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Abstract: We investigated the effects of blending dimethyl carbonate (DMC) and ethanol with
commercial gasoline on combustion characteristics. Our experimental approach involved using a
rapid compression and expansion machine (RCEM) to achieve elevated temperatures and pressures.
The fuels containing different volumes of oxygenated hydrocarbons were burned at equivalence ratios
of 1.0 or 0.7, an initial temperature of 340 K, and initial pressures of 0.10 or 0.05 MPa. To simulate
knocking phenomena, we installed a rectangular channel in the combustion chamber of the RCEM
and measured the pressure history inside the chamber. By analyzing the pressure history resulting
from the end-gas autoignition, we evaluated the combustion duration and maximum pressure
amplitude. Blending both oxygenated fuels with gasoline effectively reduced the maximum-pressure
amplitude in the end-gas autoignition, with ethanol exhibiting a more pronounced suppression
effect compared to DMC in the same volumetric mixing ratio. At an initial pressure of 0.10 MPa, the
combustion durations of DMC/gasoline blends showed non-linear behavior, being shorter than those
of pure gasoline and DMC and comparable to those of the ethanol/gasoline blends. However, the
blending effect of DMC on combustion durations was greatly mitigated when the initial pressure was
reduced to 0.05 MPa. Conversely, the combustion durations for ethanol/gasoline blends showed a
nearly monotonic reduction with an increase in the ethanol blending ratio at both initial pressures of
0.10 and 0.05 MPa. Finally, we discussed the differential impact of the blending effect of oxygenated
hydrocarbons on combustion characteristics.

Keywords: gasoline; dimethyl carbonate; ethanol; knocking; combustion duration; blending effect;
e-fuel; bio-fuel

1. Introduction

Because approximately 20% of carbon dioxide (CO;) emission is from the transport
sector [1], attention on renewable fuels, so-called e-fuels and bio-fuels, which are produced
from renewable H, and CO; and natural sources like biomass, respectively, which could re-
duce the carbon footprint of transportation, is growing. E-fuels include hydrogen, methane,
synthetic hydrocarbon fuels, and oxygen-containing synthetic fuels that are generated
based on renewable electricity [2], while biofuels contain methane, biodiesel, furans like
2-methylfuran and 2,5-dimethylfuran, and alcohols such as methanol, ethanol, and bu-
tanol [3]. The feasibility and compatibility of liquid e-fuels with existing infrastructure and
vehicle technologies have been discussed, and it has been pointed out that oxygenated
fuels have detrimental effects on the materials used in the fueling infrastructure when
blended at high concentrations [2]. At the same time, techno-economic analyses have
been conducted on fuel production [3-6], showing that the synthesis of oxygenated hy-
drocarbons using CO, as a feedstock is considered a preferable method over the synthesis
of oxygen-free hydrocarbons from an energy point of view [7]. Numerical assessments
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have also indicated that first- and second-generation biofuels generally have lower green-
house gas emissions than fossil fuels, provided they are produced in the right way [3].
First-generation biofuels are those produced from edible materials such as sugar-based
crops, while second-generation biofuels are derived from non-edible materials such as
lignocelluloses. Hence, blending oxygenated hydrocarbons with existing fuels, such as
gasoline, with low-to-medium concentrations of oxygenated hydrocarbons is a good option
for achieving the reduction in CO, emissions with the use of existing infrastructure.

Dimethyl carbonate (DMC) is regarded as a promising e-fuel because of its low toxicity,
high miscibility with conventional hydrocarbon fuels, absence of C—C bonds, and high
oxygen content [8]. The synthesis technology and commercial production process of DMC
on the industrial scale have been established for chemical products, where CO,, Hy, and
methanol are utilized as the main reactants [5]. According to a review article on life cycle
assessment, the global warming impact evaluated by equivalent CO, emissions in DMC
was comparable to or lower than that of conventional fossil fuels, making DMC attractive
from an economic viewpoint [5]. Among the various bio-fuels, ethanol has been extensively
produced as both a first- and second-generation bio-fuel due to its well-established produc-
tion technologies [3,6]. Ethanol has been widely used worldwide as an additive to gasoline
because of its octane enhancing properties, high enthalpy of evaporation, broad ignition
boundary, and high laminar flame velocity [9-11]. As stated above, previous life cycle
assessments have shown that ethanol produced from bio-based materials can generally
contribute to the reduction in CO, emissions if no land-use change is involved [3].

Considerable efforts have been devoted to investigating the impact of blending oxy-
genated hydrocarbons with existing hydrocarbons on combustion characteristics. In the
case of ethanol/gasoline blends, many combustion studies in engines have consistently
shown [9,12-14] improved thermal efficiency and engine power, as well as the reduced
emissions of pollutants such as CO, unburned hydrocarbons, and NOy. It has been re-
ported that among C;—Cs alcohols, ethanol exhibits the best anti-knock property when
blended with gasoline [15]. Laboratory-scale studies have been conducted to explore
the influence of ethanol addition to gasoline surrogate components like n-heptane and
iso-octane on combustion characteristics [11,16-18]. Although the laminar burning veloci-
ties of ethanol/n-heptane and ethanol/iso-octane blends fell between those of pure fuels,
they did not show a linear relationship with the blending ratios [9,16]. According to the
experiments used to measure the ignition delay time (IDT) of ethanol/iso-octane blends,
IDTs increased as ethanol blending ratios decreased in high-temperature regions [17,18],
while the IDTs of the blends were longer than those of pure fuel in negative-temperature
coefficient regions [17]. Bogin Jr. et al. suggested that this non-linear behavior might be
attributed to the non-linearity of the research octane number (RON) in ethanol/iso-octane
blends [19]. Although the effect of DMC blending has been less studied compared to
ethanol, there are several articles focusing on gasoline engines [13,14,20-22] and funda-
mental combustion experiments in the laboratory [23-25]. When DMC was blended with
gasoline for use in gasoline engines, pollutant emissions were reduced compared to using
pure gasoline [13,14,21]. Faster combustion and higher engine efficiency were observed in
DMC/gasoline blends under the conditions of lean engine operation [20], while the com-
bustion speed of the blending fuel was nearly equal to or lower than pure gasoline under
stoichiometric and rich conditions [14,20]. In premixed n-heptane flame doped with DMC,
there was a reduction in the mole fractions of C;-Cg hydrocarbons, and an earlier onset of
CO, formation compared to pure n-heptane flame was found, which might be attributed
to the inherent reaction nature of DMC [23]. IDTs of DMC/n-heptane/oxygen/argon
mixtures with different DMC concentrations were lower, with an increase in DMC ratios at
temperatures above 1200 K, while the opposite trend was observed at lower temperatures,
suggesting that DMC is a promising octane booster [24].

In general, knocking involves high-frequency pressure oscillations associated with
the auto-ignition of a portion of the unburned air—fuel mixture ahead of the propagating
flame front, and should be suppressed to avoid engine damage and improve thermal
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efficiency. One of the methods used to improve anti-knock performance is the utilization
of anti-knock additives [10]. Among these additives, oxygenated hydrocarbons have
shown a promising anti-knock effect [10,15]. Christensen et al. investigated the anti-
knock properties of various oxygenates, such as alcohols, esters, and furans, blended
with gasoline, and found that the octane-enhancing effect was strongly dependent on the
type of oxygenates: ethanol and furans like 2-methylfuran and 2,5-dimethylfuran were
very effective for improving anti-knock capability, while butanols did not enhance knock
resistance as much as expected from their octane number, and some oxygenates, such as
1-pentanol and 2-methyltetrahydrofuran, even worsened knock resistance [15]. Ethanol
has been widely recognized as a promising octane booster [10,15], while few academic
studies have been conducted on the octane-enhancing effect of DMC, despite several
patents regarding its use as a gasoline additive up to 10% [26]. Overall, there is a lack of
fundamental research on the influence of combustion characteristics related to knocking
when DMC is blended at concentrations higher than 10%, and, simultaneously, there has
been a fundamental lack of investigation comparing and examining the blending effects
of different oxygenated hydrocarbons like ethanol and DMC, despite the fact that a few
studies have been conducted on spark-ignited engines [13,14,20].

To bridge a gap present in previous studies, this study aims to reveal the influence on
the knocking phenomena when DMC is blended over a wide range, as well as to explore
the blending effect of different oxygenated fuels on combustion characteristics, specifically
focusing on the knocking intensity resulting from end-gas autoignition and on combustion
duration under high-temperature and -pressure conditions similar to engines. For this,
DMC or ethanol were blended with commercial gasoline available in Japan. To achieve
conditions comparable to those of an engine, a rapid compression and expansion machine
(RCEM) located at National Institute of Advanced Industrial Science and Technology (AIST)
was utilized, which allowed the authors to conduct experiments without fatal damage
to the system, even in the presence of significant pressure oscillations associated with
knocking. A rectangular combustion channel was installed within the RCEM chamber to
create high-pressure and -temperature conditions, facilitating the end-gas autoignition with
good reproducibility. The pressure history inside the chamber was measured to evaluate the
maximum pressure amplitude resulting from the end-gas autoignition and the combustion
duration. In this study, the maximum pressure amplitude was used as an indicator of
knocking strength [27]. The present experimental results revealed different effects on
combustion characteristics between DMC and ethanol. Both fuels demonstrated a reduction
in knocking. However, the combustion duration of DMC/gasoline blends was shorter than
that of pure fuels, whereas such behavior was not found in ethanol/gasoline blends.

2. Experiment

In this study, the RCEM, which was placed in AIST and used to assess combustion
characteristics in our previous studies [27-30], was used to achieve high-pressure and
-temperature conditions. A depiction and specifications of the RCEM used herein are
presented in Figure 1 and Table 1, respectively. The piston of the RCEM was driven by
hydraulic pressure equipped with feedback control using a computer, according to the
measurements of the laser displacement sensors. The piston had a non-lubricated seal
to prevent ignition and combustion caused by lubricating oil. The bore and stroke were
100 mm and 120 mm, respectively. The piston top was made of aluminum with a flat
and smooth shape. During the measurements, the first piston position was the bottom
dead center position, and it then moved to the top dead center position to compress the
air—fuel mixtures, and was maintained at the top dead center position for approximately
140 ms. Then, the piston returned to its base position. The flow rates of liquid fuel
and air (G3 grade, TATYO NIPPON SANSO) were adjusted using individual mass flow
controllers (Bronkhorst mini CORI-FLOW for liquid fuel and EL-FLOW SELECT for air).
Commercial gasoline available in Japan, pure DMC, pure ethanol, and DMC/gasoline and
ethanol/gasoline blends with different volume blending ratios were used as liquid fuels.
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Properties of DMC/gasoline and ethanol/gasoline are summarized in Tables S1 and S2 in
the Supplementary Material. Air—fuel mixtures at atmospheric pressure were prepared
using a vaporizer (Bronkhorst CEM, Gelderland, The Netherlands) located posterior to the
mass flow controllers. Note that adding oxygenated hydrocarbons results in a reduction in
the calorific value per unit volume, which leads to a decrease in output power in actual
use if the amount of fuel input is the same. After each measurement, the burned gas was
exhausted using a vacuum pump, and the fresh gases were charged. The line from the
vaporizer to the combustion chamber was heated to prevent fuel condensation. In addition,
the temperatures of the cylinder wall, piston, and window frame were maintained using
an electrical heater and hot oil circulation. The experiments under each condition were
repeated three times.

Enlarged view of combustion chamber

Front view of combustion chamber

100mm

Side view of combustion chamber

Quartz window

Combustion chamber

S par plug Overall view of RCEM

/\ Servo valve amp
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Figure 1. Schematic of the RCEM used in this study. Overall view of the RCEM and the enlarged
view of combustion chamber.

Table 1. Summary of details of the RCEM and experimental conditions in this study.

Bore and stroke 100 mm and 120 mm
Corresponding piston speed 1200 rpm
Compression ratio 7.5
Piston compression velocity 5m/s
Piston shape Flat top

Gasoline/DMC (DMC: 0, 20, 40, 60, 100 vol.%)

Fuel Gasoline/ethanol (ethanol: 0, 20, 40, 60, 100 vol.%)
Equivalence ratio 0.7 and 1.0
Initial temperature of chamber 340K
Initial pressure of chamber 0.05 and 0.10 MPa

To measure the maximum pressure amplitude in the end-gas autoignition, which is a
characteristic of the knocking phenomenon, a rectangular combustion channel, identical
to that used in our previous study [27], was installed in the cylinder of the RCEM. The
detailed dimensions of the rectangular channel can be seen in Figure 1. The pressure history
was measured using a pressure sensor (QD34D, AVL) placed on the combustion chamber.
The air—fuel mixtures were ignited by a spark plug located at the top of the rectangular
channel after the compression was completed by a piston. During the movement of the
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piston, a strong squish flow from the gap between the channel and piston, which often
induces turbulent flow, was created. After ignition, the flame propagated downward
toward the end-gas region, which was located between the flame and chamber wall.
Eventually, auto-ignition of the end-gas took place, with the time depending on the fuels.
The pressure oscillation induced by autoignition was determined based on the pressure
history monitored using a pressure sensor, as described previously [27]. The knocking
index (KI) was used to represent the intensity of the knocking phenomena. Kl is defined in
the following equation,

KI = max(|pupr|) o)

where pypr represents filtered pressure histories above 2 kHz. High-frequency components
higher than 2 kHz were transformed from the measured pressure history using Fourier
transformation. A threshold frequency of 2 kHz was adopted to exclude pressure oscil-
lations originating from the background. KI was defined as the difference between the
maximum and minimum pressures of the high-frequency component. The air-fuel mix-
tures were supplied to a chamber at equivalence ratios of 0.7 or 1.0. We selected equivalence
ratio of 1.0 because stoichiometric conditions are usually employed in an actual gasoline
engine with port-injection. Equivalence ratio of 0.7 was employed as a representative of
lean conditions. The initial temperature was set at 340 K, and the initial pressure in the
combustion chamber was 0.10 MPa or 0.05 MPa. We assumed that the minimum pressure
after compression and the peak pressure after combustion were comparable to 0% and
100% of mass fraction burned, respectively. The heat release rate (dQ/dt) under the ideal
gas assumption can be expressed by the following equation, which is analogous to the
engine environment [31]:

aQ vy 4V 1 dp

IR e U @
where 7 is the ratio of the specific heat. Because dV /dt is zero in the present RCEM and
dp/dt is zero at the minimum and maximum pressures, dQ/dt becomes zero when the
mass fraction burned is equal to 0% and 100%. Here, we defined two characteristic times:
74, which is defined as the duration time from the start of the ignition (40 ms) to 10% of the
mass fraction burned in a cylinder, and 1, which is defined as the duration time from 10%
to 50% of the mass fraction burned. The duration time from 10% to 50% of the mass fraction
burned is adopted here instead of that from 10% to 90% of the mass fraction burned in
order to avoid the influence of knocking. t; and T, correspond to the flame development
and main burning durations, respectively [32].

3. Results and Discussions
3.1. Experimental Results

The pressure histories in DMC/gasoline blends at an initial pressure of 0.10 MPa
are given in Figure 2. After ignition is initiated at 40 ms, the pressure increases owing to
end-gas autoignition. In Figure 2, the green, red, blue, and black lines represent the pressure
profiles attributed to gasoline, DMC20%/ gasoline80%, DMC40%/ gasoline60%, and DMC,
respectively. At an equivalence ratio of 1.0 (Figure 2a), although the intense pressure
oscillation takes place in pure gasoline, it is mitigated as an increase in the blending ratio of
DMC. When equivalence ratio decreases to 0.7, the intense knocking does not occur, but
the slight pressure oscillation can be found in gasoline and DMC20%/ gasoline80% fuel.
Similarly to the case of equivalence ratio of 1.0, the pressure oscillations at equivalence
ratio of 0.7 can be mitigated with an increase in DMC blending ratio. It is noteworthy
that in Figure 2, the onset of pressure rise in DMC/gasoline blends is slightly earlier than
that in pure gasoline and DMC. In this study, the onset of pressure rise was defined as the
time when the rate of change in pressure varied from negative to positive. This tendency
is observed at both equivalence ratios, but the impact of DMC blending on this is more
pronounced at an equivalence ratio of 0.7 than at an equivalence ratio of 1.0.
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Figure 2. Pressure histories in gasoline/air, DMC/air, and DMC/gasoline/air mixtures at equivalence
ratios of (a) 1.0 and (b) 0.7. Initial temperature and initial pressure were 340 K and 0.10 MPa,
respectively. The pressure histories were described based on the average of trials.

Figure 3 illustrates the pressure histories in ethanol/gasoline blends under a similar
condition in DMC/ gasoline blends. The pressure profiles of gasoline, ethanol20%/ gasoline80%,
ethanol40%/gasoline60%, and ethanol are represented by the green, red, blue, and black
lines, respectively. In both equivalence ratios, ethanol addition is highly effective for a
reduction in the pressure oscillations resulting from knocking. While pressure oscillations
are observed at DMC blending ratios of 20% and 40% (Figure 2), they hardly occur in
ethanol/gasoline blends with a blending ratio above 20%, as shown in Figure 3. In contrast
to DMC blending, the onset of pressure rise in ethanol/gasoline blends occurs earlier, as
the ethanol blending ratio increases at both equivalence ratios. It is important to note that
no knocking takes place even in pure gasoline when the initial pressure is reduced to 0.05
MPa, although these data are not presented here. However, the blending effect on the onset
of the pressure rise, which corresponds to the start of combustion, could be found to some
degree at this pressure, as discussed later.

To visualize the intensity of pressure oscillations, Figure 4 displays KI under stoichio-
metric and lean conditions as a function of DMC and ethanol blending ratios. The error bars
in the figure are determined based on the deviation standard in the trials. As observed in
the pressure profiles, Kl is significantly reduced by the addition of both DMC and ethanol
under both equivalence ratios. From Figure 4a, it can be found that knocking is rarely
present at DMC and ethanol blending ratios above 60 vol.% and 20 vol.%, respectively. This
indicates that ethanol exhibits greater resistance to knocking when mixed with gasoline at
the same mixing volume. This trend seen under stoichiometric conditions is also applicable
to an equivalence ratio of 0.7, as demonstrated in Figure 4b.

Figure 5 displays the two characteristic times, 7; and T, of stoichiometric air-fuel
mixtures at an initial pressure of 0.10 MPa as a function of DMC and ethanol blending ratios.
The error bars in the figure represent the deviation standard in the trials. In DMC/gasoline
blends, both characteristic times show a convex downward trend. Notably, 7; and 13 at 20
and 40 vol.% are lower than those of the parent fuels. This is consistent with the tendency
observed in the pressure profiles in Figure 2, and is intriguing because the characteristic
times of pure DMC are the lowest among the fuels examined. This result suggests that
the flame speed is enhanced by blending DMC up to 40 vol.%. On the other hand, in
ethanol/gasoline blends, 7; and T1;, decrease as the ethanol blending ratio increases up to
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(a) Equivalence ratio = 1.0

40 vol.%, and a further increase in the ethanol blending ratio results in nearly constant
values for both characteristics times.
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Figure 3. Pressure histories in gasoline/air, ethanol/air, and ethanol/gasoline/air mixtures at
equivalence ratios of (a) 1.0 and (b) 0.7. Initial temperature and initial pressure were 340 K and
0.10 MPa, respectively. The pressure histories were described based on the average of trials.
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Figure 4. Variation in KI as a function of DMC and ethanol blending ratios with gasoline at equivalence
ratios of (a) 1.0 and (b) 0.7. Initial temperature and initial pressure were 340 K and 0.10 MPa, respectively.

The variation in 1; and 73, at an equivalence ratio of 0.7 and an initial pressure of
0.10 MPa is presented in Figure 6. The absolute values of both 7; and T, are generally lower
at an equivalence ratio of 0.7 compared to an equivalence ratio of 1.0. However, DMC
blending under lean conditions led to a reduction in the characteristic times. Conversely,
ethanol mixing results in a nearly monotonic decrease in both characteristic times as an
increase in the ethanol blending ratio. These tendencies observed in DMC/gasoline and
ethanol/gasoline blends under lean conditions are similar to those under stoichiometric
conditions. It is interesting to note in Figures 5 and 6 that the combustion durations of
DMC/ gasoline blends are comparable to those of ethanol/gasoline blends at the blending
ratio up to 40 vol.%, while a further increase in the blending ratio results in a shorter
combustion duration in ethanol/gasoline blends compared to DMC/gasoline blends. The
results obtained at an initial pressure of 0.10 MPa imply that DMC serves as a flame
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accelerator in the mixing fuels, influencing both flame development and burning durations
in both stoichiometric and lean environments.

(a) 14 (b) T,
4.0 | | | | 35 | | | |
[~ e o | ®@=1.0 ®=1.0
O DMC mixture - O DMC mixture -
35 1 Ethanol mixture I]’-.‘:.‘::: _ Sf‘l(z)lliflPa P [0 Ethanol mixture g“:":: _ (3).41(:)11(\/1Pa
— ~ 3.04 F
g ® g
— 3.0H F ~ ol
& a ° & ¢
2.5 L
2.5 - i [@ il
2'0 T T T T 2'0 T T T T
0 20 40 60 80 100 0 20 40 60 80 100

DMC or Ethanol blending ratio (vol.%)

DMC or Ethanol blending ratio (vol.%)

Figure 5. Variation in two characteristic times, (a) 7; and (b) T, as a function of DMC and ethanol
blending ratios with gasoline at an equivalence ratio of 1.0, initial temperature of 340 K, and initial
pressure of 0.10 MPa.
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Figure 6. Variation in two characteristic times, (a) t; and (b) 1, as a function of DMC and ethanol
blending ratios with gasoline at an equivalence ratio of 0.7, initial temperature of 340 K, and initial
pressure of 0.10 MPa.

The characteristic times in the case of an initial pressure of 0.05 MPa are provided
in Figures 7 and 8. Figure 7 shows 1; and T, at an equivalence ratio of 1.0 and an initial
pressure of 0.05 MPa when DMC and ethanol blending ratios are varied. Unlike the
experiments at an initial pressure of 0.10 MPa, both times in Figure 7 exhibit an increasing
trend with increasing DMC blending ratio. On the other hand, Figure 7 demonstrates
that 7; in ethanol/gasoline blends is nearly constant up to 60%, and then decreases with a
further increase in the ethanol blending ratio, while 7, in ethanol/gasoline blends is almost
constant in every blending ratio. The results at an equivalence ratio of 0.7 and an initial
pressure of 0.05 MPa depend on 7; and 73, as shown in Figure 8. In DMC/ gasoline blends,
T; monotonically increases with an increase in DMC blending ratio, while the variation in
Tp shows a convex downward shape, although the error bars overlap with each other. The
experimental tendency that blending DMC promotes combustion under lean conditions is
consistent with that observed in spark-ignited engine [20]. In the case of ethanol/gasoline
blends, Figure 8 demonstrates that both times tend to decrease with an increase in the
ethanol blending ratio. Comparing the experimental results at initial pressures of 0.10 MPa
and 0.05 MPa, the DMC blending effect as a role of a flame accelerator becomes more
prominent with an increase in pressure, while the ethanol blending effect that results in a
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reduction in the combustion durations with an increase in ethanol blending ratio is nearly
independent of pressure.
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Figure 7. Variation in two characteristic times, (a) t; and (b) T, as a function of DMC and ethanol
blending ratios with gasoline at an equivalence ratio of 1.0, initial temperature of 340 K, and initial
pressure of 0.05 MPa.
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Figure 8. Variation in two characteristic times, (a) 7; and (b) T, as a function of DMC and ethanol
blending ratios with gasoline at an equivalence ratio of 0.7, initial temperature of 340 K, and initial
pressure of 0.05 MPa.

3.2. Discussions

Through the presented experiments, we succeeded in gaining new insights into the
blending effects of ethanol and DMC on knocking intensity and combustion durations. As
for knocking intensity, the knock-inhibiting effects of DMC and ethanol were confirmed
over a wide range of mixing ratios, as shown in Figure 4, with ethanol being more effective
in the same volume ratio. The RON and motor octane number (MON) of DMC are
109-111 and 95-102, respectively [26], while the RON and MON of ethanol are 108-108.5
and 90.7, respectively [19]. Because the RON and MON of pure gasoline are generally
lower than those of DMC and ethanol, the reduction in KI by adding DMC and ethanol
is considered reasonable due to the increased anti-knock capability of the fuel mixtures.
From a combustion chemistry perspective, fuel autoignition, especially knocking, which
is closely correlated with low- to intermediate-temperature oxidation mechanisms, has
been studied [33-35]. In the case of ethanol, the primary oxidation pathway at low to
intermediate temperatures involves hydrogen abstraction at the secondary carbon (x-
position), followed by the addition of oxygen to form peroxyl radicals, and then the
decomposition of peroxide into formaldehyde and an OH radical [33]. Ethanol oxidation
tends to consume free radicals and to prevent the development of a radical pool, leading
to a significant reduction in overall reactivity [33,35]. Hence, even when blended with
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gasoline in small quantities, ethanol effectively suppresses the low-temperature reactivity of
gasoline, resulting in the inhibition of autoignition. The low- to intermediate-temperature
oxidation of DMC is mainly initiated by hydrogen abstraction at the o-position [36], and
the subsequent decomposition eventually produces formaldehyde, CO, CO,, and a methyl
radical. This reaction pathway differs from the low temperature oxidation found in n-
alkanes, and the oxygen present in the DMC molecule does not contribute to the formation
of reactive radicals [34,35]. As a result, DMCs are probably able to act as an anti-knocking
agent when blended with gasoline. In both oxidation processes involving DMC and ethanol,
hydrogen abstraction is one of the key reactions, as stated above. The C-H bond dissociation
energies (BDE) of ethanol at the o- and (3-sites are 96-98 kcal/mol and 98-100 kcal/mol,
respectively [37], while C—H BDE of DMC is 101 kcal/mol [38]. The «-site C-H BDE of
ethanol is the lowest, indicating that radical consumption reactions are more likely to occur.
The difference in KI behavior between DMC and ethanol blends shown in Figure 4 may be
attributed to the difference in C-H BDE between DMC and ethanol affecting the overall
oxidation processes.

Regarding combustion durations, we observed that characteristic times in DMC/gasoline
blends were shorter than those of neat fuels and comparable to those of ethanol/gasoline
blends, depending on the blending ratio, while ethanol/gasoline blends showed a nearly lin-
ear behavior. These trends were more noticeable at an initial pressure of 0.10 MPa compared
to 0.05 MPa. Previous investigations on ethanol/n-heptane [11], ethanol/iso-octane [11,39],
and ethanol/gasoline [40] blends showed an increase in laminar burning velocity with
an increase in the ethanol blending ratio, potentially leading to the shortened combustion
duration in ethanol blended fuels. As stated in the experimental section, turbulent flow
occurs in the chamber of the RCEM owing to strong squish flow. Considering the close
correlation between laminar and turbulent burning velocity [41], our findings of reduced
combustion duration with increasing ethanol blending ratio in ethanol/gasoline mixtures
seem reasonable. In other words, the behavior of ethanol/gasoline blends is predictable to
some degree. On the other hand, as we cannot find specific reports on the blending effect
of DMC on both laminar and turbulent burning velocity, the behavior of DMC/gasoline
blends is not entirely able to be predicted. Nevertheless, several studies may provide
valuable insights for explaining the behavior of combustion duration in DMC/ gasoline
blends. Flame instability is one of contributing factors to a shortened combustion dura-
tion. In some fuel mixtures, such as hydrogen/iso-octane [42], methane/iso-octane [43],
compressed natural gas/iso-octane [43], and methane/primary reference fuel (PRF) [44],
flame instability was promoted in blends, depending on the equivalence ratios. Flame
instability is generally assessed using physical parameters, such as the Markstein length
and Markstein number, which showed convex upward or downward trends with respect
to the mixing ratio in the aforementioned mixtures [42—44]. These physical quantities are
closely related to flame instability, which itself stems from diffusional thermal properties. It
is reasonable to assume that the non-monotonic changes in diffusional thermal properties
observed in these mixtures are attributed to the mixing of light gases such as hydrogen and
methane with heavier gases like iso-octane and PRE. On the other hand, it is plausible to as-
sume that the diffusional thermal properties are not significantly affected in DMC/gasoline
blends because of the relatively similar molecular weights of the components. Hence, we
have to confirm and verify this assumption, as well as other factors contributing to flame
instability, such as hydrodynamic instability, but this is a future task for us that extends
beyond the scope of this study. The experimental results obtained here provide a starting
point for future investigations, and further extensive studies are required to fully assess the
practicality and viability of using DMC/gasoline and ethanol/gasoline blends for internal
combustion engines.

4. Conclusions

In this study, the RCEM was used to examine the combustion characteristics of
DMC/gasoline and ethanol/gasoline blends. By measuring the pressure histories dur-
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ing combustion, knocking intensity and combustion duration were evaluated. Through
this work, we successfully obtained new insights into combustion characteristics related
to knocking intensity and combustion duration in DMC/gasoline and ethanol/gasoline
blends. The results demonstrated that knocking was effectively suppressed by mixing
both DMC and ethanol with gasoline, with ethanol showing a greater effectiveness on a
volume basis. When 40% DMC or ethanol was blended with gasoline under stoichiomet-
ric conditions, KI was reduced by approximately 81% in the DMC mixture and by 99%
in the ethanol mixture. While both DMC and ethanol have high anti-knock properties,
the difference in the chemical reaction mechanisms of their oxidation processes may be
responsible for the difference in knocking mitigation observed in this study. Regarding
combustion duration, the behavior differed between DMC/gasoline and ethanol/gasoline
blends. The variation in combustion durations in DMC/gasoline blends showed a convex
downward tendency, indicating that mixing DMC promoted combustion. This effect was
more pronounced at an initial pressure of 0.10 MPa compared to 0.05 MPa. Although the
combustion duration of pure DMC was observed to be longer than that of pure ethanol, the
combustion duration of DMC/gasoline blends was comparable to that of ethanol/gasoline
blends, depending on the experimental conditions. Conversely, the variation in combus-
tion durations in ethanol/gasoline blends was nearly linear with the blending ratio of
ethanol at both initial pressures. The behavior of combustion duration in ethanol/gasoline
blends was suggested to be partially explained by laminar burning velocity, while that of
DMC/ gasoline blends could not simply be predicted, presumably due to the non-linear
behavior of flame instability or other factors, but this assumption should be confirmed and
verified in the future.
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