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ABSTRACT: As one of the simplest polyols with chemical
properties of alcohol, ethylene glycol is considered as a renewable
energy source and a model fuel for pyrolysis oil. In this work,
autoignition characteristics of ethylene glycol have been inves-
tigated behind reflected shock waves. Experiments were conducted
at pressures of 2, 5, and 10 atm, equivalence ratios of 0.5, 1.0, and
2.0, and temperatures ranging from approximately 1200 to 1600 K.
The fuel concentration was also varied. Results show that the
ignition delay time increases with decreasing the pressure or fuel
concentration. A strong positive dependence upon the equivalence
ratio was found. A quantitative relationship has been yielded by the
regression analysis of the experimental data. Simulations were
carried out using chemical kinetic mechanisms available in the
literature to assess the reliability of mechanism. Reaction pathway and sensitivity analysis confirmed the importance of H-abstraction
reactions in ethylene glycol oxidation process. Finally, a comparison between ethylene glycol and ethanol ignition was conducted.
Ethylene glycol ignites faster than ethanol because of the early accumulation of H and OH radicals in the oxidation of ethylene
glycol.

1. INTRODUCTION
Diesel engines are used worldwide for transportation and
power generation due to their high thermal efficiency,
reliability, and durability.1−5 However, various global environ-
mental issues related to fossil fuels are becoming more serious.
It is well-known that adding oxygenated fuels to diesel fuel can
effectively reduce the particulate matter (PM) and NOx
emissions of compression ignition engines.6−12 As an
alternative renewable source, alcohols are considered as one
of the most promising additives for fossil fuels. Until now, a
large amount of efforts has been carried out to investigate the
effect of alcohols on the performance, exhaust emissions, and
combustion characteristics of fossil fuels under diesel engine
conditions, especially for low carbon number monohydric
alcohols, namely methanol up to butanol.13−19 Owing to the
hydroxyl functional group in the alcohol molecule, the
oxidation of the fossil fuels can be more efficient and cleaner,
and less PM are formed.
Polyol is a group of compounds with multiple hydroxyl

functional groups. Ethylene glycol (EG) is an important
representative in polyols, which contains two hydroxyl groups
attached to the ethane molecule. The chemical formula is
OH−CH2−CH2−OH and has a high content of oxygen (51.6
wt %). It is observed that EG has similar oxidation reactivity
and ignition characteristics as ethanol, indicating that EG has
the potential for use as a supplement for ethanol.20,21 The
emissions of nitrogen oxides and soot can be reduced when EG

in blended in diesel.22−24 Moreover, EG is often selected as a
single-component surrogate for the pyrolysis oil, which is a bio-
oil used as a substitute for fossil fuels in turbines and internal
combustion engines, because that EG has similar chemical and
physical properties to those of pyrolysis oil.25−28 In order to
model the pyrolysis and combustion processes of EG in
practical systems, it is necessary to investigate the reaction
kinetics of EG and construct the combustion kinetic
mechanism that has been assessed against fundamental
experimental data. On the basis of the literature survey, only
a few studies have been focused on the kinetic of EG
combustion. Ye et al.29 have theoretically studied the
unimolecular decomposition of EG, and they found that the
H2O elimination reactions are predominant at a low
temperature of 500−1075 K and the direct C−C bond
dissociation reactions are dominant at a high temperature of
1075−2000 K. Li et al.30 have calculated the anharmonic effect
on the dissociation of EG and the result of EG decomposition
was similar to that of Ye at al.29 Based on the kinetics model of
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Hafner et al.,31 a detailed oxidation mechanism for EG has
been developed by Kathrotia et al. which consists of 78 species
and 574 reactions.32 Further reduced and global mechanisms
derived from the mechanism of Kathrotia et al. have been used
for computational fluid dynamics (CFD) simulations of the
entrained flow gasification.25,27,28,33 Bohon et al.34 have
investigated the influence of molecular structure in hydroxy-
lated fuels on NOx formation. These experiments show
significantly lower NOx formation with increasing fuel oxygen
content despite similarities in the flame temperature profiles. A
detailed high temperature chemical kinetic mechanism has
been developed based on the previous alcohol combustion
mechanism and extended to include EG combustion
chemistry, which consists of 482 species and 2809 reactions.
Ignition delay time is one of the key sources of data that is
important to characterizing the combustion properties of real
fuels and has been extensive used in the development and
assessment of combustion reaction mechanisms. However,
very limited studies were performed on the autoignition of EG
except that Kathrotia et al. have measured the ignition delay
times of EG in air in a temperature range of 800−1500 K at a
pressure of 16 bar.32 The ignition data of EG are still lacking,
and a systematic investigation on EG ignition covering a wide
range of experimental conditions is necessary.
In this study, the ignition delay times (τ) of EG diluted in

argon were measured behind reflected shock waves at
pressures (P) of 2, 5, and 10 atm, equivalence ratios (Φ) of
0.5, 1.0, and 2.0, fuel concentrations (X) of 0.4% and 0.2%, and
temperatures (T) ranging from approximately 1200 to 1600 K.
Two chemical kinetic mechanisms (Kathrotia et al.32 and
Bohon et al.34) were assessed by comparing the measured and
calculated ignition delay times. Further insight into the EG
oxidation kinetics has been discussed in detail.

2. EXPERIMENTAL SECTION
Ignition delay time measurement was conducted in a heated
stainless steel shock tube with an inner diameter of 10 cm,
which is divided into a 2 m driver section and a 5 m driven
section separated by a double diaphragm section. The driven
section can be heated with an electronically controlled heating
system to ensure that the test mixtures is always in gas phase.
High-purity helium (99.999%) was used as the driver gas. Nine
independent current circuits were used to provide a uniform
temperature distribution along the tube length with
uncertainty of less than 3 K at 120 °C.35 Polyester
terephthalate (PET) diaphragms with different thicknesses
were chosen to obtain different reflected shock pressures. The
shock tube was evacuated below 1.0 Pa using a vacuum system
before each experiment. Further detailed description on the
shock tube can be found in previous publications.36,37

Fuel mixtures of EG (99% purity), oxygen (99.999% purity)
and argon (99.999% purity) were prepared manometrically in a
heated mixing tank. To ensure that the test mixture in gas
phase, the gas tank was heated and kept to 423 K. Moreover,
the mixture was allowed to sit for at least 2 h to guarantee fully
mixed before the first ignition experiment. The detail
compositions of experimental mixtures are listed in Table 1.
Four fast-response pressure transducers on the sidewall

(PCB 113B) were used to measure the velocity of the incident
shock wave, which was used to calculate the temperature and
pressure of the mixtures behind the reflected shock waves by
the one-dimension normal-shock model of Chemkin-Pro
software.38 In addition, light emission during ignition was

detected by a quartz optical fiber, which was installed at the
same cross section of the last pressure transducers located 15
mm away from the endwall of the shock tube. The fiber was
then fed into a grating monochromator coupled with a
photomultiplier to collected the CH* chemiluminescence at
431 nm.
In current work, the ignition delay time was defined as the

time interval between the arrival of the shock wave detected by
the last pressure transducer at the sidewall (defining time zero)
and the time of extrapolating the maximum slope of CH*
emission signal back to the baseline. An example of ignition
delay time measurement is provided in Figure 1. The overall
deviation of measured ignition delay time in this work is
estimated to be within ±20%.37

3. RESULTS AND DISCUSSION
3.1. Ignition Delay Times. Ignition delay times of EG/

O2/Ar mixtures were measured at the temperatures ranging
from 1200 to 1600 K, pressures of approximately 2, 5, and 10
atm, and equivalence ratios of 0.5, 1.0, and 2.0 with different
fuel concentrations. The ignition delay times measured during
this study are summarized in the Supporting Information. The
ignition delay time at high temperature shows the Arrhenius
dependence upon the temperature. Therefore, an Arrhenius-
based, power law expression has been used to correlate the
ignition delay time in combination using Arrhenius temper-
ature dependence and power-law dependence on equivalence
ratio, pressure and fuel concentration. This correlation form
has been used successfully in many previous studies for
hydrocarbons and alcohols.39,40 A regression analysis of the
experimental data yields the following correlation with r2 =
0.972 for EG/O2/Ar ignition delay times:

Table 1. Detailed Compositions of the Experimental
Mixtures

mixture Φ EG (%) O2 (%) Ar (%)

1 0.5 0.4 2.0 97.60
2 1.0 0.4 1.0 98.60
3 2.0 0.4 0.5 99.10
4 1.0 0.2 0.5 99.30
5 1.0 1.5 3.75 94.75

Figure 1. Representative pressure and CH* emission histories. The
definition of the ignition delay time is also indicated.
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τ = ± × Φ

[ ± ]

− ± − ±

− ±

P

X RT

(2.32 0.25) 10

exp (42.02 0.73)/EG

5 (0.94 0.03) (0.57 0.02)

(0.33 0.06)

Here τ is the ignition delay time in microsecond, Φ is the
equivalence ratio, P is the ignition pressure in atmospheric
pressure, XEG is the initial mole fraction of EG in the mixtures,
T is the ignition temperature in Kelvin and R is the universal
gas constant in cal·mol−1·K−1. In the following ignition figures,
small pressure variations from the common pressure have been
scaled in advance using the power law relationship τ ∼ P−0.57.
All ignition delay times have been scaled to a common
condition using the determined power-law dependence, as
shown in Figure 2. It can be seen that the plot is quite linear

with a slope that equates to an activation energy of 42.02 ±
0.73 kcal/mol, and ±20% shifts of the correlation line have
been given. Figure 2 shows the scattering of the experimental
data around the correlation curve within the deviation of 20%.
Thus, in the following experimental ignition figures, a ±20%
ignition delay time deviation bar has been given.
The effect of pressure on ignition delay times was studied at

three equivalence ratios (0.5, 1.0, and 2.0) and two fuel
concentrations (0.2% and 0.4%). Figure 3 displays the effect of
pressure on the ignition delay time of EG/O2/Ar mixtures at 2,
5, and 10 atm. The ignition delay time exhibits a systematic
decrease with increasing pressure, in other words, the reactivity
increases with the pressure for a given equivalence ratio. The
same trend is observed at different equivalence ratios and fuel
concentrations in Figure 3, which indicates a consistent trend
of reactivity of EG oxidation with pressure for all conditions
studied in this work.
The effect of equivalence ratio on ignition delay times of

EG/O2/Ar mixtures was determined by measuring ignition
delay times for 0.4% fuel concertation at 2, 5, and 10 atm. The
oxygen concentration was altered by fixing the fuel
concentration to obtain various equivalence ratios in this
work. Figure 4 shows the effect with equivalence ratios of 0.5,
1.0, and 2.0.
As can be seen, the dependence of ignition delay times

shows the same trend at 2, 5, and 10 atm that increasing the
equivalence ratio from 0.5 to 2.0 results in an increasing
ignition delay time. That is, the fuel-lean mixture (Φ = 0.5) is
the most reactive, whereas the fuel-rich mixture (Φ = 2.0) is
the least reactive. It is well-known that the chain-branching

reaction H + O2 = O + OH has a strong promoting effect on
fuel ignition at high temperatures, which can be obtained from
the sensitivity analysis later. In Figure 4, the mole fraction of
EG was kept at 0.4%, and the oxygen concentration was varied
from 2.0% to 0.5% when the equivalence ratio increases from
0.5 to 2.0. Therefore, from fuel-lean to fuel-rich conditions, the
chain-branching reaction was weakened, and as a result, a
decline in reactivity can be observed from fuel-lean to fuel-rich
conditions, leading to the positive dependence of equivalence
ratio on ignition delay time.
The effects of fuel concentration on ignition delay time of

EG at an equivalence ratio of 1.0 are displayed in Figure 5. As
expected, the ignition delay time of higher fuel concentration is
shorter than that of lower fuel concentration at pressures of 2,
5, and 10 atm, respectively. A negative dependence on dilution
ratio is obtained.

3.2. Mechanism Comparison. The simulation of ignition
delay times was performed with a zero-dimensional closed
homogeneous reactor in the Chemkin-Pro package.38 Constant
volume and adiabatic assumptions (CONV) were carried out.
The simulated ignition delay times are defined in line with the
diagnostic method of shock-tube measurement. Two available
mechanisms from Kathrotia et al.32 and Bohon et al.34 were
used. Assessment of kinetic mechanisms of EG was carried out
by comparison of mechanism simulations with current
experimental measurements. Figures 3−5 also show the
comparison. Overall, predictions of these two mechanisms
are found to be in qualitative agreement with the experimental
results. Both mechanisms can well predict the effects of
temperature, pressure, equivalence ratio, and fuel concertation.
The Bohon mechanism gives good quantitative agreement with
the experimental data at different pressures and equivalence
ratios, while the Kathrotia mechanism overpredicts the ignition
delay times of EG/O2/Ar mixtures significantly at most
conditions. Thus, the mechanism of Bohon et al. was used
for further kinetic analysis.

3.3. Chemical Kinetic Analysis. Chemical kinetic analyses
have also been conducted to identify the important reaction
pathways controlling EG autoignition using the mechanism of
Bohon et al.34 The reaction pathway analysis of stoichiometric
EG was performed at a pressure of 5 atm, a temperature of
1350 K, and 20% fuel consumption. The result is shown in
Figure 6. The consumption of EG is dominated by the H-
abstraction reactions of H and OH radicals to produce
CH2OHCHOH radical and a small portion to the
CH2OHCH2O radical. Only 6.6% and 5.5% EG is consumed
by H2O elimination and C−C bond dissociation reactions,
respectively. Both CH2OHCHOH and CH2OHCH2O radicals
can undergo dehydrogenation reaction to produce the
glycolaldehyde molecule (CH2OHCHO), which will further
react via H-abstraction followed by C−C dissociation reaction
channel to form the hydroxymethyl radical (CH2OH). A
noticeable portion of the CH2OHCHOH radical can be
consumed via the dihydroxylation reaction to produce the
ethenol molecule (25.1%) or the dehydrogenation reaction to
form a C−C double bonded diol (16.7%).
The rate of consumption analysis of EG has been performed

at a typical condition of T = 1350 K, P = 5 atm, and Φ = 1.0 to
further reveal important reactions of EG consumption, and the
result is shown in Figure 7. The simulated ignition delay time
using the mechanism of Bohon et al. under the typical
conditions is 316 μs; however, the consumption of EG is
conducted before the ignition event. Obviously, EG is

Figure 2. Ignition delay times scaled to a common condition of Φ =
1.0, P = 5 atm, and XEG = 0.4% using the correlation with 20%
deviation.
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consumed predominantly via the C−C bond dissociation
reaction to form the CH2OH radical or via a H2O elimination
reaction to generate the C2H3OH molecule at the very
beginning of the ignition process. H-abstraction reactions of H
and OH dominate the consumption of EG to form the
CH2OHCHOH radical after several microseconds. A much
smaller proportion of EG is consumed via the formation of the
CH2OHCH2O radical, which is in accordance with the
pathway analysis of Figure 6.
Besides parent fuel and offspring related reactions, reactions

involving H and OH radicals play an important role on fuel
consumption, as shown in Figures 6 and 7. The rate of
production (ROP) analysis for H and OH radicals are shown
in Figure 8. At the initial stage, the dehydrogenation and
dihydroxylation reactions from CH2OHCHOH radical are the
key reactions for H and OH formation. The H-abstraction of
fuel: EG + H = CH2OHCHOH + H2 is the main consumption
channel of H, and EG + OH = CH2OHCHOH + H2O is the
OH predominant consumption reaction. At the ignition time,
H and OH are converted with each other by OH + H2 = H +
H2O and H + O2 = O + OH. O + H2 = H + OH contributes to
the formation of H and OH significantly.
In order to further study the specific reactions that are

relevant to EG ignition in detail, a brute-force sensitivity
analysis for ignition delay time has been performed using the
chemical kinetic mechanism of Bohon et al.34 by multiplying
the rate constant of each individual reaction by two and
calculating the change in the ignition delay time. The
sensitivity coefficient is defined as S = [τ(2ki) − τ(ki)]/τ(ki).

Here, τ is the ignition delay time, and ki is the reaction rate
coefficient of the ith reaction. A negative sensitivity coefficient
indicates that the reaction exhibits a promoting effect on
ignition, while a positive coefficient inhibits the reactivity.
Figure 9 depicts the sensitivity analysis for the EG/O2/Ar

mixture at 1350 K, pressure of 5 atm and equivalence ratios of
0.5, 1.0, and 2.0 with a fuel concentration of 0.4%. The chain
branching reaction H + O2 = O + OH shows the strongest
promoting effect at all equivalence ratios, since this reaction
accelerates the formation of two active radicals of OH and O.
The direct C−C bond dissociation reaction EG(+M) =
2CH2OH(+M) has high negative sensitivity coefficient,
whereas the H2O elimination reaction EG(+M) = C2H3OH
+ H2O(+M) shows an inhibiting effect on ignition. For
different equivalent ratios, the sensitivity coefficients of these
main promoting reactions are close, but a significant difference
is obtained for the sensitivity coefficients of the main inhibiting
reactions. The strongest inhibiting reaction under stoichio-
metric ratio and fuel-lean conditions is HO2 + OH = H2O+O2,
while H2 + O2 = H + HO2 turns to be the strongest inhibiting
reaction under fuel-rich conditions. It is noted that H-
abstraction reactions from EG by H and OH radicals to
produce CH2OHCHOH radical show positive sensitivity
coefficients, while H-abstraction reactions from EG oxidation
intermediates, CH2OHCHOH and CH2OHCHO species,
show negative sensitivity coefficients to EG oxidation. The
EG involved inhibiting reactions show a larger effect at a higher
equivalence ratio, which may lead to a longer ignition delay
time of EG.

Figure 3. Effect of pressure on the ignition delay time of EG/O2/Ar mixtures at (a) Φ = 0.5, XEG = 0.4%; (b) Φ = 1.0, XEG = 0.4%; (c) Φ = 2.0,
XEG = 0.4%; and (d) Φ = 1.0, XEG = 0.2%, and a comparison with kinetic mechanisms. Symbols: Current experimental data. Solid line: Simulation
results from the Bohon mechanism. Dashed line: Simulation results from the Kathrotia mechanism.
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3.4. Comparison with Ethanol. Chemically, EG contains
two hydroxyl groups and has a structure similar to ethanol. In
current work, autoignition property of EG has been compared
to ethanol. Ignition delay times of 1.5% EG/O2/Ar mixture
and 1.5% ethanol/O2/Ar mixture were measured at approx-
imately 2 atm and Φ = 1.0. The comparison is illustrated in
Figure 10. Moreover, ignition delay times of ethanol collected
at the same condition from Noorani et al.41 were added. The
results of ethanol are in good agreement with each other. The
ignition delay time of ethanol is dramatically longer than that
of EG, by a factor of 2.0 at high temperature of 1350 K, and

the difference gradually decreases as temperature decreases.
The mechanism of Bohon et al.34 generally shows acceptable
predictions of ethanol and EG ignition delay times over the
test conditions.
To clarify the difference of ignition between ethanol and EG

fuel at high temperature, the kinetic mechanism of Bohon et al.
was used to analysis the oxidation pathway of ethanol. Figure
11 depicts the main pathway of ethanol stoichiometric
mixtures ignition at 1350 K and 2 atm at 20% fuel
consumption.
Similar to EG, the consumption of ethanol is also dominated

by H-abstraction reactions, but the asymmetric nature of the
ethanol molecule results in a greater variety of radicals created

Figure 4. Effect of equivalence ratio on the ignition delay time of EG/
O2/Ar mixtures at P = 2 (a), 5 (b), and 10 atm (c) and a comparison
with kinetic mechanisms. Symbols: Current experimental data. Solid
line: Simulation results from the Bohon mechanism. Dashed line:
Simulation results from the Kathrotia mechanism.

Figure 5. Effect of fuel concentration on the ignition delay time of
EG/O2/Ar mixtures at P = 2 (a), 5 (b), and 10 atm (c) and
comparison with kinetic mechanisms. Symbols: Current experimental
data. Solid line: Simulation results from the Bohon mechanism.
Dashed line: Simulation results from the Kathrotia mechanism.
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through this initial reaction compared to EG. H-abstraction
reactions can occur from three unique sites in ethanol
oxidation. Carbons from ethanol are referred to as the α-
carbon and the β-carbon, starting from the carbon attached to
the OH group. The main H-abstraction reaction occurs from
α-scission of the C−H bond to produce the CH3CHOH
radical, which accounted for 71.4% of ethanol consumption.
CH3CHOH can further dehydrogenate to generate acetalde-
hyde. The H-abstraction reaction occurring from β-scission of
the C−H bond results in the CH2CH2OH radical, which
contributes 12.8% to ethanol consumption. Both CH3CHOH
and CH2CH2OH radicals can further dehydrogenate to
generate the ethenol molecule (C2H3OH). Only 2.6% ethanol
is consumed by the H-abstraction reaction that occurs from
the OH group to produce the ethoxy radical (CH3CH2O).
H2O elimination and C−C bond dissociation reactions
contribute small portions to ethanol consumption. Overall,
the main reaction pathways of ethanol and EG show great
similarity.
The molar fraction of radicals during the oxidation process

were also investigated. Figure 12 shows the time-history of
fuels and H and OH radicals during the oxidation process at 2
atm and 1350 K for stoichiometric mixtures. The consumption
rate of EG was obviously much faster than that of ethanol in
the whole process. For the oxidation of EG, H and OH
concentrations show a steep rise at the early time of about 10
μs. On the other hand, H and OH concentrations rise slowly
and are much lower in the oxidation of ethanol before ignition.
The early accumulation of H and OH radicals can accelerate

the ignition of EG; therefore, ignition delay times of EG are
shorter than that of ethanol.

4. CONCLUSION
Autoignition characteristics of EG have been studied in a
heated shock tube. Measurements of ignition delay times were
carried out for gaseous EG/O2/Ar mixtures at equivalence
ratios from 0.5 to 2.0, temperatures of 1200−1600 K, and
pressure of 2, 5, and 10 atm, with different fuel concentrations.
Ignition delay times were determined using pressure and CH*
chemiluminescence behind reflected shock waves. The effects
of ignition temperature, pressure, equivalence ratio, and fuel

Figure 6. Reaction pathway for EG/O2/Ar ignition at T = 1350 K, P
= 5 atm, and Φ = 1.0 with 20% fuel conversion.

Figure 7. Rate of consumption analysis of EG at T = 1350 K, P = 5
atm, and Φ = 1.0.

Figure 8. (a) ROP analysis of H and (b) ROP analysis of OH at T =
1350 K, P = 5 atm, and Φ = 1.0.

Figure 9. Sensitivity analysis for EG at T = 1350 K, P = 5 atm, XEG =
0.4%, and Φ = 0.5, 1.0, and 2.0.
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concentration on ignition delay time were investigated. A
regression analysis of the experimental data yields the following
quantitative relationship:

τ = ± × Φ

[ ± ]

− ± − ±

− ±

P

X RT

(2.32 0.25) 10

exp (42.02 0.73)/EG

5 (0.94 0.03) (0.57 0.02)

(0.33 0.06)

Current data have been used to evaluate the performance of
two combustion mechanisms, yielding good agreement
between experiments and mechanism predictions of Bohon
et al. Reaction pathways analysis indicated that the
consumption of EG is dominated by the H-abstraction
reactions of H and OH radicals rather than the H2O
elimination or the direct C−C bond dissociation reaction.
Sensitivity analysis shows that the chain branching reaction H
+ O2 = O + OH shows the strongest promoting effect. H-
abstraction reactions from EG have a significant inhibiting
effect, while H-abstraction reactions from EG oxidation
intermediates have promoting effect.
Finally, comparison between the ignition delay times of EG

and ethanol has been performed. Due to the early
accumulation of H and OH radicals in the oxidation of EG
that is much higher and faster than that of ethanol before
ignition, the ignition delay time of ethanol is dramatically
longer than that of EG, by a factor of 2.0 at high temperature
of 1350 K, and the difference gradually decreases as the
temperature decreases.
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