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In the present work, renewable oxygenates 2,5-dimethylfuran (DMF) and dimethyl ether (DME) are considered as
alternatives to fossil fuels for gasoline engines. The effects of blending DMF and DME on the combustion of
gasoline surrogate are numerically studied. The gasoline surrogate is toluene primary reference fuel (TPRF)
mixtures containing iso-octane, n-heptane, and toluene. Two skeletal mechanisms are proposed for the analysis:
mechanism A with 504 species and 4212 reactions and mechanism B with 153 species and 740 reactions. These
mechanisms are validated against a wide range of experimental data on ignition delay times and 1-D flames. The
main findings of the present work are: 1) The ignition inhibiting effect of DMF dominates over the promoting
effect of DME at 750 K and 25 bar when the total mole fraction of DMF and DME is less than 20 %. On the
contrary, DME augments ignition with greater strength than the inhibition effect of DMF at 825 K and 25 bar.
These observations are made for equimolar mixture of DMF and DME blended with TPRF in varying proportions.
2) The laminar burning velocity change stays within 10% of TPRF-air values for 50% TPRF/25%DMF/25%DME-
air mixture for 0.6 < ¢ < 1. 6. 3) DME mitigates additional soot emission caused by DMF blending with TPRF. 4)
For the first time in literature, it is shown that the laminar burning velocity and the maximum slope of OH mole
fraction in the stoichiometric flames vary linearly with the research octane number (RON) for TPRF-air mixtures.

1. Introduction

The essential role of internal combustion engines in transportation
sector together with increasing concerns about anthropogenic carbon
emissions make the engine and fuel development a great challenge [1].
Some of the conventional methods to improve the performance of gas-
oline engines include downsizing (through turbocharging and elevated
compression ratio) and using exhaust gas recirculation. Moreover, the
use of fossil based gasoline must be alleviated by a gradual shift towards
renewable fuels for decoupling the transportation sector from green-
house gas emissions [2]. To achieve this dual objective of engine effi-
ciency improvement and the augmentation of renewable fuel utilization,
clear understanding of the combustion of gasoline blended with novel
biofuels is required.

Gasoline is primarily a mixture of six (paraffins, isoparaffins, olefins,
naphthenes, aromatics, and oxygenates) classes of chemical compounds
[3]. Therefore, modeling the gasoline combustion process accurately is a
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complicated task. Simplistic surrogate blends are required to understand
the phenomena inside the engine cylinder while keeping the computa-
tional cost acceptable [4]. The simplest and popularly used gasoline
surrogates are the binary mixtures of iso-octane and n-heptane, denoted
as primary reference fuels (PRF) where the amount of iso-octane is
proportional to the octane number of the gasoline. However, the octane
numbers of gasoline are represented by the Research and Motor Octane
Numbers (RON and MON). This necessitates the addition of an aromatic
compound (like toluene) to the PRF blend so that the octane sensitivity
(OS = RON - MON) is non-zero [5]. It has recently been observed that
the presence of olefin (diisobutylene) in TPRF blend increases the
reactivity by a small but significant amount at temperatures higher than
900 K [6]. This fact enables better prediction of in-cylinder conditions
for homogeneous charge compression ignition (HCCI) [6] and turbulent
jet ignition (TJI) engines [7]. However, the toluene primary reference
fuel (TPRF) (Fig. 1) emulates the aromatic, n-paraffinic, and iso-paraf-
finic content in real gasolines, and these three classes encompass more
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Fig. 1. Fuel molecules and the advantages of DMF and DME considered in the present work.

Table 1
Some detailed and skeletal mechanisms of gasoline surrogate, DMF, and DME in
literature.

Type Reference No. of No. of Initial
Species Reactions Mechanism

Gasoline Surrogates

Detailed Curran et al. [41] 990 4060 -
LLNL [42,43] 1389 9603 -
CRECK [20] 621 27,369 -
Andrae [44] 1121 4961 -
Puduppakkam et al. 1833 8764 -
[45]
Skeletal Cai and Pitsch [46] 339 2791 Curran et al.
[41]
Mehl et al. [47] 312 1500 LLNL [42,43]
Givler et al. [48] 110-123 488-502 LLNL [42,43]
Reduced Wolk and Chen [49] 96 92 LLNL [42,43]
Chen et al. [50] 107 102 LLNL [42,43]
DMF
Detailed Sirjean et al. [22] 294 1456 -
BL [23-25] 305 1472 -
Somers et al. [26] 545 2768 -
DME
Detailed Dagaut et al. [51] 55 331 -
Curran et al. [52] 78 336 -
Zhao et al. [33] 55 290 -
Skeletal Bhagatwala et al. 39 175 Zhao et al.

[32] [33]

than 90% of the constituents in real fuel [8]. Therefore, TPRF blends are
the most common gasoline surrogates in literature for combustion
chemistry studies [4].

In the context of renewable fuels, the use of 2,5-dimethylfuran (DMF)
(Fig. 1) as a biomass derived alternative to gasoline has gained increased
attention ever since a possible route of its mass production from fructose
(a carbohydrate obtained directly from biomass or through the isom-
erization of glucose) was reported by Roman-Leshkov et al. [9]. It has
recently been mentioned by Qian et al. [10] that DMF has a high
research octane number (RON = 101.3). Therefore, the knocking pro-
pensity measurements conducted by Rothamer et al. [11] revealed
augmentation in knock resistance for gasoline/DMF blend compared to
pure gasoline case. Due to high octane number and insolubility with
water, DMF has recently been considered among the top ten biofuel
candidates for SI engines [12]. On the other hand, dimethyl ether (DME)
is a second-generation biofuel that can also be produced from ligno-
cellulosic biomass. Moreover, DME (Fig. 1) is a non-toxic ether

compound that can be stored in a simpler manner compared to other
gaseous biofuels due to its ability to liquify at pressures above 5 bar. To
exploit these benefits, Shi et al. [13-15] recently published a series of
experimental works on the application of DME in gasoline engines.
Similarly, Ji et al. [16] reported that the thermal efficiency increases
while NOy and unburnt hydrocarbon (HC) emissions decrease with the
addition of DME in a spark ignition (SI) engine run on gasoline. How-
ever, the ratio of DME to be blended with gasoline is restricted to small
values due to its high cetane number [16].

The simulation of gasoline combustion and other novel biofuels
necessitate the development of chemical kinetic mechanisms [4]. Some
of the well accepted detailed models on gasoline surrogates are listed in
Table 1. However, as pointed out by Lu and Law [17], the overall
computational cost of a typical transient computational fluid dynamics
(CFD) simulation involving combustion kinetics is a cubic function of
the number of species in the mechanism. This fact renders the use of
detailed chemical kinetic models infeasible for most internal combustion
engine simulations involving CFD. Therefore, skeletal mechanisms that
are applicable in a specific parametric range due to their reduced size
[18] are constructed. Some of the recently developed skeletal gasoline
surrogate mechanisms are mentioned in Table 1 as well. Apart from the
mechanisms listed in Table 1, Bhattacharya et al. [19] recently devel-
oped a skeletal chemical kinetic mechanism with only 108 species and
1605 reactions for 6 component gasoline surrogates. In this work, the
detailed mechanism from CRECK Modeling Group at Politecnico di
Milano [20] was reduced using the directed relation graph with error
propagation (DRGEP) method [21].

For DMF combustion, there are currently three detailed models
[22-26] available in the literature (Table 1). Recently, Weber et al. [27]
have studied the pyrolysis of DMF using a modified version of the Bie-
lefeld University and Université de Lorraine (BL) model [23-25].
Furthermore, these detailed mechanisms [22-26] have been utilized to
propose many recent mechanisms for gasoline/DMF blends. For
example, Eldeeb and Akih-Kumgeh [19] proposed a detailed chemical
kinetic mechanism for iso-octane/DMF blends. Bhattacharya et al. [28]
and Liu et al. [29] published skeletal mechanisms for DMF blends with
iso-octane and TPRF respectively. These skeletal models [19,29] are
based on the detailed mechanism of Somers et al. [26]. On a similar
note, the BL model [23-25] has also been augmented with the polycyclic
aromatic hydrocarbon (PAH) [30] and TPRF sub-models [31].

Finally, some of the eminent chemical kinetic mechanisms for DME
combustion are mentioned in Table 1. As shown in the table, Bhagatwala
et al. [32] have reduced the Zhao et al. [33] model into a skeletal version
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Fig. 2. Schematic explanation of mechanism formation process.

using directed relation graph (DRG) [34] and DRG-aided sensitivity
analysis (DRGASA) [35,36]. Recently, there has been some works on the
development of chemical kinetic models of fuel blends involving DME.
For example, Burke et al. [37] recently proposed a detailed mechanism
for methane/DME blend. This model [37] was based on the C; — Cy
hydrocarbon chemistry from Metcalfe et al. [38]. Subsequently, the
Burke et al. [37] mechanism was adopted by Dames et al. [39] for the
formulation of a kinetic model containing propane and DME. Zeng et al.
[40] proposed a skeletal mechanism for iso-octane/DME mixtures with
379 species and 1931 reactions. It has been shown in this work [40] that
DME has the potential to reduce soot emission from premixed iso-octane-
oxidizer flames.

It is clear from the above literature review that there is a plethora of
mechanisms for gasoline surrogates. Moreover, considerable amount of
work has been done on the combustion kinetics of binary blends
involving gasoline/DMF [28,29,53] and gasoline/DME [40]. Despite
DME being a viable biofuel candidate for gasoline engines, the chemical
kinetic effects of blending DME to gasoline/DMF blend have not been
explored yet. In such a blend, the potential loss in octane rating due to
DME blending may be compensated by the presence of DMF. The gas-
oline surrogates involving iso-octane, n-heptane, and toluene have been

considered in the present work. It has been mentioned by Sarathy et al
[4] that the TPRF surrogates can successfully capture the autoignition
and laminar burning characteristics of a wide variety of gasoline fuels.
The objectives of the present work are,

1. Formulation and validation of chemical kinetic mechanisms for
TPRF/DMF/DME blends in the SI engine context

2. Analysis of the variation of ignition delay time and laminar burning
velocity due to DMF and DME blending in TPRF

3. Chemical kinetic analysis of soot formation in 1-D flames involving
TPRF/DMF/DME blends

4. Investigation of the chemical kinetics of TPRF surrogate mixtures in
1-D flames and its implication on octane rating

2. Mechanism formulation methodology

This section describes the procedures adopted in the present work for
the formulation of chemical kinetic schemes suitable for the analysis of
premixed flames involving TPRF/DMF/DME blends. The mechanism
formation process adopted in this work is summarized in Fig. 2 (a-b).
First, a semi-detailed mechanism containing 504 species and 4212
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Table 2
Conditions used in the formation process of mechanism A.

Reduction 1

Tool: PYMARS

Isochoric batch reactor simulations for iso-octane, n-heptane, toluene, DMF, and
DME-air mixtures

Conditions:

DRGEP

Pressure: 10 bar

Temperaturers: 650 K, 750 K, 850 K, 1000 K, 1100 K

p=1

Target:

Species profiles: OH, H, H,0,, HO,, iso-octane, n-heptane, toluene, DMF, and DME
Allowed error on target: 5 %

Reduction 2

Tool: PYMARS
Isochoric batch reactor simulations for iso-octane, n-heptane, toluene, DMF, and
DME-air mixtures

Conditions:

DRGEP

Pressure: 10 bar

Temperaturers: 650 K, 750 K, 850 K, 1000 K, 1100 K
=1

Target: Species profiles: OH, H, H,0,, HO,

Allowed error on target: 10 %

reactions (namely mechanism A) has been formulated (Fig. 2 (a)).
However, this mechanism is computationally expensive due to its large
size. Therefore in the second step, another skeletal mechanism with 153
species and 740 reactions (namely mechanism B) has been prepared as
the final step of the mechanism development process (Fig. 2 (b)).

As seen from Table 1, the LLNL detailed gasoline surrogate model
[42] is well accepted and is the basis for numerous skeletal mechanisms
published recently. Therefore, the starting point for the gasoline surro-
gate combustion chemistry has been chosen to be the semi-detailed
LLNL mechanism for gasoline surrogate [42] containing 679 species
and 5627 reactions. This mechanism was reduced from the detailed one
containing 1389 species and 9603 reactions. The methods described in
[17] targeting iso-octane, n-heptane, toluene, 2-pentene, and ethanol as
pure components and their mixtures were used for the reduction
process.

As shown in Fig. 2 (a), the DME sub-model from Zhang et al. [54] and
the sub-model for DMF from Somers et al. [26] have been merged into
the gasoline surrogate mechanism to obtain a detailed tri-fuel mecha-
nism with 1244 species and 7584 reactions. After the formation of the
detailed tri-fuel mechanism, the discontinuities in the species thermo-
dynamic properties (i.e. the NASA polynomial coefficients for heat ca-
pacity, enthalpy, and entropy) have been removed using the open-
source tool LLNL Mech Checker (https://combustiontools.llnl.gov/).
Following the fixing of discontinuous thermodynamic data, a two-step
strategy has been adopted for the reduction of this detailed tri-fuel
mechanism. The python based open-source automatic mechanism
reduction tool pyMARS [55] has been implemented in this work.
Transient species profiles from the isochoric batch reactor simulations
have been used as targets for the reductions.

The details of the parametric conditions adopted in pyMARS for
mechanism reduction process are given in Table 2. In the initial phase of
reduction, stoichiometric fuel-air mixtures involving iso-octane, n-hep-
tane, toluene, DMF, and DME have been considered at 10 bar pressure
and temperature range 650-1100 K. This temperature range ensures the
coverage of both low and high temperature chemical kinetic domains.
The primary objective behind this initial reduction phase is to exclude
the higher molecular weight species that are specific to the fuel
decomposition. Therefore, the target parameters are chosen to be the
transient profiles of the fuel species along with the intermediates like H,
OH, H,05, and HO, with a narrow error margin of 5%. The DRGEP
reduction algorithm [21] has been used. In DRGEP, redundant species

Fuel 304 (2021) 121401

are identified iteratively until a user specified error limit is reached
between the predicted and the target parameters. As seen from Fig. 2 (a),
this reduction phase resulted in a skeletal mechanism for TPRF/DMEF/
DME blend with 927 species and 6978 reactions.

The second phase of reduction process starts with the mechanism
containing 927 species and 6978 reactions as input (Fig. 2 (a)). Similar
to the earlier phase, the reduction algorithm used in this phase is DRGEP
[24]. Moreover, as seen from Table 2, the input fuel-air mixtures,
pressure, and temperature range are same as the earlier phase. However,
the main objective behind this reduction process is the exclusion of
smaller intermediates that are of minor importance towards the calcu-
lation of ignition delay time. Therefore, the second phase has fewer
target parameters, i.e. the transient profiles of the intermediates H, OH,
H30,, and HO,. The error limit has been increased to 10% for this phase.
This reduction operation resulted in the formation of the mechanism
containing 504 species and 4212 reactions (mechanism A). This mech-
anism (available in supplementary material) has been validated and
adopted for 0-D batch reactor simulations in the present work.

Any further reduction in mechanism A resulted in large errors in
target parameters. Therefore, another skeletal mechanism has been
formed in the present work. A description of this mechanism formula-
tion approach can be seen in Fig. 2 (b). As seen from the figure, the
starting point for this skeletal mechanism development process has been
chosen to be the TPRF/DMF/PAH mechanism by Liu et al. [29] con-
taining 136 species and 617 reactions. It is important to note in this
regard that this mechanism [29] contains many sub-mechanisms of the
relevant fuel and pollutant species,

1) The PRF and toluene sub-mechanisms [56,57] belong to skeletally
reduced versions of the detailed LLNL mechanism [42].

2) The PAH sub-mechanism [58]—containing up to four aromatic rings,
i.e. pyrene (A4)—has been reduced from the detailed mechanism
proposed by Slavinskaya et al. [59].

3) The DMF sub-mechanism [29] has been skeletally reduced from the
detailed mechanism of Somers et al. [26].

It may be seen from the work of Wang et al. [56,57] that the PRF sub-
mechanism has been validated against a wide range of experimental
data on laminar flames, shock tube species profiles, well stirred reactor,
ignition delay times—at low, intermediate, and high temperature
region—and pressure-time histories in HCCI engine. Similar experi-
mental data have been used for the validation of the DMF sub-
mechanism [29] as well. Moreover, Liu et al. [29] have validated the
prediction of soot precursors (like acetylene (CoHs) and benzene (CgHg))
by their TPRF/DMF/PAH mechanism for the pyrolysis and oxidation of
DMF.

First, the extension of TPRF/DMF/PAH mechanism [29] has been
done by adding the DME breakup pathway from the skeletal mechanism
of Bhagatwala et al. [32]. The DME breakup pathway adopted in the
present study contains 56 reactions among 16 species. A list containing
these reactions is provided in Table S1 of the supplementary material. It
may be seen from Table S1 that the DME breakup pathway primarily
involves reactions that are part of the Hy/C; core chemistry. Further-
more, the strong dependence of laminar burning velocity (Sp) of hy-
drocarbon fuels on the Hy/C; core chemistry is a well-known fact [4].

Next, the repercussions of the addition of DME chemistry to the
TPRF/DMF/PAH mechanism has been assessed through the evaluation
and comparison of laminar burning velocity values for individual fuel
components, i.e. iso-octane, n-heptane, toluene, and DMF with experi-
mental data from literature. It was found that the addition of DME
chemistry had little influence on the laminar burning velocity of iso-
octane, n-heptane, and DMF. However, the laminar burning velocity of
toluene-air mixtures was found to be severely affected by the added Hy/
C; core chemistry in the DME mechanism. It has recently been explained
by Yang et al. [60] that the toluene combustion mechanism is more
sensitive —than alkanes—to the Hy/C; core chemistry because (a) the
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Fig. 3. Comparison of performance of mechanism A (bold lines) and mechanism B (dotted lines) in predicting the experimental data (symbols) on ignition delay time
(IDT) from (a) Minetti et al. [68] and Oehlschlaeger et al. [69], (b) AlAbbad et al. [73] and Di et al. [74] (inset), (c) Javed et al. [75], (d) Zhang et al. [76] and Lu
et al. [77], (e) Eldeeb and Kumgeh [53] and Sirjean et al. [22], and (f) Eldeeb and Kumgeh [53] and Gao et al. [78]. Filled symbols represent data from RCM and

hollow symbols represent data from ST at stoichiometric condition.

decomposition of its aromatic structure involves more complicated
chemical network and (b) the high-temperature mechanism has a
greater influence on the fundamental combustion parameters like igni-
tion delay time and laminar burning velocity.

An example of the deviation of the merged mechanism predictions
from the experimental data is shown in Fig. S1 of the supplementary
material for unburnt gas temperature of 298 K at atmospheric pressure.
The experimental data shown in Fig. S1 has been taken from Dirren-
berger et al. [61] and Hirasawa et al. [62]. It may be seen from the figure
that the merged mechanism (a) underpredicts the experimental data
from Dirrenberger et al. [61] for ¢ < 1.1 and (b) overpredicts the

experimental data from Hirasawa et al. [62] for ¢ > 1.1. The equiva-
lence ratio corresponding to the peak laminar burning velocity is also
shifted to ¢ = 1.2. It can be noted here that Dirrenberger et al. [61] used
the heat flux burner method and Hirasawa et al. [62] adopted the
counter flow burner for the measurement of laminar burning velocity.
Moreover, the heat flux burner method is the most accurate one for the
determination of laminar burning velocity at low pressures [63].

To improve the model predictions with respect to the experimental
data, a part of the toluene breakup pathway of the initially merged
mechanism has been replaced by the same from Andrae et al. [64] (Fig. 2
(b)). This action is motivated by the fact that the preservation of
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compactness of the mechanism necessitates increased focus on the
validation of fundamental combustion characteristics like laminar
burning velocity and ignition delay time [60,65]. It may be mentioned in
this context that the skeletal mechanism from Andrae et al. [64] has
been validated at a wide range of pressures and temperatures against the
experimental data on laminar burning velocity and ignition delay time
of TPRF-oxidizer mixtures. A list containing the added set of reactions
from Andrae et al. [64] is provided in Table S2 of the supplementary
material.

After the addition of the toluene breakup reactions, sensitivity
analysis has been performed on the laminar burning velocity of toluene-
air mixture (Fig. 2 (b)). During the sensitivity analysis, the normalized
sensitivity coefficient for a particular reaction ’i’ in a chemical mecha-
nism with specific forward reaction rate k; has been defined as
(ki/SL)(0SL/0k;). This way, the most important reactions towards the
prediction of laminar burning velocity can be identified. As per the
suggestions from the sensitivity analysis results, the Arrhenius param-
eters of the H abstraction reaction C¢HsCHs + H = C¢HsCH, + Hj has
been adopted from Rao and Skinner [66]. It may be seen from Fig. S1
that the final version of the mechanism—denoted as “mechanism
B”—performs well in predicting the experimental data from Dirren-
berger et al. [61]. This mechanism contains 153 species and 740 re-
actions and is provided as supplementary material.

3. Validation of the mechanisms
3.1. Ignition delay time of TPRF/DMF/DME blends

After the formulation of the mechanisms (A and B), the next step is to
validate them against the experimental data from literature. A wide
range of dataset on ignition delay times (IDTs) of various fuel-oxidizer
mixtures has been used for that purpose initially (Fig. 3 (a-f)). The de-
tails about the fuel-oxidizer compositions, pressure, and temperature
range of the experimental data used in Fig. 3 (a-f) can be found in
Table A1l (Appendix A). It is evident from the table that the experimental
data include both shock tube (ST) and rapid compression machine
(RCM) results. All the simulations of the IDTs in Fig. 3 have been per-
formed using the adiabatic constant volume batch reactor model in
Cantera 2.4.0 [67] using the Python interface.

Fig. 3 (a) shows the validation of mechanism A and B against the
experimental data [68,69] on IDT of stoichiometric iso-octane-air
mixture at 10 bar. It is evident from the figure that the IDT is well
predicted by both mechanism A and B in the higher temperature range
where the IDT decreases with the increase in temperature. It may be
observed from Fig. 3(a) that the IDT increases when temperature is
increased in the range 700-800 K. This variation is contrary to the
general decreasing trend of IDT with increase in temperature below 700
K (low temperature) and above 800 K (high temperature) region. Such
observations at intermediate temperature ranges are common for high
molecular weight paraffin oxidation processes and are termed in the
literature as the negative temperature coefficient (NTC) behavior. While
the high temperature oxidation of alkanes rapidly proceeds through the
p-scission decomposition of the alkyl radicals (R), the low temperature
pathway is more complex and proceeds through R+0O3 — RO3 <+ QOOH
+ 02 - 02QO0H < HO2QOOH — RO + OH + OH [70]. In the inter-
mediate temperature range, the formation of RO5 is not favored. Instead,
hydroperoxyl radicals (HO3) and alkenes are formed through the R+0,
reaction. These HO, radicals further react with the alkanes to produce
H30,. These intermediate species (alkene, HO,, H203) decelerate the
global rate of oxidation and produce the NTC region due to their stable
nature [71,72].

As observed from Fig. 3 (a), the NTC behavior of stoichiometric iso-
octane-air mixture is accurately predicted by mechanism A. On the other
hand, mechanism B predicts a mild occurrence of NTC. The cause of this
mild prediction may be attributed to the absence of QOOH, RO, and
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alkene (CgHje) species generated from iso-octane molecule in mecha-
nism B. It may be noted here that the iso-octane sub-mechanism in
mechanism B has been adopted from the skeletal mechanism of Wang
et al. [56] where QOOH, RO, and alkene (CgHjs) species have been
excluded to achieve a mechanism suitable for 3-D CFD applications. On
a similar note, the formation and consumption paths of QOOH, RO, and
CgH; have not been included in mechanism B to preserve its brevity in
the present work.

For further validation of the mechanisms (A and B), the IDT of
stoichiometric PRF 70-air mixture at 10 and 20 bar pressure is shown in
Fig. 3 (b). The experimental data are taken from AlAbbad et al. [73]. It
may be seen from the figure that the IDT is well predicted by both
mechanisms (A and B) in the higher temperature range for 10 and 20 bar
pressure. Mechanism B predicts a marginally quicker ignition compared
to mechanism A which is closer to the experimental data. Moreover,
mechanism A successfully predicts the NTC behavior at 20 bar in Fig. 3
(b). Similar observations can be made from Fig. Bl in Appendix B for
PRF 80-air mixture as well. As shown in Table A1, the experimental data
[73] have been obtained using a high-pressure shock tube (HPST) fa-
cility. At low and intermediate temperature range near NTC region, the
HPST apparatus produces a pre-ignition heat release effect [73]. This
effect has not been considered in the present isochoric batch reactor
simulations. Therefore, the predicted IDT values near the NTC region are
longer than the experimental ones (Fig. 3 (b) and B1).

To establish the validity of mechanism A and B in the low temper-
ature and NTC region, the experimental data from Di et al. [74] for
1.34% n-heptane/14.89% 05/83.77% Ar mixture at 9 bar have been
used in the inset of Fig. 3 (b). It may be seen from the figure that
mechanism B predicts a little shorter IDT for the stoichiometric n-hep-
tane-oxidizer mixture. However, as seen from Fig. 3 (a) and inset of
Fig. 3 (b), mechanism A can predict the NTC behavior of iso-octane and
n-heptane both qualitatively and quantitatively. On the other hand, the
IDTs of 36.5% iso-octane/35% n-heptane/28.5% toluene-air mixture at
20 and 40 bar have been used for validation in Fig. 3 (c) against the
experimental data from Javed et al. [75]. It may be seen from the figure
that mechanism A predicts the IDT values at high temperature range
quite accurately for the TPRF-air mixture at both pressures. Although
there is marginal overprediction of IDT in the NTC region, mechanism A
performs acceptably in predicting the IDTs of the TPRF-air mixture in
the studied temperature range in Fig. 3 (c) at 20 and 40 bar pressure. For
mechanism B, the predictions are better at lower temperatures (<800
K). However, there is underprediction (around 30-45% at 20 bar) with
respect to the experimental data [75] for mechanism B when the tem-
perature is higher than 1000 K.

After validating mechanism A and B for iso-octane, PRF and TPRF
mixtures, the IDT of stoichiometric 58% toluene/42% DME-oxidizer
mixture has been used for comparison in Fig. 3 (d) at 20 bar. The
experimental data have been taken from the recently published work of
Zhang et al. [76]. Moreover, the recent work of Lu et al. [77] has been
adopted as the source of experimental data for 50% n-heptane/50%
DME-oxidizer mixture on the high temperature IDTs at 10 bar in Fig. 3
(d). It is clear from the figure that in both the cases, mechanism A per-
forms very well in predicting the experimental data. It may be
mentioned here that like high molecular weight alkanes, DME also ex-
hibits the NTC behavior. This fact is evident in Fig. 3 (d) for 58%
toluene/42% DME-oxidizer mixture. Some deviations from the experi-
mental results are also observed for the predicted values using the
smaller mechanism B. A maximum deviation (with experimental data)
of 86% is seen for the 58% toluene/42% DME-oxidizer mixture at 650 K
and 20 bar. However, for 2.73% DMF/20.43% O5/76.84% Ar mixture at
5 bar from Eldeeb and Kumgeh [53] and 0.25% DMF/1.875% Oy/
97.875% Ar mixture at 1 bar from Sirjean et al. [22], both the mecha-
nisms perform reasonably well in predicting the IDTs at studied tem-
perature range in Fig. 3 (e).

Fig. 3 (f) compares the performance of the mechanisms (A and B)
with experimental data from Eldeeb and Kumgeh [53] for 1.05% iso-
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Fig. 4. Comparison of performance of mechanism A (bold lines) and mecha-
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from (a) Zeng et al. [40], (b) Dmitriev et al. [79], and (c) Togbé et al. [24].
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octane/1.05% DMF/20.57% 05/77.33% Ar mixture at 12 bar and Gao
et al. [78] for 0.222% n-heptane/0.222% DMF/4.108% 03/95.448% Ar
mixture at 10 bar. It may be seen from the figure that mechanism A
provides accurate predictions for both fuel-oxidizer mixtures. On the
other hand, although mechanism B provides correct predictions for the
IDTs of the 50%iso-octane/50% DMF-oxidizer mixture, it predicts
slower ignition for the 50% n-heptane/50% DMF case in Fig. 3 (f). A
maximum deviation (from experimental data) of around 23% can be
observed at 1175 K for the 50% n-heptane/50% DMF-oxidizer mixture.

Finally, mechanism A and B have been validated at lean stoichio-
metric condition (¢ = 0.5) in Fig. B2 (a-c) (Appendix B). Fig. B2 (a)
compares the performance of the mechanisms with experimental data
from Sarathy et al. [8] for fuels for advanced combustion engines (FACE)
type C in air at 20 bar pressure. The TPRF surrogate for FACE C gasoline
is 34.06% iso-octane/12.28% n-heptane/53.66% toluene (by mol).
Similarly, the experimental data from Eldeeb and Kumgeh [53] for
1.38% DMF/20.72% O2/77.9% Ar mixture at 12 bar is used in Fig. B2
(b) for comparison. Moreover, the experimental dataset from Zhang
et al. [76] has been adopted in Fig. B2 (c) for validating mechanism A
and B. The pressure is 20 bar and the unburnt gas mixture contains 58%
toluene/42% DME-oxidizer mixture at ¢ = 0.5 in Fig. B2 (c). It may be
said from an overall perspective that both mechanism A and B perform
within the acceptable range for IDT predictions of various fuel blends
involving iso-octane, n-heptane, toluene, DMF, and DME. Moreover,
mechanism A perform better than mechanism B in predicting the NTC
phenomenon for TPRF and DME.

3.2. Laminar premixed flames of TPRF/DMF/DME blends

The experimentally obtained species profiles from 1-D flames stabi-
lized on flat burners have been used as the next set of validation targets
for mechanism A and B in Fig. 4 (a-c). The details about the fuel-oxidizer
compositions and pressures for the unburnt gas can be found in Table A1
(Appendix A). The experimentally measured temperature profiles for the
1-D flames have been provided as inputs and only the species conser-
vation equations have been solved using the proposed chemical kinetic
mechanisms A and B. The mixture averaged transport properties have
been assumed for the species. The 1-D free flame code implemented in
Cantera 2.4.0 [67] has been used for the computations through the
Python interface. The adaptive grid parameters are ratio = 3, slope =
0.1, and curve = 0.1 for the burner stabilized 1-D flame. The “slope” and
“curve” values have been optimized through a grid independence study
in an earlier work [19].

Fig. 4 (a) shows the variations of major species along the height
above burner (HAB) for 50% iso-octane/50% DME blend at ¢ = 1.53.
The experimental data are taken from Zeng et al. [40]. Fig. 4 (b) shows
the major species profiles for 70% n-heptane/30% toluene blend at ¢ =
1.75. The experimental data are taken from Dmitriev et al. [79]. Simi-
larly, Fig. 4 (c) shows comparison of the performance of mechanism A
and B towards predicting the experimentally obtained [24] major spe-
cies profiles for stoichiometric DMF/O,/Ar mixture. It may be seen from
Fig. 4 (a-c) that the predictions of species distributions, using the new
chemical models (A and B) compare quite well with the experimental
data from the literature as most of the predicted values are within + 10%
range of the experimental data. The flat profile of the intermediate
species (Hy, CO), complete combustion products (CO5 and H50), and
inert gas (Ar) sufficiently upstream to the burner indicate chemical
equilibrium. It may be seen from Fig. 4 (a-c) that the proposed mecha-
nisms (A and B) predict the equilibrium mole fractions of the major
species quite accurately as well for DMF and binary blends of iso-octane/
DME and n-heptane/toluene.
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Fig. 5. Comparison of performance of mechanism A (bold lines) and mechanism B (dotted lines) in predicting the experimental data (symbols) on laminar burning
velocity from (a) Zhao et al. [80] and Liao and Roberts [81], (b) Dirrenberger et al. [61] and Liao and Roberts [81], (c) Mannaa et al. [82], and (d) Somers et al. [26]
and Wang et al. [83]. The details about the unburnt gas compositions, pressures, and temperatures are given in Table A1 (Appendix A).

Next, the comparison of predicted laminar burning velocity using the
present mechanisms (A and B) and the experimental data from literature
is shown in Fig. 5 (a-d). Fig. 5 (a) shows that the present mechanisms (A
and B) predict the experimental data from Zhao et al. [80] for 63% iso-
octane/17% n-heptane/20% toluene (by mol) blend and Liao and Rob-
erts [81] for PRF 95 in air at atmospheric pressure quite accurately for a
wide range of equivalence ratios. The unburnt gas temperatures for the
TPRF-air mixture from Zhao et al. [80] is 353 K and the same for Liao
and Roberts [81] is 298 K. On a similar note, Fig. 5 (b) shows the
comparison of performance of mechanism A and B in predicting laminar
burning velocity with the experimental data from Dirrenberger et al.
[61] for 34.06% iso-octane/12.28% n-heptane/53.66% toluene (by mol)
blend and Liao and Roberts [81] for 87% iso-octane/5.47% n-heptane/
7.53% toluene (by mol) blend in air at atmospheric pressure. It is evident
from the figure that the agreement between the mechanism predictions
and the experimental results are quite good in the lean and near stoi-
chiometric region. However, a maximum deviation between the pre-
dicted and experimental data of around 16% has been observed at ¢ =
1.3 for mechanism B at 358 K. Moreover, around 14% difference be-
tween the experimental data and the model prediction has been
observed at ¢ = 1.5 for mechanism A at 298 K.

The experimental data [82] on the laminar burning velocity of TPRF-
air mixtures at higher pressures (i.e. 2 atm and 6 atm) is used in Fig. 5 (c)
for the purpose of validation. The TPRF composition is same as the one
used in Fig. B2 (a). It can be seen from Fig. 5 (c) that both the proposed

mechanisms predict the laminar burning velocity of the TPRF-air
mixture quite accurately. The laminar burning velocity of the biofuel
components DMF and DME at atmospheric pressure and 300 K unburnt
gas temperature is validated in Fig. 5 (d). The experimental data are
taken from Somers et al. [26] for DMF and Wang et al. [83] for DME in
air. It is evident from the figure that both mechanism A and B predict the
laminar burning velocity of DMF-air mixtures well within the uncer-
tainty range of the experimental data for 0.65 < ¢ < 1.55. For DME, both
mechanism A and B predict the laminar burning velocity within + 10%
range of the experimental data for 0.7 < ¢ < 1.2. However, there is
noticeable overprediction by both the proposed mechanisms for the rich
DME-air mixtures at ¢ > 1.2. It can be seen from Figs. 4 and 5 that the
overall performance of mechanism A and B is quite acceptable for the
reproduction of experimental data from 1-D flames involving TPRF
components, DMF, and DME. Although some deviations from experi-
mental values of laminar burning velocity have been observed mostly in
rich flames, it may be noted that modern SI engines seldom operate at
such conditions.

The final part of the validation process includes the focus on the soot
related chemistry of mechanism A and B. It may be mentioned in this
regard that the polycyclic aromatic hydrocarbons (PAHs) generated in
flames are considered as soot precursors [84] along with smaller species
like propargyl (CsHgs), vinylacetylene (C4H,), and 1,3-butadiene (C4Hg).
These smaller species participate in the formation of the first benzene
ring and its further development into the PAH structure [84,85]. The
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ability of mechanism A and B in predicting the gaseous soot precursors
are shown in Fig. B3 (a-d) in Appendix B. The experimental data is taken
from Dmitriev et al. [79] for the same flame depicted in Fig. 4 (b). It can
be seen from the figure that both the mechanisms provide qualitative
prediction quite accurately. Moreover, mechanism B performs better
than mechanism A in predicting the benzene (C¢Hg) mole fraction in the
flame.

It may be noted here that unlike mechanism A, mechanism B con-
tains a comprehensive PAH mechanism. Therefore, mechanism B has
been adopted in the next section for predicting soot precursors in 1-D
flames involving TPRF/DMF/DME blends. As a basis for such an anal-
ysis, the relevant sub-mechanisms of CoHs, C4Hg, and PAHs (naphtha-
lene, phenanthrene, and pyrene) in mechanism B are validated and
shown in Figs. B4 and B5 (Appendix B). Fig. B4 shows that mechanism B
predicts the recent experimental data [86,87] on laminar burning ve-
locity for acetylene (CoHp) and 1,3-butadiene (C4Hg) quite accurately.
Fig. B5 (a-c) shows that the experimental data on mole fractions of
naphthalene, phenanthrene, and pyrene [88] are quite accurately pre-
dicted by mechanism B for premixed flat flames involving n-heptane/
Oy/Ar mixture at ¢ = 2.1 and atmospheric pressure. Similar to Figs. 4
and B3, only the species conservation equations have been solved (using
mechanism B) for Fig. B5 (a-c). It may be noted here that mechanism B
performs particularly well in predicting the PAH mole fractions at the
exit point of the flame where the temperature is high. On a similar note,
the naphthalene mole fractions during the pyrolysis of TPRF mixture
(8% iso-octane/14.5% n-heptane/77.5% toluene) are also predicted
within the experimental uncertainty limit [89] in Fig. B5 (d) at high
temperatures. These simulations have been performed in a perfectly
stirred reactor with 76 cm® volume, 1 s residence time, and 0.25 % fuel
concentration in Nj. The details of the mixture compositions (moles)
used for validation in this section are given in Table A1 (Appendix A).

4. Results and discussion

After the validation of mechanism A and B, they have been used to
predict the effects of DMF and DME blending on important combustion
characteristics of stoichiometric TPRF-air mixtures in this section. First,
mechanism A has been used to assess the changes in IDT of TPRF-air
mixture due to DMF and DME blending in section 4.1. This choice is
motivated by the fact that mechanism A contains a detailed low tem-
perature chemistry and therefore performs better in the low and

intermediate temperature range (Fig. 3). However, mechanism B is quite
concise and therefore, requires lower computational resource. Hence, 1-
D premixed flames of TPRF, and its blends with DMF and DME are
analyzed using mechanism B in sections 4.2, 4.3, and 4.4.

4.1. Effects of DMF and DME blending on ignition delay time of TPRF

In this section, the effects of blending DMF and DME to TPRF IDT is
analyzed from the perspective of modern gasoline engine application. It
has been shown by Singh et al. [90] that the ignition delay times at 25
bar pressure and temperatures of 750 K and 825 K correlate quite
accurately with the RON and MON of a wide range of gasoline surrogates
respectively. Both these conditions fall in the low to intermediate tem-
perature range or the NTC region [91] of IDTs for TPRF mixtures. As
seen from Fig. 3, DME exhibits distinct NTC chemistry while DMF does
not show the behavior [28]. Therefore, Fig. 6 (a) shows the variation of
IDTs of TPRF, 90% TPRF/10% DMF, 90% TPRF/10% DME, and 90%
TPRF/5% DMF/5% DME blends at 25 bar and temperature range of
700-1000 K.

It is evident from Fig. 6 (a) that the ignition inhibiting effect of DMF
is stronger than the promoting effect of DME for T < 750 K. At 750 K, 10
% DMF blending causes the IDT to increase by 80% with respect to
TPRF-air mixture. On the other hand, 10 % DME blending causes the IDT
to shorten by only 37% with respect to TPRF-air mixture at 750 K.
Moreover, the ability of DMF to suppress ignition grows more in the low
temperature region. Due to this stronger effect of DMF addition, the IDT
is 15% higher than TPRF for the 90% TPRF/5% DMF/5% DME blend at
750 K. On the other hand, the ignition promoting effect of DME is
stronger than the suppressing effect of DMF at 825 K. While 10% DME
addition causes 27 % decrease in the IDT of TPRF-air mixture, there is
only around 10% gain in IDT when 10% DMF is blended (Fig. 6 (a)). As a
result of the stronger ignition promoting effect of DME addition, the IDT
is 9% lower than TPRF for the 90% TPRF/5% DMF/5% DME blend at
825 K.

For investigating the effect of DMF and DME blending further, the
variation of IDT of TPRF-air mixture with different amounts of equi-
molar DMF/DME mixture blending is shown in Fig. 6 (b) at 750 K and
825 K. At 750 K, the IDT monotonously increases up to 20% blending
point due to the dominance of DMF chemistry that suppresses the NTC
behavior of TPRF and DME. However, the DME chemistry shows more
influence beyond this point, thereby flattening the IDT growth. The
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Fig. 7. Brute force sensitivity analysis of ignition delay time at (a) 750 K for
90% TPRF/5% DMF/5% DME, (b) 750 K for 70% TPRF/15% DMF/15% DME,
and (c) 825 K for 90% TPRF/5% DMF/5% DME-air mixture at stoichiometric
condition and 25 bar.

dominance of DME causes the IDT to decrease beyond 30% blending
point. On the other hand, the IDT of TPRF decreases monotonously with
the equimolar blending of DMF and DME at 825 K. Around 50 %
decrease in the IDT has been observed in Fig. 6 (b) for 40% TPRF/30%
DMF/30% DME blend compared to TPRF at 825 K.
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Fig. 8. Laminar burning velocity of TPRF, DME, DMF, and 50% TPRF/25%
DMF/25% DME-air mixtures at 353 K unburnt gas temperature and 10 atm
pressure. The simulations have been performed with mechanism B.

As mentioned earlier, the changes in IDTs due the DMF and DME
blending to TPRF are reflected in the RON and MON as well. In the
present work, correlations from Naser et al. [5] and Singh et al. [90]
have been adopted to estimate the RON and MON of TPRF/DMF/DME
blends from Fig 6 (b). These estimated values of RON, MON, and OS are
shown in Fig. B6 (Appendix B). As seen from the figure, the estimated
RON values are around 103 and 98 with the correlations from Naser
et al. [5] and Singh et al. [90] respectively. On the other hand, the
correlation from Naser et al. [5] predicts a monotonous decrease of
MON—in the range 91 to 84—for the TPRF/DMF/DME blends. The
Singh et al. [90] correlation estimates a MON value of around 91.
Therefore, these estimates suggest either an increasing OS [5] (Fig. B6)
or a constant value of 7 [90] if the equimolar DMF/DME mixture pro-
portion is increased in TPRF. The former OS trend is also in line with the
observation from Fig 6 (b) where the differences in IDT values at RON
and MON relevant conditions increase with increase in equimolar DME/
DMF mole fraction in the TPRF mixture. This way, the tri-fuel blend of
TPRF/DMF/DME is expected to provide higher efficiency for the boos-
ted SI engines [12,92].

To identify the influence of different chemical reactions on the
ignition inhibiting (and promoting) effect of DMF (and DME) observed
in Fig. 6 (b), brute force sensitivity analysis has been performed for
stoichiometric fuel-air mixtures at (a) 750 K for 90% TPRF/5% DMF/
5% DME, (b) 750 K for 70% TPRF/15% DMF/15% DME, and (c) 825 K
for 90% TPRF/5% DMF/5% DME blends at 25 bar. The sensitive re-
actions are shown in Fig. 7 (a-c). The ‘Sensitivity’ of a reaction ‘i’ is
defined as (IDT (2k;)-IDT (k;))/ IDT (k;), where ‘k;’ is the specific forward
reaction rate, IDT (k;) and IDT (2k;) are the original IDT and the changed
IDT with doubled specific forward reaction rate respectively. According
to this definition, a positive sensitivity coefficient denotes a reaction that
increases IDT and vice versa.

For the 90% TPRF/5% DMF/5% DME case in Fig. 7 (a), the H
abstraction from toluene through C¢HsCHs + OH = C¢HsCHo + H50 is
the most influential reaction towards inhibiting ignition. The increase in
IDT is further aided by the phenol (CcHsOH) breakup reaction CcHsOH
+ CH3 = CgHsCH3 + OH. This C¢HsOH decomposition reaction shows
positive sensitivity because of the production of CsHsCHs molecules that
increase ignition delay time primarily through the chain propagating
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anism B has been adopted for computation.
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octane /12.28% n-heptane /53.66% toluene and 2: 67% iso-octane /5% n-
heptane /28% toluene by mol) at 10 bar pressure and unburnt gas temperature

of 353 K. Mechanism B has been used and the biofuel composition is 100% DMF
and 50% DMF/50% DME.

reaction C¢HsCH3 + OH = CgHsCHg 4+ Ho0. The prevalence of the in-
termediate temperature chemistry is also evident in Fig. 7 (a) with the
positive sensitivity of (a) the peroxide formation reaction 2HO, = HyO
+ O3 and (b) the OH addition to the furan ring to form 2,5-dimethyl-2-
hydroxyl-2,3-dihydrofuran-3-yl radical (DMF2520H3J) [29]. On the
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Fig. 11. Variation of laminar burning velocity and maximum slope of OH mole
fraction trajectory in the stoichiometric 1-D flame involving 80% PRF/20%
Toluene blends in air. Mechanism B has been adopted for simulation at 10 atm
unburnt gas pressure and 353 K temperature.
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other hand, the ignition is mainly promoted by the H abstraction re-
actions of n-heptane, iso-octane, and DME for stoichiometric 90% TPRF/
5% DMF/5% DME-air mixture in Fig. 7 (a). The ignition promoting ef-
fect of the DME decomposition reaction CH30CHs + OH = CHsOCH, +
H50 is augmented for the 70% TPRF/15% DMF/15% DME blend in
Fig. 7 (b). The higher influence of DME chemistry towards the reduction
of IDT is clear from the presence of the H abstraction reactions CH3O» -+
CH30CH3 = CH30.H + CH30CH; and CH30CH3 + HO» = CH30CH; +
H>05.

It can be observed from Fig. 7 (a) and (b) that unlike the formation
iso-octyl isomers ACgH;7 and BCgH;7, the formation of CCgHy7 inhibits
ignition. Similar observations have been reported earlier by Sarathy
et al. [93] for different gasoline surrogates as well. The ignition sup-
pressing effect of ICsH;g + OH = CCgHy7 + H,0 is also evident in Fig. 7
(c) for 90% TPRF/5% DMF/5% DME blend at 825 K. The main cause
behind this fact is (a) unlike ACgH;; and BCgHi,, the f-scission of
CCgH17 does not produce methyl (CHs) radicals and (b) CCgHy7 reacts
with O3 to produce hydroperoxy radicals (HO>) that have low reactivity.
The CHj3 radicals can promote reactivity by abstracting H radicals from
iso-octane molecule.

The sensitivity analysis shown in Fig. 7 (a) and (b) suggest that the
competition between the DMF and DME chemistries determine the in-
crease or decrease of IDT at 750 K. However, such a competition is not
seen at 825 K in Fig. 7 (c) for 90% TPRF/5% DMF/5% DME blend.
Rather, the influence of high temperature chemistry is evident here as
Hy0,—formed through 2HO5 = HoO3 + Oo—breaks to form OH radicals
[43] and increases reactivity. Moreover, the toluene decomposition re-
action C¢HsCHs + OH = CgHsCH, + Hy0 suppresses ignition to the
largest extent at 825 K in Fig. 7 (c). Therefore, it can be inferred from the
sensitivity analysis in Fig. 7 (c) that the monotonously decreasing trend
of IDT in Fig. 6 (b) at 825 K is caused by the dominance of the high
temperature chemistry of TPRF.

The flattening of the IDT variation at 30% blending point observed in
Fig. 6 (b) indicates that the 80% TPRF/10% DMF/10% DME blend is
optimum from the perspective of gain in ignition resistance at 750 K and
25 bar. Below the 20% blending ratio, the DMF combustion chemistry
influences the ignition phenomenon and therefore, IDT increases
monotonously. Between 20 and 30% blending ratio, the IDT growth is
flat due to the dominance of DME chemistry. Moreover, when the
equimolar mixture of DMF/DME exceeds the 30% blending proportion
mark in TPRF, the IDT decreases due to the increased influence of DME.
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4.2. Effect of DMF and DME blending on the laminar burning velocity of
TPRF

Similar to the IDT, laminar burning velocity is an important funda-
mental combustion parameter for fuel-air mixtures as well. It has strong
influence on the reactivity, diffusivity, flame stability, and turbulent
flame propagation inside the engine cylinder [94]. Therefore, it is
important that the change in laminar burning velocity is minimized
when DMF and DME is blended to gasoline. Fig. 8 shows the variation of
the laminar burning velocity of TPRF, DME, DMF, and 50% TPRF/25%
DMF/25% DME-air mixture with equivalence ratio. The TPRF surrogate
composition corresponding to FACE C gasoline (34.06% iso-octane/
12.28% n-heptane/53.66% toluene (by mol)) has been used. The un-
burnt gas temperature and pressure is 353 K and 10 atm respectively.
This high-pressure condition is closer to the in-cylinder condition in SI
engines. Moreover, it may be noted that the laminar burning velocity is
strongly correlated in the unburnt pressure-temperature space [71].

It can be observed from Fig. 8 that the laminar burning velocity of
DME and DMF is around 21% and 10% higher than the TPRF-air mixture
at stoichiometric condition respectively. However, the increase in
laminar burning velocity for 50% TPRF/25% DMF/25% DME-air
mixture is only 2% compared to the TPRF-air case at ¢ = 1. In fact,
the increase is less than 10% for 50% TPRF/25% DMF/25% DME-air
mixture compared to the TPRF-air case for all equivalence ratios. The
maximum amount of deviation (~9%) has been observed at ¢ = 1.4 for
50% TPRF/25% DMF/25% DME-air mixture compared to the TPRF-air
case. Such a minimal deviation in laminar burning velocity is also
beneficial from the SI engine design perspective.

4.3. Soot emission analysis from DMF and DME blended TPRF flames

In the next step of the present study, soot emission from TPRF/DMF/
DME blend is analyzed in the premixed 1-D flame context. Although
many studies have highlighted the suitability of DMF as a gasoline blend
component, the molecular structure of DMF (containing C = C double
bond and heteroaromatic ring) has an inclination towards augmenting
soot emission from flames [10,31,95]. On the other hand, Ji et al. [16]
have shown that DME can successfully be blended with gasoline to
reduce soot emissions from SI engine. The absence of C-C bonds, high
oxygen content (34.8% by mass), and second lowest carbon-to-hydrogen
ratio (C/H) (after methane) make the combustion of DME almost soot
free.

The effects of adding DME (to the TPRF/DMF blend) on the soot
precursor mole fractions in the 1-D laminar burner-stabilized flame are
discussed in the following part. Initially, the variations of CoHs, C4Hg,
and pyrene across the 1-D flames for TPRF, 90% TPRF/5% DME/5%
DMF, and 90% TPRF/10% DMF blends in air (at 10 bar pressure and
unburnt gas temperature of 353 K) are analyzed. The TPRF composition
is 67% iso-octane /5% n-heptane /28% toluene by mol (by mol). The
choice of this TPRF composition is motivated by the facts (a) it has high
ON rating (RON = 98) [5] like modern gasolines and (b) the aromatic
content is in the realistic range [4]. It may be seen from Fig. 9 (a) that the
addition of 10% DMF (by mole) to TPRF increases the maximum mole
fraction of CoHy slightly with respect to the TPRF-air mixture. On the
other hand, the maximum mole fraction of CoHs for the 90% TPRF/5%
DME/5% DMF blend is lower than the 10% DMF case. The abscissa in
Fig. 9 has been normalized with the flame thickness & = (Tqq - Ty)/
(VD)max, Where Tgq is the adiabatic flame temperature, T, is the unburnt
gas temperature and (VT)nyay is the maximum temperature gradient in
the flame [96].

It has been observed in the present study that the TPRF-air flame
generated negligible amount of C4Hg. However, for the 10% DMF case,
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the maximum mole fraction is around 25 ppm (Fig. 9 (b)). This increase
may be attributed to the H abstraction reaction DMF + H = C4Hg +
CH3CO where the initial breakup of the fuel molecule contributes to
C4Hg formation. There is around 50% reduction in the peak C4Hg value
for the 90% TPRF/5% DME/5% DMF case in comparison to the 90%
TPRF/10% DMF blend. One of the important routes towards the first

benzene ring formation (in the PAH generation path) is the 1,3-buta-

+CaHy

diene 1,3-butadien-2-yl (i-C4Hs)/ normal butadienyl

(n-C4Hs) ="C2Hafulvene — ™ . benzene [97,98]. Along with

being a key species in this route, CoH; also contributes in the growth of
the benzene ring through hydrogen abstraction CoH; addition (HACA)
mechanism [84]. As a combination of these facts, it may be seen in Fig. 9
(c) that the peak value of pyrene mole fraction increases by 90% when
10% DMF is blended to TPRF. The same increase is only 33% for the 90%
TPRF/5% DME/5% DMF blend.

Finally, the variation of maximum pyrene mole fraction with DMF
and 50% DMF/50% DME blend ratio in TPRF is compared in Fig. 10 at
10 bar pressure and unburnt gas temperature of 353 K. Two different
TPRF blends have been adopted in the figure to show the effect of TPRF
composition on maximum pyrene mole fraction. It may be observed
from the figure that DMF blending in TPRF causes steep rise in the
pyrene mole fraction for both the TPRF blends. TPRF 1 produces more
pyrene due to its higher toluene content. The rate of increase of peak
pyrene mole fraction is lower for the equimolar DMF/ DME case. It has
been observed in the present work that 20% blend of 50% DMF/50%
DME mixture in TPRF 2 reduces the peak pyrene mole fraction by
around 40% in comparison to the 20% DMF case. Therefore, it can be
summarized from Figs. 9 and 10 that the addition of DME causes sig-
nificant reduction in soot precursors in TPRF/DMF-air flames due to its
ability to burn soot free.

It is evident from the above analysis that an equimolar mixture of
DMF/DME is better than only DMF as a blending component for gasoline
from the perspective of soot emissions. As seen from Fig. 9, the increase
in peak pyrene mole fraction is only around 1.36 times the value of the
TPRF-air case when the 5% DMF and 5% DME is blended simulta-
neously. Whereas, the same increase is around 100% when 10% DMF is
blended to TPRF. Therefore, a combination of the facts presented in
section 4.1 and 4.3 suggest that (a) the simultaneous blending of DMF
and DME in TPRF is advantageous for RON and OS but (b) the blending
proportion of DMF and DME in TPREF is limited by soot generation.

4.4. Correlation of RON with 1-D flame structure of TPRF-air mixture

Modern SI engines require high octane gasolines for efficient oper-
ation [92]. According to a recent study by Szybist et al. [12], RON has
the largest impact on the SI engine efficiency. Faster laminar burning
velocity results in quicker compression of the end-gas by the propa-
gating flame front [91]. This way, the end-gas gets less time for heat loss
into the surroundings and the chances for pre-ignition increases [99]. In
this context, Fagundez et al. [100] have recently shown that a decreased
laminar burning velocity results in a reduced risk for knock onset.
Therefore, laminar burning velocities of stoichiometric TPRF-air mix-
tures have been plotted against the corresponding RON values in Fig. 11
at 10 atm pressure and 353 K unburnt gas temperature. In the TPRF
mixtures used for Fig. 11, the toluene liquid volume fraction is kept
constant at 20% to contain the aromatic content near realistic gasoline
range. The PRF composition has been varied for changing the RON
values. The RON values for the TPRFs have been calculated from the
blending rule proposed by Kalghatgi et al. [101]. This blending rule is
able to predict the experimental values of RONs for TPRFs in literature
with high R? (=0.9998) value [101] for RON < 100. Therefore, Naser
et al. [5] have also used it for calculating RON and MON values of a wide
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variety of TPRF mixtures.

The laminar burning velocity is seen to be varying reciprocally with
the RONs for stoichiometric 80% PRF/20% toluene-air mixtures in
Fig. 11. Quantitatively, the laminar burning velocity increases by 18%
when the RON decreases from 102.5 to 32.5. The increased reactivity of
the TPRF mixtures inferred from the increased laminar burning velocity
and consequently decreased RON stems from the augmented active
radical concentration in the flame. Moreover, such an increase in the
active radical concentration may be attributed to the increase in the
linear paraffin (n-heptane) content. The linear structure of n-heptane
breaks more readily to form active radicals in comparison to the
branched structure of iso-octane [42,71]. The forward reaction rate of H
radical producing reactions CO + OH = CO; + Hand HCO + M =H +
CO + M have positive impact on the laminar burning velocity [102] as
well.

The H radicals increase the laminar burning velocity due to their
high diffusivity and ability to break alkane structures into primary alkyl
radicals. Additionally, the H radicals generated in the above-mentioned
reaction steps finally participate in the chain branching reaction H+O
= O+OH to increase the reactivity in the flame [70,102]. Therefore, it
may be seen from Fig. 11 that the maximum slope of the OH radical mole
fraction in the computational domain shows similar trend with RON as
compared to the laminar burning velocity. It is worth mentioning in this
context that the IDT is also commonly measured from the temporal
variation of the OH radicals [75]. Therefore, the proportionality of the
maximum slope of the OH radical mole fraction with RON in Fig. 11 is in
line with the recent studies where the changes in reactivity have been
expressed through IDT and correlated with RON [5,90,103]. It can be
mentioned here that similar relationships have been observed between

laminar burning velocity, ﬂz—ffl , and RON for other TPRF blends as

max
well. However, it may be noted here that the experimental data for RON
does not exist in literature for TPRF/DME/DMF blends. Therefore, the
extension of the analysis shown in Fig. 11 for this tri-fuel blend has been
kept outside of the scope of the present work.

5. Conclusions

In the present work, the effects of blending DMF and DME on the 0-D
and 1-D combustion of toluene primary reference fuels have been
studied numerically. Two chemical kinetic mechanisms (mechanism A
and B) have been formulated for the analysis. Experimental data from
literature have been used for the validation of the proposed mechanisms
at wide range of parametric conditions. The main findings of present
work can be summarized as follows:

1. The validation study suggests that,

a) Mechanism A (504 species and 4212 reactions) predicts the ignition
delay time more accurately than mechanism B (153 Species and 740
Reactions)

b) Mechanism B is more suitable for the simulation of laminar burning
velocity of fuel blends involving iso-octane, n-heptane, toluene, DMF
and DME.

¢) Mechanism B can successfully predict the concentrations of gaseous
soot precursors generated in 1-D flames.

2. There is significant variation in the intermediate-temperature igni-
tion delay time when DMF and DME are blended to TPRF. The salient
points about such variations are,

a) DME decreases the ignition delay time of stoichiometric TPRF-air
mixture due to the presence of NTC chemistry. On the contrary,
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DMF does not exhibit NTC behavior and therefore its blending with
TPRF prohibits ignition.

b) At 750 K and 25 bar, the ignition promoting effect of DME is

significantly weaker than the inhibiting effect of DMF when 10%

DMF or DME is blended with TPRF by mole. Therefore, an increase of

15% in ignition delay time of 90% TPRF/5% DMF/5% DME blend

compared to TPRF-air mixture has been observed for ¢ = 1.

The benefits of adding DMF (in increasing IDT) are neutralized for

70% TPRF/15% DMF/15% DME blend in air (at ¢ = 1, 750 K and 25

bar) due to the dominance of DME breakup pathways.

The IDT of TPRF decreases monotonously with the blending of DMF

and DME at 825 K and 25 bar.

3. There is minimal variation (around 4% at ¢ = 1) in the laminar
burning velocity when DMF and DME are blended to TPRF in equi-
molar proportions at atmospheric pressure and 300 K unburnt gas
temperature.

4. Due to the coupling between H and OH radicals through H+04 =
0+OH, both laminar burning velocity and the maximum slope of the
OH radical mole fraction in the 1-D computational domain

—

C

d

(=

% show linear reciprocal variation with RON for stoi-

max
chiometric TPRF-air mixtures.

5. The peak pyrene (4 ring PAH) mole fraction in stoichiometric 1-D
flame increases by 90% when 10% DMF is blended into TPREF.
However, the presence of DME helps to mitigate PAH generation to a

great extent.

The present chemical kinetic study of TPRF/DMF/DME blend in-
dicates that the presence of DMF in gasoline can enhance the knock
resistance to a great extent for modern boosted gasoline engines. The
simultaneous presence of DMF and DME also has the potential to in-
crease the OS of gasoline. On the other hand, the presence of DME helps
in suppressing additional soot generation due to DMF blending. There-
fore, simultaneous DMF and DME blending (in gasoline) in low con-
centrations (~20%) complement each other in providing efficient SI
engine operation with low soot emission. Future scope of work includes
the implementation of the skeletal mechanism (mechanism B) for
further investigation of the above-mentioned facts with 1-D and 3-D CFD
analysis of SI engine combustion.
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Appendix A
Table A1
List of experimental data used for validation.
Figure Composition (mole) Pressure Temperature @ Reference
ST RCM
Ignition Delay Time
3 (@) iso-octane-air 10 bar 600-1660 K 1 [69] [68]
3 (b) PRF 70-air 10 bar 925-1240 K 1 [73]
20 bar 695-1170 K 1
Inset 1.34% n-heptane/14.89% 0/83.77% Ar 9 bar 615-885 K 1 [74]
3 () 36.5% iso-octane/35% n-heptane/28.5% toluene-air 20 bar 640-1180 K 1 [75] [75]
40 bar 625-1111 K 1 [75] [75]
3 (d) 1.82% toluene/1.31% DME/20.34% 02/76.53% diluent* 20 bar 650-1330 K 1 [76] [76]
0.29% n-heptane/0.29% DME/4.08% 0,/95.34% Ar 10 bar 1185-1355 K 1 [771
3(e) 2.73% DMF/20.43% 02/76.84% Ar 5 bar 1130-1390 K 1 [53]
0.25% DMF/1.875% 05/97.875% Ar 1 bar 1430-1765 K 1 [22]
3 1.05% iso-octane/1.05% DMF/20.57% 0/77.33% Ar 12 bar 1080-1290 K 1 [53]
0.222% n-heptane/0.222% DMF/4.108% 05/95.448% Ar 10 bar 1175-1600 K 1 [78]
Bl PRF 80-air 20 bar 710-1200 K 1 [73]1
40 bar 710-1150 K 1 [731
B2 (a) 34.06% iso-octane /12.28% n-heptane /53.66% toluene-air 20 bar 875-1190 K 0.5 [8]
B2 (b) 1.38% DMF/20.72% 03/77.9% Ar 12 bar 1000-1280 K 0.5 [53]
B2 (0) 0.92% toluene/0.68% DME/20.66% 02/77.74% diluent” 20 bar 1065-1375 K 0.5 [76]
1-D Species Profiles from Burner Stabilized Flame
4@ 4.11% iso-octane/4.11% DME/41.77% O2/50% Ar 40 mbar Exp. Profile 1.53 [40]
4 (b), B3 2.29% n-heptane /1.36% toluene/21.36% 02/75% Ar 1 atm Exp. Profile 1.75 [79]
4 (c) 5.92% DMF/44.07% 05/50% Ar 20 mbar Exp. Profile 1.0 [24]
B5 (a-c) 5.5% n-heptane/28.79% 02/65.71% Ar 1 atm Exp. Profile 2.1 [88]
Naphthalene Mole Fraction from Pyrolysis in Jet Stirred Reactor
B5 (d) 8% iso-octane/14.5% n-heptane/77.5% toluene 1 atm 1030-1180 K - [89]
Laminar Burning Velocity
5 () 63% iso-octane /17% n-heptane /20% toluene-air 1 atm 353K 0.6-1.3 [80]
PRF 95-air 1 atm 298 K 0.8-1.3 [81]
5 (b) 34.06% iso-octane /12.28% n-heptane /53.66% toluene-air 1 atm 358 K 0.6-1.5 [61]
87% iso-octane /5.47% n-heptane /7.53% toluene-air 1 atm 298 K 0.8-1.3 [81]
5 (c) 34.06% iso-octane /12.28% n-heptane /53.66% toluene-air 2 atm 358 K 0.8-1.5 [82]
6 atm 358 K 0.8-1.2
5 (d) DMF-air 1 atm 300 K 0.6-1.6 [26]
DME-air 1 atm 300 K 0.6-1.6 [83]
B4 Acetylene-air 1 atm 298 K 0.65-1.6 [86]
1,3-butadiene-air 1 atm 359 K 0.8-1.6 [871
399 K 0.6-1.6

*Diluent is composed of 30% N2/70% Ar, 100% N5, and 60% N»/40% CO, for high, intermediate, and low temperature range respectively
# Diluent is composed of 50% N5/50% Ar
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Fig. B1. Comparison of performance of mechanism A and mechanism B in predicting the experimental data on ignition delay time (IDT) from AlAbbad et al. [73] for
stoichiometric PRF80-air mixture at 20 and 40 bar.
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Fig. B2. Comparison of performance of mechanism A and mechanism B in predicting the experimental data on ignition delay time (IDT) from Sarathy et al. [8],
Eldeeb et al. [53], and Zhang et al. [76] for ¢ = 0.5.
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Fig. B4. Validation of laminar burning velocity predictions using mechanism B (lines) for acetylene (C;H) with experimental data from Lokachari et al. [86] and
1,3-butadiene (C4Hg) with experimental data from Zhou et al. [87]. All values are computed at atmospheric pressure.
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mixture and (d) Shao et al. [89] for pyrolysis of TPRF mixture in jet stirred reactor at atmospheric pressure.
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Appendix C. Supplementary data

Supplementary data to this article can be found online at https://doi.

0rg/10.1016/j.fuel.2021.121401.
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