*’}, while those by CH; for
n-hexane (R4-R6), 2-methylpentane (R15-R19), 3-methylpentane
(R29-R32), and 2,3-dimethylbutane (R39—R40) were adopted from
the work of Orme et al.*8! and Goos et al.*9. In addition, the rate
constants for H-atom abstraction reactions by OH for n-hexane
(R7—-R9), 2-methylpentane (R20—-R24) , 3-methylpentane (R33—-R36),
and 2,3-dimethylbutane (R41-R42) were adopted from the work of
Badra et al.*%. The consumption of hexyl radicals is governed by s-C
scission reactions, i.e. f-C-C and S-C-H scission reactions, of which
the rate constants were adopted from the work of Badra et al.5%,

Chemkin-PRO softwarel5'] was adopted to perform all the simula-
tions using the present model. Specifically, the simulation of adia-
batic flame temperature (T,4) was conducted using the Chemical
and Phase Equilibrium module, the simulations of JSR was
conducted using the Perfectly Stirred Reactor module, the simula-
tion of IDTs was conducted using the Close Homogeneous Batch
Reactor module, and the simulations of LBVs were conducted using
the Premixed Laminar Flame Speed Calculation module with the
consideration of the Soret effect. A refinement over a 10 cm domain
(1,000 grid points, CURV 0.1, and GRAD 0.1) was applied to ensure
proper convergence. The validation against experimental data of
hexanes from previous literaturel'819.242829311 can be found in
Supplementary Fig. S1-Fig. S5.

Results and discussion

Jet-stirred reactor pyrolysis

In the JSR pyrolysis experiments, a variety of pyrolysis products
were identified, and their mole fractions were quantified as a func-
tion of temperature. Figures 2—5 show the comparison between the
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measured and simulated mole fraction distributions of fuels and
detected products in the pyrolysis of n-hexane, 2,3-dimethylbutane,
3-methylpentane, and 2-methylpentane, respectively. The present
model is shown to accurately predict fuel decomposition and the
formation of the majority of pyrolysis products. The Zhang model('%
was also tested to simulate the JSR pyrolysis experiments. It is
observed that the Zhang modell'? can generally capture the
decomposition of n-hexane and the formation of most of its pyroly-
sis products, while under-predict the decomposition of the other
three hexanes and the formation of most pyrolysis products.

To understand the pyrolysis chemistry of the hexane isomers, the
ROP analysis was performed at about 85% fuel conversion, which
corresponds to 1,025 K for n-hexane and 2-methylpentane and 1000
K for 3-methylpentane and 2,3-dimethylbutane. Under this fuel
conversion, most of the pyrolysis products in n-hexane, 2,3-
dimethylbutane, 3-methylpentane, and 2-methylpentane pyrolysis
was abundantly produced. Figure 6 illustrates the primary reaction
networks involved in the pyrolysis of the four hexane isomers at 1
atm, based on the rate of production (ROP) analysis.

Primary decomposition of hexane isomers

Figures 2a, 3a, 4a, & 5a show the fuel decomposition results in the
pyrolysis of n-hexane, 2-methylpentane, 3-methylpentane, and 2,3-
dimethylbutane. Slight differences in decomposition trends among
the four fuels can be observed. The ROP analysis reveals that
hexanes are primarily consumed through two reaction classes: bond
dissociation and H-abstraction reactions. However, the relative
contributions of these pathways differ depending on the fuel struc-
ture. Figure 7 compares the contributions of bond dissociation and
H-abstraction reactions to the decomposition of the four hexane
isomers. It is noticed that the contribution of bond dissociation reac-
tions to fuel consumption decrease with the increase of branched
structures in fuels. In n-hexane pyrolysis, a greater contribution of
bond dissociation reactions is observed compared to the other
three hexanes. Among bond dissociation reactions of n-hexane
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Fig. 2 Mole fraction distributions of n-hexane and products in n-hexane pyrolysis at 1 atm. Symbols and lines denote the measured and simulated

results, respectively.
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Fig.4 Mole fraction distributions of 3-methylpentane and products in 3-methylpentane pyrolysis at 1 atm. Symbols and lines denote the measured and

simulated results, respectively.

(R43—-R45), two secondary-secondary C-C bond dissociation reac-
tions (R43 and R44) producing two n-propyl (NCsH,), ethyl (C,Hs),
and 1-butyl (PC4H,) respectively contribute the most due to the
lower BDEs. As for 2-methylpentane, the primary-tertiary C-C bond
dissociation reaction (R46) contribute slightly more than the
secondary-tertiary C-C bond dissociation reaction (R47) in 2-
methylpentane pyrolysis. As for bond dissociation reactions of
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3-methylpentane (R48—R50), the secondary-tertiary C-C bond disso-
ciation reaction (R48) producing C,Hs and 2-butyl (SC4Ho)
contributes the most due to its lowest BDE. As for 2,3-dimethylbu-
tane, the tertiary-tertiary C-C bond dissociation reaction (R51)
producing two i-propyl (ICsH;) contribute far more than the primary-
tertiary C-C dissociation reaction (R52) in 2,3-dimetylbutane pyroly-
sis because of its lower BDE.

Zhang et al. Progress in Reaction Kinetics and Mechanism 2024, 49: e002
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Fig.5 Mole fraction distributions of 2,3-dimethylbutane and products in 2,3-dimethylbutane pyrolysis at 1 atm. Symbols and lines denote the measured

and simulated results, respectively.

NCeH 4= NC3H7+NC;H; (R43)
NCgH 4= C,Hs+PC4Ho (R44)
NC¢H 4= CH3+CsH,,-1 (R45)

IC¢= CH;+CsH,;-2 (R46)
IC¢= NC3H; +IC3H, (R47)
I3C¢= SC4Hy+C,Hs (R48)
I13C¢= CH;+CsH;-3 (R49)
13C¢= CH3+ACsH;; (R50)
XCg=IC3H;+IC3Hy (R51)
XCe= CH3+CCsHj, (R52)

It is also known that H-abstraction reactions play a more crucial
role in fuel consumption than bond dissociation reactions due to
more radicals produced at higher temperatures. H and CHj; are two
major radials participating in H-abstraction reactions with four
hexane isomers. It is well-established that the dissociation energies
of C-H bonds reduce in the order of primary, secondary, and tertiary
carbon sites. As a result, the H atom on a secondary carbon site is
more readily abstracted than that on a primary carbon site. Conse-
quently, H-abstraction reactions on the secondary carbon site
(R2—R3 and R5-R6) contribute more to the consumption of n-
hexane than those on the primary carbon site (R1 and R4). For 2-
methylpentane, the H-abstraction reactions on the tertiary carbon
site (R11 and R16) have the greatest contribution, due to the lower
bond dissociation energies (BDEs) at these sites. In the case of 3-
methylpentane, H-abstraction reactions on the secondary carbon
site (R26 and R30) play a more significant role in the consumption of
3-methylpentane compared to those on the primary carbon site
(R25, R28—R29, and R32) and tertiary carbon site (R27 and R31). For
2,3-dimethylbutane, the higher number of H-atoms on the primary

Zhang et al. Progress in Reaction Kinetics and Mechanism 2024, 49: e002

carbon site, six times greater than those on the tertiary carbon site-
leads to a greater contribution from H-abstraction reactions on the
primary carbon site (R37 and R39) compared to the tertiary site (R38
and R40). Additionally, ROP analysis reveals that H-abstraction reac-
tions by CHj radicals (R39 and R40) make a significantly larger
contribution to the consumption of 2,3-dimethylbutane than those
by H-atoms (R37 and R38). In contrast, for the other three hexane
isomers, H-abstraction reactions by H-atoms contribute more than
those involving CHj3 radicals. This discrepancy can be attributed to
the highly branched structure of 2,3-dimethylbutane, which favors
the production of CHj; radicals during pyrolysis.

Fuel isomeric effects on pyrolysis products in hexane isomers

Alkanes and benzene

C,-C; alkanes and benzene were measured in the pyrolysis of the
four hexane isomers, as shown in Figs 2—5. The measured peak mole
fractions of CH,, C,Hg and benzene (C4H¢) are compared in Fig. 8,
which indicates a pronounced fuel isomeric effect on concentra-
tions of pyrolysis products. CH, and C,Hg are two major alkane prod-
ucts in the pyrolysis of the four hexane isomers, which are strongly
related to CH; radical. Based on ROP analysis, H-abstraction reac-
tions of CH; through fuels or CH; + H = CH, together contribute to
CH, production, and the production of C,H in four hexane isomers
pyrolysis are mainly contributed by the self-recombination reaction
of CH; (R52). Among the pyrolysis of four hexane isomers, it is
observed that 2,3-dimethylbutane yields the highest CH, and C,Hq
concentration, while n-hexane pyrolysis produces the lowest CH,
and C,Hg. It can be explained by the molecular structure of 2,3-
dimethylbutane, which has four CH; groups. It is seen that the C¢Hg
concentration is highest in pyrolysis of 2,3-dimethylbutane and
lowest in pyrolysis of n-hexane among the four hexane isomers
pyrolysis. The propargyl radical is known as an important precursor
of benzenel®? and its most abundant formation in 2,3-dimethylbu-
tane pyrolysis explains the highest concentration levels of benzene.

2CH3(+M) = C,He(+M) (R52)
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dimethylbutane at 1,000 K. The numbers represent the percentages of carbon fluxes for the corresponding reactions.

Alkenes

C,-C, alkenes were measured in the pyrolysis of the four hexane
isomers, as shown in Figures 2—5. Figure 9 compares the experimen-
tal peak mole fractions of C,H,, C3Hg, and 1-butene (1-C,Hpg). It can
be observed that alkenes, especially the concentration of C,H, and
C3Hg have significant differences in the four hexane isomer pyrolysis.
n-Hexane pyrolysis produces the largest C,H, concentration and
the smallest C3Hg concentration among the four hexane isomers

Page 6 of 14

pyrolysis, while 2,3-dimethylbutane pyrolysis yields the largest C3Hg
concentration and the lowest C,H, concentration. ROP analysis
indicates that the #-C-C or -C-H scission reactions of C,-C, n-alkyl
radicals (R53-R55), generated from fuel decomposition, account for
nearly 85% of the C,H, production in n-hexane pyrolysis. Among the
three n-alkyl radicals, NC;H; is mainly formed from R43 and the
S-C-C scission reaction of 2-hexyl (C¢H,3-2) radical (R56), while C;Hs
can be formed from R44, R55 and the p-C-C scission reaction of

Zhang et al. Progress in Reaction Kinetics and Mechanism 2024, 49: e002
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Fig. 8 Comparisons of experimental maximum mole fractions of
methane, ethane, and benzene in n-hexane, 2-methylpentane, 3-
methylpentane, and 2,3-dimethylbutane pyrolysis at 1 atm. For
methane and benzene, the temperature is 1,075 K for n-hexane and 2-
methylpentane, and 1,050 K for 3-methylpentane and 2,3-dimethyl-
butane. For ethane, the temperature is 1,050 K for four hexanes.

3-hexyl (CgH,q3-3) radical (R57). As a result, C;,H, attracts the majority
of the carbon flux from n-hexane, which explains the highest
concentration of C;H, among the four hexane isomers. The concen-
tration of C3Hg is lowest in n-hexane pyrolysis among the four
hexane isomers, because its main production pathway is only R56,
which has the lowest carbon flux from n-hexane. In contrast, C3Hg is
the dominant alkene product in 2,3-dimethylbutane pyrolysis.
According to ROP analysis, the -C-H scission reaction of IC;H; (R58)
and the f-C-C scission reaction of 2,3-dimethyl-1-butyl (XC4-1) radi-
cal (R59) contribute nearly 95% together to the production of C5Hg
in the pyrolysis of 2,3-dimethylbutane, which has the greatest
carbon flux from 2,3-dimethylbutane. Therefore, the concentration
of C3Hg is highest in 2,3-dimethylbutane pyrolysis. However, the
formation of C,H, is mainly through the decomposition of C3Hg
(R60), which can explain the lowest C,H, concentration in 2,3-
dimethylbutane among the four hexane isomers pyrolysis.

NC3H;= C,H;+CH; (R53)
CoHs(+M) = C,Hy+H(+M) (R54)
PC,Hy= C,H,+C,Hs (R55)
CeH 3-2 = C3Hg+NC3Hy (R56)
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Fig. 9 Comparisons of experimental maximum mole fractions of
ethylene, propene, and 1-butene in n-hexane, 2-methylpentane, 3-
methylpentane, and 2,3-dimethylbutane pyrolysis at 1 atm. For
ethylene, the temperature is 1075 K for n-hexane and 2-methylpentane,
and 1050 K for 3-methylpentane and 2,3-dimethylbutane. For propene
and 1-butene, the temperature is 1000 K for four hexanes.

CeH 3-3 = CHs+1 — C4Hg (R57)
IC3Hy= C3Hg+H (R58)
XCg—1 = C3Hg+IC3H; (R59)
C3He+H = C,H,+CH; (R60)

The concentrations of C,H, in 2-methylpentane and 3-methylpen-
tane pyrolysis are close, which are located in the middle among the
four hexanes pyrolysis. A slightly higher concentration of C3Hg in 2-
methylpentane pyrolysis is observed than that in 3-methylpentane
pyrolysis. Based on ROP analysis, the $-C-C scission reaction of 2-
methyl-4-pentyl (IC4-4) radical (R61), 2-methyl-1-pentyl (IC¢-1) radi-
cal (R62), 2-pentyl (CsH,;-2) radical (R63), and i-butyl (IC4,H9) radical
(R64) and R58 together contribute around 90% to the production of
C3Hg in the pyrolysis of 2-methylpentane, while the S-C-C scission
reaction of SC,Hy (R65) and the addition-elimination reactions of 2-
butene (2-C4Hg) (R66) and 1-C4Hg (R67) contribute around 90%
together to the formation of C3Hg in 3-methylpentane pyrolysis. The
carbon flux from 2-methylpentane to C3Hg is higher than the carbon
flux from 3-methylpentane to C3Hg, which explains the concentra-
tion of C5Hg in 2-methylpentane pyrolysis is larger than that in 3-
methylpentane pyrolysis.

ICs—4 = C3Hg+IC3H; (R61)
IC¢—1 = C3Hg+NC;3Hj5; (R62)
CsH, ;-2 = C3He+C,H;5 (R63)
IC4Hy= C3H¢+CHj; (R64)
SC4Ho= C3Hs+CHj3 (R65)

2 - C4Hg+H = C3Hg+CHj3 (R66)
1-C4Hg+H = C3Hg+CHj3 (R67)

Figure 9 also shows the mole fractions of 1-C4Hg in n-hexane
pyrolysis is the highest among the four hexane isomers pyrolysis.
Based on ROP analysis, R57 and the combination of allyl (C3Hs-A)
and CH; (R68) are the major production pathway of 1-C4Hg in
n-hexane pyrolysis, while R68 is the major formation pathway of 1-
C4Hg in other three hexanes. The ability to produce allyl and CH;
radicals of 2,3-dimethylbutane explains the slightly higher concen-
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tration of 1-C,Hg among the three branched hexane isomers.

C3Hs—A + CH3(+M) = 1 — C,Hg(+M) (R68)

Laminar burning velocity

Experimental and simulated results

In this work, LBVs of n-hexane/air, 2-methylpentane/air, 3-
methylpentane/air, and 2,3-dimethylbutane/air mixtures at T, = 373
Kand P, =1, 2, 5, and 10 atm were measured, which is shown in
Fig. 10. A decreasing trend of LBVs of the four hexane isomers can
be observed as initial pressures increase. The maximum LBV values
of the four hexane isomers exist at around ¢ = 1.1 at 1 and 2 atm,
while the effective LBV values can only be obtained at ¢ =0.7-1.1,and
¢ = 0.7-1.0 under 5 and 10 atm respectively due to the strong
effect of cellular instability. The present model can capture the
measured LBVs of the four hexane isomers well under all investi-
gated conditions.

Figure 11 presents the measured Markstein lengths of n-hexane/
air, 2-methylpentane/air, 3-methylpentane/air, and 2,3-dimethylbu-
tane/air mixtures at T, = 373 Kand P, =1, 2, 5 and 10 atm. As the
equivalence ratio increases, the Markstein lengths for the four
hexane isomers decrease across all investigated conditions, with a
transition from positive to negative values occurring at ¢ = 1.3
for both 1 and 2 atm. At a given equivalence ratio, it is observed
that the Markstein length decreases with increasing pressure when
$ < 1.4, whereas the opposite trend is observed at ¢ = 1.5 and pres-
sures of 1 and 2 atm. Overall, the similar trends in Markstein length
suggest comparable flame instability characteristics among the four
hexane isomers.

The comparisons between the measured and simulated results of
the four hexane isomers at 373 K and 1 atm by the present model
and the previous model proposed by Zhang et al.l'Z (named as the
Zhang model) were also performed, as shown in Fig. 12. The Zhang
modell'Z can well predict the measured LBVs of n-hexane and 3-
methylpentane under lean and stoichiometric conditions, but it
under-predicts the measured LBVs under rich conditions with the
largest difference up to 5 cm/s. As seen from Fig. 12a & d, the Zhang
modell'2 under-predicts the measured LBVs of 2-methylpentane
and 2,3-dimethylbutane under lean, stoichiometric, and rich condi-

Fuel isomeric effects of hexanes

tions. Compared with the Zhang model'Z, the present model is
generally good under all the investigated equivalence ratios, espe-
cially under rich conditions.

Fuel-specific combustion chemistry of hexane flames

Figure 13 shows reaction schemes of primary decomposition
pathways of the four hexane isomers in the lean and rich flame at 1
atm based on the rate of production (ROP) analysis. It can be seen
that the H-abstraction reactions govern the consumption of the four
fuels and further decomposition of the produced fuel radicals
mainly continues via f-C-C scission reactions. n-hexane mainly
produces 1-hexyl (CgH;3-1), 2-hexyl (CgH;3-2) and 3-hexyl (CgH;5-3)
through H-abstraction reactions under all equivalence ratios, while
the C-C bond dissociation reaction forming NC3H; and n-butyl
(NC4Hg) becomes more important under rich conditions. Subse-
quent decomposition of these intermediates tends to produce a
significant amount of C;H,; and C,Hs, along with smaller quantities
of C3Hg and CH;. NC3H,, formed through C-C bond dissociation of
2-methylpentane, along with the five fuel radicals produced from
H-abstraction reactions, primarily generates large amounts of C3Hg
and CHs;, with limited production of C,H, and C,Hs. In contrast,
SC4H,, arising from the C-C bond dissociation of 3-methylpentane,
along with the four fuel radicals from H-abstraction reactions, leads
to the abundant formation of C;H, and C,H;, while substantial quan-
tities of C3Hg and CHj3 are also produced in the 3-methylpentane
flame. For 2,3-dimethylbutane, H-abstraction reactions at both the
primary and tertiary carbon sites dominate fuel consumption, with
the remaining fuel consumed by the C-C bond dissociation reaction
forming IC5H;. Further decomposition of these intermediates results
in the production of significant amounts of C3Hg and CH;.

The sensitivity analysis results in Figs 14 & 15 reveal that most of
the highly sensitive reactions are similar across the flames of the
four fuels with Cy-C, reactions consistently dominating. Among
them, the chain branching reaction between Hand O, (H+ O,=0 +
OH) exhibits the highest positive sensitivity coefficients. The chain
propagation reaction CO + OH = CO, + H is of secondary
importance under lean conditions but becomes less significant
under rich conditions because of the reduced availability of OH®l,
Two pressure-dependent reactions play crucial roles under different
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Fig. 10 Laminar burning velocities of (a) n-hexane/air, (b) 2-methylpentane/air, (c) 3-methylpentane/air, and (d) 2,3-dimethylbutane/air mixtures at 1-10
atm and 373 K. Symbols and lines denote the measured and simulated results, respectively.
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10 atm and 373 K.

Measured Markstein lengths of (a) n-hexane/air, (b) 2-methylpentane/air, (c) 3-methylpentane/air, and (d) 2,3-dimethylbutane/air mixtures at 1-
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Fig. 12

Laminar burning velocities of (a) n-hexane/air, (b) 2-methylpentane/air, (c) 3-methylpentane/air, and (d) 2,3-dimethylbutane/air mixtures at 1

atm and 373 K. Symbols denote the measured results. Solid lines and dotted lines denote the simulated results by the present model and the Zhang

modell'?,

conditions: the chain inhibition reaction H + O, (+M) = HO, (+M) is
significant under lean conditions, while the chain termination reac-
tion CH; + H (+M) = CH, (+M) is critical under rich conditions. Addi-
tionally, key radicals associated with fuel decomposition pathways,
particularly C,Hs and CHs, are also evident in the most sensitive
reactions.

Fuel isomeric effects on hexane flame propagations

Aiming to investigate the fuel isomeric effects on laminar flame
propagation of the four hexane isomers, the measured LBVs of the
four hexane isomers at P, = 1-10 atm are compared in Fig. 16.
Pronounced fuel isomeric effects can be observed in the LBVs of
hexane isomers, following the order: n-hexane > 3-methylpentane >
2-methylpentane > 2,3-dimethylbutane. The reactivity of four

Zhang et al. Progress in Reaction Kinetics and Mechanism 2024, 49: e002

hexane isomers found in LBV results is similar to the previous find-
ings in IDTs['2l. In general, LBVs of the four hexane isomers decrease
with the increase of the number of branched chains in the fuel
molecule, which is comparable with previous observations for other
alkanes(®:531,

Laminar flame propagation is well known to be influenced by
thermal, transport, and kinetic effects2’]. Isomeric fuels with the
same functional group provide an ideal framework for decoupling
of these three effects. The transport effects can be negligible due to
the similar molecular weight and similar Markstein lengths of the
isomers. Furthermore, as shown in Fig. 17, the adiabatic flame
temperatures of the four hexane isomers differ by less than 5 K.
Consequently, the thermal effect is unlikely to explain the variations
in LBV values among these isomers.
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Fig. 13 Reaction schemes of primary decomposition pathways of (a) n-hexane, (b) 2-methylpentane, (c) 3-methylpentane, and (d) 2,3-dimethylbutane at
373 K, 1 atm, ¢ = 0.7 and 1.5. Red and blue highlight the intermediates which generally promotes and inhibits the flame propagation respectively.
Numbers represent the percentages of corresponding pathways in total reaction flux (outside the brackets: ¢ = 0.7; in brackets: ¢ = 1.5).

It is well established that a fuel's reactivity is heavily influenced by
its radical pool during combustionl®. Figure 18 compares the
simulated maximum mole fractions of CHs, C,Hs, C,H,, and C3Hg in
rich (¢ = 1.5) flames of the four hexane isomers at 373 Kand 1 atm.
Among the four isomers, the n-hexane flame has the lowest CH;

Page 100f 14

concentration and the highest C,H; concentration. However, the
2,3-dimethylbutane flame has the largest CH; concentration and the
smallest C,Hs concentration among the four hexane isomers.
According to the sensitivity analysis, CH; readily consume H through
chain termination reaction producing methane, that is CH; + H (+M)
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Fig. 14 Sensitivity analysis of LBVs for (a) n-hexane/air, (b) 2-methylpentane/air, (c) 3-methylpentane/air, and (d) 2,3-dimethylbutane/air at 373 K, 1 atm
and ¢ = 0.7. Some important reactions are highlighted in red.
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Fig. 15 Sensitivity analysis of LBVs for (a) n-hexane/air, (b) 2-methylpentane/air, (c) 3-methylpentane/air, and (d) 2,3-dimethylbutane/air at 373 K, 1 atm
and ¢ = 1.5. Some important reactions are highlighted in red.
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Fig. 16 Comparison of measured (symbols) and simulated (lines) LBVs of the four hexane isomers at 1-10 atm and 373 K.
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Fig. 17 Comparisons of calculated adiabatic flame temperatures of
four hexanes flames at P, = 1 atm.

= CH, (+M), which plays a key role in inhibiting laminar flame propa-
gation. In contrast, C,Hs is prone to release H by -C-H scission reac-
tion, that is C,H; = C,H, + H, thereby promoting the laminar flame
propagation. On the other hand, further decomposition reactions of
the dominant products also have remarkable effects on the LBVs.
Furthermore, the n-hexane flame has the largest C,H, concentra-
tion and the smallest C3Hg concentration among the four hexane
isomers. However, the 2,3-dimethylbutane flame has the largest
C3Hg concentration and the smallest C,H, concentration among the
four hexane isomers. This is primarily due to the structural character-
istic of 2,3-dimethylbutane that has only primary carbon and tertiary
carbon atoms, thus it can easily form propene and methyl but hardly
produces ethyl and ethylene, as shown in Fig. 13d. The fate of C;H,
is to produce relatively active vinyl (C,H3), while C3Hg can readily
convert to stable C3Hs-A. CH3 and C3Hs-A play crucial roles as H-
producing and H-consuming agents forming acetylene (C,H,) and
C3Hs, promoting and inhibiting the laminar flame propagation
respectively. As a result, n-hexane exhibits the strongest reactivity

I CcH, /10
I C.H;
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B CH,
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n-hexane

2-methylpentane 3-methylpentane 2,3-dimethylbutane

Fig. 18 Comparisons of simulated maximum mole fraction of critical radicals by the present model in n-hexane, 2-methylpentane, 3-methylpentane,
and 2,3-dimethylbutane flames at 373 K, 1 atm and ¢ = 1.5: (@) methyl and ethyl, (b) ethylene and propene.
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and the quickest flame propagation, whereas 2,3-dimethylbutane
shows the weakest reactivity and the slowest flame propagation.

For 2-methylpentane and 3-methylpentane, it is observed that
the location of branched methyl moiety in two fuels can also lead to
differences in flame propagation. 3-methylpentane propagates
slightly faster than 2-methylpentane under all investigated condi-
tions. In 3-methylpentane flame, the C,Hs concentration is 64%
higher than that of 2-methylpentane, while the CH; concentration is
only 5% higher than that of 2-methylpentane. Therefore, the promo-
tion effect of C,H; to its flame propagation is more substantial than
the inhibition effect of CHj; to its flame propagation. Furthermore,
the C3Hg concentration is much lower than that in 2-methylpentane
flame, which can also inhibit laminar flame propagation. These can
provide a certain explanation for the experimental phenomenon
that the laminar flame propagation of 3-ethylpentane is quicker
than that of 2-methylpentane.

Conclusions

This study investigated the pyrolysis and laminar burning veloci-
ties of four hexane isomers, that is n-hexane, 3-methylpentane, 2,3-
dimethylbutane, and 2-methylpentane. The pyrolysis of the four
hexane isomers was conducted using an atmospheric jet-stirred
reactor with analysis performed using GC. Laminar burning veloci-
ties of four hexane/air mixtures were investigated at 373 Kand 1, 2,
5, and 10 atm using the spherical flame propagation method.
Distinct behaviors of the four hexane isomers were observed in both
pyrolysis reactivity, product distributions, and laminar flame propa-
gation. A comprehensive kinetic model for the four hexane isomers
was proposed and subsequently validated through comparison with
newly obtained experimental data.

Modeling analyses were conducted to understand the effects of
fuel structure on the combustion behaviors among the four hexane
isomers. Under pyrolysis conditions, unimolecular decomposition
and H-abstraction reactions account for the majority of the fuel
consumption. The highly branched structure of 2,3-dimethylbutane
directs most of the carbon flux towards propene, whereas n-hexane
prefers the formation of ethylene. This explains the highest concen-
trations of propene observed for 2,3-dimethylbutane and the high-
est concentrations of ethylene in n-hexane. As for the laminar burn-
ing velocity, n-hexane/air laminar flame propagates fastest followed
by 3-methylpentane/air and 2-methylpentane/air, while 2,3-
dimethylbutane/air laminar flame propagates slowest. The n-hexane
flame is easy to produce ethyl, but difficult to produce methyl, and
has the largest ethylene concentration and smallest propene
concentration, so it has the strongest reactivity and the highest
laminar burning velocity. The 2,3-dimethylbutane flame is difficult
to produce ethyl, easy to produce methyl, and has the lowest ethy-
lene concentration and highest propene concentration, so it has the
lowest reactivity and the slowest laminar burning velocity.
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