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ABSTRACT
With foreseeable depletion of conventional crude oil, alternative oil sources, e.g.
oil sands, oil shale, and coal liquids, will be increasingly used for transportation fuels
production. Cyclic hydrocarbons will consequently play a more significant role in
combustion devices. However, understanding of the oxidation of cyclic hydrocarbons
lags behind the transition and few cyclic compounds have been studied in depth. In this
work, five cyclic hydrocarbons, methylcyclopentane (MCP), cyclohexane (CH),
methylcyclohexane

(MCH),

1,2,3,4-tetrahydronaphthalene

(tetralin),

and

decahydronaphthalene (decalin), are studied in a motored CFR octane rating engine with
controlled extent of oxidation. The focus is on low temperature oxidation and
autoignition behavior which is critical to combustion processes in internal combustion
engines. Reactions are conducted at constant engine speed (600 rpm), intake pressure (~
1 bar), and equivalence ratio (0.25). Compression ratio and engine intake temperature are
adjusted to control the reaction extent.
By analyzing stable reaction intermediates from engine exhaust gases, global
reactivity and oxidation chemistry are revealed. Molecular structure exerts a profound
effect on low temperature oxidation reactivity. Decalin is the most reactive compound
whose oxidation increases monotonically with increased temperature and pressure. MCH
is more reactive than CH, but both show clear negative temperature coefficient behavior
in that the fuel conversion decreases with increased temperature and pressure. MCP and
tetralin exhibit little low temperature reaction before critical conditions for autoignition
are reached. Octane numbers of these compounds correlate with the trend of low
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temperature reactivity but do not correlate with the trend of critical compression ratios or
engine intake temperatures. Increasing reaction temperature inhibits low temperature
reactivity and promotes NTC behavior. Except for decalin, low temperature oxidation of
cyclic hydrocarbons releases little chemical energy and results in negligible change in
engine cylinder pressure and temperature. Decalin is the only compound showing twostage ignition.
Qualitative conformational analysis is conducted to understand how the cyclic
structure affects the reactivity in low temperature oxidation. It is revealed that the
hydrogen distribution and rigidity of the chair form cyclohexane ring significantly
limited (1,5) H-shift during isomerization of fuel peroxy radicals (ROO → QOOH), the
key step in low temperature chain branching. Such H-shift can only proceed via an axial
peroxy group abstracting an axial hydrogen. Also important is the degeneracy of (1,5)
isomerization of fuel peroxy radicals, i.e. the number of hydrogens available to (1,5) Hshift for a given peroxy group. The number of axial hydrogens in decalin, MCH, CH, and
tetralin is 10, 6, 6, and 4, respectively. Decalin has also four equatorial hydrogens
available for (1,5) H-shift. Degeneracy in (1,5) H-shift for decalin, MCH, CH, and
tetralin is 3~4, 2~3, 2, and 1, respectively. These numbers explain the low temperature
reactivity of these compounds observed in the experiment. The higher reactivity of MCH
than CH is due to the equatorial preference of the methyl group which forces the peroxy
group to stay at an axial position and facilitates (1,5) H-shift. These qualitative
conclusions are supported by ab initio quantum mechanical calculations being performed
outside this work.
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Detailed products analyses reveal that ring dehydrogenation to form conjugate
olefins — the olefins of the same molecular structure as the fuel compound but with one
C=C bond — is a common and major reaction channel among cyclic hydrocarbons in
pre-ignition reactions. The amount of conjugate olefins formed correlates with reactivity
in low temperature oxidation: less reactive compounds produce more olefins. This is the
direct result of the cyclic steric structure. The cyclic structure limits the (1,5)
isomerization channel for peroxy radicals which alternatively abstract hydrogens on
adjacent carbons via (1,4) H-shift to form conjugate olefins. It is also noted that CH and
decalin produce similar amounts of propene relative to ethene, while the methyl
substitution in MCP and MCH promotes the production of propene relative to ethene. In
these experiments, over 84% of fuel carbon is recovered in the products of MCP, CH and
MCH, while carbon balance is not obtained with tetralin and decalin due to the high
boiling point. Nevertheless, major oxidation products, in particular, those of similar
structure to the fuel molecule, are identified for all the compounds. Primary oxidation
mechanisms are constructed adopting the new understanding from conformational
analysis. For MCP and MCH, yields of conjugate olefin isomers are exploited to derive
the percentage of fuel peroxy radicals converted into these olefins.
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Chapter 1
INTRODUCTION
Combustion is an energy conversion process where chemical energy is rapidly
transformed into heat and light. Although humans started to utilize this process before
civilization, the extremely fast rate of heat generation was not fully exploited until the
invention of heat engines in which power equivalent to multiple “horses” were generated
and these “horses” were not exhausted as long as they are fed with fuel. Combustion,
however, is an irreversible, downgrading, inefficient energy conversion process. In heat
engines, a small quantity of orderliness (work) is generated at the cost of large increase in
the disorderliness (entropy) of the whole system. On a global scale, since the Industrial
Revolution, in less than two centuries combustion of fossil fuels has released vast amount
of chemical energy (ultimately solar energy) that had accumulated over millions of years.
The consequence of such energy use has been dictated by the second law of
thermodynamics, regardless whether there are sufficient evidences for the correlation
between global warming and anthropogenic CO2 emissions. On the other hand, the
predominant role of fossil fuels and their combustion for power generation is expected to
remain for the foreseeable future, despite the world-wide efforts for alternative energy
sources and new power generation methods (e.g. fuel cells). This makes enhancing
efficiency and reducing emissions essential tasks for combustion scientists and engineers
in the coming decades.
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This work concerns the gas phase combustion of hydrocarbons in engine-relevant
conditions, in particular at low temperature oxidation (LTO) prior to hot ignition. “Low
temperature” roughly refers to the range from 600 to 1000 K where the reaction rate is
significantly lower than during high temperature combustion and hydrocarbon oxidation
is far from completion with little CO2 being produced.
Hydrocarbon LTO finds its major application in internal combustion engines. It is
critical for combustion in spark ignition (SI), and compression ignition (CI) engines.
Knock in SI engines is closely related to the heat release from low temperature oxidation
of a small portion of unburned mixture that subsequently triggers a rapid, explosion-like
heat release of the unburned mixture [1, 2]. Knock is the fundamental factor limiting the
compression ratio and thermal efficiency of SI engines. In compression ignition engines,
LTO determines the ignition delay from fuel injection to start of combustion, which has
profound effects on diesel combustion and emissions. Another significant application is
in the emerging homogeneous charge compression ignition (HCCI) technology, which
possesses the potential for diesel-like fuel efficiency with much lower NOx and soot
emissions. Combustion in HCCI processes is self-initiated, flameless, and largely
controlled by chemical kinetics starting from LTO.
Gasoline and diesel fuels are comprised of a large number of compounds that can
be classified into alkanes (normal, branched, cyclic), alkenes, aromatics, and in recent
years, oxygenates. Among various types of hydrocarbons, aliphatic alkanes have been
studied primarily and their reaction chemistry is generally understood, especially for
primary reference fuels (PRFs). The effect of C=C bond is also reasonably understood
based on the theory of alkane oxidation. Oxidation of aromatic hydrocarbons, in
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particular benzene and substituted benzene, has long been studied, although low
temperature oxidation under practical combustion conditions is largely unknown.
Oxidation of cycloalkanes has been much less studied. Cycloalkanes are an important
constituent in present transportation fuels, and are expected to account for a more
significant fraction in the future as alternative oil sources, e.g., oil sands, oil shale and
coal liquids are used [3]. Although similar mechanistically to acyclic alkanes, gas-phase
cycloalkane oxidation possesses its own kinetic features that cannot be extrapolated from
the rate constants of analogous acyclic alkanes with corrections for the ring [4]. For
example, formation of reactant-conjugated olefins is much more important in oxidation of
cycloalkanes than of acyclic alkanes, which consequently results in slower autoignition
(high octane number, low cetane number) and higher benzene emissions in IC engine
combustion with naphthenic fuels [5, 6]. The significant ongoing efforts to model the
combustion kinetics of liquid fuels [7, 8] have identified the lack of experimental results
on cyclic hydrocarbons and called for in-depth study on these compounds.
A rarely noticed difference between acyclic and cyclic alkanes is the effect of
methyl substitution on oxidation reactivity. Figure 1-1 shows the variation of research
octane number (RON, from [9]) of n-hexane, cyclopentane, and cyclohexane with zero,
one and two methyl substitutions. Without methyl substitution, n-hexane shows much
lower octane number than cyclohexane and cyclopentane. Methyl substitution on linear
alkanes reduces oxidation reactivity and enhances RON, as seen from n-hexane to
methylhexanes to dimethylhexanes. The opposite is observed in cyclopentane and
cyclohexane where RON largely decreases with the number of methyl substitutions.
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Fig. 1-1: Impact of methyl substitutions on research octane number (RON). “●” for nhexane (n-C6), cyclopentane (c-C5), and cyclohexane (c-C6). “□” for methyl-hexanes,
methyl-cyclopentane, and methyl-cyclohexane. “ △ ” for dimethyl-hexanes, dimethylcyclopentanes, and dimethyl-cyclohexanes. “×” is co-substituted cycloalkanes: 1,1dimethyl-cyclopentane and 1,1-dimethyl-cyclohexane. RON values are from Ref [9].
More interestingly, Kalghatgi et al. [10-12] recently showed that aromatics,
olefins and cycloparaffins, the so called sensitive fuels whose motor octane number is
lower than research octane number, could provide higher antiknock property than
indicated by their octane ratings which fit particularly well for modern and future SI
engines with turbo charging and gasoline direct injection. Sensitive fuels are also more
suitable for HCCI combustion than non-sensitive paraffinic fuels: at low load HCCI
where intake temperature is generally high and pressure is low, the sensitive fuels exhibit
a lower antiknock property than the octane number and thus provide the required easy
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autoignition; while at high load where pressure is generally high and temperature is
relatively low, sensitive fuels are more resistant to autoignition than indicated by the
octane number, thus providing extra antiknock property required by high load operation.

Chapter 2
LITERATURE REVIEW

2.1 Hydrocarbon combustion: phenomenological description
Hydrocarbon combustion breaks C-C and C-H bonds and replaces with C=O and
H-O bonds in a matter of milliseconds. It is obvious that larger hydrocarbons have more
complex chemistry, and that combustion of methane and ethane is better understood than
gasoline and diesel components. Built on the chain reaction theory of Semenov [13, 14],
modern hydrocarbon combustion chemistry classifies the reaction into three regimes,
each of which is dominated by a different chemistry.
Figure 2-1 shows a typical classification based on reaction temperature [15]. In
the low temperature regime, homolysis of a C-C bond requires higher activation energy
than breaking a C-H bond with O2 or radical attack. Oxidation is controlled by peroxy
radical unimolecular reactions and largely affected by size and structure of the carbon
backbone. In the high temperature regime, the radical pool is greatly expanded due to
homolysis of C-C bonds. Hydrogen atoms are directly released from the hydrocarbon and
result in chain branching reactions via reaction 2-1:
Hi + O 2 → HOi + Oi

2-1

In the transition from peroxy radical chemistry to small radicals chemistry, most
hydrocarbons experience an intermediate temperature regime in which no chain
branching takes place and reactions end up with hydroperoxy radical (HO2) and
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hydroperoxide (H2O2). These species are essential to initiate reactions at high temperature
via reactions 2-2 and 2-3:
HO2 i+ RH → H 2 O 2 +R i

2-2

H 2 O 2 → HOi+ HOi

2-3

Reaction chemistry at low and intermediate temperature regimes are closely
coupled and collectively determine the onset of high temperature oxidation (HTO) which
starts from autoignition. For simplicity, low temperature oxidation (LTO) in this work
refers to hydrocarbon oxidation in both the “low temperature regime” and the
“intermediate temperature regime”, unless otherwise noted.
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Fig. 2-1: Classification of reaction regimes in hydrocarbon oxidation. The lines
delineate the main kinetic chain-branching processes. The upper line connects points
where the overall H+O2 reaction is neutral: above the line it is net branching; below it is
net terminating. The lower lines are where the peroxy chemistry is neutral: above these
lines there is net termination and below net branching. The regime between the two lines
is the region of negative temperature coefficient. The “low”-, “intermediate”-, and
“high”-temperature regimes are broadly characterized by the types of chemistry
indicated. Both the Figure and caption are from [16].
Negative temperature coefficient (NTC) behavior has been long observed in the
intermediate temperature regime where reaction is inhibited by increased temperature.
From Glassman and Yetter [17], Fig. 2-2a shows the shift of reaction regime in propane
oxidation with constant pressure and increasing temperature. The NTC behavior leads to
the interesting cool flame, whose name arises from the modest temperature increases,
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about 100-200 K, and the fact that no hot flame arises. Oscillatory cool flames were
observed in closed vessel combustion, as shown in Fig. 2-3. Under IC engine conditions,
NTC is manifested in the form of two-stage combustion.
Pressure is equally important in defining the combustion regime. As shown in
Fig. 2-1, at a constant temperature, e.g. 850 K, the oxidation can be either in the high
temperature regime if in a vacuum closed vessel reactor, or in the intermediate regime if
in an atmospheric flow reactor, or in the low temperature regime if in an engine. The
pressure effect has been best known in H2/O2 combustion, as in Fig. 2-2b. In the middle
range of pressure in Fig. 2-2b Formation of HO2 radical by H atom and O2 essentially
terminates the chain reactions and results in the ignition peninsula which can be
correspondingly called negative pressure coefficient (NPC). Similar pressure effects are
also observed in hydrocarbon oxidation, as shown in Fig. 2-3 where both NPC and NTC
are shown together for hydrocarbon oxidation.
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(a)

(b)
Fig. 2-2: (a) Negative temperature coefficient (NTC) behavior in hydrocarbons oxidation
(b) Negative pressure coefficient (NPC) behavior in hydrogen oxidation. Both from [17].
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Fig. 2-3: NTC and NPC behaviors in hydrocarbon oxidation [18].
The effects of temperature and pressure in Figs. 2-1 to 2-3 are thermodynamic in
nature. In addition to the ubiquitous effect of temperature on reaction rate, pressure also
has also an important impact on reaction kinetics, causing the so called “fall-off” curves
as described in the books of Glassman and Yetter, and Warnatz et al. [19, 20]. This effect
is that, for a unimolecular reaction that requires collisions with a third body molecule, M,
in order to overcome certain energy barrier, the apparent reaction constant is independent
of pressure at high pressure range, but drops linearly with pressure at low pressure range.
The essence of this phenomenon is that at low pressure, the reaction rate depends on the
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concentrations of both the reacting molecule and third body molecule, i.e. second order
reaction, while at high pressure, concentration of the third body molecule is nearly
constant and the reaction rate only depends on the concentrations of the reacting
molecule, i.e. pseudo-first order reaction.

2.2 Autoignition phenomenon
Autoignition marks the end of low temperature oxidation and the start of high
temperature oxidation. It results from successful buildup of a radical pool of HO2 and
H2O2 which readily convert to OH radicals at further elevated temperature. In addition to
temperature and pressure dependence illustrated in Fig. 2-3, being the end result of low
temperature oxidation, autoignition is largely affected by hydrocarbon structure and
mixture strength.

2.2.1 Ignition delay
An essential property of autoignition is ignition delay which measures the
tendency towards autoignition. Ignition delay has been measured in various reactors
where fuel/air mixtures are rapidly compressed to pre-determined pressure and
temperature. Shock tubes represent an ideal experiment for ignition delay measurement
due to the instantaneous and homogeneous heating caused by the pressure discontinuity
at the shock front. In the high temperature regime, such as in Burcat et al. [21], the linear
relationship between logarithm of ignition delay (log τ) and reciprocal of temperature
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(1/T), is generally observed from which pre-exponential factor and activation energy for
the overall reaction can be estimated from the intercept and slope, respectively. In the low
temperature regime, such as in Ciezki and Adomeit [22], the linear relationship is still
valid but the slope (activation energy) is different from that at high temperature. A less
defined relationship between log τ and 1/T is observed in the intermediate temperature
regime, apparently a result of the NTC behavior. The different slopes from log τ vs. 1/T
indicate different controlling chemistry in each temperature regime. Pressure shows a
positive impact on shock tube autoignition in that higher pressure causes shorter ignition
delay. Ignition delay in rapid compression machines (RCM) has also been reported by
various groups [23-28]. In a RCM, a premixed fuel/air charge is compressed by a piston
to a fraction of the initial volume. The time interval from the end of compression to the
start of ignition is defined as the ignition delay. The ignition delay in a RCM is generally
an order of magnitude longer than in shock tube due to the slower charge heating, leaving
the method susceptible to experimental uncertainties. Oxidation of reactive fuels likely
starts before time zero, the end of compression, causing an underestimation of ignition
delay; oxidation of less reactive fuels are likely prolonged because heat loss to the wall
can be significant if the delay is too long, causing an overestimation of ignition delay.
The theoretical connection between log τ and 1/T in a RCM is thus less tight, although
they were sometimes reported in the same way as in shock tubes. Similar to a shock tube,
pressure positively affects autoignition in a RCM, i.e., higher pressure leads to shorter
ignition delay.
Phenomenological models have been proposed to correlate ignition delay with
temperature, and pressure, as in equation 2-4 by Livengood and Wu [29]:
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ti

dt

t =0

τ

∫

=1

2-4

where ti is the integral time from time zero to ignition, τ is ignition delay at the
instantaneous temperature and pressure, usually assuming the form in equation 2-5

τ = Ap − n exp( B / T )

2-5

where A, n, and B are fuel-dependent constants. Such correlations require knowledge of
temperature and pressure time history.

2.2.2 Post-ignition heat release rate
The other essential property of autoignition is heat release rate following the
occurrence of ignition, which measures the intensity of autoignition. Heat release rate and
the resultant increase of the pressure rise rate determine the damage that SI engine knock
can do to an engine, and the range over which an HCCI engine can be operated. The
intensity of autoignition is largely dependent on the temperature and pressure at
autoignition, which are in turn determined by initial conditions. Fuel chemical structure
shows an impact on the heat release rate. For example, cycloalkanes and aromatic
hydrocarbons exhibit longer ignition delay and slower heat release rate in comparison
with primary reference fuels (PRFs) of similar octane number [27, 30]. Such a topic,
however, has not been fully explored.
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2.2.3 Octane number and autoignition
It has been long known that fuel autoignition properties are critical to combustion
in gasoline and diesel engines. Empirical indices, such as octane number (in similar sense,
cetane number), have been proposed to characterize the anti-ignition (pro-ignition)
properties of gasoline (diesel fuel) in relevant engine combustion. Valuable databases
have been built, such as [9]. For many compounds, octane numbers are the only property
known about their oxidation reactivity. However, as discussed above, LTO and
autoignition are complex functions of temperature and pressure. It is doubtful that an
octane number measured under strictly defined SI engine conditions can represent the
autoignition behavior over the whole T-P domain. No wonder that octane rating lacks
quantitative correlation with fundamental autoignition properties, i.e. ignition delay and
post-ignition heat release rate, for example in [27, 30], although qualitative correlations
are generally valid.

2.3 Hydrocarbon oxidation: general principles of reaction chemistry

2.3.1 Overview
Hydrocarbon oxidation chemistry is the fundamental reason behind the
experimental observations in Sections 2.1 and 2.2. General principles have been
understood, as shown in Fig. 2-4.
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Fig. 2-4: Major reaction pathways in hydrocarbon oxidation [4].
Oxidation starts with a fuel molecule losing a hydrogen atom to form a fuel
radical. At high temperature, β-scission of C-C bonds, a high activation energy path, is
favored which rapidly builds a small alkyl radical pool for further reactions. At low
temperature, a sequence of key reactions leads to the degenerate chain branching.
Addition of the fuel radical to an oxygen molecule forms an alkylperoxy radical, ROO,
which isomerizes via intramolecular hydrogen abstraction to form an alkylhydroperoxy
radical, QOOH (Q is R less a hydrogen, such an expression is a convention in the
combustion literature). A second round of O2 addition and isomerization occurs on the

QOOH radical and eventually forms an alkylketohydroperoxide (not a radical),
HOOQ’=O. Ketoalkylhydroperoxide is regarded as the key species in low temperature
degenerate branching as its formation and decomposition produce three reactive radicals
including two hydroxyl radicals. Existence of heptylketohydroperoxide has been reported
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in motored CFR octane rating engines [31, 32]. Other than the sequence leading to chain
branching, oxidation can be ended prematurely by decomposition of QOOH radicals
which produces conjugate olefins, cyclic ethers, and β-scission products. Conjugate
olefins refer to products from oxidative dehydrogenation which have the same molecular
structure as the reactant but with one C=C bond, for example ethene from ethane,
cyclohexene from cyclohexane, etc.

2.3.2 Formation of ROO radicals
Formation of the alkylperoxy radical ROO in reaction 2-6 is the first step in
hydrocarbon LTO. This reaction is virtually barrierless, i.e., zero activation energy, and
the adduct alkylperoxy radical is much more stable than the alkyl radical. Forward
reaction thus predominates in the low temperature regime. At intermediate temperature
regime, thermodynamic equilibrium shifts the reaction backwards. As shown in Fig. 2-4,
the reaction channels for fuel radical R are not open until high temperature regime.
Therefore, the decomposition of the ROO radical reduces the overall oxidation reactivity
and results in the NTC behavior. Temperature at the equilibrium of reaction 2-6,
[ROO]/[R][O2]=1, is defined as “ceiling temperature” which is a function of radical
size and reactivity [33].
R i+ O 2  ROOi

2-6

Higher pressure promotes the formation of peroxy radicals and low temperature
oxidation both thermodynamically and kinetically. A typical example is that in an HCCI
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engine, a single-stage fuel, e.g., iso-octane (2,2,4-trimethyl-pentane), at atmospheric
intake pressure shows two-stage ignition under boosted conditions, indicating that both
low and high temperature oxidation are accelerated.

2.3.3 Isomerization of ROO to QOOH
Internal hydrogen abstraction, or hydrogen shift, as in reaction 2-7, is the second
step in hydrocarbon LTO. It is previously considered that alkylhydroperoxide, ROOH,
from reaction 2-8 is the degenerate agent whose decomposition into RO and OH
initiates low temperature chain branching. However, reaction 2-8 is a bimolecular
reaction and is thus much slower than a unimolecular reaction 2-7 at low temperature.
Plus, ROOH is not a radical thus quite stable at low temperature and essentially
terminates chain branching [34].

ROOi → iQOOH

2-7

ROOi + XH → ROOH + X i

2-8

Internal hydrogen abstraction can occur at multiple sites on the alkyl radical.
Fig. 2-5 shows the most common paths where the hydrogen can be abstracted from a β-,

γ-, and δ- carbon by forming a five-, six-, and seven-membered transition state (TS) ring,
respectively. These paths are confirmed by the detected reaction intermediates containing
oxiran (

O

), oxetane (

), and tetrahydrofuran (

) structures. Numerous

experimental and modeling results have pointed out that (1,5)-hydrogen abstraction is the
most favored path and, is responsible for degenerate branching and oxidation reactivity at
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low temperature. This is probably due to the least strained six-membered TS ring
involved in (1,5) hydrogen abstraction.

Fig. 2-5: Common paths for internal hydrogen abstraction of a ROO radical.
The second round of addition of an oxygen molecule and internal hydrogen
abstraction follow similar rules. It is noted that the second hydrogen abstraction more
likely occurs on the carbon having the peroxide group, so that an alkylketoperoxide can
be readily formed by dehydroxylation, as shown in Fig. 2-6.

Fig. 2-6: Second hydrogen abstraction to form ketoalkylperoxide.
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2.3.4 Selectivity in primary LTO steps

In low temperature hydrocarbon oxidation, formation of the fuel radical, R,
generally results from the attack of OH and HO2 radicals and to a less extent by other
hydrocarbon or O2 molecules. Hydrogen abstraction by OH radicals is non-selective due
to the high reactivity of OH, but other species generally selectively attack hydrogen in the
preference of tertiary > secondary > primary.
Isomerization of ROO radicals is a unimolecular reaction. Hydrogen abstraction
by the peroxy group is selective. As discussed above, (1,5) hydrogen abstraction is much
favored due to the less strained six-membered transition state ring. Reactivity of
hydrogens is of secondary importance. Hydrogen abstraction of the OOQOOH radical is
likely more selective due to the bulky structure and possible steric hindrance and
electronic interference. As discussed above, the hydrogen on the carbon connected to the
-OOH group is more likely to be abstracted because first, -OOH group makes the
hydrogen very reactive, and second, if the first H-abstraction was (1,5), as in Fig. 2-6,
the counter-abstraction is also (1,5) and thus energetically favored. From a steric
perspective, however, such a counter-abstraction requires a flexible C-C chain so that
significant interference from the two -OOH groups can be minimized.
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2.4 Experimental methods

2.4.1 In situ vs. ex situ methods

Experimental methods of hydrocarbon oxidation chemistry can be divided into
two categories, based on techniques employed for reaction intermediates analysis. One
method employs in situ product analysis, which usually involves flash photolysis and
laser diagnostics and requires sophisticated experimental setup. In situ experiments are
capable to investigate short-lived species, such as free radicals, but are generally
dedicated to a small group of species. Rate constants can be derived if suitable species are
selected. Low temperature reactions of alkylperoxy radicals (ROO•) with in situ analyses
were recently reviewed by Miller et al. [35]. The other method employs ex situ product
analysis. Ex situ experiments are capable to study a broad spectrum of reaction products
as versatile techniques, such as gas chromatography, can be used. Species analyzed by ex
situ methods, however, are only those stable enough to survive the sampling and

analyzing processes. In the LTO scheme shown in Fig. 2-4, products of non-branching
channels, such as olefins and cyclic ethers, and end products of chain branching channels,
such as CO, can be studied by ex situ experiments, while species directly involved in
chain branching steps can only be studied by in situ experiments. In situ analysis requires
a reactor with optical access, most frequently in flow reactors and shock tubes. Ex situ
analysis can be performed in reactors where reaction intermediates can be readily
extracted, most frequently in closed vessel reactors, flow reactors, and motored engines.
In this work, a motored engine with ex situ analysis is used.
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2.4.2 Reactors for hydrocarbon oxidation

Experimental investigation of hydrocarbon oxidation has been conducted in a
variety of reactors where wide ranges of temperature, pressure and residence time were
explored. A brief review of each of these reactors is given below. A comprehensive
review on experimental methods for hydrocarbon oxidation can be found in [36] by
Griffiths and Mohamed.

2.4.2.1 Closed vessel reactor

In the closed vessel (or more precisely, constant volume closed vessel) reactor
method, a given amount of hydrocarbon/oxidizer mixture fills a closed vessel to a certain
pressure. Ideally, at time zero the mixture instantaneously and homogeneously reaches a
preset temperature and starts to react isothermally. Reaction rates are derived from the
product time history, and rate constants are derived by conducting reaction at various
temperatures. Early studies using closed vessel reactors suffered from surface effects, as
summarized by Lewis and von Elbe [37], which sometimes overtook gas phase reactions.
Also an isothermal condition is not always met as reaction heat release can be significant.
Temperature inhomogeneity across the mixture is usually present during non-isothermal
reaction, which makes it difficult to derive kinetic information.
Significant contributions have been made by researchers at Hull University with
their classic slow combustion method in closed vessel reactors, as reviewed in [33]. The
results have established by far the most reliable experimental database for rate constants
of primary oxidation reactions of many hydrocarbons. The idea of this method is to add a
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small fraction, ~0.5%, of a hydrocarbon of interest into a slow reacting H2/O2 mixture at
a given temperature, usually ~750 K. The baseline H2/O2 reaction provides a rich source
of H and OH radicals whose concentrations are quantitatively known from a detailed
H2/O2 mechanism. The low level hydrocarbon addition ensures that perturbation from
hydrocarbon oxidation does not alter the stable baseline reaction, so that an isothermal
condition is maintained and surface effects can be minimized. Rate constants of RH + H
→ R + H2 and RH + OH → R + H2O can be derived from the pressure change

resulting from hydrocarbon oxidation via comparative study which relates the target rate
constants to established values using observed product ratios. Rate constants of further
reactions, such as isomerization of ROO radicals, can be derived in a similar manner
based on relative yields of corresponding products. In another setting, rate constants of
HO2 attack on the hydrocarbon molecule is obtained by adding the hydrocarbon into
tetramethylbutane (TMB) + O2 mixture where the generation of HO2 radical can be
quantitatively known from the decomposition of TMB.
With Hull closed vessel reactors, hydrocarbon oxidation at <800 K and vacuum
pressure has been studied. The rate constants obtained for sub-atmospheric reactions have
been found valid at high pressure, such as in rapid compression machines [4].

2.4.2.2 Flow reactor

In the flow reactor method, premixed hydrocarbon/oxidizer gases continuously
flow into the reactor and the products continuously flow out of the reactor with zero
species accumulation. Two types of flow reactors are commonly used: plug flow reactors
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(PFR) and continuous stirred tank reactors (CSTR). In contrast to the closed vessel
reactor method, residence time in flow reactors is not an inherent variable and can be
independently controlled.
In a PFR, residence time is translated into distance along the axial direction from
the point where reactants are introduced to the point of interest. Pressure is constant along
the flow, but axial temperature and flow rate vary due to reaction heat release. Highly
diluted conditions are generally used to minimize the axial thermal and flow variation to
a negligible level. Radial thermal and velocity distributions are not uniform due to
boundary layers. Turbulent flow is usually used to mitigate boundary layer effects. Under
steady state conditions, axial profiles of temperature and species can be determined to
study reaction progress. A sampling probe is generally positioned in the flow to extract
reacting gases and quench the reaction immediately for subsequent analysis. Turbulent
flow reactors have been extensively used in studying hydrocarbon combustion chemistry,
for example in [38-40].
In a CSTR, constant temperature and pressure can be maintained and nominal
residence time is determined by the flow rate and the size of the reactor. The actual
residence time of reactant molecules inside the reactor has an exponential distribution.
Therefore gases flowing out of the reactor are products formed with various residence
times. Nonetheless, a variation of the CSTR, the jet stirred reactor (JSR), has been used
to study oxidation chemistry for many hydrocarbons, for example in [41, 42].
Flow reactor experiments on hydrocarbon oxidation are generally conducted at
<1200 K and 1-10 atm.
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2.4.2.3 Shock tube

In the shock tube method, the hydrocarbon/oxidizer mixture is rapidly
compressed by the shock wave to react. Reaction conditions (start of reaction,
temperature and pressure at start of reaction) in the shock tube are well defined, and the
time available for reaction is short thus makes heat loss negligible. These features make
the shock tube an ideal tool for studying high temperature (>1200 K) ignition delay and
chemical kinetics, although temperatures less than 900 K have been reported in so called
chemical or kinetic shock tubes [43]. In addition to the commonly measured ignition

delay, in situ product analysis with laser diagnostics are frequently conducted in shock
tubes. Ex situ product analysis is less common and is usually performed in the kinetic
shock tubes.
Shock tube has been used to study ignition, pyrolysis and oxidation of
hydrocarbon compounds by various authors, e.g., [44-47]. The high temperatures (>1200
K) and high pressures (>20 atm) in shock tubes make this method less relevant to
hydrocarbon LTO of interest in this study.

2.4.2.4 Rapid compression machine

In the rapid compression machine (RCM) method, the process is similar to that in
a shock tube except that reactants are compressed by a moving piston instead of a
pressure wave. Pressure in the RCM is experimentally determined. Temperature at the
end of compression is estimated by assuming adiabatic compression. The compression
heating is about an order of magnitude slower than in a shock tube, which makes it
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possible to study low temperature oxidation but also causes undesired effects. For
example, ignition delay measured in a RCM for reactive compounds tends to be
underestimated due to the uncounted pre-reactions which start before the end of
compression, and tends to be overestimated for unreactive compounds due to the
uncounted heat loss after compression. Another pitfall in RCM methods is that the design
of RCM varies significantly from one device to another. Thus comparison between the
RCMs is difficult, because gas dynamics inside a RCM can have significant impact on
the reaction [48-50].
RCM has been used to study hydrocarbon oxidation by various authors, e.g. [23,
25-28, 51]. Most RCMs were used for ignition delay study. In some cases [51, 52], a
rapid sampling probe is used to extract time-resolved products and analyze them off-line.
Product evolution results from RCM have been extensively used for validating detailed
mechanisms.

2.4.2.5 Motored engine

In the motored engine method, the process is similar to that in a RCM except that
the process is reciprocally continuous. A motored engine is the opposite of a firing engine
where combustion does not necessarily occur. It is different from a spark ignition engine
in that the spark plug is disabled and reaction is entirely resulting from piston
compression. It is different from a compression ignition engine in that the fuel is
premixed with air in the intake. A motored engine is essentially the same as an HCCI
engine in mixture preparation and reaction initiation. However, as a firing engine,

27
autoignition is desired in every cycle for HCCI. But in a motored engine, oxidation is
purposely controlled so that pre-ignition reactions can be studied.
As in firing cases, reaction heat release in a motored engine can be calculated
from the cylinder pressure trace and the first law of thermodynamics [53]. Cylinder
pressure can be accurately measured but it is a challenge to determine cylinder
temperature. Even assuming adiabatic compression, estimation of the starting
temperature, the temperature at intake valve closing, is difficult, although empirical
methods have been proposed [54]. Product analysis is generally performed by extracting
gas samples from engine exhaust, or less frequently directly from the combustion
chamber, which provides the main body of the results of motored engine tests.
The motored engine is the method used in this work. In comparison with the
similar RCM method, the motored engine method adopts a dynamic reaction condition
where temperature, pressure, and residence time at each temperature and pressure are less
defined. The strength of this method is that the reaction occurs under real engine
conditions and the results are closest to the application. Note that in practice, no practical
combustion system will employ a closed vessel reactor, or RCM, or a shock tube (flow
reactor to some extent resembles gas turbine engine), and hydrocarbon oxidation
chemistry obtained from these reactors will eventually be tested under IC engine
conditions. Another benefit is that a motored engine method provides relatively
convenient means for product analysis from engine exhaust and the repeating cycles can
generate sufficient amount of sample for analysis. Also, a standard Cooperative Fuel
Research (CFR) octane rating engine has been used in most cases (including this work),

28
enabling a common platform for data comparison. This motored engine were used by
various groups for hydrocarbon oxidation research [31, 55, 56].

2.5 Computational methods

With advancing computing power, computational methods have been extensively
used to study combustion chemistry, including consideration of fluid dynamics (e.g.,
CFD) in many cases. On the one hand, detailed mechanisms are proposed for individual
compounds and validated against experiments using various reactors. On the other hand,
quantum mechanical calculations are performed to obtain rate constants of elementary
reactions that are experimentally inaccessible. Computational methods are not employed
in this study, but have been employed in a significant amount of the literature closely
related to this work. From many perspectives, it also represents an ongoing and
increasing trend in combustion research.

2.5.1 Kinetic modeling

Kinetic modeling is to numerically describe a reaction occurring in a specific
reactor by solving multiple differential equations. Development of the CHEMKIN
formalism [57] greatly facilitates the application of kinetic modeling in combustion
chemistry. Success of kinetic modeling depends on the reactor model and reaction
mechanism. A well stirred flow reactor and a motored engine represent totally different
levels of modeling complexity and expectation for success in matching experiment and
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modeling results. However, more often than not, uncertainty in the application of a
kinetic model arises from the uncertainty of the reaction mechanism and ultimately from
the uncertainty of key kinetic parameters.
It is not unusual that a detailed hydrocarbon oxidation mechanism contains
hundreds of species and thousands of reactions. Such a complex system is built in a
hierarchical manner starting from the simplest and best understood H2 and CO
mechanisms. Rate constants of higher order reactions are unable to be experimentally
determined in most cases. Instead, they are estimated from similar reactions and
sometimes from quantum calculations. Verification of the mechanism and rate constants
therein is based on reproducing experimental results available in the literature. It is a
rather common practice that key rate constants are adjusted to fit the model to
experiments. Understanding how detailed mechanisms are built is necessary to
understand why an early mechanism tuned for then available experiments is often unable
to reproduce later reported experiments, even for the well validated n-heptane mechanism
[58].
A comprehensive review on kinetic modeling of hydrocarbons relevant to
gasoline and diesel fuels were recently conducted by Battin-Leclerc [59]. Experimental
results and major kinetic models were reviewed. While different significantly in the rate
constants of key reactions, these models all somehow managed to make good
reproductions of experimental results.
By conducting sensitivity analysis, key steps in the reaction series can be
identified from kinetic models with reasonably accurate mechanism. Also, reaction flux
analysis can help to understand major reaction channels. Because of the expensive
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computational cost, detailed mechanisms currently find little application in modeling
practical combustion systems where flow dynamics must be considered. Reduction of
detailed mechanisms is currently an active area in combustion research.

2.5.2 Quantum mechanical calculations for elementary reaction rates

Another level of computational approach, quantum mechanical calculation, is
used to derive rate constants of elementary reactions by solving the Schrödinger wave
equation with various mathematical approximations. The essential difference between a
quantum mechanics calculation and a molecular mechanics (or force field) calculation
lies in that the former considers both nuclei and electrons while the latter considers only
nuclei. In general there are three classes of quantum computation, ab initio methods,
semi-empirical methods, and density functional theory (DFT) methods. The difference
between ab initio and semi-empirical methods is that ab initio uses no experimental
parameters and bases the calculation solely on the laws of quantum mechanics and
physical constants. DFT is different from the two as it assumes that molecular properties
are fundamentally determined by the electron density, not the wave function. Despite
relatively high computational cost and being limited to simple molecules, ab initio
methods yield high-quality quantitative predictions applicable to a broad range of
systems.
Ab initio calculations have been applied to small hydrocarbon oxidation, such as

C2H5 + O2 reaction, from which new insights into the mechanism of conjugate olefins
formation were obtained [60]. In recent years, ab initio calculations have been extended
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to larger molecules, such as in cyclohexane oxidation [61, 62], to derive rate constants of
primary reactions. Despite the ab initio nature of these calculations, adjustments of
calculated rate constants are still needed to match the model predictions with experiments
[61]. Steric structure needs to be considered in ab initio calculations, making
conformational analysis an integral part of this method.

2.6 Literature review of cyclic hydrocarbon oxidation

2.6.1 Five-membered ring compounds

Very limited results had been reported on oxidation of five-membered ring
compounds. Early studies on cyclopentane [63] and methylcyclopentane [64] in closed
vessel reactors reported carbon oxides, aldehydes, and olefins including cyclopentene as
oxidation intermediates. With their classic slow oxidation method, Handford-Styring and
Walker studied cyclopentane oxidation [65] by adding 0.5 vol.% cyclopentane to a
slowly reacting stoichiometric H2/O2/N2 mixture in a closed vessel reactor at 500 torr and
673-783 K. The major reaction intermediates were cyclopentene, 1,2-epoxycyclopetane,
cyclopentadiene, smaller olefins and aldehydes, and CO. At 5% fuel conversion,
cyclopentene accounts for 79% of the products while 1,2-expoxycyclopentane and
cyclopentadiene account for 5% and 8%, respectively, indicating that ring structure
remains intact during the early stage of oxidation, and dehydrogenation of the ring is the
dominant reaction path. Rate constants for reactions between cyclopentane and OH, H
[65] and HO2 [66] radicals were obtained by comparative methods. DeSain and Taatjes
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[67] studied the reaction of c-C5H9 + O2 → c-C5H8 + HO2 under <60 torr and at 296723 K with in situ product analysis. A rate constant was derived based on the yield of
HO2 measured by infrared frequency modulation spectroscopy as a function of
temperature. Shock tube ignition delay of cyclopentane and other cyclic hydrocarbons
was measured by Burcat et al. [68] for diluted stoichiometric mixtures at >1200 K and 4
atm. The results showed that cyclopentane is more resistant to autoignition than isooctane and cyclohexane, and its ignition delay is about same as benzene. Recent shock
tube results by Sirjean et al. [69] at 1230-1840 K, 7.3-9.5 atm, and 0.5-2 equivalence
ratio found that the ignition delay of cyclopentane is about 10 times longer than that of
cyclohexane. A high temperature oxidation mechanism of cyclopentane was proposed
based on the automatic mechanism generation program EXGAS [69].
Low temperature oxidation of cyclopentane or methylcyclopentane has not yet
been reported at atmospheric or higher pressures, nor has a mechanism been proposed for
low temperature oxidation.

2.6.2 Six-membered ring compounds

2.6.2.1 Cyclohexane

Cyclohexane is the mostly studied cycloalkane. Gulati and Walker studied the
slow oxidation of cyclohexane at 480°C and 500 torr by adding 0.5 vol. % cyclohexane
into a slowly reacting H2/O2/N2 mixture [70], the same method as used for studying
cyclopentane. Product analysis showed that, similar to cyclopentane, the cyclic structure
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is preserved during the formation of initial products, and products from dehydrogenation
dominate over products from oxidation. At 10% fuel conversion, cyclohexene, the
conjugate olefin of cyclohexane, accounts for 2/3 of the products, followed by hex-5-en-

1-al (

from decomposition of 1,3-epoxycyclohexane), 1,4-epoxycyclohexane (

1,2-epoxycyclohexane (

), 1,3-cyclohexadiene (

),

), and benzene. Rate constants

were derived for c-C6H12 + H, OH, and HO2 radicals, and isomerization of the cC6H11OO radical via (1,4), (1,5) and (1,6) hydrogen abstraction. A reaction scheme
containing both dehydrogenation and oxidation was proposed which explained the
product distributions well. Lemaire et al. studied ignition delay and species evolution
from cyclohexane oxidation in a rapid compression machine [51] at compression
temperatures of 600-900 K, pressures of 0.7-1.4 MPa, and an equivalence ratio of 1.
Two-stage ignition was observed under these conditions with ignition delay on the order
of 101~102 ms. Time-resolved product concentrations (via a rapid sampling valve) prior
to ignition showed similar species formation and distribution to Gulati and Walker’s

results but two new compounds, 1,3-epoxycyclohexane (

) and cyclohexanone (

),

were reported. This result confirmed that dehydrogenation is a major reaction path in the
early stage of oxidation. Cyclohexane conversion prior to ignition is less than 30%,
reported in later modeling studies [71, 72]. Another important study on cyclohexane low
temperature oxidation was in a jet-stirred flow reactor by Voisin et al. [73] and extended
to lower pressures by El Bakali et al. [74]. The operating conditions were temperature
750-1100 K, pressure 1-10 atm, equivalence ratio 0.5-1.5, and residence time 0.07-0.5 s.
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NTC behavior, indicated by invariant CO concentration with increasing temperature, was
observed at a pressure of 10 atm but not observed at pressures of 1 and 2 atm.
Cyclohexene remains as a major reaction intermediate before significant fuel conversion.
No epoxycyclohexanes were reported but considerable cyclopentene and cyclopentadiene
were detected in the product. A detailed mechanism was proposed which reproduced the
experimental results well, despite the fact that no peroxy radical chemistry was
considered.
Detailed mechanisms for cyclohexane oxidation [62, 71, 72] were recently
reported and validated against experimental results in a RCM and a JSR. These
mechanisms have similar reaction schemes but are different in rate constants of key steps,
as reviewed by Battin-Leclerc [59]. All the mechanisms emphasized the formation of
conjugate olefins, and considered that degenerate chain branching at low temperature
oxidation proceeds mainly through (1,5) internal hydrogen abstraction via forming a sixmembered ring transition state. The cyclohexylhydroperoxy radical (c-•C6H10OOH)
formed is added to another O2 and subsequently forms ketohydroperoxide (and an OH
radical), the key species in low temperature degenerate branching. At very low
temperature 650 K, Buda et al. [71] proposed an alternative branching path via
disproportion reaction of two cyclohexyl-peroxy radicals (c-C6H11OO·) to form an
oxygen and two cyclohexoxyl radicals (c-C6H11O·) whose decomposition initiates chain
branching. Kinetic constants obtained in a closed vessel reactor [70, 75] were found
essential in these mechanisms.
The three mechanisms reproduced cyclohexane ignition delays in a RCM and
species profiles in a RCM and a JSR with good accuracy, especially in the JSR at 10 atm.
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However, in the RCM, all three mechanisms overestimated ignition delay in the NTC
region (725~840 K). Oddly, conversion of cyclohexane during ignition delay is also
overestimated. In other words, the models predict that fuel conversion is faster but
ignition is slower than experimental observations, indicating initial reactions are too fast
and the chain branching reactions are too slow in the models. This suggests there may
exist other chain-branching channels leading to the faster ignition. Different methods
were used in obtaining the key rate constants in these mechanisms. Silke et al. [72] and
Buda et al. [71] used modified rate constants from closed vessel experiments [70, 75],
while Cavallotti et al. [62] obtained the rate constants from ab initio calculations.
Another modeling effort was done by Granata et al. [76] who adopted a lumped approach
to extend the semi-detailed mechanisms of n-heptane and iso-octane and smaller
hydrocarbons to cyclohexane and methylcyclohexane. The semi-detailed mechanism
gave remarkably good predictions for cyclohexane oxidation over a wide range of
experimental conditions, including oscillatory cool flames, ignition delay at RCM,
species profiles in RCM and JSR, laminar flame speed. Methylcyclohexane pyrolysis and
oxidation in a turbulent flow reactor [77] was also reproduced very well by this model.
However, the very mechanism failed to reproduce MCH oxidation in a later flow reactor
experiment [78].
More recently Knepp et al. [61] conducted in situ experiments with c-C6H11 + O2
reaction, similar to that in c-C5H9 + O2 reaction [67]. New insights are gained in the
mechanism of conjugate olefin formation. In addition, the potential energy surface of cC6H11, c-C6H11OO, and c-C6H10OOH radicals and major primary products was
calculated by ab initio method. Energy for transition state structures was also calculated,
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from which activation energies for isomerization of c-C6H11OO radical and subsequent
reactions can be estimated. Conformational analysis, e.g. analysis of chair and boat forms
of cyclohexane with equatorial and axial substitutions, is adopted in these calculations,
which is a rare but valuable practice in studying hydrocarbon oxidation.

2.6.2.2 Methylcyclohexane

Methylcyclohexane has been studied to a lesser extent. Zeppieri et al. [77] studied
high temperature oxidation of methylcyclohexane and methylcyclohexane/toluene blends
in a turbulent flow reactor at 1050-1200 K and atmospheric pressure. The ignition delay
of MCH was measured in a shock tube (high temperature) [79] and a RCM (low
temperature) [80] by Orme et al. from which a detailed mechanism for MCH oxidation at
low and high temperature was developed [4]. In modeling RCM results, it was found that
ignition

delay

is

particularly

sensitive

to

the

isomerization

rate

of

methylcyclohexylperoxy radicals. Three sets of rate constants were compared, of which
the rate constants in [70] yielded the best prediction, while the one corrected from
analogous aliphatic radicals completely missed the experimentally observed NTC
behavior. However, similar to what is observed in cyclohexane modeling, the best
prediction still over-estimated the ignition delay at NTC region (750-850 K).
The only detailed analysis of MCH LTO is by Lenhert [81], who studied MCH/ndodecane mixtures in a plug flow reactor at 600-800 K and 8 atm. At equivalence ratio of
0.3 and residence time of 0.12 s, MCH LTO in the binary mixture starts at 610 K and
reaches maximum conversion at 695 K, then enters the NTC regime with declining

37
conversion until 800 K where conversion becomes zero. Most intermediates under this
condition were found to retain a cyclic structure. Dehydrogenation products dominate the
product composition. Methylcyclohexenes (lumped isomers) are the most abundant
species. Others major species include cyclohexene, toluene, cyclohexadiene and benzene.
Cyclohex-2-en-1-one and C7 oxygenates (lumped isomers) were detected in significant
concentration. Modeling with the semi-detailed mechanism from Granata et al. [76]
found this mechanism failed to predict the experiment because the mechanism
improperly

assumed

ring-opening

and

fragmentation

reactions

instead

of

dehydrogenation.

2.6.3 Bicyclic compounds

Virtually no results have been found for oxidation of bicylic compounds under
combustion conditions, although the effect of fuel decalin content on soot formation has
been studied in diesel and jet engines. Experimental and mechanistic studies on pyrolysis
of decalin [82-84] and tetralin [82, 83, 85, 86] have been reported. Decalin and tetralin
are important constitutes in aviation and diesel fuels and will be major components in
fuels from oil shale, oil sand, and direct coal liquefaction.

2.6.4 Summary of current understanding of cycloalkane oxidation

1. Limited experimental results are available for cyclohexane and no results from
motored engines have been reported. Although the reaction conditions are less well
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defined, a motored engine provides the most practical environment for hydrocarbon
oxidation. This is particularly true for HCCI combustion because HCCI has no
external combustion initiation and the engine is virtually motoring at sufficient
compression ratio for ignition.
2. Current oxidation mechanisms of cyclohexane and methylcyclohexane need to be
validated against more experiments, because a mechanism tuned for one type of test
condition may fail to predict another (such as in [81]).
3. Current understanding of cyclohexane oxidation may overlook important paths from
low temperature to the NTC region. In a recent review on the status of oxidation
mechanisms of surrogate gasoline compounds, Pitz et al. [7] rated methylcyclohexane
as one of the “mechanisms reported but with major discrepancies or limitation”.
4. Little is known about five-membered ring and bicyclic hydrocarbons, which are
important components in transportation fuels.

2.6.5 Conformation of normal and cyclic alkanes

Except in ab initio calculations, hydrocarbons are rarely treated as threedimensional molecules while studying their reactions. While such negligence may be
excusable for acyclic hydrocarbons, understanding the steric structure is essential in
studying the reaction of cyclic hydrocarbons.
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2.6.5.1 Isomers: constitutional, configurational, conformational

Three types of isomers can be classified, as shown in Fig. 2-7. Constitutional
isomers are different in carbon backbone, such as 2-heptene and methylcyclohexane,
which can be represented in a two-dimensional drawing. Configurational and
conformational

isomers

generally

require

a

three-dimensional

representation.

Configurational isomers are different in bond angles, such as cis-2-heptene and trans-2heptene. Conformational isomers are different in torsion angles, such as equatorial
methylcyclohexane and axial methylcyclohexane. The difference between configuration
and conformation isomerism can be understood in that conversion of configurational
isomers requires breaking at least one C-C bond, while conversion of conformational
isomers requires only rotating C-C bonds without breaking any. While a steric structure
can have an infinite number of conformations, most of them are unstable and the stable
conformations that are located at energy minima are called conformational isomers, or
conformers [87].
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Fig. 2-7: Three types of isomers

2.6.5.2 Conformation of normal alkanes

n-Butane is commonly used to illustrate conformation of normal alkanes. The
potential energy of n-butane as a function of torsion angle is shown in Fig. 2-8. Of the
two stable conformations, one has a torsional angle of 60° between the two end CH3
groups, such conformation being called “gauche”. The other has a torsional angle of 180°,
being called “anti”. Hydrogen distribution in the two minima is “staggered”, while the
distribution in the two maxima is “eclipsed”. Obviously, eclipsing significantly increases
potential energy, in the order of H-H<H-CH3<CH3-CH3. The energy difference of gauche
and anti conformations is ~0.9 kcal/mol, termed “butane gauche” [88].
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Fig. 2-8: Potential energy of n-butane as a function of torsion angle [88]. Firstly,
“staggered” conformations are more stable than “eclipsed” conformations. Secondly,
“anti” conformation is more stable than “gauche” conformation.
Normal alkanes with long chains follow the same rule in that anti conformation is
most stable. The resultant conformation, as shown in Fig. 2-9 for n-hexane, is that along
the virtual axis formed by the C-C bonds, CH2 groups (or CH3 at the end) eclipse every
other, forming the familiar zig-zag structure of normal alkanes.
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(a)

(b)

Fig. 2-9: Steric structure of n-hexane in the most stable conformation (a) diagonal view
(b) side view. Structure drawn with Marvin 5.0.2.1 (2008), ChemAxon Ltd. with steric
energy minimized with Dreiding force field therein.
Branched alkanes do not assume the ordered zig-zag structure in the most stable
conformation. Instead, the virtual C-C axis is bent as the flexible C-C σ bonds rotate to
find local energy minima. Also the next energy minimum, gauche conformation, is only
0.9 kal/mol higher and can be readily reached.
Introducing a double carbon bond significantly reduced the flexibility of the
molecule. The two carbons connected by the double-bond cannot rotate about the double
bond and the four ligands attached to them are virtually coplanar.
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2.6.5.3 Conformation of cyclic hydrocarbons

Conformation of cycloalkanes is determined by ring size, substitution, number of
rings and other factors. Ring stability is a function of ring size. Three- and fourmembered rings, so called “small rings”, are highly strained. Five, six, and sevenmembered rings, so called “common rings”, are modestly strained and cyclohexane is
virtually strain-free. Eight to eleven-membered rings are so called “medium rings” and
have considerable strain. Ring structures larger than twelve rings are so called “large
rings” and have slight or no strain.
Except for cyclopropane, no cycloalkane assumes a planar structure in the most
stable conformation. As in acyclic hydrocarbons, introducing double bonds significantly
flattens the structure, which, in extreme cases, results in the planar ring of benzene.
The six-membered ring is most abundant in natural and synthetic products. In
addition to the strain-free structure, stability of cyclohexane arises from that fact that the
most stable conformation, chair cyclohexane, is located in a deep energy valley relative
to other conformers. The enthalpy difference between the chair form and the boat form
is 5.7~7.7 kcal/mol [89]. Translating into an equilibrium distribution of conformers via
ln K = −∆G / RuT ( ∆S = 0 ), ~ 1% of cyclohexane is in boat form at 800 K. Due to the
next energy minimum being so high, chair cyclohexane, as shown in Fig. 2-10, is
regarded as a rigid structure, which means the chair form hardly changes to other
conformations, even with substitution on the ring. This is in remarkable contrast with the
flexible structure of acyclic alkanes.
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Axial

Equatorial

(a)

(b)

Fig. 2-10: Steric structure of chair form cyclohexane. (a) top view (b) side view. Note
the relative positions of axial and equatorial hydrogens.
The top view of chair cyclohexane shows no hydrogen located inside the ring.
Two types of hydrogens can be identified on the cyclohexane ring. One type is virtually
perpendicular to the ring plane, which is called axial hydrogens, and the other is virtually
parallel to the ring plane, which is called equatorial hydrogens.
It should be pointed out that being called “rigid” structure does not mean that the
chair cyclohexane is “frozen” at the structure shown in Fig. 2-10. In fact, ring inversion,

which switches the equatorial and axial positions but maintains the chair conformation,
occurs rapidly even at room temperature, as shown in Fig. 2-11. Substitution groups
generally prefer an equatorial position to avoid the so called 1,3-diaxial interaction
resulting from eclipsing the axial substitution with an axial hydrogen. The preference for
equatorial substitution is characterized by conformation energy, the energy difference
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between axial and equatorial conformations. For methyl substitution, the conformation
energy has been accurately determined to be 1.9 kcal/mol in gas phase, translating to 77%
equatorial methylcyclohexane in an equilibrium mixture at 800 K. Preference for
equatorial substitution is also applicable to multi-substituted cyclohexane, dictating that
more equatorial substitutions will be more stable.

Fig. 2-11: Inversion of cyclohexane ring
The five-membered ring, cyclopentane, has two stable conformers assuming the
shape of envelope and half-chair. However, the energy difference and barrier (activation
energy for conversion) between the two conformations are slight. Rapid conversion
occurs among conformations and results in no natural conformation of the fivemembered ring. The same is true for methyl substituted cyclopentane although the
“equatorial” position is relatively preferred. The equatorial or axial position on the fivemembered ring is not as definite as in chair cyclohexane.
Conformation of bicyclic compounds is more complex. Fig. 2-12 shows the steric
structure for decahydronaphthalene (decalin) and 1,2,3,4-tetrahydronaphthalene (tetralin).
In the most stable conformation, trans-decalin has two chair cyclohexane rings fused in a
coplanar manner and cis-Decalin has two chair cyclohexane rings fused at an angle.
trans-Decalin is more stable than cis-decalin due to the ordered structure. 1,2,3,4-
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Tetrahydronaphthalene in the most stable conformation has a planar benzene ring fused
with a twisted-boat cyclohexane ring, as shown in Fig. 2-12b.
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Fig. 2-12: Steric structure of (a) trans-decalin with two chair cyclohexane ring fused
coplanarly and (b) tetralin with a twisted boat cyclohexane ring fused with planar benzene
ring.
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2.7 Objective and hypothesis

The above literature survey shows that current understanding on cycloalkane
oxidation is incomplete. Existing results are limited to cyclohexane and little is known
about five-membered rings and bicyclic compounds. The brief survey on steric structure
of cycloalkanes suggests stereochemistry can play a significant role in oxidation of these
compounds. The objective of this work is to study effects of cyclic structure on low
temperature oxidation with the following hypotheses:
The cyclic strucuture reduces low temperature oxidation reactivity of
cycloalkanes by limiting (1,5) hydrogen abstraction and enhancing (1,4) hydrogen
abstraction during isomerization of alkylperoxy radicals. Two subordinate hypotheses are
deduced:
1) Low temperature reactivity of cycloalkanes is determined by steric
distribution of hydrogen atoms and consequent accessibility of hydrogens
during (1,5) H-abstraction.
2) As a result of (1,4) H-abstraction, dehydrogenation of the ring is a major
reaction channel and leads to high yield of conjugate olefins in cycloalkane
oxidation.

Chapter 3
EXPERIMENTAL

This work uses a motored engine to study the oxidation chemistry of cyclic
hydrocarbons by conducting ex situ analysis of exhaust gases.

3.1 Experimental setup

3.1.1 Motored engine setup

A Cooperative Fuels Research (CFR) octane rating engine is used in this work
with modified intake and exhaust systems. The engine specifications are shown in
Table 3-1, none of which was involved in the engine modifications. Compression ratio is
calibrated from time to time and variation is found insignificant during the timeframe of
this work.
The engine is modified as follows. The original air intake plenum and carburetor
were replaced with an intake manifold on which a gasoline direct injection (GDI) injector
is installed at 1.5 m above the intake valve. The intake manifold (0.05 m i.d.) is heated to
allow injected fuel droplets be fully vaporized and mixed with air. An exhaust sampling
system was added at 2 m downstream of exhaust port, which enables collection of both
gaseous and condensed exhaust. Sample lines from the exhaust manifold to the cold trap
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are heated. The original detonation pickup is replaced with a Kistler 6052B pressure
transducer. The spark plug is disabled. Experiment setup is shown in Fig. 3-1.

Table 3-1: Specification of CFR octane engine
Number of cylinder

1

Number of valve

2

Bore, cm

8.26

Stoke, cm

11.43

Displacement, cm3

611.7

Connecting rod length, cm

25.4

Compression ratio

4-15

Combustion chamber

pancake

Fig. 3-1 Experiment setup for motored engine test
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Reaction inside the combustion chamber is monitored in two ways. Heat release
and cylinder temperature are calculated from the cylinder pressure trace using the method
and setup shown below. Reaction products are collected and analyzed by gas
chromatographic techniques, which is detailed in section Error! Reference source not
found..

3.1.2 Method of heat release calculation

Heat release in an engine can be derived from the first law of thermodynamics
[53]. Taking the combustion chamber as the control volume and neglecting mass
exchange with the crevice volume, the energy balance is written as equation 3-1

δ Qch = dU s + δ Qht + δ W

3-1

where δQch is the heat release from chemical reaction, dUs is the change of the sensible
internal energy, δQht is the heat transfer to the cylinder wall, and δW is the work done by
the combustion gases. Also, dU s = mcv dT , and with ideal gas law, one obtains
mdT = d (mT ) = d (

pV
pdV Vdp
.
)=
+
R
R
R

Together with cv / R = 1/(γ − 1) and δ W = pdV , equation 3-1 becomes 3-2

δ Qch − δ Qht =

1
γ
Vdp +
pdV
γ −1
γ −1

3-2

where the left-hand-side is the net heat release, and the right-hand-side is a function of
cylinder pressure, cylinder volume and their differentials with piston position (crank
angle). With a given engine geometry, cylinder volume and volume differential are
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known as a function of crank angle. Together with experimentally determined cylinder
pressure trace, net heat release can be readily obtained.
Cylinder temperature can be estimated via dU s = [ mdT /(γ − 1) ] where dUs is

solved from Eq. 3-1, or via ideal gas law where pV is known at every point. Both
methods require accurate knowledge of gas mass in the cylinder which, however, is
difficult to determine due to the unknown residual gas fraction. Residual gas is
particularly important at low compression ratios. In this work, the method reported in [90]
is used to estimate residual gas fraction. Considering the slow engine speed (600 rpm)
and inevitable temperature gradient inside the combustion chamber, the calculated
cylinder temperature is only used for qualitative purposes.
Heat loss to the cylinder walls was estimated based on a modified Woschni model
[91]. Due to the lack of ignition, the cylinder temperature is generally low, and heat loss
from the reacting gas mixtures to the cylinder walls is negligible in most cases. The net
heat release is thus essentially equivalent to the heat release from the chemical reaction,
δQch. Discernible heat loss is only detected when autoignition and high temperature heat

release occur. Heat losses during low temperature oxidation, autoignition, and full HCCI
combustion of MCH are estimated in Appendix A. Results presented in this work are net
heat release.
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3.1.3 Measurement of engine parameters

The original CFR engine does not measure fuel or air flow rate. In this work, air
flow is measured at the exit of a chiller (5 ±2°C) by a customized hot-wire mass air flow
(MAF) sensor (Delphi). The MAF sensor is calibrated by rotameters with air.
Fuel is injected into the heated air flow at pressure of 4.83 MPa (700 psi) at
constant frequency of 10 Hz. Fueling rate is measured from a pre-determined calibration
curve for each fuel, and controlled by adjusting injection duration.
Engine speed is measured by a shaft encoder (Accu-Coder) which also provides a
clock signal at the resolution of 0.1 crank angle to measure cylinder pressure.
Cylinder pressure is measured by a piezoelectric transducer (Kistler 6052B).
Static pressure is measured at the intake manifold.
Temperatures are measured at various points along the intake manifold to ensure
the desired intake temperature is reached before entering the cylinder. Exhaust port
temperature is measured and acts as an instant indicator of the extent of the oxidation
process inside the cylinder.
Acquired signals are digitized and read into an in-house LabView program in
which heat release is calculated based on 40 consecutive engine cycles.

3.1.4 Exhaust sampling system

Major results of this study come from exhaust analysis. Exhaust is withdrawn by a
vacuum pump and flows through a Pyrex condenser in a cryogenic bath. Gas temperature
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and pressure at the exit of condenser are measured. Exhaust flow is controlled and
measured by a rotameter after the pump. Uncondensed gases are collected at the end of
the system.
Exhaust condensation is achieved by bubbling a measured amount of exhaust gas
into a known volume of dichloromethane liquid at 200 K. The temperature is achieved by
dry ice in acetone. Design of the condenser was revised multiple times to ensure high
condensation efficiency, sufficient sample collection, and reasonable collection time.
Glass beads of 2 mm diameter are used to improve condensation. The final design is able
to condense >70% of C6 and higher hydrocarbons.
To achieve comprehensive and quantitative analysis of reaction products, exhaust
gases are collected at two different settings for each test point. In one setting, with
exhaust gas flowing through the cold trap, a condensed sample (CDNS) is collected at the
condenser and a gas sample (AFT) is collected after the condenser. In the other setting,
without exhaust gas flowing through the condenser a gas sample (FULL) is collected
from the full composition. FULL and AFT gas samples are used to determine the
percentage of products that are condensed, while the condensed sample is used for
complete products identification and quantification.

3.2 Exhaust analysis

Gas chromatography (GC) is used for products analyses with a combinations of
columns and detectors, as shown in Table 3-2.
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Table 3-2: Products analysis with GC techniques

Injection
Detector
Column
type
name
length (m)
i.d.(mm)
thick (µm)
Analysis
species
in
for

Shimadzu
Shimadzu
GC-17A
GC-17A/QP-5000
Direct
Split
FID
TCD
MS
Packed
Capillary
Chemi- Carboxen
RtxRtx-5
pack
1000
VMS
1.8
4.6
30
29
3.17
3.17
0.25
0.25
0
0
1.4
0.25
aldehydes,
C1~C3 CO, CO2,
> C4 HCs, cyclic
HCs
N2, O2
ethers
FULL
FULL
CDNS
quantification
complete
identification and
quantification

Hewlett-Packard
GC 5890
Split
FID
Capillary
RtxRtx-5
VMS
30
30
0.25
0.25
1.4
0.25
aldehydes,
> C4 HCs,
cyclic ethers
FULL, AFT
condensation ratio,
quantification of
small olefins and
aldehydes

FULL: full content exhaust; CDNS: condensed exhaust; AFT: exhaust after condenser.

The two capillary columns used in the GC-MS (Shimadzu) and the GC-FID (HP)
are both from Restek and have different strengths for compound separation. With a
proprietary stationary phase and 1.4µm coating, Rtx-VMS is good at separating C3~C7
hydrocarbons and oxygenates, fitting particularly well for single ring compounds. With a
standard 5% diphenyl/95% dimethyl polysiloxane stationary phase and 0.25 um coating,
Rtx-5 is good at separating bicyclic compounds and their primary oxidation products.
An internal standard is added to both gas and condensed samples right after
collection. 1-Pentene is added to gas samples (FULL and AFT). iso-Octane (2,2,4-
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trimethyl-pentane) and n-dodecane are added to condensed samples for mono-cyclic and
bicyclic compounds, respectively.
C1~C3 products, in particular, CH4, C2H4, C3H6, are quantified with a packed
column and an FID in a Shimadzu GC-17A. Non-hydrocarbon gases, CO, CO2, N2 and
O2, are quantified with another packed column and a TCD in the same equipment.
Condensed samples, containing reaction products in dichloromethane, are directly
analyzed without further treatment. Product identification and quantification are primarily
done with capillary columns and a mass spectrometer in a Shimadzu GC-MS.
Identification is via searching NIST libraries (2001), and comparing retention time and
mass spectra with authentic compounds. Two columns provide double confirmation for
compound identification. Quantification is based on the internal standard method by
comparing peak area of total ion current (TIC).
Condensation percentage is obtained by comparing the FULL and AFT gas
samples with a capillary column and FID in HP 5890. Volatile compounds, such as
C2~C4 aldehydes and C4 olefins whose condensation percentage cannot be accurately
determined, are quantified with standard gas mixtures in FULL samples.
Formaldehyde is the only major product not determined with this method.
Quantification of formaldehyde requires chemical fixation by 2,4-dinitrophenylhydrazine
(DNPH) and HPLC analysis [92], which is not performed in this work. The missing
formaldehyde slightly affects the carbon balance but does not affect conclusions obtained
in this work.
Temperature programs in the three types of columns are shown in Fig. 3-2.

57

Column temperature, deg C

250

200

150

100

50

0

packed columns
Rtx-VMS
Rtx-5
0

10

20

30

40

50

Time, min
Fig. 3-2: Temperature programs in GC analyses. Packed columns are for small
hydrocarbons with FID and for permanent gases with TCD. Capillary columns, Rtx-VMS
and Rtx-5, are for primary oxidation products with either MS or FID. The same
temperature program is used when switching capillary columns.

3.3 Test fuels

Five cyclic hydrocarbons are studied in this work. Their relevant properties are
shown in Table 3-3. Methylcyclopentane (95%) is from Acros Organics with the major
impurity being cyclohexane. The rest, cyclohexane (99%), methylcyclohexane (99%),
decahydronaphthalene (98%), 1,2,3,4-tetrahydronaphthalene (97%), are from SigmaAldrich. Decalin is a mixture of 62% of trans- and 38% cis- isomers (determined in this
work). Impurities in tetralin are naphthalene and decalins.
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Global reactivity of selected hydrocarbons is compared. Also, detailed product
analysis is performed with each compound for determination of oxidation mechanisms.
Table 3-3: Properties of cyclic hydrocarbons studied in this work

a
b

BP, °C

RONa

MONa

C6H12

72

91.3

80.0

cyclohexane

C6H12

80.7

83.0

77.2

methylcyclohexane

C7H14

101

74.8

71.1

decahydronaphthalene
(trans/cis)

C10H18

190

42/34b 36/34b

1,2,3,4-tetrahydronaphthalene

C10H12

207

96.4

Compound

Formula

methylcyclopentane

Ring

81.9

Research octane number (RON) and motor octane number (MON) are from [9].
These are blending octane number, definition in [9].

3.4 Test conditions

The engine runs at 600 rpm. Intake pressure is close to atmospheric. Equivalence
ratio is fixed at 0.25 as a typical condition for HCCI combustion.

3.4.1 Test condition for global reactivity comparison

The five hydrocarbons are compared for their global reactivity in three sets of
experiments.
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1) Constant intake temperature of 120°C with varying compression ratio.
2) Constant intake temperature of 200°C with varying compression ratio.
3) Constant compression ratio of 11.85 with varying intake temperature.
Global reactivity is characterized from product analysis in terms of fuel
conversion and CO formation as a function of compression ratio or intake temperature. In
each test, reaction is adjusted from a point of no reaction to a point of autoignition as the
engine allows. In certain cases, autoignition is not achieved at the highest compression
ratio, such as methylcyclopentane and tetralin at Tin=120°C. Also, due to its high
reactivity, decalin is tested at CR of 7.69, instead of 11.85, for the intake temperature
sweep.
In Tin sweep tests, fueling rate is reduced to accommodate the decreasing air flow
rate with temperature, so that constant equivalence ratio of 0.25 is maintained.

3.4.2 Test conditions for detailed product analysis

For all five compounds, detailed product analysis is performed during the
compression ratio sweep with Tin=200°C, except for methylcyclohexane with Tin=120°C.
Before collection, 20 ml dichloromethane and 20 ml loosely packed glass beads
(2 mm dia.) are added in the condenser. Sampling flow is at 5 SCFH (1 SCFH = 0.472
LPM) for 10 min. A split of uncondensed exhaust (AFT gas samples) is continuously
collected in a 5L Tedlar bag during condensation. FULL gas samples are collected in 1L
bags.
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Internal standard is added to gas and condensed samples right after collection.
Condensed samples are stored in 40 ml vials with Teflon liner. Gas samples are analyzed
immediately after collection.

3.4.3 Issues in fuel/air mixture preparation

Several concerns are raised in preparing fuel/air mixtures. One is whether the fuel
vapor pressure (at φ=0.25) is less than the saturated vapor pressure at the intake
temperature, so that the fuel compounds stay in the vapor phase without condensation.
The other issue is whether the fuel/air mixture reacting inside the cylinder is sufficiently
mixed, so that the reaction can be regarded as from a premixed fuel/air mixture.

3.4.3.1 Thermodynamic consideration

A valid concern with the gas samples is whether unreacted cycloalkanes and their
partial oxidation products will condense into liquid if the partial pressure of the organic
species is higher than the saturated vapor pressure at a given temperature. Vapor pressure
and temperature can be theoretically related via Clausius-Clapeyron equation (equation 33) with known vaporization enthalpy.
∆H vap
p 
ln  2  = −
R
 p1 

1 1
 − 
 T2 T1 

3-3

Table 3-4 lists estimated vapor pressure (p2) at 300 K for the five hydrocarbons
assuming constant enthalpy of vaporization. The last column lists hydrocarbon partial
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pressure in air at an equivalence ratio of 0.25. Clearly, MCP, CH, and MCH are stable in
the gas phase as their partial pressure is an order of magnitude lower than the saturated
vapor pressure. However, at this equivalence ratio, the partial pressure of decalin and
tetralin is higher than the saturated pressure therefore condensation will occur. This
calculation indicates that quantitative analysis of bicyclic compounds is difficult in this
experiment. Also listed are the calculations at 363 K which show saturated vapor pressure
(p2) is much greater than that at Φ=0.25, suggesting this temperature can be used as
intake temperature for testing decalin and tetralin.

Table 3-4: Vapor pressure at 300 K for tested hydrocarbons

a

∆Hvap (kJ/mol) a

T1 (K)d

p1 (bar)

T2 (K)

p2 (bar)

p at Φ=0.25 (bar)

MCP

31.64b

345

1.013

300

0.19

0.0058

CH

33.01b

353.9

1.013

300

0.13

0.0058

MCH

35.36b

374.1

1.013

300

0.06

0.0050

decalin

n/a

460

1.013

300
363

0.0009e
0.031e

0.0036

tetralin

55b
43.9c
43.9c

481

1.013

300
300
363

0.0003
0.0013
0.029

0.0040

from and [93] and [94]
at 300K
c
at 481K
d
boiling point
e
estimated by assuming ∆Hvap=50 kJ/mol
b

62

3.4.3.2 Kinetic consideration
The current setup has a length of 1.5 m from the fuel injector to the engine intake
valve. The average residence time is about 1 s at 600 rpm and intake temperature of 120200°C. The actual residence time is shorter when the intake valve is open, and is longer
when the intake valve is closed.
The mixture preparation consists of fuel vaporization and mixing of the fuel vapor
with air. Fuel vaporization is very fast due to the small size of droplets from the GDI
injector, ~ 30 um. The estimation based on classical d2-law is shown in Appendix B,
which gives a droplet lifetime less than 5 ms when the intake temperature is higher than
the boiling point of a given compound. Subsequent mixing of the fuel vapor with air
occurs in the rest of the intake manifold and more importantly, in the intake and
compression stroke of the engine cycle. The actual mixedness of fuel and air is difficult
to know. But the well-mixed fuel/air charges are considered due to the following reasons.
First, the intake flow is turbulent, Re ~10000, considering intake valve open for
1/4 of an engine cycle. The length/diameter ratio (L/D) of the intake manifold, 30, is
sufficient for turbulent mixing as suggested in [95].
Second, studies on the same type of CFR engine motoring at 600 rpm showed
homogeneous fuel/air mixture inside the cylinder [96]. These authors compared two
mixture preparation methods. One was to introduce the fuel, propane, 3 m upstream of a
surge tank which is 0.4 upstream of the intake port. The other is to introduce the fuel 0.1
m upstream of the intake port. With an infrared fiber-optic spark plug, they found that the
two methods produced the same level of mixture homogeneity by the middle of the
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compression stroke, despite the large inhomogeneity with the port injection during the
intake stroke. This result indicates the in-cylinder turbulence generated during the intake
and compression stroke is sufficient to eliminate large-scale inhomogeneity in fuel/air
mixture. Measurements of the flow field inside motored CFR engines [97, 98] showed
that the turbulence near top-dead-center is isotropic, indicating large-scale turbulence
(mixing) has ended before reaction.
Third, should fuel and air is not well mixed and charge is stratified at the intake
manifold, significant cycle-to-cycle variations would result, which was not observed in
the experiment. Except near the critical conditions for autoignition, the coefficient of
variation (COV) of indicated mean effective pressure (IMEP) is consistently less than 5%
for 40 consecutive cycles.
Fourth, as will be seen in Chapter 6, the detailed product analysis of CH showed
the same product distribution as the results obtained from other well-validated reactors,
which essentially validates the motored engine method used by this work.

3.4.4 Carbon balance
Carbon balance is calculated for quantitative analyses. Input carbon is determined
from measured fuel flow. Output carbon is the sum of products and unreacted fuel.
Equation 3-4 shows how to convert product concentrations determined in the condensed
sample into fractions in total carbon.
Ci = [i ] × VDCM / MWi × N C ,i / nexh /[C ]input

3-4

64
where Ci: contribution of product i to total carbon balance
[i]: mass concentration of i, determined from GC
VDCM: volume of dichloromethane used in condensation
MWi: molecular weight of i
NC,i: number of carbon in i
nexh: mole of exhaust gas flowing through the condenser
[C] input: total input carbon, in molar concentration
Assumptions underlying this equation are
1) Intake and exhaust gas flow rates are the same. This is reasonable because
even under complete combustion, volume change is small due to the highly
diluted condition. For example, for methylcyclohexane, product volume is
only 1.25% larger than that of the reactant for complete combustion.
2) Volume of dichloromethane is the same after 10 min collection. This is also
valid due to low vapor pressure of DCM at 200 K, ~0.001 bar. In practice
dichloromethane temperature is probably higher than 200 K as exhaust gas
temperature before the cold-trap is over 373 K. Experimentally determined
DCM loss after sample collection is less than 5%.
Consistent condensation percentage is found for all species except late-eluted
ketones and cyclic ethers. The relative standard deviation of the condensation percentage
for most species is less than 10%, but for the high-boiling oxygenates it is as high as 50%.
This may be due to the high boiling point causing condensation in the sample line. A
similar problem has been experienced by [99]. A typical condensation rate, 20%, is
assigned to these oxygenates.

65
With the above method, ≥ 95% fuel carbon in methylcyclopentane, ≥ 90% in
cyclohexane, and ≥ 84% in methylcyclohexane are recovered in the products. Carbon
balance for MCP, CH, and MCH as a function of compression ratio is shown in Fig. 3-3.
The missing part is likely from loss in the sample line and from uncounted formaldehyde.

Carbon balance
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Fig. 3-3: Carbon balance of MCP and CH at Tin=200°C and MCH at Tin=120°C.
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3.5 Experimental uncertainty
Uncertainty during these experiments arises from fuel and air flow measurements,
engine cycle variations, exhaust gas sampling, and GC analyses.
Intake air is conditioned by the air chiller to maintain constant moisture, but the
flow rate fluctuates due to the slow engine speed and the far distance between the surge
tank and the engine, which can cause an certainty of ~5%. Fuel flow rate is determined
from pre-calibrated curves at room temperature. The higher temperature at some
operating conditions may cause up to 10% error. Engine cycle-to-cycle variation, defined
as the percent of the standard deviation of indicated mean effective pressure (IMEP) in
the mean IMEP, is ~4%, except at the critical condition of autoigntion.
Exhaust gas sampling could have 5-10% uncertainty considering the potential loss
of products in collecting and tranfering the samples. Internal standards are used in
product GC analysis, where the sample preparation and GC operation could produce an
uncertainty of 5-10%.
Combining these factors together, the uncertainty of exhaust analyses is ≤18%.
Much lower uncertainties were obtained in most cases. For example, repeated
measurements of fuel conversion in CH oxidation at Tin=200°C show that the two
measurements agree within 10% and suggest a less than 5% uncertainty, as shown in
Fig. 3-4.
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Fig. 3-4: Repeatability of exhaust analysis: fuel conversion of CH at Tin=200°C
measured on two different days.

Chapter 4
RESULTS AND DISCUSSION: GLOBAL REACTIVITY
Global reactivity of the five cyclic compounds is studied in three sets of
conditions where compression ratio and intake temperature are independently varied (as
described in Section 3.4.2). During each test, reaction is adjusted from a point of no
reaction to a point of autoignition as the engine conditions allow. Global reactivity is
characterized by reaction heat release from cylinder pressure analysis, and fuel
conversion and CO formation from engine exhaust analysis. Typical of hydrocarbon
oxidation, little CO2 is formed during low temperature oxidation, and oxidation of CO is
delayed until most hydrocarbons are oxidized. Formation of CO2, which is useful in
determining the occurrence of autoignition but less relevant to LTO reactivity, is shown
in Appendix C.

4.1 Heat release
Cylinder pressure-derived net heat release, which is the net result of reaction heat
release and heat loss, is calculated at each test point for each fuel.
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4.1.1 Heat release rate at Tin=120°C
Figures 4-1 to 4-5 compare heat release rate near top dead center (TDC, at 360°)
of the five cyclic compounds during compression ratio sweep with Tin=120°C. The
figures are “zoomed-in” for low temperature heat release (LTHR), while autoignition
generally occurs as peak heat release rate exceeds 0.01 kJ/deg. Large differences in
LTHR are observed among the tested compounds. MCP shows no LTHR until the highest
CR. Weak LTHR (<0.001 kJ/deg) appears in CH oxidation at relatively low compression
ratios (7.8 and 8.6), then diminishes to none, and resumes at the highest compression
ratios. With MCH, LTHR first appears at CR=6.74. As compression ratio increases,
LTHR timing advances from post-TDC to pre-TDC. Magnitude of LTHR increases from
compression ratio of 6.74 to 7.51, then progressively decreases with compression ratio
from 7.51 to 11.85 until autoignition occurs at CR=12.86. Decalin shows similar LTHR
variation with compression ratio to MCH, but the LTHR of decalin is much stronger and
remains nearly constant before the appearance of second-stage heat release. Tetralin
shows no detectable LTHR throughout the compression ratios tested with Tin=120°C.
The advanced but reduced LTHR with CR observed in MCH, decalin, and to a
lesser extent CH, results from the dynamic nature of engine conditions where temperature
and pressure are constantly changing. With increased compression ratio, suitable cylinder
temperature and pressure for LTO occur earlier in an engine cycle causing the LTHR
peak advances to an earlier timing relative to the top dead center (TDC). However, as the
suitable LTO conditions shift from post-TDC to pre-TDC, the dwell time of the mixture
under the suitable LTO conditions decreases. This is because the piston speed is slowest
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around TDC and becomes increasingly faster as moving away from TDC. This explains
why the magnitude of LTHR decreases with CR.
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Fig. 4-1: Heat release rate of methylcyclopentane at Tin=120°C
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Fig. 4-2: Heat release rate of cyclohexane at Tin=120°C
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Fig. 4-3: Heat release rate of methylcyclohexane at Tin=120°C
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Fig. 4-4: Heat release rate of decalin at Tin=120°C
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Fig. 4-5: Heat release rate of tetralin at Tin=120°C
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Comparing LTHR of the five compounds, as shown in Fig. 4-6, shows that the
trend of LTHRdecalin >LTHRMCH >LTHRCH >LTHRMCP >LTHRtetralin, follows the
reactivity reflected by their octane number, ONdecalin <ONMCH <ONCH <ONMCP <ONtetralin.
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Fig. 4-6: Comparison of low temperature heat release at similar compression ratio. No
reaction observed at CR<9.47 for MCP or CR<8.47 for tetralin.
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Maximum cylinder pressure (Pmax, measured) and temperature (Tmax, calculated)
in MCH and decalin oxidation, the two most reactive compounds, are shown in Fig. 4-7
as a function of CR. Relative to blank tests, minimal cylinder pressure increase results
from MCH oxidation prior to autoignition (CR=12.86), and cylinder temperature remains
below 850K. Note that in comparison with the blank air test, cylinder pressures with
fuel/air mixtures are a combined result of hydrocarbon oxidation, heat transfer, and
reduced specific heat capacity ratio, γ (=cp/cv). Smaller γ reduces compression pressure
and temperature. Oxidation of decalin results in considerable cylinder pressure increase
but the cylinder temperature remains below 900 K before autoignition (CR=8.47),
indicating that decalin oxidation is still in the low temperature regime. Note that the
maximum cylinder temperatures are calculated without compensating for heat loss and
should be lower than the actual temperature that the reacting gases experienced. Under IC
engine conditions, 900~1000 K is generally considered as the transition from low
temperature oxidation to high temperature oxidation where H2O2→2OH starts to take
over the reaction [100].
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Fig. 4-7: Maximum cylinder pressure (measured) and maximum cylinder temperature
(calculated) as function of compression ratio for MCH (top) and decalin (bottom).
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4.1.2 Heat release rate at Tin=200°C
Figures. 4-8 to 4-12 show heat release rate during compression ratio sweep with
Tin=200°C. The trends in each compound are similar to that with Tin=120°C. Higher
cylinder temperature helps MCP, CH, and tetralin achieve autoignition. Also LTO of CH,
MCH, and decalin starts at lower compression ratios than with Tin=120°C, but less LTHR
is observed at similar compression ratios. The reduced LTHR at higher temperature
indicates that oxidation of these compounds are driven into NTC regime with increased
temperature.
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Fig. 4-8: Heat release rate of methylcyclopentane at Tin=200°C
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Fig. 4-9: Heat release rate of cyclohexane at Tin=200°C
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Fig. 4-10: Heat release rate of methylcyclohexane at Tin=200°C

390

400

82

Heat release rate, kJ/deg

0.004

0.003

o

Decalin T =200 C

CR=4.44
4.85
5.38
5.88
6.40
6.91
7.35
7.69
7.98

in

0.002

0.001

0

-0.001
330

340

350

360

370

380

Crank angle degree
Fig. 4-11: Heat release rate of decalin at Tin=200°C
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Fig. 4-12: Heat release rate of tetralin at Tin=200°C
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4.1.3 Heat release rate at CR=11.85
Figures 4-13 to 4-16 compare heat release rate during intake temperature sweeps
with fixed CR=11.85 except for decalin CR=7.69. This set of tests is to isolate the
temperature effect from pressure. As pressure is nearly unaffected, pressure traces and
resultant heat release traces at non-reacting conditions are largely overlapped, as seen in
MCP and tetralin. For compounds showing low temperature reactions, i.e., MCH, decalin,
and less obviously in CH, LTHR is strongest at the lowest intake temperature and
decreases progressively in magnitude as Tin increases, showing an inhibiting effect of
temperature on LTHR. Increased cylinder temperature also advances LTHR timing, as
expected. Comparing decalin results in Figs. 4-4, 4-11, and 4-16, pressure shows a
promoting effect on LTHR, which is in agreement with the literature (as reviewed in
Section 2.3.2) because R +O2→ROO is favored with increased pressure and decreased
temperature. Note that decalin HTHR develops as its LTHR diminishes, which maintains
overall reactivity. A similar trend is observed in MCH but to much less of an extent. No
development of HTHR is observed in CH.
MCP and tetralin both hardly react before autoignition. Tetralin shows a rapid
transition from no reaction to autoignition while MCP shows a progressing behavior in
the transition. CH, despite LTHR also shows a rapid transition similar to tetralin.
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Fig. 4-13: Heat release rate of methylcyclopentane at CR=11.85
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Fig. 4-14: Heat release rate of cyclohexane at CR=11.85
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Fig. 4-15: Heat release rate of methylcyclohexane at CR=11.85
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Fig. 4-16: Heat release rate of decalin at CR=7.69. This low compression ratio is used
to adapt the high reactivity of decalin.
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Fig. 4-17: Heat release rate of tetralin at CR=11.85
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4.2 Fuel conversion and CO formation
Global reactivity is also characterized by fuel conversion and CO formation from
engine exhaust analysis. Fig. 4-18 shows the variation of fuel conversion and CO
concentration as a function of compression ratio at Tin=120°C. Different behaviors are
observed in fuel conversion for MCP, CH, and MCH. While CH and MCH show
considerable low temperature reaction and different degrees of NTC behavior, MCP
shows little reaction over the range of CR studied and does not achieve autoignition at
this intake temperature. Due to their high boiling points, fuel conversion rates of decalin
and tetralin are unable to be determined accurately. Their reactivity at Tin=120°C is
shown in the form of CO formation. Corresponding to the fuel conversion, CO
concentrations of CH and MCH show a clear NTC behavior with compression ratio.
Tetralin and MCP are similar in that negligible CO is formed and no autoignition is
achieved at this intake temperature. Decalin shows the highest CO formation during low
temperature oxidation and autoignites at much lower CR than the rest of the compounds.
The significant CO increase at CR~8 for decalin and CR~12.8 for MCH is due to
autoignition. CO is subsequently converted to CO2 as CR further increases and
combustion goes to complete. Formation of CO2 can be found in Appendix C.
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Fig. 4-18: Comparison of global reactivity at Tin=120°C: Fuel conversion (top) and CO
formation (bottom)
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Fig. 4-19 shows fuel conversion and CO formation as a function of compression
ratio at Tin=200°C. Similar trends to Tin=120°C are observed but the NTC behaviors of
CH and MCH become more prominent. Oxidation of CH and MCH starts at a lower
compression ratio due to the increased intake temperature, but fuel conversion is lower
than at Tin=120°C. CH oxidation shuts down over a wide range of CR (8.6~11.0). MCH
conversion also becomes lower during the NTC regime, which is CR=6.1~11.0 for
Tin=200°C, and CR=7.5~10.7 for Tin=120°C. Such observations are corroborated by the
CO formation, where a clear decline in CO concentration occurs at CR from 6.1 to 9.6.
Ignition of MCP and tetralin is achieved at this intake temperature but little fuel
conversion or CO formation is observed before ignition. As detailed product analyses
reveal, considerable conjugate olefins are observed during the pre-ignition processes
which largely accounts for the reacted MCP and tetralin. CO formation from decalin is
again the highest among the five cyclic compounds and seems unaffected by the elevated
intake temperature except that the reaction window shifts to lower compression ratios.
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Fig. 4-19: Comparison of global reactivity at Tin=200°C: Fuel conversion (top) and CO
formation (bottom). Note that tetralin autoignites at CR~12, as indicated by CO2
formation in Fig. C-2.
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To better compare the effect of intake temperature on reactivity, CO
concentrations from CH, MCH and decalin are replotted in Figs. 4-20 to 4-22. As intake
temperature increases from 120°C to 200°C, oxidation of CH and MCH starts at a lower
compression ratio with less CO being formed prior to autoignition. Also, stronger NTC
behavior is observed. However, CO formation from decalin seems little affected by the
intake temperature except that reaction starts at lower CR with Tin=200°C. Comparable
amounts of CO are formed from decalin pre-ignition reactions at the two intake
temperatures, and no unambiguous NTC behavior is defined.
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Fig. 4-20: Comparison of CO formation in CH oxidation at Tin=120°C and 200°C.
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Fig. 4-21: Comparison of CO formation in MCH oxidation at Tin=120°C and 200°C.
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Fig. 4-22: Comparison of CO formation in decalin oxidation at Tin=120°C and 200°C.
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To isolate the temperature effect, compression ratio is fixed at 11.85, except for
decalin at 7.69. These results are shown in Fig. 4-23. At CR of 11.85, oxidation of CH
and MCH shows the highest fuel conversion and CO production at the lowest intake
temperature (80°C). As Tin increases a strong NTC behavior is observed for cyclohexane
while for MCH the behavior is weaker but definitive. At CR of 7.69, decalin shows no
sign of NTC and the CO concentration increases steadily with Tin. On the other end, MCP
and tetralin react slowly with increasing Tin, and show little fuel conversion prior to
autoignition. Note from Table 3-4, Tin=90°C is higher than the dew point of decalin and
tetralin at equivalence ratio of 0.25 in air.
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Fig. 4-23: Comparison of global reactivity at CR=11.85 (7.69 for decalin): Fuel
conversion (top) and CO formation (bottom). Note that tetralin autoignites at
Tin=230~240°C, as indicated by CO2 formation in Fig. C-3.
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4.3 Discussion on global reactivity
Comparison of the five compounds reveals that the low temperature reactivity
measured in different forms, i.e., LTHR, fuel conversion and CO formation, is consistent.
The trend of LTO reactivity is decalin > MCH > CH > MCP > tetralin, which is
consistent with their octane ratings.

4.3.1 NTC behavior
Among the three compounds showing considerable low temperature reactivity,
the most reactive, decalin, shows virtually no NTC behavior, while the least reactive CH
shows the strongest NTC behavior. This trend seems different from the curves of
explosion limit in closed vessel reactors (for example Fig. 22 in [101]) and flow reactors
[78] but is in agreement with some results from rapid compression machines [23, 102].
Such discrepancies can be explained by “ceiling temperature”, the temperature at which
the equilibrium constant of reaction R·+O2↔RO2· becomes unity.
Ceiling temperature marks the transition from the low temperature regime to the
intermediate temperature regime, at which the NTC behavior is observed. Reactive
hydrocarbons, e.g., n-heptane, generally have a higher ceiling temperature than less
reactive hydrocarbons, e.g., iso-octane. Also, for reactive hydrocarbons the transition
from the intermediate temperature regime to the high temperature regimes usually occurs
at a lower temperature than for less reactive hydrocarbons. Therefore in comparison with
less reactive hydrocarbons, the temperature window for reactive hydrocarbons is broader
in the low temperature regime but narrower in the intermediate temperature regime.
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It should be pointed out that in each temperature regime, the Arrhenius law, i.e.
positive temperature dependence, is obeyed because the reactions are controlled by a
same type of oxidation chemistry. The NTC behavior only occurs in switching the
reaction chemistry from the low temperature to the intermediate temperature regime.
Therefore, the above mentioned discrepancy in the NTC behavior can be
explained as follows. When the reaction temperature is near n-heptane’s ceiling
temperature, n-heptane will exhibit NTC behavior while iso-octane is already in the
intermediate temperature regime (with slower reaction but positive temperature
coefficient). More reactive compounds thus show more prominent NTC behavior, as
observed in the closed vessel reactors and flow reactors. When the reaction temperature is
near iso-octane’s ceiling temperature, iso-octane will exhibit the NTC behavior while nheptane is still in the low temperature regime (with faster reaction and positive
temperature coefficient). Less reactive compounds thus show more prominent NTC
behavior, as observed in the rapid compression machine and motored engine. Early
studies on n-heptane in this facility (Tin=110°C, Φ=0.25) reported a monotonic increase
of CO formation with compression ratio showing no NTC behavior (Fig. 5a in [32]).
One interesting observation is that the reactivity difference between CH and MCH
lies mainly in the NTC regime. In Figs. 4-18 and 4-19, both compounds reach
comparable fuel conversion/CO formation in low temperature oxidation, and transition to
NTC regime at similar compression ratios. During NTC, CH conversion gradually shuts
down while MCH conversion maintains at considerable level. These results suggest
essential differences in reaction chemistry at NTC regime. As suggested from the heat
release results, high temperature reaction channels remain closed (no HTHR development)
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for CH until the threshold of autoignition. However, MCH HTHR develops as low
temperature reaction dwindles.
One may note, although the heat release results are consistent with fuel
conversion and CO formation when comparing compounds, for individual compounds,
fuel conversion or CO formation does not quantitatively correlate with heat release. No
LTHR does not necessarily mean no reaction; a decrease in LTHR does not necessarily
mean a decrease in fuel conversion or CO formation. Such non-correlation can be vividly
seen in decalin oxidation. For example, at CR=7.69, decalin CO formation increases with
intake temperature (Fig. 4-23) while LTHR shows the exact opposite (Fig. 4-16). The
reason is probably that LTHR is not resulting from the primary reactions that consume
fuel molecules, nor from the formation of CO. Rather it is from the formation of H2O
which is not analyzed in the exhaust gases.

4.3.2 Autoignition
Results in heat release and products analysis show that autoignition occurs more
readily in the reactive decalin and MCH. For less reactive MCP, CH, and tetralin, the
critical compression ratio (CCR) for autoignition in Fig. 4-19 is CCRtetralin <CCRMCP <
CCRCH, which is in the opposite order of their octane numbers. Also, critical intake
temperature (CIT) for autoignition in Fig. 4-23 is CITtetralin <CITMCP <CITCH. The
disagreement indicates octane number is not valid for quantitative prediction of
autoignition under present engine conditions.
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An intriguing observation is the unusual bipolar behavior of CH oxidation: at
lower CR (or Tin), cyclohexane shows comparable low temperature reactivity to MCH,
while at higher CR (or Tin) cyclohexane shows comparable ignition resistance to MCP
and tetralin. This is seemingly consistent with the similar research octane number (RON)
between MCH (74.8) and CH (83), and similar motor octane number (MON) between
MCP (80), tetralin (81.9) and CH (77.2), and the fact that RON is measured at an intake
temperature ~100°C lower than MON. Note that according to the theory of Kalghatgi
[10], although having certain octane sensitivity, CH behaves the opposite to an ideal
HCCI fuel which requires high reactivity at high temperature/low pressure (low load),
and low reactivity at low temperature/high pressure (high load).

Chapter 5
GLOBAL REACTIVITY: EXPLANATION FROM CONFORMATIONAL
ANALYSIS
This chapter is dedicated to understanding how low temperature oxidation
reactivity observed in Chapter 4 is affected by cyclic structures. Steric structure can play
a critical role in this process as hypothesized in this work. In particular, this chapter
applies phenomenological conformational analysis together with current understanding of
hydrocarbon gas-phase oxidation chemistry to answer the following questions:
1)

Why is cyclohexane less reactive than acyclic n-hexane?

2)

Why is methylcyclohexane more reactive than cyclohexane?

3)

Why is the bicyclic decalin more reactive (tetralin less reactive) than cyclohexane?

5.1 Key reactions in low temperature chain branching
Current understanding of low temperature hydrocarbon oxidation is built largely
on acyclic alkanes. One key reaction in the initial steps is intramolecular hydrogen
abstraction of alkylperoxy radical (ROO⋅) to form alkylhydroperoxy radical (⋅QOOH).
The route with the least energy barrier for such isomerization is (1,5s)-hydrogen shift
because the transition state (TS) structure is a least-strained six-membered ring
containing three carbon atoms, two oxygen atoms, and one hydrogen atom, as shown
below and in Fig. 2-5.
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The resultant alkylhydroperoxy (⋅QOOH) radical undergoes a second round of
oxygen addition and internal hydrogen abstraction to form an alkyldihydroperoxy radical
which

decomposes

to

an

alkylketohydroperoxide

and

an

OH

radical.

Alkylketohydroperoxide is thought as the degenerate branching agent because its
formation and decomposition produce two reactive OH radicals and an alkoxy radical
which can further decompose to break the carbon backbone of the compound.
Other internal H-abstraction paths are less likely to trigger chain branching
because the resultant alkylhydroperoxy radicals can form stable intermediate products.
For example, (1,4) H-abstraction via five-membered TS can form conjugate olefins and
compounds containing oxiran(

O

) structure; (1,6) H-abstraction via seven-membered TS

can form compounds containing tetrahydrofuran (

)structure.

As (1,5) H-abstraction is identified as the major step to low temperature chain
branching, two parameters are considered critical to (1,5) H-abstraction. One is the total
number of hydrogens in a molecule that is available to (1,5) H-abstraction. The other is
the number of hydrogens that is available to (1,5) H-abstraction for a specific peroxy
group, i.e. degeneracy in the isomerization of an alkylperoxy radical, which affects the
preexponential factor in the rate constant (see Appendix D). These two parameters are
closely related to steric structure of a given hydrocarbon, as shown below.
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5.2 (1,5) H-abstraction in n-hexane
Acyclic alkanes are flexible structures in that C-C bonds can rotate with
significant freedom to achieve minimized steric energy. The least-strained conformation
of normal hexane is an orderly steric arrangement, as shown in Fig. 2-9. Carbon atoms in
n-hexane are evenly distributed in two rows where every CH2 group is gauche to the CH2
group(s) on its β-position (adjacent) and eclipsed to the CH2 group(s) on its γ-position.
Except two terminal atoms, hydrogen atoms are evenly distributed in four sets along the
virtual axis formed by the C-C bonds (Fig. 2-9b). The four hydrogen sets, each
containing three eclipsed hydrogen atoms, provide abundant sites and favorable locations
to form six-membered TS ring during alkylperoxy radical isomerization.
With this conformation, a total of 12 (out of 14) hydrogens in n-hexane molecule
is available to (1,5)-hydrogen shift. For a peroxy group formed on C-1 (terminal) and C-2
positions, two hydrogens are available to its (1,5) isomerization. For a peroxy group
formed on C-3 positions, four hydrogens are available to its (1,5) isomerization. Overall
the degeneracy of n-hexyl peroxy radical isomerization is ~3.

5.3 (1,5) H-abstraction in cyclohexane
The hydrogen distribution in cyclohexane is different from that in n-hexane, as
shown in Fig. 2-10. Discussion here is limited to chair cyclohexane because of its
predominant presence in the equilibrium mixture. In chair cyclohexane, hydrogens are
located either on axial or equatorial position relative to the ring plane, and no hydrogen
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located inside the ring. Such hydrogen distribution plus the rigidity of the chair
cyclohexane ring significantly limits the accessibility to hydrogens during (1,5s)hydrogen abstraction of the cyclohexylperoxy radical. As shown in Fig. 5-1, it is
sterically difficult, if not impossible, for an equatorial peroxy radical to abstract a
hydrogen (either equatorial or axial) on its γ carbon (C-5) via a six-membered-ring TS.
Also it is difficult for an axial peroxy radical to abstract an equatorial hydrogen on its γcarbon via six-membered-ring TS. Therefore,
The only feasible way for (1,5)-hydrogen abstraction for cyclohexylperoxy radical
is an axial peroxy group abstracting an axial hydrogen on one of its γ-carbons.
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Fig. 5-1: Steric structure of chair cyclohexylperoxy radicals with the peroxy group at (a)
equatorial position and (b) axial position.
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This steric observation is straightforward but has not been explicitly stated in the
literature. There are only 6 out of 12 hydrogen atoms in chair cyclohexane on the axial
position. For an axial peroxy group, two axial hydrogens are available for (1,5)
abstraction. These numbers are lower than that of n-hexane and explain the lower
oxidation reactivity caused by the cyclic structure.
Hydrogen distribution in cyclohexane results in another difficulty for low
temperature chain branching. As shown in Fig. 2-6, internal H-abstraction of the second
peroxy group occurs at the carbon having the hydroperoxy group, whose decomposition
forms the degenerate branching agent, alkylketohydroperoxide and an OH radical [34].
While this may be feasible to acyclic alkanes considering the freedom of bond rotation,
such a process is sterically unlikely for cyclohexane (the prohibited path in Fig. 5-4)
because it requires an axial peroxy group to abstract an equatorial hydrogen on its γcarbon whose axial position is occupied by the other hydroperoxy group. With this
pathway closed, (1,5)-hydrogen shift of the second peroxy group may proceed by
abstracting the axial hydrogen on the other γ-carbon. The resultant 3-cyclohexyl-1,5dihydroperoxy radical (as in Fig. 5-4), however, is unlikely to form a ketohydroperoxide,
and would require breaking a C-C bond via high-energy-barrier β-scission to continue
chain reaction. Alternatively, the peroxy radical may abstract a hydrogen (via 5membered-ring TS) from a β-carbon, which likely ends up with a conjugate olefin or 1,2epoxide and effectively terminates chain branching.
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5.4 (1,5) H-abstraction in decalin and tetralin
The relationship between the hydrogen distribution and low temperature reactivity
can be extended to bicyclic decalin and tetralin. As shown in Fig. 2-12, trans-Decalin
has 10 hydrogens at axial positions. The fused rings also cause two pair of equatorial
hydrogens (1,8; 4,5) to become available in (1,5) H-shift. Therefore trans-decalin has 14
(out of 18) hydrogens available for (1,5) isomerization. The degeneracy of (1,5)
isomerization of decalyl peroxy radical is three (for an axial peroxy group at secondary
carbons) or four (for an axial peroxy group at tertiary carbons).
The steric structure of tetralin shows only four axial hydrogens and the
degeneracy of (1,5) H-abstraction is only one. More importantly, isomerization of tetralin
peroxy radicals is severely competing with the formation of the stable 1,2dihydronapthalene whose C=C double bond is delocalized and resonant with the π-bond
on the benzene ring.

5.5 (1,5) H-abstraction in methylcyclohexane
The reactivity difference observed with methylcyclohexane and cyclohexane is
not explained by the above theory in that methyl substitution does not change, may even
decrease, the number of axial hydrogens. Analysis below shows that the impact of methyl
substitution on oxidation reactivity is closely related to the inversion of the cyclohexane
ring. As mentioned in Section 2.6.5.3, inversion switches the groups at equatorial and
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axial positions, and substitution groups prefer equatorial position with the preference
measured by conformational energy (∆G).
Methylcyclohexane has a conformational energy of 1.9 kcal/mol (gas phase)
[103], which translates to 77% equatorial methylcyclohexane in an equilibrium mixture at
800 K. The conformational energy of the cyclohexylperoxy radical is calculated as 0.2
[61] or 0.56 kcal/mol [104], which translates to modestly favoring (53~59%) equatorial
cyclohexylperoxy radical at 800K.
The equatorial preference of substituted cyclohexane can be used to explain the
low temperature reactivity difference between cyclohexane and methylcyclohexane.
Known from the above analysis, degenerate chain branching of cyclohexane requires Habstractions to take place on axial positions of the ring. As shown in Fig. 5-2, an axial
cyclohexylperoxy radical, once formed, can readily invert to an equatorial radical, as the
latter is more stable. Therefore, at equilibrium there are more peroxy groups at equatorial
positions than at axial positions, although the latter is preferred for chain branching. The
overall reaction rate is thus slow. For methylcyclohexane, due to the larger
conformational energy of the methyl group than that of the peroxy group,
methylcyclohexylperoxy radical would prefer eq-methyl/ax-peroxy conformation than
ax-methyl/eq-peroxy conformation. Therefore, at equilibrium more peroxy groups are
“forced” to stay in an axial position, which results in a higher rate of (1,5s)-hydrogen
abstraction of the peroxy group, and subsequent higher overall reaction rate.
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Fig. 5-2: Equatorial preference of peroxy group in cyclohexane (top) and axial preference
of peroxy group in methylcyclohexane (bottom). Relative enthalpy is from ab initio
calculation [105] from outside collaboration.
The different reactivity of cyclohexane and methylcyclohexane can therefore be
attributed to the preferred conformation of their peroxy radical: cyclohexane peroxy
group preferably on an equatorial position, while methylcyclohexane peroxy group
preferably on an axial position. Such preference carries on to hydroperoxy groups after
internal H-abstraction and amplifies the impact on reactivity. Recent ab initio
calculations [105], however, show that for cyclohexyl radicals with a –OOH group at C-1
and a –OO• group at C-3 (shown below), which is the product from the second O2
addition, the ax-ax conformation is more stable than the eq-eq conformation. This is
probably due to the weak hydrogen bonding between the –OOH and -OO• groups when
both at axial positions.
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The preferred steric structure of a cyclohexyl peroxy radical is shown in Fig. 5-

1a. The preferred steric structure of a 2-methyl-cyclohexyl-1-peroxy radical is shown in
Fig. 5-3. Note that one primary hydrogen in the equatorial methyl group can participate
the (1,5) H-shift. For the specific conformation in Fig. 5-3, where the peroxy group and
methyl group are on adjacent carbons, the degeneracy of (1,5) isomerization increases
from 2 to 3.

CH 3

Fig. 5-3: Steric structure of 2-methyl-cyclohexyl peroxy radical in the preferred eqmethyl/ax-peroxy conformation. Three axial hydrogens are available for the peroxy
group to isomerizes via (1,5) H-shift.
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The primary reaction steps in cyclohexane and methylcyclohexane are proposed
in Fig. 5-4 and 5-5 incorporating the conformational analyses obtained here.

Fig. 5-4: Primary oxidation steps of cyclohexane showing equatorial preference of the
peroxy and hydroperoxy groups. Note further reactions of the bottom radicals either form
stable products or require breaking a C-C bond via β-scission. Also, eq-eq is not
necessarily favored over ax-ax for radicals with one -OOH and one –OO• or two –OOH
groups.
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Fig. 5-5: Primary oxidation steps of methylcyclohexane showing axial preference of
the peroxy and hydroperoxy groups. Radicals formed at other sites have similar paths.
The bottom radical has two axial peroxy/hydroperoxy group and one equatorial methyl
group whose inversion preference is uncertain at this moment.
The tertiary hydrogen in MCH also contributes to the reactivity in low
temperature oxidation. The tertiary hydrogen likely survives the first round of Habstraction in forming methylcyclohexyl radicals because of the non-selective nature of
OH radical attack and the abundance of secondary hydrogens. Once peroxy group is
formed, the subsequent internal hydrogen abstraction is selective because of the low
reactivity of methylcyclohexyl radical. For a 3-methylcyclohexylperoxy (axial) radical
(shown below), the relatively reactive tertiary hydrogen provides a low-energy-barrier
path for (1,5t)-hydrogen abstraction, ~2.5 kcal/mol lower than alternative pathways [105],
and facilitates the overall reaction rate.
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The low reactivity of methylcyclopentane relative to methylcyclohexane can not
be explained by the above theory and may directly relate to the nature of the ring. In
addition to a higher ring strain, a five-membered ring is different from a six-membered
ring in that it does not assume a fixed conformation [106] (cf. >95% cyclohexane in the
chair form for the temperature of interest in this work). The rapidly changing
conformation may cause difficulty for peroxy groups to establish a connection with a
remote hydrogen to realize (1,5) H-shift.
In dimethylcyclohexanes, reactivity, in terms of octane rating, correlates to the
position of the two methyl groups. Separated methyl groups (1,3-dimethyl and 1,4dimethylcyclohexane)

result

in

higher

reactivity

than

neighboring

(1,2-

dimethylcyclohexane) and co-substituted (1,1-dimethylcyclohexane) methyl groups. 1,1dimethylcyclohexane has the lowest reactivity with a octane rating even higher than that
of non-substituted cyclohexane. Applying the above conformation analysis to
dimethylcyclohexanes becomes difficult due to the complexity raised by trans- and cisisomers and unknown impacts from the two methyl groups on the ring. Ab initio
calculation is required for these unresolved issues.
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5.6 Summary
Conformational analysis conducted in this chapter reveals that the reactivity
difference observed in low temperature oxidation of cyclic hydrocarbons is explained by
their molecular steric structure and resultant hydrogen accessibility to the key chain
branching step, (1,5) H-shift of fuel peroxy radical. As shown in Table 5-1, low
temperature reactivity follows the same trend as the total number of hydrogens in a
molecule that is available to (1,5) H-shift, and the degeneracy of (1,5) H-shift, i.e., the
number of hydrogens available to (1,5) H-shift of a given peroxy group.
Methylcyclohexane has the methyl group to preoccupy an equatorial position and forces
the later formed axial peroxy group to stay at an axial position. The resultant
conformation favors (1,5) H-abstraction and explains the higher reactivity observed with
methylcyclohexane than with cyclohexane whose peroxy groups mostly stay at an
equatorial position.

Table 5-1: Low temperature reactivity and hydrogen availability of cyclic hydrocarbons

a

Order of LTO
reactivity

Total No. of hydrogens
for (1,5) shift

Degeneracy of (1,5)
H-shift

Decalin

1

14

3~4

MCH

2

6~7a

2~3a

CH

3

6

2

Tetralin

4

4

1

considering methyl group contributes one axial hydrogen.
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This chapter answers the first part of the Hypothesis that low temperature
reactivity is directly related to the hydrogen distribution in cyclic hydrocarbons of
different structure. The second part of the Hypothesis is a natural extrapolation: as (1,5)
H-shift of peroxy radicals becomes difficult, alternative channels become more open. (1,4)
H-shift would be highly preferred because (1,6) H-shift is difficult for chair cyclohexane.
Products from (1,4) H-shift, conjugate olefins and 1,2-epoxy cyclic compounds, are
expected to have a large presence in the products. We will see whether this is the case in
Chapter 6.

Chapter 6
RESULTS AND DISCUSSION: PRODUCTS SPECIATION
This chapter presents detailed products analysis from oxidation of MCP, CH,
MCH, decalin, and tetralin. Oxidation chemistry of CH has been investigated in closed
vessel reactors, flow reactors, and rapid compression machines, but not yet in a motored
engine. MCH was briefly investigated in a flow reactor with lumped products analysis.
Virtually no experimental results have been reported on oxidation of MCP, decalin, and
tetralin.
Results in this chapter focus on products from low temperature oxidation.
Products analyzed from a motored engine exhaust include stable intermediates resulting
from chain termination reactions, as shown in this chapter, and end products of chain
branching reactions e.g., CO, as shown in Chapter 4. Fragments of reaction chemistry can
be put together to recover primary oxidation mechanism for each compound.
In the ensuing discussion, oxidation products of each compound are divided into
three groups according to the elution order from the GC columns, largely reflecting
products volatility. The first group contains small hydrocarbons (mostly olefins) and
oxygenates (mostly aldehydes) from decomposition of the fuel molecule. The second
group contains unsaturated compounds preserving the cyclic structure, mostly from ring
dehydrogenation. The third group contains epoxy bicyclic compounds from partial
oxidation of the ring. Major species in the first and second groups are exhaustively
identified and quantified. However, less success is achieved in the third group largely
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caused by identification difficulty. Also compounds in this group have significantly
higher boiling point than the fuel compounds, causing high uncertainty in their
quantification.
This chapter is organized such that the results of CH are first presented, as a
measure to compare the motored engine with other reactors. Results of MCH are then
reported, followed by that of MCP, tetralin, and decalin.
It needs to be pointed out that product concentration in this chapter is mainly
characterized by fraction in total (fuel) carbon, same as in Chapter 4. Two other
expressions are also used. Fraction in product carbon is used to compare the importance
of the formation of certain products. Fraction of unreacted fuel is used for high boiling
products of tetralin and decalin whose absolute concentration is not obtained
experimentally.

6.1 Cyclohexane (CH)

6.1.1 Product formation for CH
Product analysis of CH is performed during a compression ratio sweep with
Tin=200°C. A typical gas chromatogram showing product formation in CH low
temperature oxidation can be found in Fig. 6-1. Products in the first-elution group, in the
general order of decreasing concentration, contain pentanal, acrolein, ethylene, 1,3butadiene, acetaldehyde, 3-buten-2-one, and propylene. The second group contains
cyclohexene, 1,3-cyclohexadiene and benzene. The third group contains 5-hexen-1-al,
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1,2-epoxycyclohexane, 1,4-epoxycyclohexane, cyclohexanone, and 2-cyclohexen-1-one
(not shown). The predominance of cyclohexene and the formation of C6 oxygenates are
consistent with the results from a closed vessel reactor [70] and a rapid compression
machine [51]. Pentanal is not previously reported. 1,3-Epoxycyclohexane was reported in
[51] but not identified in this study.

121
534 mV

68 mV

21.0
20.0

FID signal intensity, mV

19.0
18.0
17.0
16.0
15.0

O

14.0
13.0
12.0
O

11.0

O

10.0
Cl

O

Cl

*

O

*

9.0
8.0
1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

Retention time, min

FID signal intensity, mV

21.0
20.0
19.0
18.0
17.0
16.0
O

15.0
14.0
13.0

O

12.0
11.0
10.0

O

O

?

9.0
8.0
10.0

10.5

11.0

11.5

12.0

12.5

13.0

13.5

14.0

14.5

15.0

15.5

16.0

16.5

17.0

17.5

18.0

18.5

19.0

19.5

Retention time, min

Fig. 6-1: Products distribution from low temperature oxidation of cyclohexane. Sample:
FULL gas sample at CR=6.59, Tin=200ºC. HP-5890 GC, Restek VMS column, injection
volume 1000 ul, split ratio 45. * = contaminant species, ? = not identified.
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As revealed in Chapter 4, CH shows interesting behavior that combines low
temperature reactivity similar to MCH and high temperature anti-ignition similar to MCP.
Variation of major products formation (in total fuel carbon) with compression ratio is
shown in Figs. 6-2 to 6-4, which resembles the CO formation in Fig. 4-19 and shows
strong NTC behavior. Formation of the conjugate olefin, cyclohexene, and chain
branching product, CO, is compared in Fig. 6-5, in total detected products. The
significant cyclohexene formation (~35% in total products) at CR=6.6 indicates that
formation of a conjugate olefin is an essential path of cyclohexane oxidation in the low
temperature regime. This is in sharp contrast with acyclic alkanes in that little conjugate
olefins are formed during acyclic alkane oxidation in the low temperature regime [34,
107]. As reaction enters the NTC regime, cyclohexene accounts for an increasing fraction
of the products and reaches a peak fraction of 65% before high temperature oxidation
starts, as shown in Fig. 6-5. Meanwhile chain branching reactions gradually shut down
as indicated by CO, whose fraction in the products declines to nearly zero. This is
expected by conventional paraffin oxidation chemistry in that the reaction to form
conjugate olefins, R+O2↔conjugate olefin +HO2, is the major path during the NTC
regime. It is also noted in Fig. 6-3 that benzene formation, apparently via successive
dehydrogenation of the ring, is significant considering the low equivalence ratio (0.25).
The considerable formation of pentanal and acrolein is not directly explained by
the paraffin oxidation mechanism. Pentanal formation is not previously reported, and is
unlikely from direct fuel decomposition, but rather from recombination of reactive C2 and
C3 intermediates. Acrolein formation will be discussed in Section 6.1.3.
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Fig. 6-2: Ring decomposition products from CH. Tin=200°C.
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Fig. 6-3: Ring dehydrogenation products from CH. Tin=200°C.
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Fig. 6-4: Ring partial oxidation products from CH. Tin=200°C.
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Fig. 6-5: Cyclohexene and CO formation in total product carbon of CH. Tin=200°C

6.1.2 Primary oxidation mechanism of CH
Oxygenated species in Fig. 6-4 are closely related to isomerization of
cyclohexylperoxy radical (c-C6H11OO·). As shown in Fig. 6-6, the internal hydrogen
abstraction of the peroxy radical can occur at four different positions. Hydrogen
abstraction on the β- and δ- carbons, via (1,4s) and (1,6s) shifts, can produce 1,2epoxycyclohexane and 1,4-epoxycyclohexane, respectively. Abstraction on the γ-carbons,
via (1,5s) path, could have produced 1,3-epoxycyclohexane, which, however, was
reported to be unstable [70] and is not identified in this work. The high level of 5-hexen-
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1-al formation suggests that reaction may take different paths, i.e. β-scission to open the
ring and subsequent OH radical elimination to form 5-hexen-1-al. β-Scission can also
occur on 2-cyclohexylhydroperoxy radical, the product of (1,4s) H-abstraction, to form 3buten-2-one, which is detected in this work. If β-scission also occurs to the 4cyclohexylhydroperoxy radical, the stable 5-hexne-2-one would be formed, which
however is not detected despite calibrating the GC with a standard for the compound.
Furthermore, (1,5s) hydrogen abstraction is the preferred path to low temperature chain
branching when this channel is open. Finally, hydrogen abstraction on α-carbon, via (1,3t)
path, may form cyclohexanone. However, the low concentration of cyclohexanone
experimentally determined suggests that this path is less likely, probably due to the large
strain in forming the 4-membered transition ring.
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Fig. 6-6: Primary low temperature oxidation mechanism of CH, constructed based on
product distribution detected in this work.
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The relative yields of the C6 oxygenates are in good agreement with RCM results
[51] in that 5-hexen-1-al>1,2-epoxycyclohexane>1,4-epoxycyclohexane>cyclohexanone.
The low yield of 1,4-epoxide relative to 1,2-epoxide can be attributed to the low
concentration (<1%) of boat form cyclohexane at the reaction temperature. Boat
cyclohexane has much more favorable conformation to form 1,4-epoxycyclohexane than
the dominant chair cyclohexane [70]. Oxygenated species in Fig. 6-4 are apparently
formed in parallel reactions and the relative yields indicate selectivity in isomerization of
cyclohexylperoxy radicals. As indicated by the thickness of arrows in Fig. 6-6, the
combined yields of 5-hexen-1-al and chain-branching products (small olefins and
aldehydes plus CO) indicate that (1, 5s) hydrogen abstraction is one of the major reaction
channels in cyclohexane low temperature oxidation. A selectivity of 82% to (1,5s) Habstraction was assigned by Pitz et al. [4] for methylcyclohexylperoxy radical
isomerization at 750 K.
However, formation of cyclohexene is essentially a process via (1,4) Habstraction, although current understanding suggests this process proceeds via “concerted
elimination” of HO2 radical without completely abstracting the hydrogen or forming the
cyclohexylhydroperoxy radical [61]. If formation of cyclohexene is counted, (1,4) shift is
comparable to (1,5) shift in the low temperature regime. And (1,4) H-shift dominates the
over (1,5) path as reaction enters the NTC regime where most cyclohexane that reacts is
converted to cyclohexene.
Shown in Fig. 6-7 is a rough comparison of (1,3), (1,4), (1,5), and (1,6) H-shift
paths during oxidation of CH. The (1,3) path is represented by formation of
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cyclohexanone. The (1,4) path is represented by formation of cyclohexene and 1,2epoxycyclohexane. The (1,6) path is represented by formation of 1,4-epoxycyclohexane.
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Fig. 6-7: Comparison of (1,3), (1,4), (1,5), and (1,6) H-abstraction channels in
cyclohexane oxidation.

6.1.3 Mechanism of cyclohexane decomposition
Small aldehydes are ring decomposition products and are primarily formed in
chain branching channels via (1,5) H-shift. Acetaldehyde and acrolein should be formed
from different sub-channels as the six-member ring is unlikely to decompose into C2 and
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C3 at the same time. Formaldedyde, on other hand, is unlikely to form directly from ring
decomposition. The mechanism of cyclohexane decomposition is proposed in Fig. 6-8,
which can be considered as a continuation of Fig. 5-4. With two axial hydroperoxy
groups, as in Fig. 6-8(a), the ring can be decomposed via 4-2 or 3-3 pattern which breaks
two C-C bonds and generates two OH radicals, as well as an alkyl radical and an
aldehyde. With two equatorial groups, as in Fig. 6-8(b), the second peroxy group cannot
exercise (1,5) H-shift and (1,4) H-shift results. Formation of C=C then competes severely
with ring opening paths. When the ring does open, it probably opens via 3-3 pattern and
generates an OH radical, an HO2 radical, a propenyl radical, and an acrolein molecule. It
is obvious that the case in Fig. 6-8b is less reactive because firstly, only one OH radical
is formed, and secondly, strained (1,4) H-shift is required. Another path for acrolein
formation is proposed by Silke et al. [72] considering adjacent hydroperoxy groups, as
shown in Fig. 6-8c. However, this starting radical is unlikely to be formed because it
requires an axial peroxy group to abstract an adjacent axial hydrogen which is on the
other side of the ring plane.
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(a)

(b)
Fig. 6-8: Mechanism of cyclohexane decomposition starting with (a) two axial peroxy
groups (b) two equatorial peroxy groups and (c) proposed mechanism by [72].
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(c)
Fig. 6-8: (continued) (c) Mechanism of cyclohexane decomposition proposed by [72].
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6.2 Methylcyclohexane (MCH)

6.2.1 Product formation for MCH
Product analysis of MCH is performed during a compression ratio sweep with
Tin=120°C. A typical gas chromatogram showing products of MCH low temperature
oxidation can be found in Fig. 6-9. The presence of the methyl group breaks the equality
of the six carbon atoms on the cyclic structure, and causes more complex reactions. In the
order of decreasing concentration, major species in the first elution group include
acrolein, acetaldehyde, ethylene, propylene, 3-buten-2-one, 1,3-butadiene, methylacrolein,
and

1-butene.

The

second

elution

group

contains

4-methylcyclohexene,

3-

methylcyclohexene, 1-methylcyclohexene, methylenecyclohexane, toluene, cyclohexene,
and benzene. Less success is achieved in identifying species in the third elution group,
largely due to the similarity in mass spectra and lack of standards. Two oxygenates
positively identified are 1,2-epoxy-1-methylcyclohexane and 5-methyl-5-hexen-2-one.
The incomplete analysis of C7 oxygenates makes it difficult to determine the reaction flux
as was presented for cyclohexane.
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Fig. 6-9: Products distribution from low temperature oxidation of methylcyclohexane.
Sample: FULL gas sample at CR=11.85, Tin=120ºC. HP-5890 GC, Restek VMS column,
injection volume 1000 uL, split ratio 30. * = contaminant species, ? = not identified.
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Variation of major products formation (in total fuel carbon) with compression
ratio is shown in Figs. 6-10 to 6-13, where different behaviors are observed. Formation
of small olefins and aldehydes in Fig. 6-10 resembles the trend of CO formation in Fig.

4-18 with an apparent NTC behavior. Conjugate methylcyclohexene isomers and C7
oxygenates in Figs. 6-11 and 6-13 show a monotonic increase with compression ratio
before the reaction enters the intermediate temperature regime at CR=10.7. Cyclohexene,

Fraction of total carbon

toluene, and benzene in Fig 6-12 show a constant rate of production before autoignition.
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Fig. 6-10: Ring decomposition products from MCH. Tin=120°C.
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Fig. 6-11:
Formation
of
conjugate
olefins
from
MCHX=methylcyclohexene. mthlnCH=methylenecyclohexane.
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Fig. 6-12: Ring dehydrogenation products (other than conjugate olefins) from MCH.
Tin=120°C.
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Fig. 6-13: Ring partial oxidation products from MCH. Tin=120°C
The conjugate olefins, 1-, 3-, 4-methylcyclohexene and methylenecyclohexane,
are dominant products in both the low temperature regime and the NTC regimes.
Oxidation at low temperature (CR≤ 7.5) produces significant amounts of conjugate
olefins, which is similar to cyclohexane but uncharacteristic of acyclic alkanes. As
reaction enters the NTC regime, formation of conjugate olefins continues increasing,
while the concentrations of CO and small species are nearly constant or even decrease.
This indicates, out of the reacted MCH, formation of conjugate olefins is promoted, as
shown in Fig. 6-14. Conjugate olefins altogether account for less than 30% of product
carbon in MCH oxidation, which is much smaller than CH case. This is because other
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reaction channels, in particular chain branching, remain open during the NTC regime
which maintain considerable MCH conversion rates.
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Fig. 6-14: Conjugate olefins and CO formation in total product carbon of MCH.
Tin=120°C
Concentrations of toluene, cyclohexene, and benzene increase nearly linearly with
compression ratio, suggesting their formation is less affected by the NTC behavior.
Dehydrogenation and demethylation are apparently responsible for production of these
compounds. As shown in Fig. 6-15, in the low temperature regime, demethylation is
likely via peroxidation of the methyl group; at the NTC and high temperature regimes,
demethylation is likely via β-scission of 2-methylcyclohexyl radical.
Formation of 1,2-epoxy-1-methylcyclohexane likely takes a similar path to that
forming 1,2-epoxycyclohexane in cyclohexane oxidation. Formation of 5-methyl-5-
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hexen-2-one can be explained by β-scission of a 1-methyl-1-cyclohexyl-4-hydroperoxy
radical as in Fig. 6-15. Note only boat form cyclohexane can undergo the (1,6) Habstraction described in this mechanism.
Accompanying the ring dehydrogenation, chain-branching reactions occur at both
low temperature and NTC regimes, as evidenced by the consistent CO concentrations.
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Fig. 6-15: Mechanisms to form cyclohexene (top) and 5-methyl-5-hexen-2-one (bottom).

143

6.2.2 Formation conjugate olefins in MCH
Figure 6-16 shows that over the range of compression ratios studied, relative
yields of 1-, 3-, 4-methylcyclohexene and methylenecyclohexane are around 1, 1.2, 1.4,
and 0.25, respectively, normalized by 1-methylcyclohexene. These ratios increase
modestly from the starting compression ratio to CR of 11.9, then decrease as oxidation
exits the NTC regime. Figure 6-17 shows the proposed reaction routes to form these
olefins. MCH can form five fuel radicals and each fuel radical can undergo peroxidation
and produce one or two conjugate olefins. In the following section, the percentage of
each MCH (peroxy) radical that converts to conjugate olefins is estimated by exploiting
the measured olefins yields with the help of certain assumptions.
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Fig. 6-16: Relative production of MCH conjugate olefins, normalized to 1methylcyclohexene.
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of MCH radicals (Ri) and yield of conjugate olefins (Yi).
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Yields of MCH fuel radicals are determined by the number and reactivity of
hydrogens at each site. The number of hydrogens available at 1-, 2-, 3-, 4-, and m- sites
are 1, 4, 4, 2, and 3, respectively. For non-selective radical attack, such as by OH, only
the number of hydrogens matters in determining fuel radical yields. For selective attack,
such as by HO2 or O2, both the number and reactivity of primary, secondary, and tertiary
hydrogens needs to be considered. Reactivity of different hydrogens can be estimated
with the kinetic constants from literature [107]. Fig. 6-18 shows the yields of five MCH
radicals over the temperature range of interest in this work, considering both selective
and non-selective cases.

It is interesting to note that the yields of 2-, 3-, and 4-

methylcyclohexyl radicals  all formed by abstracting a secondary hydrogen  from
selective hydrogen abstraction (points) are insensitive to temperature, and essentially the
same as those from non-selective case (lines). On the other hand, the non-selective lines
work as the upper limit for selective abstraction of primary hydrogens to form m-MCH
radicals, and as the lower limit for selective abstraction of the tertiary hydrogen to form
1-MCH radical. In other words, yields of 2-, 3-, and 4- methylcyclohexyl radicals can be
considered constant regardless of temperature and the attacking species. As in MCH
oxidation the attacking radical is most likely OH, and the yields are assigned to m-, 1-, 2-,
3-, and 4-methylcyclohexyl radicals as 0.175, 0.1, 0.29, 0.29, and 0.145, respectively.
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Contribution to fuel radical formation
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Fig. 6-18: Yields of MCH radicals formed at different sites at temperatures from 600 to
1200K. In legend, m, 1, 2, 3, and 4 refer to the radical site in MCH.
Yields of initial fuel radicals, Ri, and yields of end products of conjugate olefins,
Yi, are known. In order to solve for the percentage of MCH radicals (or peroxy radicals)
converted to conjugate olefins, xi, there are more unknowns than equations. The
following assumptions are thus made:
i) x11:x1m=8:3, based on the fact that there are four 2° hydrogens available to x11 and
three 1° hydrogens available to x1m, and reactivity of 2° hydrogen is about twice
that of 1° hydrogen.
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ii) x21:x23=1:1, based on the fact that there are two 2° hydrogens available to x23 and
one 3° hydrogen available to x21, and reactivity of 2° hydrogen is about half of 3°
hydrogen. Note that the formation of conjugate olefins involves selective
intramolecular H-abstraction. Thus assumption i) and ii) consider both hydrogen
number and hydrogen reactivity in forming conjugate olefins.
iii) x33:x34=1:1.
iv) x3:x4=1:1. Assumptions (iii) and (iv) essentially assume that the methyl
substitution has little effect on sites 3 and 4 on the ring, and reactions on these
sites proceed in an isotropic manner as in cyclohexane.
With these assumptions, the number of unknowns is reduced so as to equal to the
number of equations. Conversion to conjugate olefins of each MCH radical, xi, can be
solved, as in Fig. 6-19 shown as a function of compression ratio. 1-MCH radical shows
the highest conversion rate to conjugate olefins, while the m-MCH radical shows the
lowest conversion rate. 3- and 4-MCH radicals show higher conversion than 2-MCH
radical. This relative trend does not change with the preselected values in the above
assumptions.
Note that these estimations correlate to the number of hydrogens available to the
formation of respective conjugate olefins. For example, the m-MCH radical has only one
hydrogen (on the tertiary carbon) available to form methylenecyclohexane, while the 1MCH radical has nominally seven hydrogens to form methylenecyclohexane and 1methylcyclohexene. Also, the higher conversion to conjugate olefins by the 3-MCH (and
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4-MCH) radical than the 2-MCH radical can be attributed to the fact that the former has
four hydrogens available while the latter has only three.
Higher selectivity to conjugate olefins can be understood as arising from lesser
opportunity to other paths including chain branching, suggesting 2-MCH radical is more
involved in chain branching than 1-MCH radical. Ab initio calculations are being
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performed to verify the estimated conversion rates.
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Fig. 6-19: Percent of MCH radicals converted to conjugate olefins.
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6.3 Methylcyclopentane (MCP)

6.3.1 Product formation for MCP
Product analysis for MCP is performed during a compression ratio sweep with
Tin=200°C.

A typical gas chromatogram showing products of MCP low temperature

oxidation can be found in Fig. 6-20.
MCP shows little low temperature oxidation. At Tin=200°C, fuel conversion prior
to detectable LTHR (at CR=12.69) is less than 15% and CO concentration is less than
100 ppm, barely detectable with GC-TCD. Major products are concentrated in the second
elution group consisting of four conjugate olefins.
In general order of decreasing concentration, important species in the first elution
group include acrolein, ethane, acetaldehyde, 1,3-butadiene, propene, methylacrolein, and
3-buten-2-one. Important species in the second group include 3-methylcyclopentene, 1methylcyclopentene, 4-methylcyclopentene, methylene-cyclopentane, cyclohexene, and
benzene.

Important species in the third group includes 5-hexenal, 1,2-epoxy-

methylcyclopentane, and 1,2-epoxy-5-hexene.
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Fig. 6-20: Products distribution from low temperature oxidation of methylcyclopentane.
Sample: FULL gas sample at CR=12.39, Tin=200ºC. HP-5890 GC, Restek VMS column,
injection volume 1000 uL, split ratio 30. * = contaminant species, ? = not identified.
IS=internal standard, in top figure is 1-pentene at 40 ppm.
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Variation of major products in the three elution groups is shown in Figs. 6-21
to 6-23 as a function of compression ratio.
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Fig. 6-21: Ring decomposition products from MCP. Tin=200°C.
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Fig. 6-22:
Formation of conjugate olefins from
MCPN=methylcyclopentene. mthlnCP=methylenecyclopentane
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Fig. 6-23: Ring partial oxidation products from MCP. Tin=200°C.
Three C6 ethers and aldehydes are detected as primary partial oxidation products.
1,2-Epoxymethylcyclopentane is probably a result of (1,4) hydrogen abstraction and
subsequent dehydroxylation to form a cyclic ether. Formation of 5-hexenal and 1,2epoxy-5-hexene, both with the C=C bond and the oxygen-containing group at the
terminal positions, indicates the primary hydrogens are involved in the reaction.
Mechanisms to form 5-hexenal and 1,2-epoxy-5-hexene are proposed in Fig. 6-24.
Products from similar paths are not identified in MCH but can not be excluded.
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Fig. 6-24: Mechanisms to form 5-hexenal (top) and 1,2-epoxy-5-hexene (bottom) from
MCP, both involving the primary hydrogens in the methyl substitution.

6.3.2 Formation of conjugate olefins in MCP
The striking feature from the product distribution is the predominant formation of
conjugate olefins, which altogether account for over 70% of the products before
autoignition, as shown in Fig. 6-25.
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Fig. 6-25: Conjugate olefins and CO formation in total product carbon of MCP.
Tin=200°C.
Relative yields of the four conjugate olefins are roughly 1:1.2:0.5:0.2 for 1-, 3-, 4methylcyclopentenes and methylenecyclopentane, respectively. Such selectivity may not
be explained by the difference in thermodynamic stability of these compounds, because
1-MCPN is the most stable (MM2 calculation) isomer. Rather, selectivity in
isomerization of MCP (peroxy) radicals may be the essential reason. Relative olefin
yields to 1-methylcyclopentene are shown in Fig. 6-26 as a function of compression ratio.
As compression ratio increases, formation of the other three olefins is favored over 1methylcyclopentene, which may be related to the loss of preference to tertiary radicals at
higher temperature.
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Fig. 6-26:
Relative production of MCP conjugate olefins, normalized to 1methylcyclopentene. Tin=200°C.
With the major products determined, primary reaction steps in MCP oxidation can
be constructed, as shown in Fig. 6-27. MCP can form four different radicals and each
may undergo peroxidation and produce conjugate olefins. To estimate the selectivity of
each MCP radical to conjugate olefins, a similar method is used to that for MCH.
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Fig. 6-27: Reaction paths to MCP conjugate olefins, and equations to calculate
percentage of MCP radicals converted to conjugate olefins (xi) from the distribution
of MCP radicals (Ri) and yield of conjugate olefins (Yi)..
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First, yields of the four MCP radicals are shown in Fig. 6-28 as a function of
temperature. Same as with MCH, radicals formed by abstracting a secondary hydrogen
have invariant yields with respect to temperature. Yields of primary and tertiary MCP
radicals depend on reactivity (selectivity) of attacking radicals as well as temperature. In
the following calculation, the yields of m-, 1-, 2-, and 3-MCP radicals are assigned as
0.15, 0.15, 0.35, and 0.35, respectively.

Contribution to fuel radical formation

Points: selective H-abstraction
Lines: non-selective H-abstraction

2,3
0.3
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0
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800
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Fig. 6-28: Yields of MCP radicals formed at different sites at temperatures from 600 to
1200K. In legend, m, 1, 2, and 3 refer to the radical site in MCP.
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The following assumptions are made, similar to those for MCH:
i) x11:x1m=4:1. This ratio is slightly higher than for MCH (8:3) to account for the
significant

stability

difference

between

methylenecyclopentane

and

1-

methylcyclopentene (MM2 numbers). This ratio is used also to avoid unrealistic
calculation results, such as negative or >1 conversion rate.
ii) x21:x23=1:1.
iii) x33:x34=1:1.
The calculated selectivity to conjugate olefins of MCP radicals is shown in
Fig. 6-29 as a function of compression ratio. High conversion to conjugate olefins is
seen in each MCP radical, corresponding to the high yields of conjugate olefins out of the
reacted MCP. Similar to that for MCH, m-MCP radical has the lowest and 1-MCP radical
has one of highest conversions to olefins. In contrast, 2-MCP radical is also highly
selective to olefin formation, which disables other reaction channels, in particular chain
branching reactions. The overall reactivity is thus largely inhibited.
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Fig. 6-29: Percent of MCP radicals converted to conjugate olefins.
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6.4 (1,2,3,4)-Tetrahydronaphthalene (tetralin)

6.4.1 Product formation for tetralin
Product analysis for tetralin is performed during compression ratio sweep with
Tin=200°C. A typical gas chromatogram showing products from low temperature
oxidation of tetralin can be found in Fig. 6-30. Due to the very different volatility among
the products, the chromatogram of FULL gas sample is shown for volatile products (until
toluene) and the chromatogram of the condensed sample is shown for high-boiling
products (starting from styrene).
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Fig. 6-30: Products distribution from low temperature oxidation of tetralin at CR=11.68,
Tin=200ºC. HP-5890 GC, Restek VMS column, (top) FULL gas sample, injection volume
1000 uL, split ratio 30. (bottom) CNDS condensed sample, injection volume 0.5 uL, split
ratio 30. * = contaminant species. IS=internal standard, 1-pentene at 40 ppm in top
figure, n-dodecane at 1mg/ml in bottom figure.
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Similar to MCP, tetralin shows little low temperature reactivity with negligible
CO formation. The first elution group contains predominantly ethene, and to a much
lesser extent, acetaldehyde, acrolein, propene, 1,3-butadiene, and 1-butene. Monoaromatics are detected as an important group of products which include benzene, toluene,
styrene, benzaldehyde, and phenol, although the concentrations are low. The major
products are concentrated in the bicyclic compounds, with 1,2-dihydronaphthalene (dialin)
being the most abundant species in the products, followed by naphthalene and indene.
1,4-Dihydronapthalene has significantly lower concentration. No products from partial
O

oxidation of the tetralin rings are detected (α-tetralone,
and 1,4-epoxy-1,2,3,4-tetrahydronaphthalene,

, β-tetralone,

,

, are negatively detected) and

benzofuran is detected as the only oxygenated bicyclic product.
Variation of product formation with compression ratio is shown in Figs. 6-31
to 6-34. Due to the high boiling points, tetralin and heavy products are not fully
recovered from the exhaust gases. Production of these species (starting from styrene) is
compared in relative terms by normalizing the product yield (FID peak area or height)
with the unreacted tetralin. Condensed samples are used for the comparison. Note that the
comparison is qualitative due to different condensation rates among the products. For
species with similar structure and boiling points, such as bicyclic compounds, the
condensation rates should be similar, and the comparison of the relative yields of these
compounds can be considered to be quantitative.
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Fig. 6-31: Ring decomposition products from tetralin. Tin=200°C
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Fig. 6-32:
Tin=200°C

Ring decomposition products from tetralin: benzene and cyclohexene.
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Fig. 6-33: Ring dehydrogenation products from tetralin, normalized by unreacted
tetralin. 2HN=dihydronaphthalene. CO formation in total carbon. Tin=200°C.
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Fig. 6-34: Other aromatic products from tetralin, normalized by unreacted tetralin.
Tin=200°C. Separation of benzofuran and benzaldehyde is done in Rtx-5 column.
The product composition indicates that tetralin oxidation largely proceeds via
dehydrogenation on the saturated ring, which is consistent with the observations from
previous compounds. The dominant formation of 1,2-dihydronaphthalene over 1,4dihydronaphthalene results from the stability of 1,2-dihydronaphthalene (delocalized
C=C double bond resonant with the benzene ring), as well as the abundance of hydrogens
available for its formation. Also, significant formation of 1,2-dihydronaphthalene
facilitates further dehydrogenation to the stable compound, naphthalene, which is
difficult to be formed by 1,4-dihydronaphthalene.
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Apparently, partial oxidation on the saturated ring hardly occurs, at least to much
less of an extent than that observed in CH and MCH. Alternatively, the saturated ring
opens up and produces a variety of single ring aromatics. The large amount of ethene
production compared to acetaldehyde and acrolein indicates that β-scission is the major
reaction following ring-opening reactions.

6.4.2 Primary oxidation mechanism of tetralin
Primary steps of tetralin oxidation leading to dihydronaphthalenes and
naphthalene are proposed in Fig. 6-35. Much simpler than MCH and MCP, tetralin can
form only two types of fuel radicals without involving the aromatic ring. Formation of
dihydronaphthalenes can be readily interpreted. Ring opening products, however, are less
straightforward to explain, in particular, indene, whose yield is only next to dialin and
naphthalene. Indene formation may involve rearranging ring structure and demethylation,
as in Fig. 6-36 which was proposed for tetralin pyrolysis [85]. Note tetralin oxidation
occurs at significantly higher compression ratio than LTO where addition of oxygen to
form peroxy radicals is less favored by temperature. Formation of benzene requires
complete elimination of the saturated ring and breakage of two benzylic C-C bonds. Paths
to benzene and benzofuran formation are proposed in Fig. 6-37.
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Fig. 6-35: Primary reaction mechanism of tetralin oxidation.

Fig. 6-36: Mechanism to indene formation from tetralin pyrolysis [85].
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Fig. 6-37: Mechanism to benzene (top) and benzofuran (bottom) formation from tetralin
oxidation
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6.5 Decahydronaphthalene (decalin)

6.5.1 Product formation for decalin
Product analysis of decalin is performed during a compression ratio sweep with
Tin=200°C. A typical gas chromatogram showing products of decalin low temperature
oxidation can be found in Fig. 6-38. Due to the very different volatility among the
products, a chromatogram of FULL gas sample is shown for volatile products (until
toluene) and a chromatogram of the condensed sample is shown for high-boiling products
(starting from styrene).
Decalin exhibits strong low temperature reactivity and produces a wide range of
products. Significant amounts of small olefins and oxygenates are formed, including
ethene, acrolein, acetaldehyde, propene, 1,3-butadiene, and 1-butene. Small amounts of
single-ring olefins, aromatics, and oxygenates are formed, including cyclohexene,
benzene, 1-methyl-cyclohexene, toluene, styrene, cyclohex-2-en-1-one, benzaldehyde,
phenol, and 1,2,3,6-tetrahydrobenzaldehyde. Bicyclic compounds are the most abundant
group in the condensed products, composed primarily of dehydrogenated decalin with
various degrees of unsaturation, octahydronaphthalenes (C10H16), hexahydronaphthalenes
(C10H14), tetralin (C10H12), dialin (C10H10) and naphthalene (C10H8), and partial oxidized
decalins (C10H16O). Compound identification within C10H16, C10H14, and C10H16O groups
is not attempted due to the similarity in mass spectra and the lack of standards. But the
bicyclic structure associated with these compounds is certain.
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Fig. 6-38: Products distribution from low temperature oxidation of decalin at CR=7.35,
Tin=200ºC. HP-5890 GC. (top) FULL gas sample, Restek VMS column, injection volume
1000 uL, split ratio 30. (bottom) CNDS condensed sample, Rtx-5 column, injection
volume 1 uL, split ratio 30. IS=internal standard, 1-pentene at 40 ppm in top figure. (to
be continued)
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Fig. 6-38: (continued) Products distribution from low temperature oxidation of decalin at
CR=7.35, Tin=200ºC. HP-5890 GC. CNDS condensed sample, Rtx-5 column, injection
volume 1 uL, split ratio 30. IS=internal standard, n-dodecane at 1mg/ml in this figure.
Variation of product formation with compression ratio is shown in Figs. 6-39 to
Fig. 6-42. Due to the high boiling points, decalin and heavy products are not fully
recovered from the exhaust gases. Production of these species (starting from styrene) is
compared in relative terms by normalizing the product yield (FID peak area or height)
with the unreacted decalin. Condensed samples are used for the comparison. Note that the
comparison is qualitative due to different condensation rates among the products. For
species with similar structure and boiling points, such as bicyclic compounds, the
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condensation rates should be similar, and the comparison of the relative yields of these
compounds can be considered to be quantitative.
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Fig. 6-39: Ring decomposition products from decalin. Tin=200°C.
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Fig. 6-40:
Ring decomposition products from decalin: single ring unsaturated
hydrocarbons. Tin=200°C.
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Fig. 6-41:
Ring dehydrogenation products from decalin, normalized by unreacted
decalin. 8HN=octahydronaphthalene. CO formation is in total carbon. Tin=200°C.
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Fig. 6-42:
Tin=200°C.

Other aromatic products from decalin, normalized by unreacted decalin.

Product

composition

from

decalin

oxidation

shows

the

cascading

dehydrogenation sequence from fully saturated decalin to fully dehydrogenated
naphthalene, and indicates that even for the reactive decalin, dehydrogenation is a major
reaction channel during low temperature oxidation. Ring oxidation also occurs
significantly as indicated by the yield of C10H16O, which is different from tetralin. The
most important channel, however, is the ring opening reaction which leads to LTHR and
formation of CO and small species.
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6.5.2 Primary oxidation mechanism of decalin
Decalin can form only three types of fuel radical (neglecting the differentiation of
equatorial and axial sites) which, however, can follow many subsequent reactions and
lead to complex product formation. In contrast to tetralin, peroxy radicals play the major
role in decalin LTO which further complicates the chemistry. There are two ways to open
the fused six-membered rings in decalin. One is in sequential manner, where one ring
first opens up followed by reactions on the side chains and the other ring. This route is
supported by the formation of single ring compounds. The other possibility is to break the
C-C bond shared by the two rings, thus converting the two six-membered rings into one
ten-membered ring. The expanded ring immediately opens up and forms an unbranched
C10 radical which is reactive and decomposes rapidly. Intermediate species indicating this
route are reactive and hardly detected in the exhaust gas. Nonetheless, the simultaneous
ring opening is supported by the fact that the C-C bond connecting the two tertiary
carbons is the weakest C-C bond in decalin. It has been found that the cleavage of this
bond is one of the major initial reactions in decalin pyrolysis [82, 84]. The possible routes
for breaking the common C-C bond during decalin oxidation are shown in Fig. 6-43,
incorporating arguments from conformational analysis in Chapter 5. Similar to the
situation for MCH, formation of decalyl radicals is likely to be non-selective due to the
abundance of OH radicals. 1- and 2-Decalyl radicals are thus highly favored due to the
large number of available hydrogens, 8 out of 18 for each. As concluded in Chapter 5, an
axial peroxy group abstracting an axial hydrogen is required for the (1,5) H-shift. The
axial peroxy radicals at both 1-, and 2-positions can readily abstract the axial tertiary
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hydrogens via (1,5) H-shift. With the second addition of O2 and (1,5) H-shift, a
dihydroperoxy radical is formed whose decomposition breaks the common C-C of the
two six-membered rings and forms a ketohydroperoxide. Decomposition of the
degenerate branching agent opens the expanded ring and starts chain fragmentation. In
Fig. 6-43(c), a path alternative to breaking the common C-C bond is shown which needs
to break a stronger C-C bond. Nevertheless, the axial-to-axial (1,5) H-shift routes all lead
to the production of ketohydroperoxides and low temperature branching. On the other
hand, the formation of dehydrogenated products and single ring compounds is likely from
the route where adjacent equatorial hydrogens are abstracted via (1,4) shift.
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6.6 Summary and discussion

6.6.1 Formation of conjugate olefins
The most prominent feature in the five cyclic compounds from the above
discussion is the formation of conjugate olefins. For the three single ring compounds with
verifiable carbon balance, total conjugate olefins from MCP, CH and MCH account for
about 80%, 65%, and 25% of the reacted fuel, respectively, at maxium production.
Absolute formation of conjugate olefins in tetralin and decalin is unknown, but based on
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the product distribution in Figs. 6-30 and 6-38, such values for tetralin should be similar
to those for MCP, and for decalin, they should be lower than for MCH. An interesting
trend is then observed, that is, formation of conjugate olefins (tetralin ≥ MCP > CH >
MCH > decalin) runs in the opposite trend to LTO reactivity (tetralin ≤ MCP < CH <
MCH < decalin). This is understandable following the arguments obtained from
conformational analysis. For cyclic hydrocarbons with unfavorable steric structures for
(1,5) H-shift, the low temperature reactivity is limited. With the (1,5) channel closed, the
peroxy groups have to find hydrogens at other locations to isomerize. Because the (1,6)
channel is unlikely for the chair cyclohexane ring, most peroxy groups abstract
hydrogens on the adjacent carbons via (1,4) H-shift, and subsequently form conjugate
olefins. 1,2-Epoxy compounds can also be formed from (1,4) H-abstraction but with
much lower yields.
Therefore, the experimental observations in Chapter 4 and this chapter together
with the conformational analysis in Chapter 5 validate the hypothesis of this study.
Formation of conjugate olefins is accompanied by build-up of HO2 and H2O2.
This is in particular the case for tetralin, where negligible ring oxidation products are
formed and oxygen involved in the reaction is mostly converted into HO2 and H2O2. As
temperature increases to 900 K and higher, H2O2 decomposes into OH radicals and
rapidly triggers chain branching. This could explain the abrupt autoignition of tetralin
when the critical condition is met. In contrast, autoignition of MCP and CH is
comparatively mild as oxygen is also involved in partially oxidizing the ring prior to
autoignition, which produces epoxides and OH radicals.
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6.6.2 Relative formation of ethene and propene
Another notable feature in the above results is the different propene formation
among the compounds compared. In Figs. 6-44 to 6-46, ratios of ethene/propene
formation are compared for the three sets conditions for global reactivity study. MCP and
MCH, despite large reactivity difference, show similar and distinctively lower C2H4/C3H6
ratios than for non-substituted compounds. The relative formation of ethene over propene
is 1~3 for MCP and MCH, 5~9 for CH and decalin, and significantly higher, >15 for
tetralin. The results show that the methyl substitution promotes propene formation during
oxidation, which is explained as follows.
When a radical is formed on C-1 (the original tertiary radical) by breaking one of
the two ring C-C bonds (not the one connecting the methyl group), as shown below, the
next beta-scission can generate a propene.

This route does not exist in CH oxidation, and the similarity of C2H4/C3H6 ratio
between decalin and CH suggests that neither does it exist for decalin. This implies that
in decalin oxidation, it is unlikely to break one of the two rings to form a methyl and a npropyl side chain. Instead, as shown in Fig. 6-43, chain branching steps in decalin LTO
largely involve breaking the common C-C bond and those adjacent to it. Thus the methyl
side chain is unlikely to be formed. The low propene formation for tetralin is probably
due to the limited number of carbons on the saturated ring.
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Fig. 6-44: Comparison of relative production of ethene and propene at Tin=120°C.
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Fig. 6-45: Comparison of relative production of ethene and propene at Tin=200°C.
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Fig. 6-46: Comparison of relative production of ethene and propene at CR=11.85 (7.69
for decalin).

Chapter 7
CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary and conclusions
This study focuses on the low temperature oxidation of cyclic hydrocarbons.
Methylcyclopentane (MCP), cyclohexane (CH), methylcyclohexane (MCH), 1,2,3,4tetrahydronaphthalene (tetralin), and decahydronaphthalene (decalin), are selected to
investigate the effect of molecular structure on low temperature reactivity and reaction
chemistry. Reaction occurs in a motored engine where the extent of oxidation is
controlled by compression ratio (CR) and engine intake temperature (Tin), and stable
reaction products are analyzed from the engine exhaust.
Molecular cyclic structure profoundly affects low temperature oxidation reactivity.
Global reactivity of selected compounds is compared at three sets of conditions: fixed
Tin=120°C and varying CR, fixed Tin=200°C and varying CR, and fixed CR=11.85 and
varying Tin. Results at these conditions reflect the same trend of low temperature
reactivity, characterized in terms of reaction heat release rate, fuel conversion and CO
formation, in that decalin>MCH>CH>MCP≈tetralin.

The trend agrees with the

expectation

these

from

the

octane

number

of

compounds

where

decalin<MCH<CH<MCP<tetralin. Fuel conversion and CO formation exhibit different
dependencies on reaction extent among the tested compounds. With increasing CR or Tin,
decalin shows a consistent increase in reactivity; MCH and CH show clear negative
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temperature coefficient (NTC) behavior; MCP and tetralin show negligible reaction until
a critical condition is reached. Critical conditions (CR or Tin) for autoignition are found to
be decalin<MCH<tetralin<MCP<CH, in which octane numbers fail to predict the trend
among CH, MCP, and tetralin. CH exhibits distinct dual behavior in oxidation reactivity:
at low temperature CH shows evident low temperature reactivity, similar to MCH, while
at high temperature CH shows strong resistance to autoignition, similar to MCP and
tetralin. A long and nearly non-reacting NTC region exists in between.
Under the current engine conditions (600 rpm, atmospheric intake pressure,
equivalence ratio of 0.25), increasing temperature inhibits low temperature reactivity and
promotes NTC behavior. Chemical energy released in low temperature oxidation is
minimal and results in negligible increase in cylinder pressure and temperature, except
for the case of decalin, which is also the only compound showing two-stage ignition.
To understand the effect of molecular structure on low temperature reactivity, a
phenomenological conformational analysis is conducted. Steric structure of cyclic
hydrocarbons has not yet been considered in the reaction mechanisms reported in the
literature. Conformational analysis reveals that the hydrogen distribution and rigidity of
the cyclohexane ring significantly limited the (1,5) H-shift during isomerization of
alkylperoxy radicals, the key step in low temperature chain branching. It is concluded
that (1,5) H-shift for chair cyclohexane can only proceed via an axial peroxy group
abstracting an axial hydrogen on its γ-carbon. The number of axial hydrogens in decalin,
MCH, CH and tetralin is 10, 6, 6 and 4, respectively. Decalin also has four equatorial
hydrogens available for (1,5) H-shift. Degeneracy in (1,5) H-shift for decalin, MCH, CH,
and tetralin is 3~4, 2~3, 2, and 1, respectively. These numbers determine the low
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temperature reactivity of these compounds. The higher reactivity of MCH than CH is
due to the equatorial preference of the methyl group which forces the peroxy group to
stay at an axial position and facilitates (1,5) H-shift. These qualitative conclusions are
supported by ab initio quantum mechanical calculations being performed outside this
work.
Detailed product analyses of the five cyclic hydrocarbons are performed via a
combination of GC techniques to identify as many products and recover as much fuel
carbon as possible. Focus is on products preserving the original ring structure of the fuel
molecule. Results reveal a common low temperature reaction pathway, ring
dehydrogenation to form conjugate olefins. This pathway is significant for cyclic
hydrocarbons in both the low temperature regime and the NTC regime, which is different
from acyclic paraffin oxidation as reported in the literature. Conjugate olefins are formed
from (1,4) H-shift, instead of the chain branching (1,5) H-shift. Yields of conjugate
olefins are closely related to low temperature oxidation reactivity and less reactive
compounds produce more olefins. This is because the cyclic structure limits the (1,5)
isomerization channel for alkylperoxy radicals which alternatively abstract hydrogens on
adjacent carbons via (1,4) H-shift and form conjugate olefins.
Product analysis also reveals that methyl substitution enhances relative formation
of propene to ethene, while decalin and CH show similar ethene/propene production.
CH is the only compound of the five that has been studied in detail in the
literature. Carbon balance for CH is over 90% and in most cases over 95% in this study,
which makes it possible to analyze the reaction flux based on product yields. Results
show that in the low temperature regime, in addition to cyclohexene formation, the major
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reaction channel is (1,5) H-shift of cyclohexyl peroxy radicals which leads to low
temperature branching and formation of 5-hexen-1-al. The competing channels, namely,
(1,3), (1,4) and (1,6) H-shift, lead to cyclohexanone, 1,2-epoxycyclohexane, and 1,4epoxycyclohexane, respectively, but are much less favored. If cyclohexene formation is
counted, (1,4) H-shift is as important as (1,5) path in the low temperature regime and
dominant in the NTC and high temperature regimes. These results are in agreement with
cyclohexane oxidation chemistry known in the literature, and validate the motored engine
method against conventional methods using closed vessel reactors, flow reactors or rapid
compression machines. Incorporating the new insights from the conformational analysis,
low temperature chain branching sequences (Fig. 6-8) are proposed. This mechanism
explains ring opening and decomposition during CH oxidation, as well as the formation
of acrolein and acetaldehyde.
MCH and MCP share some important features in product formation despite their
very different low temperature reactivity. The carbon balance for MCH is ≥ 84%, for
MCP is >95%. For each compound, four conjugate olefins are determined and their
relative yields are nearly consistent over the temperature range tested. Fuel radicals
formed by losing a secondary hydrogen have constant yields regardless of reaction
temperature and selectivity of the attacking radical. The percentage of fuel peroxy
radicals that is converted into conjugate olefins is estimated with certain assumptions
made based on classical thermodynamics and reaction kinetics. Estimations for both
MCH and MCP show that lowest percent of primary peroxy radicals and highest percent
of tertiary radicals are converted into conjugate olefins.
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Tetralin oxidation prior to autoignition resembles tetralin pyrolysis. The aromatic
ring remains intact, and oxidation of the saturated ring hardly occurs. Instead, the
products are primarily dialin (1,2-dihydronaphthalene), naphthalene, and a small amount
of indene with negligible 1,4-dihydronaphthalene. The predominant oxidative
dehydrogenation likely converts the O2 involved entirely into HO2 whose cumulation
could explain the abrupt autoignition of tetralin when critical conditions are met.
Decalin oxidation at low temperature generates complex products. Nevertheless,
the dehydrogenation path, which forms the products from octahydronaphthalenes to
hexahydronaphthalenes to tetralin to dialin to naphthalene, is clearly identified. Chain
branching reactions at low temperature likely involve breaking the common C-C of the
fused rings due to the low bond energy. Primary reaction steps are proposed where the
chain branching channel requires peroxy groups and hydrogens at axial positions while
the dehydrogenation channel proceeds at equatorial positions.

7.2 Recommendations to future work
This work has been focused on one aspect of the problem of HCCI combustion,
i.e., low temperature oxidation and autoignition. Another aspect of the problem is the
heat release rate after ignition. Cycloalkanes showed slower rate of heat release than
PRFs with similar octane number in the post-ignition process in a RCM [27]. This is a
desired property at high load HCCI where the process is limited by the steep rate of
cylinder pressure increase. Therefore it would be worthwhile to investigate the HCCI
performance of these cyclic compounds at high fueling rate, ca. φ>0.4 without EGR, and
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compare them with PRFs of the same octane number. The key issue would be to define
appropriate engine conditions for the comparison. As the HCCI process is entirely
spontaneous, it is difficult to find a common engine condition under which the
comparison can be made. In the literature, comparison of different fuels under HCCI
conditions is either based on constant intake conditions, such as in [108], or based on
constant combustion performance, such as combustion timing in [109].
Another potential topic is to extend the current study to aromatics, in particular
toluene, which is the single most abundant compound in gasoline. Mixtures of toluene
and n-heptane, the so called toluene reference fuels (TRF), have been increasingly
studied in recent years. These studies have been focused on ignition properties or HCCI
performance and little reaction product analysis was reported. Oxidation chemistry of
toluene has been extensively studied, such as [38, 110]. It is generally thought that low
temperature oxidation of toluene does not exist. However, a mixture with n-heptane could
allow toluene to oxidize at much lower temperature because the reaction of n-heptane
generates the radical pool for toluene reaction. A motored engine study for the toluene/nheptane mixtures will help to elucidate this part of toluene oxidation chemistry that is
inaccessible with neat toluene. The kinetic interactions between the oxidation of the two
compounds are generally limited to small radicals (OH, HO2, etc.). Plus the molecular
structures of toluene and n-heptane are very different. These make it convenient to
identify the origin of the products and to track the reaction process of toluene.
Finally, a general comment on the motored engine method is that this method is
particularly suitable to study compounds with high volatility (typically Tb<100°C) and
low oxidation reactivity. Carbon balance becomes poor when the compound has high
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boiling point or many reaction intermediates, in particular oxygenated species whose high
boiling points make them easily lost in the sample line. This observation should serve as
a guideline in compounds selection in future studies if quantitative analysis is intended.
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Appendix A
Estimation of Heat Loss in the Motored Engine
Heat loss in the current motored engine test is estimated based on a model
proposed by Chang et al. [91]. This model calibrated the Woschni model with in-cylinder
heat flux measurements in an HCCI engine. The model accounts for the heat transfer
from spatially averaged convection and neglects conduction and radiation.
The convection heat transfer coefficient is expressed in Eq. A-1
h(t ) = α scaling L (t ) −0.2 p (t )0.8 T (t )−0.73 v(t )0.8

A-1

where αscaling is a scaling factor for tuning of the coefficient to match a specific engine
geometry. αscaling=3.4 from [91] and is also used in this work due to the
similar engine geometry.
L is the characteristic length, represented by the instantaneous cylinder chamber
height, m.
p is the cylinder pressure, kPa.
T is the cylinder temperature, K.
v is the cylinder gas velocity, m/s.

The instantaneous gas velocity is estimated with Eq. A-2
v (t ) = C1 S p +

C2 Vd Tr
[ p(t ) − pmot (t )]
6 prVr

A-2
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where C1 and C2 are two constants, equal to 2.28 and 0.00324 m/s-K.
S p is the average piston speed, m/s.
Vd is the displacement volume, m3.
Tr, pr, and Vr are gas temperature, pressure, and volume at some reference state.
As

Tr
1
, it is estimated from mixture mass in cylinder after intake
=
prVr Rm

valve close.
pmot is the motored cylinder pressure (with air) at the same crank angle as p.

The instantaneous convection heat transfer rate is then calculated from Eq. A-3,
which is added to the net heat release rate to estimate the gross heat release rate from the
chemical reaction.

δ Qht (t ) = A(t )h(t )[T (t ) − Tw (t )]

A-3

Where A is the surface area, i.e. area of cylinder head, piston top and cylinder wall, m.
Tw is the temperature of cylinder wall, represented by cooling water temperature.

Figures A-1 shows the comparison of gross and net heat release rates at low
temperature oxidation of methylcyclohexane (MCH). Under steady state conditions, each
calculation is based on 40 consecutive cycles and the pressure traces of the two
calculations are nearly identical. Due to the lack of ignition, the cylinder temperature is
low (Tmax ~ 800 K) and there is no difference between the gross and net calculations
resulting from heat loss. The slight difference in Fig. A-1 is probably from variation of
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engine conditions. Discernible heat loss is found at autoignition and full HCCI
combustion when high temperature heat release occurs, as shown in Fig. A-2 and A-3.
The overall magnitude of the heat losses, however, is modest.
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Fig. A-1: Comparison of gross and net heat release rates in LTO of MCH. Pressure
traces at both cases are nearly identical.
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Fig. A-2: Comparison of gross and net heat release rates at the start of high
temperature oxidation of MCH. Pressure traces at both cases are nearly identical.

207

o

MCH, T =280 C, CR=10.99
in

3000

2000
Pressure, gross
Pressure, net

1500

Cylinder Pressure, kPa

2500

1000
500

Heat release rate, kJ/deg

0.04
0.03

HRR, gross
HRR, net

0.02
0.01
0

330

340

350

360

370

380

390

400

Crank angle degree
Fig. A-3: Comparison of gross and net heat release rates in full HCCI combustion of
MCH. Pressure traces at both cases are nearly identical.

Appendix B
Fuel Droplet Lifetime
Fuel droplets injected from the GDI injector meet heated air, vaporize, and mix
with air before entering the engine. Droplet lifetime of cyclohexane (CH) and decalin is
estimated as a typical case for single-ring compounds and bicyclic compounds. The first
example shows the droplet lifetime of CH at Tin=120°C. The second and third examples
show the droplet lifetime of decalin at Tin=120°C and 200°C. The calculation adopts the
d2-law and follows the examples in [111]. Droplet lifetime, td, depends on
td = D02 / K
and

K=

8ρ DAB

BY =

ρl

ln(1 + BY ) , evaporation constant

YA,s − YA,∞
1 − YA,s

, transfer number

where D0: droplet size

ρ: ambient gas density
ρl: liquid density
DAB: binary mass diffusivity
p: ambient pressure
YA,s: vapor mass fraction at the droplet surface
YA,∞: vapor mass fraction far from the surface
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Example 1
Given: cyclohexane droplet at ambient air temperature 393 K, ambient pressure 1 atm.
D0=30 um

ρ= 0.8711 kg/m3 at 393 K and 1 atm
ρl: 779 kg/m3
DAB: 0.86×10-5 m2/s, in air at 318 K [112].
Tb, boiling temperature: 354 K
Ts, droplet surface temperature: Tb -10 K (assumed)
Find: td
Solution
To find BY, Clausius-Clapeyron equation is first used to get YA,s:

p
ln  sato
 p

∆H vap  1 1 

 −  with ∆Hvap=33000 J/mol
=−
R  Ts Tb 


psat=0.722 atm, then
YA,s =0.883, so
BY =7.54
To get K, correct DAB to 393K,
3

DAB ,393 K

 393  2
−5
2
= DAB ,318 K 
 = 1.2 ×10 m /s , then
318



K=2.3×10-7 m2/s, then
td =3.9 ms
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Example 2

Given: decalin droplet at ambient air temperature 393 K, ambient pressure 1 atm.
D0=30 um
ρ= 0.8711 kg/m3 at 393 K and 1 atm
ρl: 890 kg/m3

DAB: 0.513×10-5 m2/s, in air at 273 K [112] (for naphthalene).
Tb, boiling temperature: 463 K
Ts, droplet surface temperature: T∞ -10 K (assumed)
Find: td
Solution
To find BY, Clausius-Clapeyron equation is first used to get YA,s:
p
ln  sato
 p

∆H vap

=−
R


1 1
 −  with ∆Hvap=48500 J/mol
 Ts Tb 

psat=0.072 atm, then
YA,s =0.269, so
BY =0.37
To get K, correct DAB to 393K,
3

DAB ,393 K

 393  2
−5
2
= DAB ,273 K 
 = 0.89 ×10 m /s , then
 273 

K=0.22×10-7 m2/s, then
td =41 ms
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Example 3

Given: decalin droplet at ambient air temperature 473 K, ambient pressure 1 atm.
D0=30 um
ρ= 0.7352 kg/m3 at 473 K and 1 atm
ρl: 890 kg/m3

DAB: 0.513×10-5 m2/s, in air at 273 K [112] (for naphthalene).
Tb, boiling temperature: 463 K
Ts, droplet surface temperature: Tb -10 K (assumed)
Find: td
Solution
To find BY, Clausius-Clapeyron equation is first used to get YA,s:
p
ln  sato
 p

∆H vap  1 1 

 −  with ∆Hvap=48500 J/mol
=−
R  Ts Tb 


psat=0.757 atm, then
YA,s =0.937, so
BY =14.8
To get K, correct DAB to 473K,
3

DAB ,473 K

 473  2
−5
2
= DAB ,273 K 
 = 1.17 ×10 m /s , then
273



K=2.1×10-7 m2/s, then
td =4 ms

Appendix C
Formation of CO2 in Global Reactivity Tests
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Fig. C-1: CO2 formation at compression ratio sweep with Tin=120°C. Note that
methylcyclopentane (MCP), cyclohexane (CH) and tetralin do not achieve complete
combustion at this intake temperature.
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Fig. C-2: CO2 formation at compression ratio sweep with Tin=200°C.
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Fig. C-3: CO2 formation at intake temperature sweep with compression ratio fixed at
11.85 (7.69 for decalin).

Appendix D
Reaction Degeneracy and Rate Constant

In the transition state theory, a transition state structure is in a different
thermodynamic state than the reactants (and products). For reaction, v1A + v2 B → C * , the
change of entropy from the reactants (v1A+v2B) to the transition state (C*) [113] is
∆S 0 = Ru ln nH + 1.75∆nint.rot .
where nH is the degeneracy of the reaction
nint.rot is the change of internal rotors, for example, (1,5) isomerization of hexyl-2peroxy radical has a change of internal rotors (bold bonds) of -3.

Preexponential factor, A, is related to the change of entropy by
k
A= B
h

1− v1 − v2

 p0 
 
 Ru 

 ∆S 0 
exp 

 Ru 

where kB and h are Boltzmann constant and Planck constant.

The change of enthalpy from the reactants to the transition state is
∆H 0 = Ea + Etension

Where Ea is the reaction activation energy
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Etension is the tension energy of the transition state ring

And the rate constant, k, is expressed as
k = AT v1 + v2 exp(−∆H 0 / RuT )
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