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Naphthenes (cycloalkanes) are often present in commercial transportation fuels at concentrations
ranging from ~10-35% liquid volume. In gasoline, the most abundant naphthenes contain ~5-7
carbon atoms, making cyclopentane the smallest practical naphthenic surrogate compound for use
in surrogate mixtures to represent gasoline. Neat cyclopentane is relatively unreactive, with a
research octane number of 103 and an octane sensitivity of 18, properties that make it attractive as
a blending component for gasoline. It is important to have experimental data to validate kinetic
models for cyclopentane’s autoignition behavior in mixtures if it is to be used as a component in
surrogate mixtures representing gasoline. However, its low reactivity can challenge efforts to
characterize it in fundamental facilities such as shock tubes and rapid compression machines. While
recent studies by Al Rashidi et al. have focused on neat cyclopentane, there is little data available
regarding how cyclopentane behaves in mixtures. Therefore, this study addresses both issues by
using the NUI Galway experimental facilities to study binary mixtures of cyclopentane (CPT) and
dimethyl ether (DME), a small well-characterized reactive compound. In this study, ignition delay
times were measured for two binary mixtures, 30:70-CPT:DME and 70:30-CPT:DME (molar), at
elevated pressures (20, 40 bar), several equivalence ratios (0.5, 1.0, 2.0), and across temperatures
from 650-1350K. A revised detailed kinetic model for cyclopentane was also developed with
additional validations from literature jet-stirred reactor and laminar flame speed measurements. The
current work highlights the importance of resonantly stabilized radicals such as allyl, cyclopentenyl,
and cyclopentadienyl in the combustion chemistry of cyclopentane.

Keywords: gasoline surrogates; shock tube; rapid compression machine; detailed chemical
kinetic model

1. Introduction

Cyclopentane is a curious compound due to its high octane sensitivity (RON-MON = 18)
measured in engine experiments despite exhibiting strong non-Arrhenius behavior as observed in
several fundamental experiments [1,2,3]. Cyclopentane is also of interest because it represents the
smallest practical surrogate compound of naphthenes for commercial transportation fuels. For
these reasons, recent studies have sought to better understand the combustion chemistry of
cyclopentane [4,5,6,7,8,9,10]. Other naphthenes considered for a fuel surrogate palette often
include methyl cyclopentane, cyclohexane, and methyl cyclohexane and their studies have
provided additional valuable insights into naphthenes [3,11,12].

Based on the existing literature studies of cyclopentane two related opportunities for new
insights motivated the current work. The first opportunity stems from the relatively slow ignition
delay times of neat cyclopentane at low temperatures. Slow ignition delay times can represent a
challenge to measure in shock tubes and potentially complex physics to model in rapid
compression machines. More practical ignition delay times can be measured using a second more
reactive compound as a reactivity enhancer. Using a second compound in a binary blend with
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cyclopentane presents an additional opportunity, as binary or more complex mixtures with
cyclopentane have not been extensively studied. In this study, dimethyl ether (DME) was selected
as a blending agent for being significantly more reactive than cyclopentane (CPT), and for being
the compound with the simplest chemistry that exhibits behaviors of negative temperature
coefficient (NTC) and two-stage ignition [13,14].
2. Experimental methods

All ignition delay time (IDT) measurements in this study were performed in the high
pressure shock tube (HPST) and rapid compression machine (RCM) facilities at NUI Galway.
Relatively short ignition delay times (0.02~7 ms) were measured in the HPST while longer IDTs
(4~350 ms) were measured in the RCM. The total ignition delay time was determined using the
time of maximum rate of pressure rise in the devices. The uncertainty in the IDT’s were £10% in
the HPST and +15% in the RCM. These facilities complement each other by permitting the
measurement of a wide range of IDTs as a function of temperature. The experiments performed in
these two facilities are listed in Table 1. For the experiments, test fuels (dimethyl ether-99.5% and
cyclopentane-99%) were supplied by Sigma Aldrich. The other gases used in this study, nitrogen
(99.99%), oxygen (99.99%) and helium (99.97%) were purchased from BOC Ireland and used
without further purification. Fuel-air mixtures were prepared in an external stainless-steel vessel
by employing partial pressure method and allowed to diffusively mix for at least 12 h before the
experiments. A brief description of the HPST and RCM are provided here.

2.1 Rapid compression machine (RCM)

The RCM at NUIG has an opposed twin piston arrangement with 38 mm bore and 168 mm
stroke. The pre-mixed fuel/air mixture is introduced into the reaction chamber and is rapidly
compressed in ~16 ms by the pistons. Creviced piston heads were used to largely limit the
turbulence/ roll-up vortices generated in the test gas [15]. The pistons are pneumatically driven
and locked at the end of compression, creating a constant volume condition. After the end of
compression, the pressure drops due to the heat loss from the gas mixture to the reaction chamber
walls. The RCM is equipped with a piezoelectric pressure sensor (Kistler 6045A) on the side wall
of the reaction chamber to enable time-resolved pressure measurements of the test mixture.

Pyrolytic, or so-called non-reactive, experiments were conducted by replacing oxygen in
the test mixture with N2 to create effective volume histories as input for simulations to capture
compression and heat transfer effects. The initial temperature of the RCM system is adjusted to
attain different compressed temperatures of the test mixture. Experimental compressed
temperatures were calculated assuming isentropic conditions in ‘Gaseq’ [16].

2.2 High pressure shock tube (HPST)

High temperature IDTs of the binary blends were measured behind the reflected shock
waves. The HPST with uniform cross-section area of 63.5 mm inner diameter consists of a 3 m
long driver section to hold high pressure and low molecular weight gas (helium), 5.7 m long driven
section that contains the heavier test gas. A 30 mm double diaphragm section with pre-scored
aluminum discs of appropriate thickness, separates the driver and driven sections and enables
improved control over the shock waves generated.

The shock wave travels through the driven section and rapidly compresses and heats the
test gas to a desired thermodynamic condition at the end-wall before it ignites. By varying the
Mach number of the shock wave, the final compressed conditions of the test gas are also varied.
Parts of helium driver gas is replaced with a heavier inert gas (nitrogen) to delay the arrival of the
contact surface at the end-wall and to increase the measuring times (> 1.5 ms). Six PCB 113B24
piezoelectric pressure transducers are mounted on the side wall of the driven section and one
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Kistler 603B sensor on the end-wall are used to extrapolate the shock velocity calculation at the
end-wall. The Kistler sensor is also used to record pressure profiles that are used to record/measure
the IDTs. The measured shock velocity is used to calculate the compressed pressure and
temperature using the ‘reflected shock’ routine in Gaseq [16].

Table 1. Nominal conditions and binary mixture compositions of this study

CPT:DME ® 02 N2 p T Facility
[molar ratio] [molar]  [molar] [bar] [K]
30:70 0.5,1.0,20 21% 79% 20,40 650-1350 HPST,RCM
70:30 0.5,1.0,2.0 21% 79% 20,40 650-1350 HPST,RCM

3. Development of the detailed kinetic model

The current chemical kinetic model for cyclopentane was developed from the basis of a
small hydrocarbon (C0~C4) kinetic model from NUIG [17] and previous kinetic modeling of
cyclopentane by Al Rashidi et al. [4]. Aromatic chemistry stemming from cyclopentadiene and
cyclopentadienyl pathways was required and sub-models from the study by Kukkadapu et al. [18]
were included. The resulting merged model was unsatisfactory in performance when validated
against the current measurements and literature data. Therefore, a critical re-evaluation of the
cyclopentane, cyclopentene, cyclopentadiene and dimethyl ether sub-models was undertaken and
will be discussed in the following sections. Additional comments and citations can be found next
to each relevant reaction in the kinetics file for those not explicitly discussed in the main text.

The thermochemistry species data were taken from the references above. If new
thermochemistry was needed for a species, Benson’s group additivity methods as implemented in
THERM [19] were applied to estimate properties (i.e. enthalpy, entropy, heat capacity). Transport
properties for the small hydrocarbon species were included from the NUIG model [17], and new
transport properties for larger species unavailable from previous work were estimated using the
methods of Dooley et al. [20] and Bosque and Sales [21]. Simulations for ignition delay times
utilized the Lawrence Livermore National Laboratory (LLNL) developed software ZeroRK [22],
including non-reactive volume histories for the RCM experiments and a constant volume for ST
experiments. Additional literature experiments (e.g. jet-stirred reactor, flame speeds) were
simulated using the appropriate CHEMKIN-Pro [23] modules as necessary.

3.1 Cyclopentane sub-model

Unimolecular decomposition via the carbon-carbon bonds in cyclopentane has long been
thought to proceed primarily via formation of a diradical and prompt H-atom transfer forming 1-
pentene [24,25]. An alternative unimolecular decomposition involving the carbon-carbon bonds
includes the formation of ethylene and cyclopropane [24,25]. In the current study, the CBS-QB3
calculated rates of Sirjean et al. [25] have been adopted for both pathways which are generally in
reasonable agreement with the analysis of Tsang et al. [24]. Further resolving and refinement of
these unimolecular pathways and reaction rates likely requires calculations utilizing multi-
reference methods, as applied in the ring-opening of cyclohexane [26]. Loss of an H-atom from
cyclopentane to form a cyclopentyl radical is written in the reverse direction using an estimated
rate of 1 x 10%* cm® mol~* s* which is common for such termination reactions.

H-atom abstraction reactions from cyclopentane by small radicals such as H, O, and OH
were taken from previous experimental and theoretical studies [27,28,29]. Rates for the H-atom
abstractors Oz, HO2, and CHs have not been studied by experimental or computational methods
for cyclopentane to the authors’ knowledge and are excellent candidates for future work. Currently,
H-atom abstraction by molecular oxygen was estimated using a rate rule of the A=n-

9 x 10 cm3mol~*s™* and E = AH + 2 - R - (1000K) cal mol~?. For the rate rule, A is the pre-

LLNL-CONF-767544
30f10



Sub Topic: Chemical Kinetics

exponential factor, E is the activation energy, n is the number of equivalent hydrogen atoms

available, AH is the enthalpy of the reaction, and R is the molar gas constant. Abstraction of H-
atoms by HO- radicals was assumed to be analogous to abstraction from secondary alkyl sites as
calculated by Aguilera-Iparraguirre et al. [30] multiplied by the number of equivalent hydrogen
atoms available. The rate for abstraction by HO: radicals was further increased by a factor of 1.5
to maintain consistency with the current LLNL alkyl rate rule. In this work, H-atom abstraction by
methy| radicals was assumed to be analogous to secondary alkyl abstractions and the current LLNL
rate rule was applied accounting for available equivalent hydrogen atoms.

Calculations by Al Rashidi et al. [4] were used for the unimolecular decompositions of the
cyclopentyl radical and modified based on comparisons to the more recent experimental
measurements and high pressure limit calculations of Manion and Awan [31]. Loss of H-atom
from cyclopentyl was increased by a factor of 1.08, while the ring opening to the penten-5-yl
radical was increased by a factor of 2.51. The cyclopentyl ring opening rate adopted in this work
is very close to the logarithmic average rate between the two studies and within reasonable
agreement given their uncertainties. Additionally, increasing the ring opening provides much
better agreement between simulations and measurements of the species selectivities in a shock
tube by Manion and Awan [31] and of species concentrations in a jet-stirred reactor [1].

Low temperature pathways resulting from the interaction of cyclopentyl radicals and
molecular oxygen were largely taken from the work Al Rashidi et al. [4] after removing the local
optimizations, or “tunings” because the tunings were not needed in the present kinetic model to
obtain good agreement with the experimental validation data. Calculations by Al Rashidi et al. [4]
where typically fit to cover the range of 300~1200 K, however for some negligible pathways the
fitted rates progress to unphysical values beyond 1200 K. These negligible pathways were
removed in the current work to avoid adverse impacts of unphysical rate constants on the computed
results and the performance of the numerical solvers.

3.2 Cyclopentene sub-model

Besides the loss of H-atoms, there are two well-known unimolecular decomposition
reactions of cyclopentene, which is a major intermediate in the oxidation and pyrolysis of
cyclopentane. The first unimolecular reaction is the dehydrogenation to cyclopentadiene and
molecular hydrogen, and the current work uses the rate from Lewis et al. [32]. Manion and Awan
[31] also provide the most recent assessment of the cyclopentene dehydrogenation reaction which
is in good agreement with the value of Lewis et al. [32]. The other unimolecular reaction is the
pericyclic formation of vinyl cyclopropane [33], and the current rate was adopted from Lewis et
al. [34]. It should be noted that vinyl cyclopropane can then further undergo rapid unimolecular
isomerization to the linear pentadiene isomers, and the corresponding rates in this study were
adopted from Wellington et al. [35]. Termination of an H-atom with the alkyl-like cyclopenten-4-
yl radical was estimated with a value of 1 x 10 cm® mol™ s™. For the resonantly stabilized
cyclopenten-3-yl, an estimation was made via analogy to the high-pressure limit calculation of
Harding et al. [36] for the termination of a hydrogen atom with the allyl radical.

Analogies to the cyclopentane rates discussed in Section 3.1 were applied for H-atom
abstractions of cyclopentene by small radicals (Oz, H, O, OH, HO2, CHz3) forming the cyclopenten-
4-yl radical. H-atom abstractions by H, O, OH, and HO2 leading to the formation of the resonantly
stabilized cyclopenten-3-yl were estimated via analogy to literature calculations for other C3—Cs
resonantly stabilized radicals [37,38,39,40]. For the H-atom abstraction by Oz, the analogous rate
rule discussed in Section 3.1 was applied with a corrective multiplicative factor of exp(-2) to the
pre-exponential factor to account for resonance. Wang et al. [41] calculated the abstraction from
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cyclopentene by methyl radical leading to cyclopentene-3-yl radical and their rate is used in the
current work. Abstractions of the vinylic hydrogen from cyclopentene were considered minor
pathways and were not included in the current work.

Chemically activated H-atom addition pathways for cyclopentene were adopted from the
calculations of Wang et al. [42]. H-atom addition to cyclopentene forming cyclopentyl was
discussed in Section 3.1, discussed as the decomposition of cyclopentyl. Reactions involving the
addition of O, OH, HO2, and CHs radicals have not been extensively studied for cyclopentene and
further studies are warranted.

Unimolecular reactions of the cyclopentenyl radicals were modeled using calculations by
Wang et al. [42]. While it is known that allylic radical self-recombination reactions occur [43,44],
the self-recombination of cyclopenten-3-yl has not been studied to the authors’ knowledge and
therefore this pathway was neglected in the current work. Similarly, limited information is
available regarding the reactions of cyclopenten-3-yl with molecular oxygen or the hydroxyl
radical, and these pathways were neglected. Reactions of cyclopenten-3-yl with atomic oxygen
were estimated as irreversible reactions using calculations of Ghildina et al. [45] for the
cyclopentadienyl system.

A possibly important reaction in the oxidation of cyclopentene is the reaction of
cyclopenten-3-yl and HO: radicals. Two sets of products were considered, stabilization to 3-
hydroperoxycyclopentene and the chemically activated formation of cyclopenten-3-oxy and
hydroxyl radicals. In this work, the current rates are adopted from the calculations by Goldsmith
et al. [46] for the allyl + HO2 system. Ring opening of the cyclopentene-3-oxy radical was
estimated using the work of Wang et al. [47] and written as a ring closure reaction.

3.3 Cyclopentadiene sub-model

For the unimolecular decomposition of cyclopentadiene, only the loss of an H-atom was
considered in this work. The high-pressure limit calculation by Harding et al. [36] was used to
write the termination of atomic hydrogen with cyclopentadienyl radical. H-atom abstractions
forming cyclopentadienyl by atomic hydrogen and methyl radicals were modeled using the
calculations of Robinson and Lindstedt [37] and Wang et al. [41] respectively. Abstractions by Oz,
O, OH, and HO2 leading to cyclopentadienyl were estimated using the rate rule described in
Section 3.2 or analogous reactions [38,39,40]. Due to the limited number of weak C—H bonds in
cyclopentadiene, abstractions from the vinylic sites were considered in this work for their potential
importance primarily at high temperature (>1000 K) conditions. Rates for the H-atom abstraction
by small radicals (O2, H, O, OH, HO2, CHa) leading to vinylic cyclopentadienyl radicals were
estimated by a combination of rate rules and analogy [48,49,50].

H-atom addition, including stabilization and chemically activated, reactions to
cyclopentadiene were included in this work using the calculations of Wang et al. [42]. O-atom
addition to cyclopentadiene forming 1,3-butadiene and carbon monoxide [51] was included using
the rate given by Cavallotti et al. [52] for propene and atomic oxygen going to products. Additions
by other small radicals (OH, HO2) were not included in this work as the authors are unaware of
studies related to these reactions.

Decomposition of the resonantly stabilized cyclopentadienyl radical to either 1-
vinylpropargyl, or propargyl and acetylene was modeled using the calculations by Da Silva [53].
Several recent computational studies from the Mebel group have been adopted in this work to
model the oxidation of cyclopentadienyl radicals by Oz, O, and OH [54,45,55]. Pathways related
to methylcyclopentadienes were adopted from Sharma et al. [56] and Dubnikova et al. [57]. Self-
recombination of cyclopentadienyl radicals was modeled using the rates given by Cavallotti et al.
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[44]. For the addition of HO2 with cyclopentadienyl radicals, the analogous rates for stabilization
and chemically activated products from Goldsmith et al. [46] were used. The HO2 radical addition
rates were increased by a factor of 2.5 for the number of equivalent resonant sites, and further
increased by a factor of two as a local optimization. Unimolecular reactions of the cyclopentadien-
5-oxy radical were modeled using the barrier heights from the potential energy surface calculated
by Ghildina et al. [45] and pre-exponential factors were estimated.

3.4 Dimethyl ether sub-model

The dimethyl ether sub-model was developed based on the recent study of ethanol and
dimethyl ether binary blends by Zhang et al. [58]. Zhang et al. modified the carbonyl
hydroperoxide decomposition rate to 2.5 x 10 s~ with an activation energy of 43 kcal mol to
achieve better modeling agreement with their experiments of ethanol/DME mixtures. This
modification was adopted in the current kinetic model.

4. Results and discussion

An important feature of any kinetic model is the ability to reproduce the heat release
measured experimentally. The heat release manifests itself as a pressure increase in the reacting
fuel-air mixture relative to the non-reacting pressure history. Therefore, representative pressure
histories from the current RCM experiments and simulations of cyclopentane and dimethyl ether
blends were examined and compared to corresponding non-reactive pressure histories.
Comparisons for 20 and 40 bar are shown in Fig. 1.

60 PR R T T NN TR R TR T T S S T 100 PR T T S AT ST TR T N T T T | dy el
= ) a) 70:30 CPT:-DME : [ S ; b) 70:30 CPT:DME ' -
= ) 746K, 20 bar . = 8040/ 741K, 40 bar 0
= 40 -1 L] - = N -
2 . 2 60 -
o) T ! R - A
o 1 ' s b [

20 - pa ___JM = 40 . R -

'!"I""I"" (ll
0 20 40 60 5 10 15 20 25
time [ms] time [ms]

Figure 1. Representative experimental (solid lines) pressure histories of cyclopentane and dimethyl ether
binary blends in the NUIG RCM for stoichiometric mixtures of 70:30-CPT:DME. Two simulation results,
non-reactive (dotted lines) and reactive (dashed lines) cases, are shown using the current kinetic model.
The end-of-compression time is nominally 11 ms.

In Fig. 1, it is interesting to note the lack of significant heat release measured in the 70:30
CPT:DME experiments prior to ignition despite the strong non-Arrhenius or even negative
temperature coefficient (NTC) behavior in Fig. 2. For most alkanes, non-Arrhenius plots of
ignition delay times are indicators of low temperature chemistry which typically manifests as two-
stage ignition. However, in this work there was very little measured or predicted low temperature
heat release for mixtures with high concentrations of cyclopentane at all pressures and equivalence
ratios considered. This result suggests that cyclopentane suppresses low-temperature heat release.
For fuel-lean equivalence ratios with high concentrations of dimethyl ether, two-stage ignition was
measured with greater frequency and measurable low temperature release was observed and
predicted. The simulated pressure histories are typically in acceptable agreement with the
experimental measurements, indicating the heat release is adequately captured in the current
model.
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Figure 2. Overall ignition delay time measurements of cyclopentane and dimethyl ether binary blends
from the NUIG HPST and RCM in this work. Lines show simulations using the current kinetic model for
cyclopentane and dimethyl ether.

Because of the unusual behavior of mixtures with high concentrations of cyclopentane, the
reactions controlling the low temperature heat release were investigated. Low temperature
exothermicity in the high cyclopentane concentration simulations is primarily derived from oxygen
addition to the cyclopentyl radical (~22% of exothermicity), analogous to the important low
temperature heat release reactions in alkyl mixtures. Additional but less significant exothermic
contributions stem from H-atom abstraction (CPT+OH=cyCsHs+H20 and HO2+HO2=H202+03)
reactions among others. Competitive endothermic reactions include the concerted elimination of
HO: from the cyclopentylperoxy radical (~20% of endothermicity). RO—OH bond breaking of
hydroperoxycyclopentene and carbonyl hydroperoxide together account for less than 18% of the
modeled endothermicity. In this study, the concerted elimination of HO: is important for both its
endothermicity and as a primary source of HO2 radicals. At low and intermediate temperature
conditions the large quantity of HO: radicals generated from the concerted elimination contributes
to H-atom abstractions from fuel components increasing reactivity. Additionally, the oxidation of
resonantly stabilized cyclic intermediates such as cyclopenten-3-yl and cyclopentadienyl proceed
through stabilized adducts formed from reactions with HO radicals. These adducts eventually
undergo RO—OH bond breaking and subsequent ring opening which enhance the reactivity. At
high temperatures, resonantly stabilized radicals consume HO: radicals through chemically
activated paths producing reactive hydroxyl radicals and allyloxy radicals.
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In the simulations, high dimethyl ether mixtures exhibit their low temperature heat release
through familiar paths of molecular oxygen addition to fuel radicals (CH3OCH2 or cyCsHsg) and
H-atom abstraction from fuel components by hydroxyl radicals. Reactions which are significantly
endothermic during ignition simulations include the decomposition of carbonyl hydroperoxide and
isomerization of the DME peroxyl radical to QOOH. Due to the relatively high concentration of
DME in the 30:70 CPT:DME mixtures, the role of cyclopentane related pathways are diminished.

The complete set of ignition delay times measured and simulated in the HPST and RCM
from this work are presented in Figure 2. It should be noted that the current simulations of the
HPST data do not consider non-ideal effects which are typically important in capturing shock tube
ignition delay times longer than ~1 ms. In general, the simulated ignition delay times agree well
with the measured ones with a maximum difference of a factor of two. Examining the broader
trends of ignition delay times for the binary CPT:DME mixtures, mixtures high in dimethyl ether
are more reactive with shorter ignition delay times as expected. Elevated pressures lead to
enhanced reactivity for all mixtures and temperatures. At low temperature conditions, ignition
delay times for lean mixtures were significantly delayed. This trend can be understood by noting
that the mixture stoichiometry was controlled by keeping the nominal oxygen concentration
constant while varying the fuel concentration. Therefore, for leaner mixtures the amount of
reactive DME was reduced in both binary blends at lean equivalence ratios limiting the amount of
the low temperature chemistry through classical pathways.

5. Conclusions

In this work, new experiments in a HPST and RCM measured the ignition delay times of
cyclopentane and dimethyl ether blends at engine relevant conditions. The experiments provide
valuable insight into the low temperature heat release and ignition timing of binary blends of
cyclopentane. An improved kinetic model was developed for cyclopentane, cyclopentene, and
cyclopentadiene to properly capture the heat release and ignition delay times in this work. The
model can simulate the measurements of this work well, despite the identification of reaction
pathways which would benefit from future targeted experimental and theoretical studies.
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