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Reduced mechanism generation for methanol-based toluene
reference fuel with combined reduction methods

Jing Zhang", Yang Zhang

(Department of Mechanical Engineering, The University of Sheffield, Sir Frederick Mappin Building,
Sheftield S1 3JD, United Kingdom)

(E-mail: |JZhangl55@sheftield.ac.uk|(J. Zhang),|yz100@sheffield.ac.uk|(Y. Zhang))

Abstract: TRF is a very competitive substitute fuel of gasoline, and methanol as a high octane

oxygenated fuel has been attracted widely attention. In this study, a new reduced mechanism for methanol-
based toluene reference fuel was developed based on the sensitivity analysis (SA), and reaction pathways
analysis methods. At first, reduced mechanisms of methanol (including 24 species and 57 elementary reaction)
and TRF (including 98 species and 264 elementary reaction) were developed and vilified separately. Then,
coupling methanol and TRF reduced mechanisms that have been validated in above section, a new reduced
of mechanism for methanol blending with TRF fuel was proposed that including 100 species and 290
elementary reactions. Extensive validations were performed by comparing experimental data of shock tube
ignition delay times, flow reactor species profiles, pressure profiles with simulation results. High accuracy is
demonstrated in wide ranges of temperature (7=300~2500K) and equivalence ratio (©=0.375~2), which
indicates that the present methanol blending with TRF fuel reduced mechanism can well predict the

experimental data.

Key words: Methanol; Toluene reference fuel; Mechanism Reduction; Sensitivity analysis; Reaction

pathways analysis method

1 Introduction

Increasingly severe fossil energy shortage and environmental problems promote many new combustion
technologies used in internal combustion engines. In recent years, for example, homogeneous charge
compression ignition (HCCI), low temperature combustion (LTC) with its high efficiency and low emission
have won the favor of the majority of researchers. The LTC technology[ 1] controls the combustion
temperature by combining modes of pre-mixing and compression-ignition, which means that fuel mixed with
air form a uniform premixed gas before the compression process happened. As temperature rises, multiple
points are simultaneously ignited in the cylinder. Therefore, it contributes to reduce NOx and hydrocarbon
emissions and maintain high thermal efficiency, because of lower in-cylinder temperature. Lots of studies
found that both of the HCCI and LTC combustion are ignited by the compression from the piston

motion|2,3,4,5], so the chemical kinetics play key role in these processes[6,7]. Therefore, understanding the
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reaction kinetics of hydrocarbon fuels can provide an important theoretical guidance for the development of
internal combustion engines.

In addition to adopting new combustion theories, biofuels, like alcohol and biodiesel, are regarded as
promising substitute fuels to be used in engines. Methanol has high octane value and oxygen content, which
can improve fuel economy and reduce exhaust pollutants [8]. Another advantage is that methanol can be
synthesized from fossil fuels and can also be extracted from biomass [9]. Therefore, it is considered as an
addictive fuel in this study.

Gasoline fuel is a mixture of hundreds or thousands of components including linear alkanes, branched
alkanes, cycloalkanes, alkenes, aromatic hydrocarbons, etc. It is widely believed that the physicochemical
properties of gasoline fuel can be characterized by part of major components [10]. At first, iso-octane was
often used as an alternative fuel because of its similar physical and chemical properties with the gasoline.
Later, considering the effect of octane number, mixture of n-heptane and isooctane (the primary reference
fuel (PRF)) was used to characterize the gasoline octane number[11]. Generally, the gasoline contains 20%-
50% of aromatic hydrocarbons, of which toluene is a representative component of aromatic hydrocarbons
[12]. As a result, toluene gradually becomes one of main components for characterizing gasoline fuel. A
mixture of n-heptane, isooctane and toluene in different proportions, also known as toluene reference fuel
(TRF), has been used to represent gasoline. Table 1 shows several specific parameters for the three
components in TRF[13], which clearly demonstrates its basic physicochemical properties.

Table 1. Specific parameters for the three components in TRF

Parameter name iso-octane n-heptane toluene
Molecular formula (CH3),CHCH,C(CH3)3 CHj3(CH»)sCH3 CsHsCH3
Molecular weight 114.23 100.20 92.14

C/H ratio 4:9 7:16 7:8
Density(20°C)/(g/ml) 0.6910~0.6930 0.682~0.685 0.865~0.869
Boiling point /°C 99.25 98.50 110.80

Low heating value /(MJ/kg) 44.65 4493 40.94

Actually, the methanol detailed mechanism has been developed for many years. Bowman[14] first
proposed a detailed chemical kinetic mechanism for methanol oxidation, but the model is inaccurate to
predict experimental results when the temperature is below 1800 K[15]. Subsequently, Aronowitz et al.[16]
constructed a kinetics model for methanol oxidation over the intermediate temperature range by experimental
study using an adiabatic flow reactor under atmospheric conditions. In the same year, Westbrook and Dryer
et al.[17] used shock tube and flow reactor to measure the reaction rates of some dominant species, and

constructed a kinetic model of methanol oxidation that is adoptable over a wide range of conditions. The one-
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dimensional flame propagation rate of this model under stoichiometric ratio condition can be well predicted.
Thomas et al.[ 18] corrected the methanol mechanism proposed by Tsang et al.[19]. The modified mechanism
greatly improved the simulation accuracy on the flow reactor. Flow analysis provides a further understanding
of the important reactions in the methanol oxidation process. The detailed chemical kinetic mechanism of
methanol proposed by Held and Dryer et al. has good agreement with experimental data at various
situations. Since then, Li et al. [20] have used some new thermodynamic data of GRI-Mech 3.0[21] to
improve the mechanism developed by Held and Dryer et al.|[15]. It is found that prediction performance of
this mechanism under a wide range of experimental conditions is better than that of Held and Dryer et al.[ 78],
especially in the simulation of the ignition delay time. In 2011, detailed kinetic mechanism of methanol
constructed by Zhang et al.[22] by considering the effects of CH, CHa(S) and CH»(T) radicals and nitrogen-
oxides. In this mechanism, the reaction rate constant of C/H/O is derived from the mechanism of Held and
Dryer et al., and the stratification of CO/H>O/H2/O2, CH20 and CH30H in Li et al. were added. The
mechanism is verified by shock tubes and flow reactor experiments. In 2016, Burke et al.[23] first built a
new methanol chemical kinetic model (Mech 15.34), which accurately simulates methanol combustion
characteristics over a wide range of experimental conditions, especially when the pressure achieve at 10-50
atm. It has been extensively validated by experiments and previous studies. However, this mechanism has a
slight deviation from the experimental data of the stirred reactor when predicting the concentration of
formaldehyde. From above analysis, the methanol mechanism proposed by Zhang et al.[87] is adopted in
current study, due to its wide operating range. Some chemical kinetic mechanisms of methanol are

summarized in Table 2.

Table 2. Overview of methanol chemical kinetic mechanisms

Time Literatures Species Reactions T/IK p/atm 0 Experiments
1975 Bowman et aI. 14 28 1545-2180 1.8-4.6 0.375-6.0 IDT(ST)
1979 Aronowitz et al 18 37 950-1030 1 0.03-3.16 SP(FR)
1979  Westbrook et aI 26 84 1000-2180 1.0-5.0 0.05-3.0 IDT(ST).
SP(FR)
IDT(ST),
1998 Heldetal 22 89 633-2050 0.26-20.0 0.05-2.6 SP(FR),
LFV(SF)
IDT(ST),
2007 Li etaI 18 84 300-2200 1.0-20.0 0.05-6.0 SP(FR),
LFV(SF)
2011 Zhang et 46 247 800-2500 1.0-2.5 0.83-1.6 IDT(ST).
SP(FR)
IDT
2016 Burke eta 173 1011 820-1650 2-50 0.5-2.0 (ST,RPM),
SP (JSR)




79  IDT: Ignition Delay Time; SP: Species Profile; LFV: Laminar Flame Velocity; ST: Shock Tube;
80  JSR: JetStirred Reactor; CF: Counter-flow Flame; SF: Spherical Flame; FR: Flow Reactor; RPM:

81  Rapid Compression Machine;

82 The toluene chemical kinetics mechanism has also attracted extensive attention, several typical chemical
83  kinetic models for TRF are presented in Table 3. Zhang et al.[24] added the toluene mechanism in PRF
84  mechanism and improved it to form a simplified TRF mechanism. Heghes et al.[25] modified the mechanism
85  of toluene based on a detailed PRF mechanism proposed by Andrae et al.. Mehl et al.[26] of Lawrence
86  National Laboratory developed a detailed TRF chemical kinetic mechanism that is well matched to

87  experimental data over a wide range of pressures, temperatures, and equivalence ratios.

88 Table 3. Overview of TRF chemical kinetic mechanisms
. . . . Experiment

Time Literatures Species Reactions T/IK p/atm ) S
2007 Andrae et ab’] 1083 4635 800-1450 10-50 0.3-1 ST, HCCI
2009 Zhang et aI 70 196 320-1800 1-42 0.5-2 ST, HCCI
2009  Heghes et 1087 4639  700-1200  30-55 052 ST, HCCI
2009 Sakai et ak®! 783 2883 500-1700 2-50 0.25-1 ST, FR
2011 Ra et all?’ 113 487 870-1650 13-40 0.3-2 ST, HCCI

89 Further considering fuel chemical reaction mechanism gives an insight of pollutant emission and

90 thermodynamic analysis in engine operation process. Because of the complexity of the detailed mechanisms
91 and the significant stiffness induced by the highly reactive radicals, it is impractical to couple detailed
92  chemical kinetic mechanism with multidimensional CFD model directly, which could be far beyond the
93  current computing capability. So, there is a strong need to reduce chemical kinetic mechanisms which still
94  retain the essential dynamic features of the reaction system in a wide range of IC engine operating conditions.
95  In this paper, the reduced kinetic mechanism of methanol blending with toluene reference fuels is developed
96 by combining the methods of sensitivity analysis and reaction path analysis. Moreover, extensive validated
97  were performed by comparing experimental data of shock tube ignition delay times, flow reactor species
98  profiles, pressure profiles with simulation results.
99 2. Mechanism reduction method
100 2.1 Methodology for sensitivity analysis
101 The sensitivity analysis (SA) method is mainly to analyze the response of the system to small
102  disturbances, and the response value is sensitivity. The sensitivity coefficient can be obtained by solving a
103  set of partial differential equations, and then the importance of each reaction can be determined by comparing
104  the magnitude of each reaction sensitivity coefficient. Removing the less influential reactions is very

105 important to get a preliminary simplified reaction kinetic mechanism.
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Considering the sensitivity of temperature to the rate constant of the elementary reactions is the
temperature sensitivity coefficient, which can be written as[30]:

_koT _oinT

Sr_Ta_kj_alnkj

(1)

Where Sy is the orthogonal temperature sensitivity coefficient, and T is the system temperature, and £;
is the parameter of the jth reaction in the mechanism.

The SA method can greatly simplify the reaction mechanism by effectively analyzing the dependence
among the interrelated reactions and deleting the secondary reactions. However, it has shown that there are
problems in the application process if only uses SA, as the reduced mechanism are unstable, and other
methods are still needed to be adopted for improving its accuracy.

2.2 Methodology for reaction rate analysis

The reaction rate analysis method can analyze the effect of each elementary reaction on the net
production rate of a specific specie. This method is widely used in chain reactions analysis, so that the
reactions experienced the chain propagation process can be quickly obtained. In the calculation, the reaction
rate Pk of the specie K and the influence coefficient of the different elementary reaction on the reaction rate

of the reactant K are calculated by the following formulas (2) and (3), respectively:
|
F=aw = kai q 2
i=1
max(v,; ,0)q;

Zl: max(v,; ,0)¢

i=1

Ch =

)

Where vi; is the chemical equivalent coefficient of the ith elementary reaction, and ¢; represents the
reaction rate of the ith elementary reaction. / is the total number of all elementary reactions that contain
reactant K. The importance of corresponding elementary reaction can be judged according to the ROP
coefficient, which can be obtained by the Chemkin-Pro[31].

3. Develop and verify methanol and TRF blends reduced mechanism
3.1 Build reduced mechanism for methanol

First of all, it is significant to identify main intermediate species, as these species play a crucial role in
chemical reaction process. The constant volume homogeneous batch reactor module in the Chemkin-Pro is
used to calculate temperature sensitivity coefficients at the I condition of ¢=1.0, p=3.1atm and 7=1700K. The
sensitivity coefficient of the first ten reactions that have the greatest influence of temperature is listed in Fig.1
by calculating the temperature sensitivity coefficient, as the sensitivity threshold is set to 0.001. If the
sensitivity coefficient of a reaction is positive, it means that this reaction is more likely to promote combustion

process, and vice versa.
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Fig.1 indicates that the reaction R30:CH30H + HO, = CH,OH + H,O> has the greatest influence on
CH;30H consumption process by H-atom abstraction. In addition, both of reaction R1:H + O, = O + OH and
R17:H,0, (+M) = OH + OH (+M) are sensitive to temperature. As rate of the reaction increases, a large
amount of heat is released when hydrogen peroxide is decomposed to hydroxyl, promoting the ignition
process and reducing the combustion ignition delay time. However, both of the reactions R14: HO,+ OH =
H>0 + Oz and R24:CH30H + H = CH>OH + H> are endothermic, so the temperature sensitivity coefficient is
negative. It is should be noted that hydroxyl radical is converted into a stable H,O molecule via reaction
R69:CH,0+OH<=>HCO+H,0, but this reaction is exothermic releasing lots of heat to promote ignition.
Therefore, species appearing in the above top ten most sensitivity reactions are determined as main

components, including CH3;OH, H, OH, HO,, O,, CH,OH, CH;30, CHx(S), and CH,O, H,O, HCO, H>0,.

R69:CH,0+OH<=>HCO+H0 - T=1700K
R52:CHO+M<=>CHyO+H+M e
R36:CH;OH+M<=>CHy(S)+H,0+M e
R30:CH3OH+HO,<=>CHyOH+H,0, e
R29:CHyOH+OH<=>CHO+H,0 e
R24:CHyOH+H<=>CH0H+H, [
R23:CHy+OH+(+M)<=>CHzOH(+M) e
R17:H202(+M)<=>OH+OH-+(+M) e
R14:HOy+OH<=>Hy0+0y e

R1:H+0y<=>0+OH s

-0.5 0.0 0.5 1.0 1.5
Sensitivity coefficient

Fig.1. Temperature sensitivities at the time of ignition for methanol

In the next step, it is important to analyze key consumption pathways of these important intermediates
(CH30H, CH>OH, CH30, CHx(S), CH20, HCO) by using the rate of reaction analysis method, thus those
paths that have opposite effects on the ignition delay time can be removed from detailed mechanism. It can
be seen from Fig.2, CH3OH is consumed by the reaction R26:CH30H + O = CH,OH + OH, R28:CH30H +
OH = CH:0OH + H>0O and R24:CH30H + H = CH2OH + H», so methanol mainly generated CH>OH with
small species such as with oxygen atom and hydroxyl radical by H abstraction reaction. However, CH,OH is
further oxidized generating an important intermediate product (CH20) by the reaction R44:CH>OH + O, =
CH;0 + HO:y. In addition to formaldehyde mainly formed by reaction R44, the reaction R52:CH30 + M =
CH20O + H + M is also one of important production pathway. Reactions R67:CH,O + H = HCO + H; and
R71:CH;0 + O,=HCO + HO; are the main consumption pathways of formaldehyde, so CH,O can be further
dehydrogenated to form aldehyde group (HCO). As shown in Fig.2 (d), CH2O is produced by the reaction
R29:CH;0H + OH = CH30 + H,0, and then consumed by the reaction R52 and R57:CH30 + O,= CH»0O +
HO,. CH2(S) is mainly formed by the reaction R99:CH;3; + OH = CH»(S) + H2O and R36:CH3;0H + M =
CHx(S) + H2O + M, and then consumed via R124:CH(S) + M = CHx(T) + M, R118:CHx(S) + H= CH + H»

6



162  and R121:CHx(S) + OH = CH»O + H. It indicates that a small portion of methanol will occur decomposition
163  producing CHx(S) that can form formaldehyde by oxidation reaction. Finally, the H atom is abstracted in the
164  HCO group to form CO, and then CO is oxidized to CO,.
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Fig.2. Reaction rate of some major intermediates in methanol reduced mechanism.
Combining the methods of SA and reaction rate analysis, the above processes were repeated, and
reactions that reaction rate is above le-6 mole/cm3-sec are supposed to be remain in reduced mechanism.
Therefore, a reduced methanol mechanism including 24 species and 57 reactions was obtained, and it primary

oxidation pathways are shown in Fig.3.

CH;OH
+OI1 -«
¢ Y
CH;0O
CH>OH
Y
> CH20
+0,
. Y
HCO |« y > H20:
Y Y
CO OH
Y
CO»

Fig.3. Methanol primary oxidation pathways.
3.2 Validate methanol reduced mechanism
The ignition delay time is defined as the time, at which the products CO and O reach a maximum
concentration. Table 4 gives the simulation conditions for CH3OH/O»/Ar mixture according to the shock tube
experiments of Bowman et al.. It can be seen from Fig.4 that the ignition delay time of methanol is

advanced with the increase of initial temperature. When the equivalence ratio is 0.375 and 0.75, predictions
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that simulated via Chemkin-Pro are in good agreement with experimental data. Nevertheless, when the
equivalent ratio is 1.5, predicted value of the reduced mechanism is slightly lower than experimental data
because part of the species and reactions are removed, causing the pre-exponential factor and the activation
energy changed. However, the constructed reduced mechanism reflects that the ignition delay time decreases
with increasing temperature. It well captures ignition characteristics within the error tolerance during
methanol combustion process.

Table 4. CH30H/O,/Ar mixture shock tube experiments parameters

Mixture ) CH,OH/% 0,/% Ar/% Presure/atm
1 0.75 2.00 4.00 94.00 1.40
2 1.5 1.00 1.00 98.00 3.10
3 0.375 1.00 4.00 95.00 2.95
1000 1000
9=0.75 p=1.5
1004 - 100 4 . )
, / < :
=4 ~
~ : & b
- 104 10
. o = Mexp
m reguced M reduced
10.45 0.50 0.55 0.60 065 l0.45 0.50 0.55 0.60 0.65
1000(1/K) 1000 (1/K)
1000
100 4 . -
3
e .

10

= Mexp
M reduced

T

T
0.45 0.50 0.55 0.60 0.65

10007(1/K)

Fig.4. Comparison of the predicted ignition delay times between the methanol reduced mechanism and

experiments data at various equivalence ratio|14].

The flow reactor experiment essentially compensates for the gap between the static reactor and the shock
tube experiment for good understanding and developing the combustion dynamics. The flow reactor
experiment provides information at the low and medium temperature ranges, typically in the 800-1200K
temperature. The flow reactor is set to a homogeneous condition and is adiabatic. Aronowitz et al., Norton

et al.[32] and Held et al. simulated methanol oxidation in a flow reactor. Table 5 summarizes the

9



201  experimental conditions for the flow reactor. Fig.5 shows important species concentration file and
202  temperature file that calculated by the methanol reduced mechanism. For all cases, prediction of the CH;OH
203  and CO concentration are generally consistent with experimental measurements. As a result, the model is
204  able to well predict major species, while the temperature is a little bit over predicted at the end of combustion,

205  which mainly because the model that we assumed is adiabatic.

206 Table 5. The summation of the experimental conditions for the flow reactor
Case Experiments T/K platm ¢ CH3;0H/%  O2/% No/%
a Aronowitz et al. 1000 1 1.6 0.735 0.6891 98.5759
b Norton et al. 1030 1 1.22 0.943 1.1594 97.8976
c Held et al. 949 2.5 0.83 0.333 0.6018 99.0652
] 1200
oo ] CH,OH Case a 10 0.012 4 m ——CH,OH
0.006
41100 0.010+ {1150
0.005 4 .
S 0.004- 3 -§ 0:0081 T:/
3 {1050 £ é 0.006 | 11100 2
= 0.003 S o o
s 28 :
0.004
= 0.002 - 11000 E 41050 =
0.001 4 0.002
0.000 950 0.000 T T T T T = 1000
0.02 0.04 0.06 0.08 0.10 0.12
207 Time (s)
0.008 1100
0.006 1050
<
& 0.004 1000 2
P 2
2 5
0.002 950
0.000 : : x 900
0.1 0.2 0.3 0.4 0.5
Time (s)
208
209 Fig.5. Comparison of modeling and experimental results for major species concentration of methanol
210 (Signal represents experiments data, and line represents methanol reduced model predictions).
211 3.3 Build reduced mechanism for TRF
212 Based on the semi-detailed mechanism of TRF created by Andrae et al., same methods are used to

213  reduce it like methanol mechanism reduced process. But there is difference between the simplified process

214  of methanol and TRF mechanism, because sensitivity analysis is no longer used to determine important
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components in reaction process. The reactions that sensitivity coefficient greater than thresholds are
screened out directly, since the mechanism of TRF has many components and is more complicated than that
of methanol. Then the reaction rate analysis is used to find out its overall reaction pathway to develop a new
TRF reduced mechanism.

According to the experiments of Andrae, there are 7 different blends ratio of TRF, and it can be seen
in Table 6. In the case 6 and 7, fuels are blended according to liquid volume ratio, and others are mole volume
ratio. Giving different sensitivity thresholds can generate simplified mechanisms with different scales. The
higher the threshold is, the more species will be deleted, thereby giving rise to greater error. However,
fluctuation also occurs during the reduction process that can be seen when equivalence ratio is 0.5, because
the coupling strength among the species is different in mechanism, and the number of reactions and
components are discontinuous functions with the threshold changing. Four reduced TRF mechanisms and its
maximum errors are listed in Table 6, and each of them for 7 cases is validated by simulating ignition delay
time in shock tube model.

Table 6. Four reduced TRF skeleton mechanisms at various thresholds

Threshold Species Reactions Maximum error/%
0.001 125 452 33.6
0.01 107 324 33.8
0.05 98 247 24.9
0.1 91 196 30.4

Considering accuracy and degree of simplify, the reduced mechanism that has 98 species and 247
reactions was regarded as the sub-mechanism of TRF. The most sensitivity coefficients of the top 10 reactions

is shown in Fig.6, at which the threshold is set as 0.05, 7=1023K, p=3.04Mpa and ¢=1.

R743:JGH,<=>IC,H +CH,CHCH,+CH, B 1023
R471:GH3+0,<=>CH,CHO+O ]
R462:GH,+OH<=>CH_+H,0 e
R335:HO,+M<=>OH+OH+M e
R332:0H+HQ<=>H,0+0, ]

rRaz27:H+Q+N,<=>HO+N, [

R317:0+OH<=>Q+H e
R92:GH,OH+C,H,<=>C,H,0+CH, e
R89:C6H50H+OH<=>CeH50+H2(Fj

R81:C6H50+H<=>C6H50H

—_——— T 1

-0.5 0.0 0.5 1.0 1.5
Sensitivity coefficient

Fig.6. Temperature sensitivity analysis at the time of ignition for TRF
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It can be seen from Fig.6 that reaction R335:H,O, + M = OH + OH + M has greatest impact on
combustion temperature, since H>O» decomposes producing lots of OH radicals that will rapidly react with
other free radicals. Therefore, this reaction promotes system temperature rapidly. In addition, R743:JCsHi6=
IC4Hg + CH2,CHCH, + CH3 and R462:C,Hs+ OH = C;H3 + H,O also have high temperature sensitivity. On
the other hand, R327:H + O,+ No=HO;+ N> and R81:CsHs0 + H = C¢HsOH are endothermic reactions, so
increasing their reaction rate can decrease the system temperature. Reaction R332: OH + HO, = H,O + O»
and R89:CsHsOH + OH = CsHsO + H,O compete with other species to consume HO; and OH, suppressing
TRF consumption and making heat release slows down.

The TRF reduced mechanism includes the following parts: toluene mechanism, hydrocarbon small
molecule mechanism, n-heptane skeleton mechanism, isooctane skeleton mechanism. Part of reactions that
have been removed by the sensitivity analysis in the PRF are listed in Table 7, and are added in the final

reduced mechanism.

Table 7 Reactions that are supposed to be remain with its rate coefficients in Arrhenius form A=AT"exp(-

E/R°T)

No. Reactions A n E
R705 CiH16+0<=>CH;5-1+HO, 6.000E43 0.0 52820
R718 C7H140,H+0,<=>0,C;H4,0-H 5.600E42 0.0 0.0
R719 0,C7H140,H<=>HO,C7H30,H 2.000E41 0.0 17010
R720 HO,C7H30,H<=>0C;H,30,H+OH 1.000E-09 0.0 7500
R722 OGH30<=>CH,0+CsH1+CO 2.000E43 0.0 15000
R725 CsHi1<=>CyH4+I*CsH7 7.972E47 -1.44 29876
R730 I*C3H7+H<=>CyHs+CHj3 5.00E+13 0.0 0.0
R731 PCiHo(+M) <=>CoHs+CoHa(+M) 1.06E+13 0.0 27828
R732 PCGHo<=>CyHs+CyH4 2.50E+13 0.0 28800
R734 ACgH7+0O<=>ACgH,00 1.00E+12 0.0 0.0
R735 ACsH;700<=>ACgH;cOOH-B 1.14E+11 0.0 22400
R739 OCsH500H<=>0CsH;50+0H 3.98E+15 0.0 43000

Furthermore, toluene is different from n-heptane and iso-octane, due to its unique benzene ring structure.
The ring should be relieved in reaction process, and it is quiet complicated. The conventional reduced process
may neglect some toluene-specific reaction pathways. Therefore, the rate of production of some species
related to toluene is analyzed when 7=500K, p=2atm, and ¢=0.5. In Fig.7, toluene (CsHsCH3) is mainly
consumed by R4: C¢HsCH3 + OH = C¢HsCH» + H; and R9: CsHsCH3 + O = OC¢H4CH3 + H, then CsHsCH>
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reacts with HO; and O; formed CsHsCHO and CsHsCH>OO via reactions R27: CsHsCH; + HO,= CsHsCH,O
+ OH and R33: C¢HsCH; + O, = C¢HsCH20O. The intermediate species benzene (CsHs) is mainly formed
by the decomposition of OC¢H4CH3 in the reaction R60: OC¢H4CH3 = C6H6 + CO + H, and it is consumed
to phenyl (C¢Hs) and C¢HsO by reaction R68: C¢He + OH = CsHs+H,O and R66: CsHg+ O = CsHsO + H

respectively.
0.005
0000 0.040 Ra
’ 0.035 R3
4 -0.005 o R7
2 @ 0.030- —R27
2]
"~ -0.010 g R25
= “E 0.025 —R3s
2 -0.015 L ——R33
g o 0.0204
& -0.020- £
E = 0.0154
-0.025 | o
s —— S 0.010
S -0.0304 RO g
3 @ 0.005-
@ -0.035- - ﬁ%“ & 0.000
-0.040 ——RS6 ' ~
T T T T T -0.005 T T T T T
50 -40 30 20 -10 0 10 -50 -40 -30 -20 -10 0 10
Crack angle(°CA) Crack angle(°CA)
(a) C6H5CH3 (b) C6H5CH2
0.06
0.0104
0.04 |
2 0.005 4
T 002 3
@ ® 0.000
rv% 0.00 =
N o
3 g -0.005+
& bt
¥ 002 <
5 = -0.010
5 ——R60 2
S 504l B —R35
5 0.04 R66 8 -0.015 ——R46
8 ——Re68 x ——RT78
@ 0,06 ——R77 -0.0201 ——R68
T T T T T T T T T
-50 -40 -30 20 -10 0 10 -50 -40 -30 -20 -10 0
Crack angle(°CA) Crack angle(°CA)
(C) CsHe (d) CsHs
0.08 —_— 0.0003 |
—R78
——R66 o ——R80
< 0.06+ —R81 @ 0.0002 4 —— R147
b —R89 > ——R148
2 ——R88 = —
e 0.04 —Ro1 S 0.0001 1 R151
L —R93 S
2 —R90 £
0.02 ® 0.0000
g <
g c
i O 4
.5 0.00 2 0.0001
8 3
O -0.02 X -0.0002 4
@
-0.04 . r r T T -0.0003 T T T T T
-50 -40 -30 20 -10 0 10 -50 -40 -30 -20 -10 0 10
Crack angle(°CA) Crack angle(°CA)
(e) C6H50 (f) CSHS

Fig.7. Reaction rate of some major intermediates in TRF final reduced mechanism.
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The TRF reduced mechanism, combining simplified toluene sub-mechanism, the PRF skeleton
mechanism and the hydrocarbon small molecule mechanism, can be obtained after sensitivity analysis and
reaction rate analysis, including 98 species and 264 elementary reactions.

3.4 Validate TRF reduced mechanism

The ignition delay time verification for TRF under 7 different fuel blends cases[20] is performed, and it
can be seen in Table 8. In case 6 and 7, fuels are blended as liquid volume ratio, while others are mole volume
ratio. Fig.8-10 present the comparison of predicted ignition delay times and experimental data[33,34,35] in
shock tube accordingly.

Table 8. The initial conditions of shock tube experiments for TRF fuel.

Situation 0 C7Hie/% CsHis/% CeHsCH:/% p/Mpa
1 1.0 100 0 0 4.0
2 1.0 0 100 0 4.0
3 1.0 20 80 0 4.0
4 1.0 0 0 100 3.04
5 1.0 0 0 100 5.07
6 1.0 17 63 20 3.04
7 1.0 17 63 20 5.07

In Fig.g, the ignition delay times show clearly negative temperature coefficient (NTC) behavior for case
1, 2 and 3, and the predictions are well agreed with experimental Value. It can also explain the low
temperature response characteristics of TRF when temperature ranges from 850K to 1200K. As temperature
is above 1000 K, there is no significant difference of ignition delay time among these mixtures. Besides, it is
easy to see that the ignition delay time is advanced as octane number decreasing of a stoichiometric fuel/air
mixture. The n-heptane octane number is 0 and the isooctane is 100. Overall, the dependence of ignition

delay time on octane is excellently consistent with the shock tube presentation.

104 ¢=1.0,in air
p=4.0MPa

0
1S
~
[
® n-heptane exp
0.1+ M+TRF reduced
- ®  iso-octane exp
M+TRF reduced
» PRF80 exp
M+TRF reduced
0.01 T T T T T T
0.8 0.9 1.0 1.1 1.2 13 1.4 15

1000M(1/K)
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Fig.8. Ignition delay time of TRF for situation 1-3 (Signal represents experiments data, and line
represents predictions).
Fig.9 indicates that the TRF reduced mechanism can capture the tendency of ignition delay time with
temperature at 3.04 MPa and 5.07Mpa operating conditions. It also can be found that the ignition delay
time predictions agree well with experimental data in Fig.10. Besides, the ignition delay time decreases

with increasing pressure.

Toluene/air
»=1.0

n
S
~
[
° e 3.04MPa exp
M+TRF reduced
m 5.07MPaexp
" M+TRF reduced
0.1 T T T T
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Fig.9. Ignition delay time of TRF for situation 4 and 5. (Signal represents experiments data, and

line represents predictions)

iso-octane/Toluene/n-heptan®3/20/17%
(liquid volume ratio)
¢=1.0, air condition

(2]
1S
~
[
* 3.04MPaexp
M+TRF reduced
4 5.07MPaexp
M+TRF reduced
01 T T T T T T
0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20

10007T(1/K)
Fig.10 Ignition delay time of TRF for situation 6 and 7. (Signal represents experiments data, and
line represents predictions)

TRF is adopted in engines widely, so internal cylinder pressure can be used to vilify the accuracy of
TRF reduced mechanism in HCCI by using the zero-dimensional single-zone engine module in Chemkin-
Pro. Assuming that the combustion process is adiabatic, ignoring gas loss from the intake and exhaust.
Moreover, n-heptane / isooctane / toluene liquid volume ratio is 17/69/14, and engine speed is 1200rpm, and

compression ratio is 14.04, as shown in Table 9.

Table 9. Operating conditions in HCCI engine [36]
Situation ) p/Mpa /K n/rpm
1 0.25 0.1 523 1200
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2 0.25 0.2 353 1200

300 Fig.11 shows the comparison of cylinder pressure between the simulation of TRF reduced and detailed
301  mechanism at Andrae et al. experimental conditions . In Fig.11, the predictions of peak pressure for both
302  mechanisms show great agreement, presenting great prediction of ignition process in HCCI for TRF reduced

303  mechanism.

304
50 70
v s
S 5 40 4
a D:—_ 304
M+TRF detailed 204 M+TRF detailed
- — M+TRF reduced - = M+TRF reduced
0 - - - - 10 r : : :
-30 -20 -10 0 10 20 30 .20 -10 0 10 20
Crank angle (°CA °
305 gle (°CA) Crank angle (°CA)
306 Fig.11. Comparison of cylinder pressure between the simulation of TRF reduced mechanism and its
307 detailed mechanism.
308 3.5 Validate methanol blending with TRF fuel reduced mechanism
309 Coupling methanol and TRF reduced mechanisms that have been validated in above section, a new

310  reduced of mechanism for methanol blending with TRF fuel can be proposed that including 100 species and
311 290 elementary reactions. After that extensive validation should be performed, so ignition delay time for
312  methanol and TRF are supposed to be validated separately by comparing the simulation of the methanol and
313  TRF blends reduced mechanism with experiments data, and the methanol shock tube experimental conditions
314  can be found in Table 4.

315 It can be seen from the Fig.12 that the ignition delay time of methanol is advanced with the increase of
316  temperature when equivalence ratio from 0.375 to 1.5. Although the prediction is slightly lower than
317  experimental value , it still can be regarded that the constructed mixed reduced kinetic model can well
318  predict methanol ignition delay time at the range of 1500-2100K.
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Fig.12. Comparison of the predicted ignition delay times between the mixed reduced mechanism and
experiments data at various equivalence ratio|14].
Initial simulation conditions of mixed reduced mechanism in shock tube can be found in Table 8. In
Figure 13, the comparison of M+TRF reduced mechanism and TRF detailed mechanism is presented at the
condition of 30atm and stoichiometric. A great agreement shows that reduced model can as good as detailed

mechanism predict ignition delay time at wide conditions. It can also be seen from the Fig.14 that ignition

delay times of the mixed reduced mechanism are in good agreement with experimental value [33|34}35].

Besides, the Fig.15 shows a comparison between the results of methanol-TRF reduced mechanism
calculations and the experimental results of the shock tube measurements for toluene by Davidson et al. [30].
Clearly, there is good agreement between the experimental data and the calculated data under the pressure of
3.04 MPa and 5.07 MPa, especially under relatively high temperature conditions. Overall, the mixed reduced
mechanism not only well captures the ignition characteristics at all pressure and temperature ranges, but also
can demonstrate the phenomenon that ignition delay time is advanced as the octane number decreases of a

stoichiometric fuel/air mixture.
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mechanism and experiments data at different pressures[30].

Then, those important species in mixed reduced mechanism should be validated by comparing the

simulation of methanol and TRF blends reduced mechanism with experiments data

16

32

15

. Conditions for

the flow reactor simulation are shown in Table 5. Fig.16 shows that species concentration profile and

temperature profile of the mixed reduced mechanism are generally consistent with measurements in flow

reactor. When equivalence ratio ranges from 0.375 to 1.5, the predicted peak value of CH30H, CO, O, and

H>O are close to experimental data. Therefore, the methanol and TRF blends reduced chemical kinetic model

can be used to predict concentration variation of some important species in combustion process.
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Fig.16. Comparison of modeling and experimental results for species concentration (Signal represents

experiments data|16}32]15], and line represents methanol and TRF reduced model predictions).

4. The effect of methanol on TRF performance

In order to study the effect of methanol on TRF combustion and emission performance, we blend
different ratio of methanol in TRF. The liquid volume ratio of the methanol in blends fuel is shown in Table
10.

Fig.17 shows the heat release rate for different volume fractions of methanol in TRF fuel. The simulated
HCCI engine conditions are shown in Table 9. Start timing of exothermic is advanced with the blending ratio
of methanol fuel increasing, because methanol is a high-octane fuel and contains oxygen atom that can
promote combustion complete. In addition, combustion duration decreases, while the peak of exothermic rate
and total heat release increase gradually, since the addition of methanol inhibits the secondary oxidation
reaction of other fuel components.

Table 10 The liquid volume ratio of methanol in blends fuel

Number CsHis C7His6 CsHsCH; CH;OH
MO 0.420 0.150 0.430 0
M10 0.387 0.135 0.378 0.1
M20 0.344 0.120 0.336 0.2
M30 0.301 0.105 0.294 0.3
M40 0.258 0.090 0.252 0.4
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Fig.18. The effect of methanol volume fraction on CH>O emissions.

Figure 18 shows the effect of methanol volume fraction on CH>O emissions with 7=1400 K, p=5.07
MPa, and ¢=1.0. It can be seen from Fig. 16 that as the proportion of methanol increases, the CH,O mole
fraction gradually goes up accordingly. When blending 20% methanol in TRF, the emission of formaldehyde
is doubled compared to the TRF. This is a good explanation why methanol blending ratio in gasoline is
generally 5%, 10% and 15%, as its purpose is to control the emission deterioration of formaldehyde.

5. Conclusions

(1) A new reduced chemical kinetics mechanism for the four components alternative fuel (methanol,
n-heptane, isooctane and toluene) including 100 species and 290 reactions was developed based on the SA
and reaction pathway analysis methods, which was verified by shock tube, flow reactor and HCCI engine.
The results show great agreement with experimental data and present the dependence of ignition delays on
octane value.

(2) The main intermediates of methanol oxidation were determined by sensitivity analysis method, and

then the reaction kinetics analysis method was used to understand and select key consumption pathways of
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important intermediates. A reduced methanol mechanism was constructed, consisting 24 species and 57
reactions, and it was verified by shock tube and flow reactor model.

(3) Using the temperature sensitivity analysis, four preliminary simplified kinetic models of TRF with
different components and reactions was obtained. The simplified mechanism was selected when the threshold
is 0.05, including 98 components and 247 reactions. Then, using the reaction rate analysis to integrate the
whole mechanism, the final vision of TRF reduced mechanism was built, including 98 components and 264
reactions, and it is successfully verified via shock tube and HCCI engine model.

(4) The methanol simplification mechanism was added to the TRF simplification mechanism, and a
four-component mixed simplification kinetic mechanism consisting of 100 components and 290 elementary
reactions was constructed

(5) The effects of different methanol blending ratios on TRF combustion characteristics and emissions
were investigated using a simplified four-component mixing mechanism. The results show that methanol
inhibits the secondary oxidation process of TRF components. As the methanol volume fraction increasing,
the exothermic start time is advanced, and the exothermic rate peak and total heat release increase. However,
the burning duration is reduced. Therefore, exothermic peak and ignition timing can be controlled by
changing the ratio of fuel components.

(6)The molar fraction of CH,O increases with the increase of methanol concentration. When the
concentration of methanol in TRF reaches 20%, formaldehyde emission is doubled compared with original
toluene reference fuel.
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