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ABSTRACT: The contribution of NO2 to the ethanol ignition delay time was investigated behind reflected shock waves. The
experiments were performed at a pressure of 0.20 MPa, temperature range of 1050−1650 K, equivalence ratio of 0.5/1.0/1.5, and
ethanol/NO2 mixing ratios of 100/0, 90/10, and 50/50. The experimental results showed that the addition of NO2 decreased the
ignition delay time and promoted the reactivity of ethanol under all equivalence ratios. With an increase in NO2 blending, the effect
of equivalence ratio on the ethanol ignition delay time decreased, and with an increase in temperature, the effect of NO2 in
promoting ethanol ignition weakened. An updated mechanism was proposed to quantify NO2-promoted ethanol ignition. The
mechanism was validated based on available experimental data, and the results were in line with the experimental trends under all
conditions. Chemical kinetic analyses were performed to interpret the interactions between NO2 and ethanol for fuel ignition. The
numerical analysis indicated that the promotion effect of NO2 is primarily due to an increase of the rate of production and
concentration of the radical pool, especially the OH radical pool. The reaction NO + HO2 ⇔ NO2 + OH is key to generating chain-
initiating OH radicals.

1. INTRODUCTION
Ethanol is a clean renewable fuel, and blending it with
conventional fuels can help reduce the potential engine knock
while improving the fuel economy.1 The use of ethanol directly
or as a gasoline additive can considerably reduce CO and HC
emissions.2,3 In addition, ethanol combustion has a faster flame
speed, which helps to increase the combustion rate of the
mixture inside the engine cylinder. However, ethanol
combustion still results in a considerable generation of
nitrogen oxides (NOX). Exhaust gas recirculation (EGR) can
significantly reduce NOX emissions in combustion engines.
NO in EGR gas is readily interconverted to NO2 because of
the dilution and oxidation of fresh intake air.4−6 Research has
shown that low amounts of NOX promote hydrocarbon
combustion and ignition delay times.7,8 Thus, to evaluate the
effect of NOX on ethanol combustion, it is crucial to establish a
well-validated kinetic model for ethanol/NOX.
Several studies have investigated the chemical kinetics of the

ignition and combustion of ethanol. These include combustion
engines,9,10 shock tubes,11−13 rapid compression machines

(RCMs),14,15 flow reactors,16 and jet-stirred reactors.17 Laich
et al.18 measured the ignition delay time and CO time histories
for ethanol based on a shock tube at the pressure of 17.8−23.9
atm and the temperature range of 960−1580 K. The
experimental analysis concluded that early heat release led to
preignition, illustrating the pathways of ethanol formation and
decomposition. Nativel et al.19 investigated the ignition delay
of ethanol with different levels of inert gas dilution at
stoichiometric equivalence ratios at 20 atm and a test
temperature range of 800−1250 K in a shock tube. They
observed temporal and spatial differences in the ignition modes
under different conditions. In addition, different degrees of
nonhomogeneous preignition in the low-temperature range of
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800−860 K were observed using high-repetition-rate color
imaging cameras. They found that the addition of a low
concentration of helium to the mixture was very effective in
suppressing preignition as it changes the high heat release and
low thermal diffusivity, thus suppressing the formation of local
temperature inhomogeneities. Barraza-Botet et al.14 conducted
an investigation on the ignition delay time for ethanol in the
temperature range of 800−1150 K and pressure range of 3−10
atm in RCM. It was found that the interaction reaction
between ethanol and HO2 is important for the ignition delay
times and for accurate updating of the rate coefficients for this
reaction. Cheng et al.20 investigated the ignition delay of
ethanol in a RCM at pressure of 19.7−39.4 atm and the
temperature range of 780−950 K. They found that the most
important promoting reaction for ethanol is the H atom
abstraction by HO2.
Recently, many researchers have investigated the kinetic

effects of NO2 on the combustion characteristics of hydro-
carbon fuels. Sahu et al.21 investigated the ignition delay time
of CH4 in a RCM and in a shock tube at temperature range of
900−1500 K, pressure range of 14.8−29.6 atm, and
equivalence ratios of 0.5−2.0. They found that the addition
of 200 ppm NO2 to the CH4/O2 mixture with equivalence
ratio of 1.0 in the temperatures of 600−1000 K results in a 3-
fold increase in reactivity compared to the case without NO2.
Mohamed et al.22 investigated the ignition delay times of
ethane in a RCM at pressure of 19.7−29.6 atm and the
temperature range of 851−1390 K. They found that the
addition of 1000 ppm NO2 significantly promotes the
reactivity of ethane/air mixtures. Deng et al.23 investigated
the effect of NO2 addition on the ignition delay time of
ethylene and proposed an ethylene/NO2 model using a shock
tube. They found that the promotion of ethylene by NO2 was
strongly dependent on the pressure, temperature, and
equivalence ratio. They concluded that NO2, owing to its
high reactivity, could increase the system reactivity by directly
reacting with the fuel and increasing the consumption rate of
intermediates such as CH3 and CH2O. Wu et al.24 investigated
the ignition delay times of n-C4H10 at the temperature range of
700−1200 K, the pressure of 19.7 atm, and equivalence ratios
from 1.0 to 2.0. The results showed that the effect of NO2 on
the ignition of n-C4H10 exhibited temperature and NO2
concentration dependence.

Shi et al.25 studied the effect of the addition of small
amounts of NO2 on the ignition delay time of n-heptane in a
shock tube and proposed a n-heptane/NO2 kinetic model. The
results showed that NO2 blending significantly reduced the
ignition delay time. When the temperature was higher than 860
K, the promotion effect of NO2 was enhanced with the
increase in NO2 concentration, but with the temperature lower
than 860 K, the incorporation of 1% NO2 had less promotion
effect than 0.5%, and with NO2 blending, the effect of the
ignition delay time of n-heptane at approximately 700 K was
minimal. This is because C7H15 + NO2 ⇔ C7H15O + NO and
NO2 + OH (+M) ⇔ HNO3 (+M) have a strong inhibiting
influence on the ignition of n-heptane, which weakened the
NO2 ignition in the low-temperature region. Ye et al.

26 studied
the effects of different NO2 concentrations of the ignition
characteristics on DME using a shock tube. The results showed
that the effect of NO2 promoting on DME ignition was
evident, and it enhanced with the increase in NO2
concentration. NO2 promoting effect was stronger at lower
temperatures than that at higher temperatures. Kinetic
mechanism analysis showed that NO2 promoting effect on
DME combustion was mostly as a result of the generation of a
significant amount of OH and H radicals through the
interconversion of NO and NO2, which in turn promotes
reactivity of the reaction system. Moreover, many scholars have
conducted similar studies, and the results indicate that the
blending of NO2 and other NOX in the fuel has a certain
promotion effect on the oxidation of the fuel.27−29

However, the kinetic mechanisms of ethanol/NOX are still
underexplored. Yang et al.30 investigated the influence of NO
on the ignition delay of n-heptane/ethanol fuel mixtures with
equivalence ratios of 0.5, 1, and 1.5, a temperature range of
900−1200 K, and a pressure of 10 atm in a shock tube. Alzueta
and Hernańdez31 investigated the ethanol/NO model in an
isothermal quartz flow reactor at a pressure of 1 atm, in the
temperature range 700−1500 K. The effects of NO on the
concentrations of ethanol, CO, and CO2 were analyzed. The
results showed that the influence of NO on ethanol oxidation
changed with equivalence ratio. When the equivalence ratio
decreases, ethanol oxidation at lower temperatures is
promoted, but NO inhibits ethanol consumption at rich
equivalence ratio. They suggested that the cycle between NO
and NO2 is the principle of NO2 promotion of fuel ignition,

Figure 1. Schematic diagram of the shock tube apparatus.
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where NO2 promotes fuel consumption and converts HO2
radicals to the more important chain-initiating OH radicals, in
agreement with Deng et al.23 and Ye et al.26

To the best of our knowledge, there is a lack of kinetic
studies on the ignition behavior of NO2 addition to ethanol.
The objective of this study is to investigate the promoting
principle of NO2 on ethanol combustion. The ignition delay
times were measured in a shock tube, and the temperature
dependence of NO2 on the ignition delay times of ethanol was
investigated. Furthermore, a kinetic mechanism for ethanol/
NO2 mixtures is proposed and validated using experimental
results. Sensitivity and pathway analyses were conducted to
explain the effect of NO2 on ethanol ignition.

2. EXPERIMENTAL SETUP
2.1. Experimental Method. The experiments were

performed in a stainless-steel chemical shock tube with an
inner diameter of 100 mm and a wall thickness of 17.5 mm.
The tube consisted of a 4.0 m long driver section and a 5.5 m
long driven section. In the middle, polycarbonate diaphragms
were punctured using a needle-punched diaphragm-breaking
mechanism to satisfy the test requirements under different
conditions. The test setup is shown in Figure 1, where fast-
response piezoelectric pressure transducers (PCB113B24)
were installed at the end of the driven section, PCB3 was
located 20 mm from the end wall, and the distance between
each pressure transducer was 200 mm to measure the velocity
of the incident shock wave. A photoelectric multiplier (PMT,
Hamamatsu CR131) mounted in the same axial position as the
PCB3 pressure transducers and a 307 ± 7.5 nm bandpass filter
located at the front of the PMT were used to record the OH
radical emissions. The function of the piston device with large
diameter and low flow rate is to introduce a homogeneous
mixture into the shock tube.
To prevent possible condensation of ethanol, the partial

pressure of ethanol in the mixing tank was maintained below
50% of its saturated vapor pressure. The driven section and
mixing tank were heated to 353 K, using a heating jacket,
which was above the boiling point of ethanol and allowed
ethanol to evaporate completely. The mixture was premixed
for 12 h to ensure homogeneity and complete vaporization.
Before the experiment, the shock tube was evacuated to a
pressure below 5 Pa using a vacuum pump and the
experimental mixture was prepared according to Dalton’s law
of partial pressure. All of the gases used were high purity
(99.9% purity for C2H5OH, 99.999% purity for O2, 99.999%
purity for Ar, 99.99% purity for NO2, and 99.99% purity for
He). The molar compositions of the mixtures are listed in
Table 1.

The ignition delay time used in this study was determined as
the interval between the reflected shock arrival detected using
the PCB3 pressure transducers near the end wall and the
greatest slope of the OH* chemiluminescence emission signal
to its zero level on the time axis, as shown in the Figure 2. The

reflected shock temperature and pressure were calculated using
Gaseq,32 which is a software for chemical equilibrium
according to the reflected shock wave speed. The standard
square root (RSS) method33 was used to assess the
uncertainty,
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where T5 is the reflected shock temperature (K); T1 is the
initial temperature (K); γ is the adiabatic exponent; VS is the
velocity of the incident shock wave (m/s); and R is the
universal gas constant. The main source of measurement
uncertainty is T5, which is estimated to be no more than 20 K
using eqs 1−4, leading to a maximum uncertainty in ignition
delay times within ±18%, depending on the experimental
conditions.

2.2. Kinetic Mechanism. CHEMKIN Pro34 was used to
determine kinetic analysis of combustible gas mixtures in a
constant volume homogeneous reaction system. The ethanol
models of Zhang et al.,13 Ranzi et al.,35 Mathieu et al.,36

Metcalfe et al.,37 Sarathy et al.,38 and Mittal et al.15 were
chosen to evaluate their performance against the measured
ignition delay time. From Figure 3, all of the models above
reproduce the experimental data well under the experimental
conditions. The model developed by Mittal et al.15 was chosen
as the ethanol kinetic submodel, which complements the

Table 1. Compositions of the Experimental Gas Mixture

Mixture ϕ P/MPa C2H5OH/% O2/% Ar/% NO2/%

1 0.5 0.2 2.0 12.0 86.0 0
2 0.5 0.2 2.0 12.0 85.8 0.2
3 0.5 0.2 2.0 12.0 85.0 1.0
4 1.0 0.2 2.0 6.0 92.0 0
5 1.0 0.2 2.0 6.0 91.8 0.2
6 1.0 0.2 2.0 6.0 91.0 1.0
7 1.5 0.2 2.0 4.0 94.0 0
8 1.5 0.2 2.0 4.0 93.8 0.2
9 1.5 0.2 2.0 4.0 93.0 1.0

Figure 2. Definition of typical shock tube ignition delay time.
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experimental data of ethanol at low and medium temperatures
and a wide pressure range, which fits well with the data of
ethanol ignition delay time measured in this study. The
mechanism is validated by the experimental data of various
basic combustion equipment, which have a high calculation
accuracy and wide application range.
For NOX chemistry, four literature models were selected:

Zhang et al.,39 Shrestha et al.,40 Gersen et al.28 and Glarborg et
al.;41 these models all contain a complete NOX submodel.
Among them, the NOX submodel of Zhang et al.

39 is based on
the study of Bugler et al.,42 and all of the kinetic parameters for
HON related reactions are adopted from the recommenda-
tions of Dean and Bozzelli.43 The model of Shrestha et al.40 is
based on Baulch et al.44 and was optimized with experimental
data from the literature, and C2 and NOX-related chemical
reactions were added. Gersen et al.28 developed it based on the
study of Rasmussen et al.,45 and the rate constants of the
reaction CH4 + NO2 ⇔ CH3 + HONO was taken from Dean
et al.43 Glarborg et al.’s41 model is based on the work of
Klippenstein et al.,46 with an update for selecting the key
reactions. For the purpose of making a better comparison of
the NOX models, the NOX models in the above four literature
citations were combined with Mittal et al.’s15 model for
reducing the influence of the hydrocarbon submodel. Herein,
the combined models are called the Mittal−Zhang model, the
Mittal−Shrestha model, the Mittal−Gersen model, and the
Mittal−Glarborg model, respectively. The measured ignition
delay times are compared with the assembled models, as
shown in Figure 4. Compared to experimental data, the
Mittal−Glarborg model exhibited better agreement. Therefore,
the Mittal−Glarborg model was chosen as the base model for
ethanol/NO2 mixtures. However, Mittal et al.15 pointed out
the consistent underprediction of ethylene concentrations
across a range of conditions. Therefore, the reactions
PC2H4OH + H ⇔ C2H4 + H2O and C2H4 + NO2 ⇔ C2H3
+ HONO from the study of Deng et al.23 were added. And
Zhang et al.’s39 rate constant was adopted for the reaction
C2H5OH + HO2 ⇔ CH3CHOH + H2O2.The updated
mechanism obtains a better simulation agreement against our

experimental data. The added reactions and rate coefficients
were tabulated in Table 2.

3. RESULTS AND DISCUSSION
3.1. Effect of Equivalence Ratios. Figure 5 illustrates the

ignition delay times for ethanol/NO2/O2/Ar mixtures at
different equivalence ratios. N0, N10, and N50 indicate the NO2
blending amounts of 0%, 10%, and 50% of the fuel,
respectively. At higher temperature, the ignition delay time
increases with equivalence ratio increasing, whereas the
ignition delay time varies slightly with equivalence ratio at
lower temperature. The crossover of the ignition delay time
curves was observed for the N50 mixture in the low-
temperature region for different equivalence ratios. Figure 6
presents the ignition delay time reduction rates for different
equivalence ratios of the N10 and N50 mixtures compared to N0
at 0.20 MPa. In more detail, at 1150 K, 1.5, 1.0, and 0.5
equivalence ratios reduce ignition delay time by about 42.8%,
38.2%, and 28.9% in N10 mixture and by about 67.8%, 60.9%,
and 51.9% in N50 mixture.

3.2. Effect of NO2 Blending. Figure 7 illustrates the
ignition delay times for ethanol/NO2/O2/Ar mixtures under
different NO2 proportions. Under similar equivalence ratios,
the addition of NO2 to the fuel can reduce the ignition delay
time of ethanol significantly and promote ignition effectively.
As shown in Figure 6, at 1450 K, blending 10% NO2 resulted
in a 16.5% reduction in ignition delay time compared to the
neat mixture, and blending 50% NO2 resulted in a 40.2%
reduction. For the lean fuel condition, 18.3% and 50.5%
reductions were observed on blending with 10% and 50% NO2,
respectively. For the rich fuel condition, 11.1% and 23.6%
reductions were observed when 10% and 50% NO2 were added
to the mixture, respectively. In general, with the addition of
NO2, the reduction in ignition delay time increased with
increasing equivalence ratio. The ignition delay times decrease
significantly with increasing NO2 concentration, and this
decrease becomes moderate with increasing NO2 concen-
tration.

Figure 3. Comparison between the measured data and the predictions
with four models for C2H5OH/O2/Ar mixture (ϕ = 1.0; P = 0.20
MPa). Symbols represent experimental measurements in this study.
Lines denote the model-predicted ignition delay times using different
models.

Figure 4. Comparison between the measured data and the predictions
with four assembled models for N10 mixture (ϕ = 0.5; P = 0.20 MPa).
Symbols represent experimental measurements in this study. Lines
denote the model-predicted ignition delay times using different
assembled models.
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3.3. Mechanism Analyses. 3.3.1. Sensitivity Analysis.
The previous analysis demonstrated that NO2 significantly
promotes the ignition of ethanol, and at low temperatures, the
promotion effect was especially evident. Therefore, to identify
the essential reactions involving radicals of the dominant
ethanol ignition under NO2 blending conditions, a sensitivity
analysis of the ignition delay time was performed at P = 0.20
MPa, T = 1150 K, and stoichiometric condition. 1150 K is
close to the minimum temperature for this test, and the effect
of NO2 on the fuel ignition delay time is particularly
pronounced at low temperatures. The sensitivity coefficient
was defined as follows:

=S
k k

k
(2 ) (0.5 )

1.5 ( )i
i i

i (5)

where τ is the ignition delay time, Si is the sensitivity coefficient
of the elementary reaction to the ignition delay time, and ki is
the reaction rate coefficient of the ith elementary reaction.
Figure 8 shows the sensitivity analysis of ethanol with

different NO2 blending ratios. For the N0 mixture, the most
sensitive reaction was R368 (C2H5OH + HO2 ⇔ SC2H4OH +
H2O2). This is because R368 and R16 (HO2 + HO2 ⇔ H2O2
+ O2) were the main sources of H2O2 in the reaction system.
Once H2O2 is formed, it immediately decomposes into OH
radicals through R19 (H2O2(+M) ⇔ OH + OH(+M)). The
formed SC2H4OH continues to react with O2 to produce
CH3CHO and HO2, and the generated HO2 radicals are
involved in reactions R369 (C2H5OH + HO2 ⇔ PC2H4OH +
H2O2), R251 (CH3CHO + HO2 ⇔ CH3CO + H2O2), and
R144 (CH3 + HO2 ⇔ CH3O + OH). Moreover, the generated
HO2 radicals further promoted reaction R368, further
promoting ignition. In addition, the promotion of ignition by
R1 (H + O2 ⇔ O + OH) is also evident as R1 is also the first
chain reaction that promotes ignition in most hydrocarbon
fuels, as it generates more reactive O and OH radicals, thus
promoting reactivity. Among the ignition inhibition reactions,
the termination reaction R145 (CH3 + HO2 ⇔ CH4 + O2) is
the most sensitive. The CH3 radicals in reaction R145 are
mainly generated by the decomposition of CH3CO, while
stable species of CH4 and O2 are produced, thus inhibiting the
reactivity. Similarly, the other termination reactions, R16 (HO2
+ HO2 ⇔ H2O2 + O2), R245 (CH3CHO + H ⇔ CH3CO +
H2), and R14 (HO2 + OH ⇔ H2O + O2), are due to the
generation of stable species of H2 or H2O by consuming
radicals like HO2, OH, and H.
Some of the radical reactions involving NOX showed greater

promotion of ethanol ignition in the presence of NO2. From
Figure 8b, compared with the N0 mixture, in the N10 and N50
mixtures, the reaction with the most was still R368, indicating
that the presence of NO2 did not replace the reaction with the
promoting effect, and the sensitivity coefficient of R368
increased as the NO2 concentration increased. In addition,
with the addition of NO2, the NO2-relevant reactions become

increasingly important. As NO2 increases, the sensitivity
coefficient of reaction R805 (NO + HO2 ⇔ NO2 + OH)
becomes larger. R805 generates a large number of OH radicals
via mutual sensitization oxidation of NO and NO2. R937 (CH3
+ NO2 ⇔ CH3O + NO) is another reactivity-promoting
reaction that occurs in the presence of NO2. This is because
R937 consumes methyl radicals and produces NO through a
reaction with NO2, while the formed NO can react with R805
to produce OH radicals, and converts CH3 radicals into
reactive CH3O radicals, increasing the system reactivity.
Compared to the N0 mixture, R14 (HO2 + OH ⇔ H2O +

O2) replaced R145 as the strongest reaction inhibiting ignition
in the presence of NO2. This is because the addition of NO2
leads to a strong growth in the OH radical pool concentration,
thus promoting the reactivity of OH-related reactions. Notably,
the sensitivity coefficients of the four reactions with the most
significant reactions inhibiting ignition in both the N10 and N50
mixtures decreased relative to those in the N0 mixture. The
effect of NO2 on ignition inhibiting reactions increases with
increasing NO2 concentration.
It can be seen that NO2 increases the concentration of the

radical pool, thus promoting the consumption of important
intermediate species during ethanol combustion. This includes
an increase in the concentration of radicals that promote
reactions, such as H2O and OH. However, owing to the high
reactivity of NO2, some reactive intermediate species are
generated during the reaction, leading to further reactions of
relatively unreactive species such as CH3. For example, R145,
as the maximum sensitivity coefficient in the absence of NO2,
hinders further reactions. However, in the presence of NO2,
the consumption rate of CH3 increased with the NO2 blending
ratio increasing, which led to a decrease in the sensitivity
coefficient of R145, thus increasing the reactivity of the system.
3.3.2. Reaction Pathway. Kinetic analyses were performed

using a kinetic mechanism to further understand the reasons
for promoting ignition. The reaction pathway at T = 1150 K
and P = 0.20 MPa of stoichiometric ethanol/NO2 blends is
given in Figure 9 at 20% ethanol consumption. For the N0
mixture, the consumption of ethanol mainly through the H
atom abstraction reactions initiated by O, H, OH, HO2, and
CH3. Among the various small-molecule radicals, the H atom
abstraction reactions initiated by OH radicals accounted for
59.71% of the total consumption ratio of ethanol, and the
contribution of H atom abstraction reactions initiated by other
small-molecule radicals to the total consumption ratio of
ethanol was approximately 35%. The other consumption
pathway of ethanol is the single-molecule dissociation reaction
triggered by the breakage of C−C and C−O bonds to generate
CH3 and CH2OH radicals, which account for approximately
5% of the total consumption of ethanol. The interaction of
CH2OH radicals from ethanol decomposition with O2 is one of
the important pathways to generate HO2 radicals. The
generated HO2 radicals further react with ethanol to form
SC2H4OH, which also has the largest sensitivity factor. The

Table 2. Selected Reactions in the Developed Mechanisma

Reaction A n Ea Source

C2H5OH + HO2 ⇔ PC2H4OH + H2O2 2.1 × 10−5 5.260 6500 13
PC2H4OH + H ⇔ C2H4 + H2O 3.6 × 1016 −0.716 8766 23
C2H4 + NO2⇔ C2H3 + HONO 31.69 3.765 31816 23
C2H4 + NO2 ⇔ C2H3 + HNO2 485.38 3.178 34686 23

aRate constants, k = ATn exp(Ea/(RT)), are expressed in units of cm3, mol−1, s−1, and cal.
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generated SC2H4OH further generates acetaldehyde
(CH3CHO) through reaction with O2 or the H-abstraction

reaction, and CH3CHO undergoes the H atom abstraction
reaction initiated by OH and H radicals to generate CH3CO
and subsequent β-scission reactions that produce CO and CH3
radicals. Ethanol also generates ethylene through thermal
dehydration. Most of them and PC2H4OH undergo the β-
scission reaction to generate C2H4. The C−H bond in the
intermediate position of ethanol is broken to generate vinyl
alcohol (C2H3OH). This generates C2H3 owing to the
interaction of C2H4 with H and OH radicals, followed by a
series of oxidation reactions to generate the final products, CO
and CO2.
According to the simulation results, the addition of 10%

NO2 significantly shortened the ethanol ignition delay time;
however, the ethanol consumption pathway did not change
significantly. A slight addition of NO2 increases the
concentration of the O/OH radical pool. leading to a
significant expansion of the branching ratios of the ethanol
consumption reaction through OH radical-initiated H atom
abstraction. From the previously described sensitivity analysis,
reaction R805 associated with NOX greatly contributes to the
production of OH radicals. With a further increase in the NO2
proportion, the influence of NO2 kinetics on the entire
reaction pathway became more evident and the relevant
reaction branch ratio of NO2 expanded significantly.
In contrast, the contribution of radicals other than OH to

ethanol consumption decreased significantly. Additionally, the
O−H bond, which has the highest bond energy in ethanol, also
breaks and reacts with OH radicals to form C2H5O in the N10
and N50 mixtures because of the increased activity within the
system. The H atom abstraction reaction of the OH radicals in
the N0 mixture occurs only in the C−H bond with a lower
bond energy, which is a new reaction pathway for ethanol that
is not observed in the N0 mixture. Among the intermediates in
ethanol oxidation, CH2CHO is directly related to NOX. For N0
mixtures, the intermediate product CH2CHO is consumed
through the decomposition reaction, whereas the intermediate
product CH2CO is produced, and the subsequent decom-
position produces CO or generates CO directly. For the N10
and N50 mixtures, the intermediate product CH2CHO can
directly react with NO2 to form CH2CO and HONO. HONO
rapidly decomposes into OH radicals and NO, and NO further
increases the amount of OH radicals generated through the

Figure 5. Ignition delay of C2H5OH/NO2/O2/Ar mixtures with
different equivalent ratios: (a) N0, (b) N10, and (c) N50.

Figure 6. Reduction rate of ignition delay time.
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interconversion between R805 and NO2. In the N50 mixture,
the proportion of the intermediate product CH2CHO that

directly reacted with NO2 accounted for 81.06% of its total
consumption. Overall, from the reaction pathway analysis,
NO2 reacts less directly with ethanol and its intermediates and
mainly increases the number of OH generated in the radical
pool by influencing the formation and interaction between
small-molecule radicals to influence the ignition process of
ethanol fuel.
3.3.3. Radical Mole Fraction. Figure 10 shows the variation

in the molar fraction of key small-molecule species as a
function of fuel consumption for the conditions at an
equivalence ratio of 1 and T = 1150 K. As seen by the Figure
10a, the formed OH radicals increased significantly as the NO2
proportion increased by consuming the same proportion of
ethanol. It is noteworthy that the increment in OH radicals for
the N10 mixture was not significant compared to the N0
mixture, which further explains the small shortening rate of
the ignition delay time for the N10 mixture relative to the N0
mixture. As shown in the Figure 10b, with the addition of NO2,
the production of H radicals increased with increasing ethanol
consumption. And the results show that the addition of NO2
can significantly increase the peak value of both the OH and H
radical mole fractions. The concentrations of these radicals
increase with increasing NO2 ratio, resulting in an enhancing
reactivity to the system and decreasing ignition delay times.

Figure 7. Ignition delay of C2H5OH/NO2/O2/Ar mixtures with
different NO2 contents: (a) ϕ = 0.5, (b) ϕ = 1.0, and (c) ϕ = 1.5.

Figure 8. Sensitivity coefficient of ethanol under (a) N0 and (b) N10
and N50 mixtures (ϕ = 1.0; T = 1150 K; P = 0.20 MPa).
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The production of HO2 radicals as shown in Figure 10c
decreases with increasing NO2 proportion, which is due to the
consumption of HO2 radicals produced through reaction
R805. In Figure 10d, the amount of H2O2 produced also
decreased with an increase in NO2 content. This is because
H2O2 is primarily formed through the reaction of ethanol with
HO2 in R368. While reaction R805 competes with reaction
R368, as the NO2 proportion increases, more HO2 is available
for reaction R805. It can also be seen from Figure 10e,f that
the production of stable small-molecule products through
chain termination reactions, such as H2 and CH4, decrease
with increasing NO2. In conclusion, with the addition of NO2,
there was an increase in the production of species that
contributed to ignition, whereas the production of species that
inhibited ignition decreased.
3.3.4. Important Elementary Reactions. As described

above, the H atom abstraction reaction initiating OH radicals
consumes the vast majority of ethanol. The generation of other
radicals such as H and HO2 in the system is inhibited due to
the effect of NOX, and these small-molecule radicals were
consumed via the reactions, while the active OH radicals are
produced. Therefore, a production analysis was performed for
the main consumption reactions of H and HO2. Figure 11
shows that the rates of H and HO2 radicals production in the
mixtures of N0, N10, and N50 with time at P = 0.20 MPa, T =
1150 K, and stoichiometric condition. The horizontal
coordinate in the figure is the normalized ignition delay
time, which is the ratio of the reaction time to the ignition
delay time to observe the variation of OH radical production
before the ignition moment. The starting point of the
horizontal coordinate in Figure 11 is 0.7 because of the low
yield of radicals in the system at the early stage of ignition. The
negative yield is shown in Figure 11a; for the N0 and N10
mixtures, the reaction R1 consumes many H radicals to
generate OH radicals before the ignition moment. In contrast,
for the N50 mixture, the H radicals consumption rate near the
ignition moment is significantly smaller than that of the N0 and
N10 mixtures, which is in accordance with the results of the
sensitivity analysis regarding the different sensitivity coef-

ficients of R1 for mixtures with different NO2 proportions. The
largest effect on HO2 consumption is for the NOX-related
reaction R805 (NO + HO2 ⇔ NO2 + OH). The rate of HO2
consumption in the N50 mixture is significantly faster than that
in the N10 mixture, and a large number of OH radicals are
generated while consuming HO2. NO is mainly generated
through the reaction of R938 (CH3 + NO2 ⇔ CH3O + NO)
and R808 (NO2 + H ⇔ NO + OH). It is obvious in Figure
11b that the rate of HO2 consumption in the N50 mixture is
significantly faster than that in the N10 mixture, and a large
number of OH radicals are generated while consuming HO2.
With the NO molar fraction decreasing, the slope of the HO2
yield curve consumed through R805 increases as the ignition
moment is approached, and the rate of OH radical production
is faster, which is one of the main reasons for the shorter
ignition delay time of the N50 mixture compared to the N10
mixture. The concentration of NO experiences a peak before
ignition and then gradually decrease, leading to a decrease in
HO2 consumed by R805.

4. CONCLUSIONS
In this study, to expand the database of alcohol/NOX
interactions and to develop a detailed kinetic mechanism, the
ignition delay time of ethanol/NO2/O2/Ar mixtures was
measured behind reflected shock waves at a pressure of 0.20
MPa, temperature range of 1050−1650 K, and equivalence
ratios of 0.5, 1.0, and 1.5, with ethanol/NO2 blending ratios of
100/0, 90/10, and 50/50. Sensitivity analysis, reaction path
analysis, and fundamental reaction analysis for mixtures with
stoichiometric ratios were carried out using the established
mechanism. The main conclusions are summarized as follows:
(1) The results show that the effect of NO2 on ethanol is

related to temperature and equivalence ratio and is
particularly significant at decreasing temperature and
increasing equivalence ratio conditions. The promo-
tional effect of NO2 was more significant for mixtures
with higher NO2 concentrations.

(2) The promotion of NO2 occurs mainly through an
increase in the rate and concentration of the free radical

Figure 9. Reaction path of ethanol under different NO2 contents (ϕ = 1.0; T = 1150 K; P = 0.20 MPa).
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pool, especially the OH radical pool, and the relevant
reaction branch ratio of NO2 expands significantly.
Compared with pure ethanol, the formation of OH
radicals occurs mainly through R805 (NO + HO2 ⇔
NO2 + OH) rather than R1(H + O2 ⇔ O + OH).

(3) With the addition of NO2, because of its high reactivity,
some reactive intermediate species are generated during
the reaction, leading to further reactions of relatively
unreactive species. The CH3 radicals interact with NO2
through the reaction R938 (CH3 + NO2 ⇔ CH3O +
NO), and the CH2O radicals interact with NO2 through

Figure 10. Changes of small molecules’ species with fuel consumption ratio during ethanol ignition: (a) OH, (b) H, (c) HO2, (d) H2O2, (e) H2,
and (f) CH4.
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reaction R911 (CH2O + NO2 ⇔ HONO + HCO) to
form more reactive radicals, thus further enhancing the
reactivity.

(4) The promotion of ethanol ignition by NO2 is well-
related to the interconversion between NO and NO2,
which leads to the fuel consumption and converts HO2
radicals to chain excited OH radicals. Highly reactive H
atoms and OH radicals significantly interfere with the
initial reaction, thus enhancing the reactivity of the
ethanol mixture.
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