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ABSTRACT: To gradually reduce the demand for fossil energy
and accelerate energy transformation, alcohol fuels are being
vigorously developed and utilized in the world. n-Pentanol as a
common alcohol fuel has attracted increasing attention in recent
years owing to its many advantages. In this study, a reduced
mechanism of n-pentanol containing 148 species and 575 reactions
was established based on combined reduction methods including
the direct relationship graph with error propagation, reaction
pathway analysis, rate of production analysis, and temperature
sensitivity analysis methods. Then, the reaction rate parameters
were optimized using the nondominated sorting genetic algorithm
II. A verification experiment for the oxidation of n-pentanol was conducted in a jet-stirred reactor (JSR) with gas chromatography-
mass spectrometry. The main species mole fractions were quantitatively analyzed in the temperature range 700−1100 K, equivalence
ratios of 0.5−2.0, and a pressure of 1 atm. Extensive validations were performed over wide experimental conditions by comparing the
experimental data of the ignition delay time, species concentration profiles in the JSR, and laminar flame speed. It was found that the
predicted values were in good agreement with the experimental values. Therefore, the reduced mechanism developed in this study
can accurately predict the experimental results, which is capable of reasonably applying to the simulation of combustion behaviors of
n-pentanol in internal combustion engines.

1. INTRODUCTION

Since the energy crisis and environmental pollution have been
severe problems all over the world, it will be difficult for the
conventional fossil energy to meet the stricter emission and
higher fuel economy regulations in the future. To gradually
reduce the demand for fossil energy and accelerate energy
transformation, biomass fuels are being vigorously developed
as a promising alternative energy. Alcohol fuel is a common
biomass fuel and belongs to clean and renewable energy. It has
a wide source, strong explosion resistance, and low combustion
temperature, which is conducive to reducing the emission of
NOx. Therefore, alcohol fuel plays an important role in
alternative fuels and emission control of automobile exhaust.
Even though alcohol fuel has great advantages, it also faces
challenges such as poor ignition property and relatively low
energy density.1 Hence, it is necessary to develop a chemical
reaction mechanism and perform an experimental research on
this kind of fuel.
At present, ethanol is the most widely produced biofuel.2

The combustion characteristics and chemical kinetic mecha-
nism of ethanol have been widely studied due to its ease of
manufacture and environmental friendliness.3−8 In addition to
reducing greenhouse gas emissions, the use of ethanol can also

improve the efficiency of spark ignition engines because of its
higher antiknock property and higher laminar burning
velocity.3 Compared with ethanol, butanol and pentanol are
also promising biofuels, which have the advantages of higher
energy density, lower water solubility, easier storage and
transportation, better mixing with fossil fuels, and wide
applicability to traditional engines.9 For this reason, the
research on the chemical reaction mechanism of butanol and
pentanol has attracted great attention.
Dagaut et al.10 studied the oxidation of n-butanol in a jet-

stirred reactor (JSR) using gas chromatography (GC) and
developed a novel detailed chemical kinetic mechanism for n-
butanol oxidation. This mechanism well predicts the
concentration of major species under different experimental
conditions. Sarathy et al.11 improved the detailed chemical
kinetic mechanism derived by Dagaut et al.,10 and the
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proposed mechanism shows good qualitative agreement with
the various experimental data of species concentration profiles
in the JSR, laminar flame speed obtained in an n-butanol
premixed laminar flame, and species concentration profiles for
n-butanol in an opposed-flow diffusion flame. Harper et al.12

developed a detailed reaction mechanism for n-butanol with
263 species and 3381 reactions by a reaction mechanism
generator (RMG). The mechanism was validated by
comparing the experimental data, including JSR mole fraction
profiles, opposed-flow diffusion flame mole fraction profiles,
autoignition delay times, doped methane diffusion flame mole
fraction profiles, and newly obtained n-butanol pyrolysis
experimental results. Zhang et al.13 measured the ignition
delay times of n-butanol/oxygen diluted with argon behind
reflected shock waves and developed a modified kinetic model
for the oxidation of n-butanol at high temperature. That model
was validated against the measured data and JSR data obtained
from the literature.
Heufer et al.14 presented a detailed kinetic model for n-

pentanol based on the modeling rules previously presented for
n-butanol.11 The proposed model was validated against
ignition delay time data, speciation data from JSR, and laminar
flame speed. The simulation results showed good agreement
with the experiments. Togbe ́ et al.15 studied the oxidation of 1-
pentanol in a JSR and measured the laminar flame speeds of 1-
pentanol−air premixed laminar flame at 1 atm and 423 K for
equivalence ratios of 0.7−1.4. They proposed a detailed
chemical kinetic reaction mechanism and verified with the
metrical experimental data. Wang et al.16 investigated the flow
reactor pyrolysis and laminar premixed flames of n-pentanol
and developed a detailed n-pentanol kinetic model consisting
of 314 species and 1602 reactions. The proposed model was
validated on the experimental results of pyrolysis and flame.
Dayma,17 Tsujimura,18 and Sarathy19 et al. developed detailed
chemical reaction kinetics models for isopentanol (3-methyl-1-
butanol). The first two models were validated with
experimental data of concentration profiles of stable species
in JSR and ignition delay data in a shock tube (ST) and a rapid
compression machine (RCM), respectively. While the last
model was validated with the experimental data for iso-
pentanol in ST, RCM, JSR, and counter flow diffusion flame. Li
et al.20 studied the laminar combustion characteristics and
chemical kinetics of four pentanol isomer−air mixtures and
developed a model for four pentanol isomers and validated
against the data of laminar flame speed as well as ignition delay
times.
For practical applications, the chemical kinetic mechanism

coupled with the computational fluid dynamics (CFD) has
been an increasingly common method in internal combustion
engine research.21 However, direct coupling of the detailed
mechanism with the multidimensional CFD model is
unrealistic because the detailed chemical kinetic mechanism
is typically complex. Therefore, it is necessary to reduce the
chemical kinetic mechanisms to reduce the computation cost
while maintaining the essential dynamic features of the kinetic
model. Some studies focused on mechanism reduction using
different reduction methods. Feng et al.22 developed a reduced
mechanism for n-butanol combustion using a series of
combined reduction methods. The reduced mechanism was
validated against ST and JSR data. Diáz-Gonzaĺez et al.23

developed a reduced chemical mechanism of n-butanol in air.
The predicted results of the mechanism showed an excellent
agreement against the experimental data of laminar flame

speed, ignition delay time, and JSR. They confirmed that the
reduced mechanism could be used instead of detailed
mechanisms, especially considering the current computational
capability to simulate the practical combustion systems.
However, a few studies have focused on the reduced
mechanism for n-pentanol combustion. Liu et al.24 developed
a combined reduced kinetic mechanism for primary reference
fuel-alcohols containing methanol, ethanol, propanol, etc. The
reduced mechanism was validated with the experimental data
of ignition delay time, laminar flame speeds, and mole fraction
profiles of species and was used for the three-dimensional
modeling studies by coupling with the toluene−polycyclic
aromatic hydrocarbons submechanism. Chang et al.25

developed a skeletal oxidation mechanism for n-pentanol.
The oxidation mechanism was established based on the
decoupling methodology, and then the rate constants of related
reactions were optimized in the mechanism. The final
mechanism was determined by comparing the uncertainty of
optimal prediction with the available experimental data. The
optimized mechanism was validated against measurements in
ST, RCM, JSR, and premixed laminar flame.
The mechanism optimization by amending the reaction rate

constant is an important step in the study on mechanism
reduction. The traditional parameter optimization process is
based on the manual iteration of sensitivity analysis (SA) and
path analysis, which is a time-consuming process and greatly
depends on the handler’s experiences.
In the present work, a reduced chemical kinetic mechanism

for n-pentanol was developed with combined reduction
methods including the direct relationship graph with error
propagation (DREGP), reaction pathway analysis (RPA), rate
of production (ROP) analysis, and temperature sensitivity
analysis (SA) methods. Moreover, the kinetic parameters of
the related reactions were optimized to guarantee the
computational accuracy of the simplified mechanism by the
nondominated sorting genetic algorithm II (NSGA-II). The
applicability of the reduced mechanism covers the oxidation
process of n-pentanol at medium and low temperatures and
major species concentration predictions. In addition, the
experiments were performed in a JSR to study the oxidation
of n-pentanol at a pressure of 1 atm and a range of equivalence
ratios from 0.5 to 2.0 and temperatures of 700−1150 K. The
reduced mechanism was validated with the experimental data
of species profiles in JSR, ignition delay times, and laminar
flame speeds.

2. MECHANISM REDUCTION
A detailed chemical kinetic mechanism could fully describe the
combustion process of n-pentanol. However, it is impractical to
be used for multidimensional numerical computation because
of the excessive time consumption of the larger reaction
mechanism. Therefore, establishing a reduced medium- to low-
temperature oxidation mechanism for n-pentanol is necessary.
To obtain an effective reduced mechanism, the closed
homogeneous batch reactor in CHEMKIN package was used
to simulate the reaction process of n-pentanol. Meanwhile, the
species concentrations in JSR and laminar flame speed in a
heated spherical bomb were computed by a perfectly stirred
reactor (PSR) and a premixed laminar flame-speed calculation
reactor, respectively. In this study, the detailed mechanism of
n-pentanol developed by Heufer et al.14 was chosen as the base
mechanism, which was composed of 599 species and 3010
reactions. This mechanism was verified by a wide range of
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experimental data, according to the predicted results. The
reduced mechanism for n-pentanol was developed from the
base mechanism with the combination method. The DRGEP
method was used for the preliminary reduction to remove the
unimportant components and primitive reactions. The reaction
path analysis and the rate of production analysis were utilized
for lumping isomers to further reduce the size of the
mechanism. Then, the relatively sensitive reactions to fuel
combustion were determined through the temperature
sensitivity analysis method and the rate constants of the
reactions in the obtained mechanism were optimized with the
genetic algorithm, to reproduce the major species concen-
trations in the JSR, the ignition delay times, and the laminar
flame speeds.
2.1. Direct Relationship Graph with Error Propaga-

tion Method. To eliminate unimportant species and reactions
in the detailed mechanism, a preliminary reduction with the
DRGEP method was performed at an initial pressure of 1 atm,
a temperature range of 700−1100 K, and an equivalence ratio
of 0.1−2.0. The main intermediate species such as CH4, C3H6,
CH3CHO, C3H7CHO, C2H4, and C4H9CHO were selected as
the target components, along with the fuel C5H11OH, oxide
O2, the reaction product CO2 and H2O, which are essential
species in the simplification process. Based on the closed-type
homogeneous reactor model, the semidetailed mechanisms of
different components and reactions were obtained by the
simplified calculation with different error thresholds from small
to large. Two semidetailed mechanisms (#1 182 species, 1006
reactions; #2 235 species, 1284 reactions) were obtained. The
ignition delay times predicted by the two semidetailed
mechanisms and the detailed mechanism are illustrated in
Figure 1. Figure 1a shows the predicted results at an
equivalence ratio of 1.0 and diverse pressure and temperature.
It can be seen that both the semidetailed mechanisms can
accurately predict the ignition delay times in a high
temperature range at all pressures. Figure 1b shows the
predicted results at a pressure of 10 atm and diverse
equivalence ratio and temperature. It can be seen that the
ignition delay times decrease with the increase of the
equivalence ratio. This can be attributed to a higher mixture
concentration, which accelerates the oxidation reactions of the
fuel and thus reduces the ignition preparation time. In general,
in a low temperature range, the semidetailed mechanism
containing 235 species and 1284 reactions fits better with the
detailed mechanism and slightly overpredicts the ignition delay
times. Thus, the semidetailed mechanism with 235 species and
1284 reactions was selected for further reduction.
2.2. Reaction Path Analysis and Rate of Production

Analysis Methods. The isomers of intermediate species
should be lumped for further reducing the size of the
semidetailed mechanism. To determine the respective
production fraction of isomers during the oxidation reaction
process and define the representative isomers of intermediate
species, the RPA and ROP analysis were performed at an initial
pressure of 10 atm, an equivalence ratio of 1.0, and initial
temperatures of 800 and 1100 K. The major reaction pathways
for n-pentanol combustion at 20% fuel consumption are
depicted in Figure 2. It can be found that the main
consumption reactions of n-pentanol are H-abstraction
reactions by hydroxyl (OH) and hydroperoxyl (HO2) radicals,
which produce the following isomers: C5H10OH-11,
C5H10OH-12, C5H10OH-13, C5H10OH-14, C5H10OH-15, and
C5H11O. As shown, about 50% of n-pentanol was dehydro-

genated to form C5H10OH-11, while a little fuel reacts with
OH and HO2 to form C5H11O at 800 K. In addition, 20.7 and
11.8% of n-pentanol were dehydrogenated to form C5H10OH-
14 and C5H10OH-13, respectively, which was higher than other
isomers. Similar to the pathways at low temperature, most of n-
pentanol was consumed to form C5H10OH-11 and only a
fraction of the fuel was converted to C5H11O at 1100 K.
C5H10OH-14 and C5H10OH-13 also have a higher yield than
any other isomer except C5H10OH-11.
Figure 3 illustrates the total rate of production for each

isomer of C5H10OH at a pressure of 10 atm, an equivalence
ratio of 1.0, and temperatures of 800 and 1100 K. The total
rate of production represents the sum of the rates of all
reactions that produce the corresponding isomers. It can be
observed that the rate of production of C5H10OH-11 was the
highest, followed by C5H10OH-14 and C5H10OH-13 at 800 K.
Similarly, the formation rate of C5H10OH-11 was the highest at
1100 K though the proportion was reduced by 17% compared
to the low temperature, while the formation rate of C5H11O
was the lowest. The formation rates of C5H10OH-14 and
C5H10OH-13 were still higher than those of other isomers
except C5H10OH-11. This can be attributed to the different
C−H bond energies of n-pentanol, and so the C−H bond

Figure 1. Comparison of the predicted ignition delay times by the two
semidetailed mechanisms and the detailed mechanism at a (a)
pressure of 10−40 atm and (b) equivalence ratio of 0.5−2.0 (lines are
the predictions of the detailed mechanism, and symbols are the
predictions of two semidetailed mechanisms: #1 182 species, 1006
reactions; #2 235 species, 1284 reactions).
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breaks in a different order. The C−H bond energies can be
sorted according to priority as follows:14 Cα−H < Cs−H <
Cγ−H < Cβ−H < Cp−H < O−H. The smaller the bond
energy, the more likely it is to break. Therefore, H atoms at the
α carbon and s carbon are the easiest to be captured and the
formation rates of C5H10OH-11 and C5H10OH-14 are higher
than other isomers.
The above analysis shows that the relatively important

components of C5H10OH isomers are C5H10OH-11,
C5H10OH-13, and C5H10OH-14 radicals. To further simplify
the semidetailed mechanism, the species and reactions related
to C5H10OH-12, C5H10OH-15, and C5H11O radicals were
removed and only the species and reactions related to
C5H10OH-11, C5H10OH-13, and C5H10OH-14 radicals were

reserved. Finally, a simplified mechanism of n-pentanol
containing 148 species and 575 reactions was obtained.

2.3. Optimization of Kinetic Parameters. After the
construction of the new reduced mechanism, the kinetic
parameters need to be optimized to meet the accuracy
requirements under various working conditions and make the
reduced mechanism better fit the detailed mechanism.
However, each reaction in the simplified mechanism of n-
pentanol has a greater or lesser effect on the ignition delay
time. Therefore, a temperature sensitivity analysis was
performed at a pressure of 10 atm, an equivalence ratio of
0.5−2.0, and initial temperatures of 800 and 1100 K to
evaluate the contribution of each reaction to the ignition delay
time. The temperature sensitivity coefficients of each reaction
are calculated by the following equation

S
log log
log 2 log 0.5

τ τ
=

−
−

+ −

(1)

where S represents the temperature sensitivity coefficient and
τ+ and τ− are the ignition delay time predicted by the obtained
reduced mechanism with the reaction rate constant multiplied
by a factor of 2 and 0.5, respectively. A positive sensitivity
indicates that the reaction promotes the overall reactivity,
while a low reactivity is indicated by a negative sensitivity. The
temperature sensitivity coefficient for n-pentanol combustion
under various conditions is shown in Figure 4. It can be found
that the effects of each reaction on the ignition delay time are
significantly discrepant at different temperatures. Figure 4a
shows the normalized temperature sensitivity coefficient of the
most active reactions at 800 K. Direct fuel consumption
reactions R12 and R13 are the two most active reaction
pathways, which have opposite sensitivity coefficients. This

Figure 2. Major reaction pathways for n-pentanol combustion.

Figure 3. Total rate of production for each isomer of n-pentanol.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.1c00147
ACS Omega 2021, 6, 6448−6459

6451

https://pubs.acs.org/doi/10.1021/acsomega.1c00147?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00147?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00147?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00147?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00147?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00147?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00147?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00147?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.1c00147?ref=pdf


indicates that there is a direct competitive relationship between
R12 and R13, which reduces the reactivity of oxidation
reaction at low temperatures. The next reactions that have the
most impact on the temperature are reactions R49 and R51,
resulting in a direct removal of the radical C5H10OH−4O2. As
shown in Figure 4b, the reactions that demonstrate high
temperature sensitivity coefficients at 1100 K are quite
different from those at low temperatures. The most active
reaction pathway is nC5H11OH + HO2 ⇔ C5H10OH-11 +
H2O2 (R20), a fuel consumption reaction with hydroperoxy
radical HO2 instead of hydroxyl radical OH. The next is H2O2
(+M) ⇔ 2OH (+M) (R529), which promotes the fuel
oxidation reaction and shortens the ignition delay time. Similar
conclusions can be found from a previous study,26 which
concludes that the ignition delay times of primary alcohols are
observably sensitive to the initial H-abstraction reaction with
HO2 radicals. The H-abstraction reaction traps the relatively
active HO2 radicals into the stable H2O2 molecules and H2O2
fragments to generate OH radicals as the temperature
increases, restoring the oxidation capacity. Thus, R20 and
R529 play an important role in this stage. In contrast, the
reactions with higher sensitivity coefficients at low temper-
atures, such as R12 and R13, are less active at high
temperatures. This indicates that the low-temperature kinetics

promotes the reaction in its initial stage, while the high-
temperature kinetics dominates the reaction. Therefore,
modifying the rate constants of one specific reaction with
high sensitivity coefficients can affect the ignition delay time at
certain initial temperature regions and then improve the
performance of the mechanism.
The kinetic parameter optimization was carried out by

modifying the reaction rate constants for the key reactions
identified in the above analysis. The reaction rate constants are
defined as Arrhenius equation

i
k
jjj

y
{
zzzk A

E
RT

exp= −
(2)

where A is the pre-exponential factor and E is the activation
energy of each reaction. R represents the universal gas
constant, and T represents the catalyst surface temperature.
Accordingly, the reaction rate is dependent on the pre-
exponential factor A and the activation energy E. Therefore,
the key to parameter optimization is to improve the pre-
exponential factor and the activation energy by comparing
them with the experimental data. Generally, the parameter
optimization process is to change the parameter value of the
mechanism so that the objective function reaches the
maximum or minimum value. The objective function describes

Figure 4. Temperature sensitivity coefficient for n-pentanol combustion at T = 800 K (a) and 1100 K (b).
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a theoretically achievable goal, which plays a significantly
important role in the parameter optimization process. In this
work, the objective function is defined as the residual sum of
squares between experimental and simulation values.

f
n

( )
i

i
n

i i1 ,d ,r
2τ τ

=
∑ −=

(3)

where τi,d and τi,r are the ignition delay times predicted by
detailed and reduced mechanisms, respectively. By solving the
objective function, the reaction rate equation and optimal
reaction rate constants can be determined to achieve the best
fitting between model simulation and experimental measure-
ment under each test condition.
In this work, a multiobjective genetic algorithm, NSGA-II,

was used to optimize the reaction rate constants automatically
for each element reaction. NSGA-II is the optimization of the
traditional genetic algorithm, which reflected in the following
three aspects: First, based on nondominated sorting, all of the
individuals in the population are stratified by evaluating the
target value, which reduces the computational complexity and
improves the solving speed. Second, the elite strategy has been
designed in the process of selecting operation. Some inferior
individuals are eliminated after the generation of new
population and the superior individuals in the parent
population are selected to retain for the new population.
Last, NSGA-II proposes the definition of the crowding
distance operator. The crowding distances between each
individual are calculated to avoid excessive concentration of
individuals and falling into the local optimal solution. The
application of nondominated sorting, elitist strategy, and
crowding distance can reduce the computational complexity

and retain the Pareto-optimal solution. The steps of NSGA-II
algorithm are shown in Figure 5. The NSGA-II algorithm runs
with a population size of 50, a generation size of 200, a
crossover probability of 0.65, a mutation probability of 0.05,
the crossover distribution index of 10, and the mutation
distribution index of 10. Considering the sensitivity of each
reaction at low and high temperatures, three reactions (R12,
R20, and R51) were finally screened. Their reaction rate
constants were used as the initial chromosome population to
randomly generate initial populations. Then, the ignition delay
times of the initial mechanisms were computed using the
CHEMKIN package and the results obtained were used for
calculating the objective function and crowding distance. The
new population was generated through tournament selection,
and crossover and mutation and the ignition delay times of the
new mechanisms were computed again. All of the individuals
in the initial population and new population were combined
into a unified population and superior individuals from the
unified population were selected by the elitism strategy as the
next generation. The optimization process described above is
repeated until the target generation is reached and a set of
optimized reaction rate constants are obtained. The optimal
values of the resulting kinetic parameters are given in Table 1.

3. RESULTS AND DISCUSSION

3.1. Ignition Delay Times. Simulations for predicting the
ignition delay times were performed using the constant-volume
homogeneous batch reactor module in the CHEMKIN
package, and the ignition moment is defined as the time
when the temperature increases to 400 K above the Tin. The
experimental ignition delay time data was measured by Heufer

Figure 5. Flowchart of the NSGA-II algorithm.

Table 1. Optimization of Kinetics Parameters

reaction number reaction original A modified A

R12 nC5H11OH + OH ⇔ C5H10OH-13 + H2O 1.141 × 103 2.8 × 103

R20 nC5H11OH + HO2 ⇔ C5H10OH-11 + H2O2 3.50 × 10−5 1.12 × 10−4

R51 C5H10OH-4O2 ⇔ HO2 + C5H9OH1-4 4.31 × 1036 8.62 × 1036
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et al.27 using a high-pressure ST and in an RCM at a pressure
of 9 bar and an equivalence ratio Φ = 1.0. Figure 6 shows the

comparison of ignition delay times for n-pentanol−air mixtures
between the reduced mechanism, detailed mechanism, and
experimental data. It can be found that the ignition delay times
predicted by the reduced mechanism can achieve a good
agreement with the prediction of the detailed mechanism,
except for the low-temperature stage, which is slightly longer
than the simulation values of the detailed mechanism in the

low-temperature region. This is because the detailed
mechanism of n-pentanol contains a large part of the
components involved in the low-temperature reaction, which
are removed in the reduced mechanism as unimportant
components and reactions. So, the prediction results of the
reduced mechanism at low temperatures are slightly inaccurate.
Compared with the mechanism of Liu et al.,24 the reduced
mechanism presented in this paper performs slightly worse at
high temperatures but has a great improvement in a range of
low temperatures. Overall, the ignition delay times predicted
by the reduced mechanism can achieve a good agreement with
the experimental results, which indicates that the reduced
mechanism well predicts the ignition characteristics under
various conditions.

3.2. Species Concentrations in the JSR. The experi-
ments were performed at a constant mean residence time of
2.0 s, a pressure of 1 atm, and temperature range of 700−1100
K. The equivalence ratio was varied from 0.5 to 2.0, while the
fuel initial concentration was fixed at 1000 ppm. Simulations
for predicting species concentration in the JSR were performed
using the PSR module in the CHEMKIN package. In this
paper, the transient solver was used to solve the reaction
process with an end time set as 20 s, so that the reaction occurs
sufficiently until the species molar fractions no longer change
over time for acquiring steady data at each condition. The
mole fractions of n-pentanol and the main oxidation species
were predicted under the same conditions as the experiment to
verify the accuracy of the reduced mechanism.

Figure 6. Comparisons of the ignition delay times between the
experimental measurement and the mechanism prediction.

Figure 7. Comparison of the species concentration in the JSR between the experimental measurement and mechanism prediction at an equivalence
ratio of 0.5: (a) O2/CO/CO2/H2, (b) NC5H11OH/C2H4/CH4, (c) C3H6/1-C4H8/1-C5H10, and (d) C2H6/C2H2/C4H6 (lines are the predictions
of the reduced mechanism, and symbols are the experimental results).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.1c00147
ACS Omega 2021, 6, 6448−6459

6454

https://pubs.acs.org/doi/10.1021/acsomega.1c00147?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00147?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00147?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00147?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00147?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00147?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00147?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00147?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.1c00147?ref=pdf


Figures 7−9 show the comparisons of species concentrations
in the JSR between the simulation results predicted by the
reduced mechanism and the experimental data at equivalence
ratios of 0.5, 1.0, and 2.0, respectively. The mole fractions of
the main oxidation species (H2, CO, CO2, CH4, C2H6, C2H2,
C2H4, C3H6, 1-C4H8, 1-C5H10, and C4H6) and the reactants
(nC5H11OH and O2) were considered in the current
validations. Generally, the agreement between the measure-
ments and the predicted results on the reactants and major
products is satisfactory. It can be seen that the fuel begins to
oxidize at about 800 K, accompanied by rapid depletion of
reactants and rapid formation of small species. This is also well
reflected in the prediction results of the reduced mechanism.
The major small molecule oxidation products, such as CO,
CO2, and H2, are well predicted by the reduced mechanism
around the entire temperature range. However, there are slight
discrepancies between the experiments and the predicted
results on the macromolecular species (i.e., C3H6, C2H4, and
C4H6). This is mainly due to the removal of species and
reactions involved in the formation and decomposition of
these species, leading to a change in the pathway of the
reaction. As can be seen from Figure 2, in the detailed
mechanism, 26.7% of C5H10OH12 decomposes to generate
C5H10-1 and OH radical, 45.7% of C5H10OH15 cleaves to C2H4
and C3H6OH-3, and 50% of C5H11O-1 decomposes to pC4H9,
which is able to further generate C2H4. In the process of
lumping isomers, the removal of these intermediate species
results in the underprediction of C5H10-1 and C2H4 by the
reduced mechanism. In addition, C4H6 is mainly generated by

the decomposition of C4H6OH1-32 and the dehydrogenation
of C4H71-3 in the detailed mechanism. Meanwhile, C4H6 can
decompose to C4H5 through dehydrogenation reaction, and
the reaction flow accounts for 48% of the total reaction flow.
After the reduction of the mechanism, the reaction flow has
changed. All of the C4H6 is generated from C4H6OH1-32
pyrolysis and completely dehydrogenates to C4H5. The
difference in the reaction flow results in the discrepancy
between the predicted and experimental values. On the other
hand, the DRGEP reductions were carried out on a constant-
volume homogeneous batch reactor, which is different from
the jet-stirred reactor. This ultimately affects the prediction of
the species concentrations in the JSR. Overall, the simulated
values for the mole fraction of the main components of the
reduced mechanism are in good agreement with the
experimental data. This indicates that the reduced mechanism
has satisfactory prediction accuracy.

3.3. Laminar Flame Speeds. The laminar flame speed is
an effective means to verify the mechanism of combustion
dynamics, just like the concentrations of the reactive
substances in the JSR and the ignition delay times. Simulations
for predicting the laminar flame speed were performed using
the premixed laminar flame-speed calculation module in the
CHEMKIN package. The experimental laminar flame speeds
of n-pentanol data were measured by Nativel et al.28 using a
heated spherical bomb over a range of equivalence ratios (0.7−
1.5). Figure 10 shows the comparison of laminar flame speeds
for n-pentanol−air mixtures between the reduced mechanism
and experimental data at a pressure of 1 atm and temperature

Figure 8. Comparison of the species concentration in the JSR between the experimental measurement and mechanism prediction at an equivalence
ratio of 1.0: (a) O2/CO/CO2/H2, (b) NC5H11OH/C2H4/CH4, (c) C3H6/1-C4H8/1-C5H10, and (d) C2H6/C2H2/C4H6 (lines are the predictions
of the reduced mechanism, and symbols are the experimental results).
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in the range of 353−473 K. It can be seen that the reduced
mechanism well matches with the experimental data. At all
temperatures, the laminar flame speed first increases with
increasing equivalence ratio, while the experimental results and
prediction results of the laminar flame speed reach a peak at Φ
= 1.1. However, the increase of equivalence ratio will decrease
the laminar flame speed when the equivalence ratio exceeds
1.1. This is due to the lack of fuel in the thinner mixture,
resulting in less heat release, which reduces the laminar flame

speed. In thicker mixtures, the lack of oxidants can also lead to
worse combustion and lower reaction speed. Moreover, the
laminar flame speed increases with the increase of temperature,
which is also well reproduced by the reduced mechanism.
Overall, although the current mechanism slightly underpredicts
those under fuel-rich conditions, the reduced mechanism well
predicts the experimental data over a wide range of operating
conditions. Therefore, the trends of laminar flame speed are
well represented by the reduced n-pentanol mechanism with
satisfactory accuracy.

4. CONCLUSIONS
In this work, a new reduced chemical kinetic mechanism was
developed to capture the oxidation characteristics of n-
pentanol based on the combined reduction methods including
the DREGP, RPA, ROP, and SA methods. Additionally, the
kinetic parameters of the related reactions in the reduced
mechanism are optimized by NSGA-II to guarantee the
computational accuracy of the reduced mechanism. A
verification experiment was conducted in the JSR at 1 atm,
700−1100 K, and equivalence ratios between 0.5 and 2.0 to
measure the concentrations of major species using gas
chromatography-mass spectrometry (GC-MS). In addition,
the ignition delay times and laminar flame speeds were also
utilized to compare with the calculation of the proposed
chemical kinetic mechanism.
The final chemical kinetics mechanism composed of 148

species and 575 reactions has been extensively validated
against the ignition delay times, species concentration profiles
in the JSR, and laminar flame speeds over a wide range of

Figure 9. Comparison of the species concentration in the JSR between the experimental measurement and mechanism prediction at an equivalence
ratio of 2.0: (a) O2/CO/CO2/H2, (b) NC5H11OH/C2H4/CH4, (c) C3H6/1-C4H8/1-C5H10, and (d) C2H6/C2H2/C4H6 (lines are the predictions
of the reduced mechanism, and symbols are the experimental results).

Figure 10. Comparison of the laminar flame speed between the
experimental measurement and mechanism prediction (lines are the
predictions of the reduced mechanism, and symbols are the
experimental results).
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temperature, pressure, and equivalence ratio. The comparisons
between the simulation results and measured data indicate that
the final mechanism shows good agreement with the
experimental data. Therefore, the combination of the reduction
method and the genetic algorithm can be effectively applied to
the reduction mechanism. The reduced mechanism developed
in this study can accurately predict the experimental results,
which can be further applied to the simulation of combustion
behaviors of n-pentanol in internal combustion engines.

5. EXPERIMENTAL SECTION

The main purpose of the current investigation is to establish a
reduced mechanism of n-pentanol by numerical simulation
method, which can be reliably used to analyze the influence of
main intermediates and free radicals on the oxidation process
and the main generation path of n-pentanol. For proving the
established models and simulation results, medium- and low-
temperature oxidation experiments for n-pentanol were
performed in the JSR experimental setup at atmospheric
pressure. The schematic diagram of the JSR apparatus is shown
in Figure 11. The JSR made of fused silica consists of a 58 mm
diameter sphere equipped with four nozzles of 1 mm internal
diameter and an external quartz tube with a diameter of 6 mm.
The design of JSR satisfies the construction rules proposed by
Villermaux et al.29 The JSR was heated in an electrical furnace
and the temperature was kept constant using the temperature
program heating method. The test temperature was measured
by a K-type thermocouple deployed in the center of the
reactor. A liquid injection pump was used to supply the liquid
fuel to the vaporization tank maintained at 200 °C. The
vaporized fuel was diluted by high-purity (99.999%) nitrogen
with a high dilution (0.1% fuel volume) and fed into the JSR
after mixed with high-purity (99.999%) oxygen. All of the lines
before and after the reactor were heated to 200 °C to prevent
vaporized fuel liquidation. The JSR may form the homogenous
mixture so that the gas components in each part of the reactor

are the same and evenly distributed, while the highly diluted
fuel reduces the temperature gradient and heat release in the
JSR. Gas compositions and flow rate were precisely controlled
and metered by mass flow controllers, in which different
equivalence ratios according to the test requirements could be
prepared. Reaction products were analyzed using GC-MS
equipped with capillary columns (DB-wax UI and HP-PLOT
Al2O3) for hydrocarbons and oxygenated compounds and a
thermal conductivity detector for light species such as O2, CO,
CO2, and H2.
The experiments were performed with a constant residence

time maintained at 2.0 s, over a temperature range from 700 to
1100 K, and equivalence ratios of 0.5, 1.0, and 2.0. The feed
stream was continuously flowing in the reactor during the
increase of the gas temperature in the JSR. For acquiring
steady data at each recording temperature, the species
concentrations were recorded until the flow was completely
stable.
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■ NOMENCLATURE
A pre-exponential factor
E activation energy
Tin initial temperature
Φ equivalence ratio

■ ABBREVIATIONS
JSR jet-stirred reactor
GC gas chromatography
RMG reaction mechanism generator
ST shock tube
RCM rapid compression machine
CFD computational fluid dynamics
DREGP direct relationship graph with error propagation
RPA reaction pathway analysis
ROP rate of production
SA sensitivity analysis
GC-MS gas chromatography-mass spectrometry
PSR perfectly stirred reactor
NSGA-II nondominated sorting genetic algorithm II
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