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Abstract: Since both ethanol and acetone are the main components in many alternative fuels, re-
search on the burning characteristics of ethanol-acetone blends is important to understand the
combustion phenomena of these alternative fuels. In the present study, the burning characteristics
of ethanol-acetone fuel blends are investigated at a temperature of 358 K and pressure of 0.1 MPa
with equivalence ratios ranging from 0.7 to 1.4. Ethanol at 100% vol., 25% vol. ethanol/75% vol.
acetone, 50% vol. ethanol/50% vol. acetone, 75% vol. ethanol/25% vol. acetone, and 100% vol.
acetone are studied by the constant volume combustion chamber (CVCC) method. The results show
that the laminar burning velocities of the fuel blends are between that of 100% vol. acetone and
100% vol. ethanol. As the ethanol content increases, the laminar burning velocities of the mixed
fuels increase. Furthermore, a detailed chemical kinetic mechanism (AramcoMech 3.0) is used for
simulating the burning characteristics of the mixtures. The directed relation graph (DRG), DRG with
error propagation (DRGEP), sensitivity analysis (SA), and full species sensitivity analysis (FSSA)
are used for mechanism reduction. The flame structure of the skeletal mechanism does not change
significantly, and the concentration of each species remains basically the same value after the reaction.
The numbers of reactions and species are reduced by 90% compared to the detailed mechanism.
Sensitivity and reaction pathway analyses of the burning characteristics of the mixtures indicate that
the reaction CoHy+H(+M)<=>CyH3(+M) is the key reaction.

Keywords: ethanol; acetone; spherically expanding flame; laminar burning characteristics; skele-
tal mechanism

1. Introduction

With the rapid development of the automotive industry, increasing numbers of gaso-
line and diesel vehicles have produced serious air pollution worldwide [1,2]. Besides that,
energy shortages in many countries have also attracted researchers” attention in relation
to renewable and sustainable energy [3]. Therefore, it is urgent to find efficient and
clean alternative fuels, such as bioethanol [4-6], methanol [7-10], dimethyl ether [11], and
acetone-butanol-ethanol (ABE) [12-14]. In many alternative fuels, ethanol and acetone
are the main components [15,16], so their fundamental combustion characteristics should
be well known for their application in gasoline and diesel engines and other burning
apparatus. However, there are few studies on the fuel blends of ethanol and acetone.
In fact, the fundamental combustion of acetone and ethanol has been studied separately in
the literature. Moreover, some studies have investigated the combustion characteristics
of ethanol and acetone blends with other fuel. Table 1 lists some research relating to the
fundamental combustion characteristics of ethanol, acetone, and ethanol/acetone/other
fuel blends.

In this research regarding the fundamental combustion characteristics of alternative
fuels, Bradley et al. [17] measured the laminar burning velocities and Markstein numbers of
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ethanol/air mixtures at elevated temperatures of 300-393 K and pressures of 0.1-1.4 MPa.
The results show that the Markstein number increases slightly when the temperature
of the experiment increases and reduces when the pressure of the experiment improves.
Broustail et al. [18] provided laminar burning velocity data for ethanol at the initial pressure
and temperature of 0.1 MPa and 400 K using the constant volume combustion chamber
method. They found that the laminar flame speed of ethanol is higher than that of iso-
octane and butanol. Using ethanol in a direct injection engine can effectively prevent
knocking. For this reason, Broustail et al. [19] studied the fuel of ethanol and iso-octane.
They concluded that the addition of ethanol increases the laminar burning velocity of
iso-octane. Moreover, the burning velocity of the fuel blend increases linearly with the
increase in ethanol fraction. Dirrenberger et al. [20] measured the laminar burning velocity
of gasoline with the addition of ethanol. They observed that the addition of 15% (vol.)
ethanol to the mixture has no obvious impact on the laminar burning velocities of gasoline.
Varea et al. [21] studied the pressure effects on the laminar burning velocities of ethanol-air
mixtures. They verified the reliability of the mechanism for predicting the laminar burning
velocity of ethanol and showed that increased pressure causes larger measuring error
due to flame cellularity, which occurs on the flame front. Nilsson et al. [22] assessed the
laminar burning velocities of acetone/air at room and elevated temperatures. The results
show that there is an exponential relationship between laminar burning velocities and
temperature. Burluka et al. [23] used the Konnov mechanism to compute the laminar
burning velocity and ignition delay of acetone at atmospheric pressure. They noted
that acetone/air flames are slow compared with its two isomers, propylene oxide and
propionaldehyde. Pichon et al. [24] developed a detailed chemical kinetic model for the
oxidation of acetone. They demonstrated that when the addition of acetone is less than
15% by volume, it has no effect on the ignition delay time of an n-heptane stoichiometric
mixture. Again, Xu et al. [25] studied the laminar burning velocity and flame stability of
biomass pyrolysis oil, containing more than 50% ethanol and acetone. They found that
it shows good power and emission performance on gasoline and diesel engines. Zhang
et al. [26] investigated the laminar premixed flames of ABE (ethanol and acetone content
of 47% by volume). Ethanol [27] and acetone [28] were also used as oxygenated fuels in
a homogenous charge compression ignition (HCCI) engine. As important components
of alternative fuels, there is currently little research on the combustion characteristics of
ethanol and acetone fuel blends. Homayoun et al. [29] conducted the vibro-acoustic analysis
of a single cylinder. They found that experimental and numerical modal analysis results
were in good agreement. These particular mixtures in the special ratios are refined pyrolysis
biomass liquid fuels produced by Zhejiang University, which are used in compression-
ignition and spark-ignition engines, and they have shown comparable and better emissions
than diesel and gasoline.

In order to grasp the heat releasing law and flow field structure in the engine com-
bustion process, and to better design the engine and control the reaction pathways of
pollutants, the role of numerical calculation is becoming increasingly important. However,
the detailed mechanism containing many components and elementary reactions brings
great challenges to numerical calculations. The huge mechanism brings a high degree of
nonlinearity and multi-scale, which not only affects the convergence speed of the overall
calculation process, but also easily leads to divergence of the solution. In numerical cal-
culation research, it may not be necessary to accurately predict the reaction mechanism
in a very wide range, or to pay attention to those components with a mass fraction of less
than 1075 [30]. Therefore, the reduction of the mechanism becomes very necessary. It is
also a very important research field today. As a starting mechanism, AramcoMech 3.0 [31]
is used in this work. AramcoMech 3.0 is based on AramcoMech 2.0 and AramcoMech 1.3.
It has been developed to characterize the kinetic and thermochemical properties of a large
number of C;—C4 hydrocarbons and oxygenated fuels over a wide range of experimental
conditions. The methods of directed relation graph (DRG), DRG with error propagation
(DRGEP), sensitivity analysis (SA), and full species sensitivity analysis (FSSA) were used
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to reduce or simplify the detailed AramcoMech 3.0 [31]. Skeletal mechanisms of fuels
with different mixing ratios (ET (100% vol. ethanol), ETAC31 (75% vol. ethanol/25% vol.
acetone), ETAC11 (50% vol. ethanol/50% vol. acetone), ETAC13 (25% vol. ethanol /75% vol.
acetone), AC (100% vol. acetone)) were used to obtain the burning velocity and compared
with the detailed mechanism. What is more, the numerical burning velocity calculated
by CHEMKIN was compared with experimental data. Herein, sensitivity and reaction
pathway investigations of the tested fuels were also performed.

Table 1. Research on combustion characteristics of ethanol and acetone fuels.

Researchers Temperature Pressure Equivalence Ratio Method Fuel
Drenberger et al. [20] 258, 358, 398 K 1 atm 0.5-1.6 HF ethanol
Sileghem et al. [32] 298-358 K 1 atm 0.7-15 HF ethanol
Rau et al. [33] 298, 323,348,373 K 1 atm 0.7-1.4 HF ethanol
Broustail et al. [19] 423 K 0.1-1.0 MPa 0.7-14 CvCC ethanol
Chong et al. [34] 298 K 1 atm 0.6-1.4 SF acetone
Nilsson et al. [22] 298, 318, 338, 358 K 1 atm 0.6-14 HF acetone
Gong et al. [35] 343,393 K 1 atm 0.7-1.6 CvCC acetone
Wu et al. [36] 375-523 K 0.1-1.0 MPa 0.6-1.3 BE acetone
Zhang et al. [26] 363 K 30 Torr 1.0 MBMS ABE
Zhang et al. [37] 358, 393, 428 K 0.1,0.2, 0.4 MPa 0.7-1.5 CvcCC ABE
Zhang et al. [38] 400 K 0.1 MPa 0.6-1.6 CcvcCcC ABE

HE heat flux; CVCC, constant volume combustion chamber; SF, stagnation flame; BF, Bunsen flame; MBMS, molecular beam mass

spectrometry.

Ethanol-acetone fuel blends have been used in combustion engines and industry;
however, there is no literature in relation to these. In this work, the laminar burning
characteristics of ethanol-acetone fuel blends were studied at a temperature of 358 K and
pressure of 0.1 MPa with equivalence ratios ranging from 0.7 to 1.4. The laminar burning
velocities, sensitivity analysis, reaction path, and flame structure of different ratios of
ethanol-acetone fuel blends were investigated. The methods of directed relation graph
(DRG), DRG with error propagation (DRGEP), sensitivity analysis (SA), and full species
sensitivity analysis (FSSA) were used to calculate and analyze kinetic modelling based on
AramcoMech 3.0.

2. Experimental and Computational Methods

The experimental system is based on a constant volume combustion chamber, while
computational methods used in this study are directed relation graph (DRG), DRG with
error propagation (DRGEP), sensitivity analysis (SA), and full species sensitivity analysis
(FSSA) with CHEMKIN software.

2.1. Experimental Device

Figure 1 shows the image of the experimental system and the experimental device. The
experimental system includes a constant volume combustion chamber, an ignition system,
and a high-speed Schlieren photography system. The front and rear surfaces of the constant
volume bomb (200 x 200 x 200 mm) are equipped with quartz glass windows (105 mm)
for optical detection. The left and right surfaces are equipped with central electrode
mounting holes for igniting the mixture. The upper surface is equipped with intake and
exhaust holes, an installed pressure sensor (Kistler 6155B), and a thermocouple (WRNK-
234). In addition, heating resistors are evenly arranged on each surface of the constant
volume bomb to control the initial temperature of the experiment. The Z-shape Schlieren
system is connected with a high-speed camera to obtain the flame images. The high-speed
camera used in the experiment was a Photron FASTCAM. Figure 1b shows the constant
volume combustion chamber used in the system. More information on the experimental
apparatus can be found in the previous papers [25,39-42].
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Figure 1. The experimental system (a) and the experimental device (b).

2.2. Data Processing

Matlab was used to obtain the flame radius. The radius of the flame 1 can be obtained

as [43]:

/S
Tf = —ZRO

)

where Sy is the flame surface-surrounded pixels, S, is the total pixel points contained
in the window, and Ry is the actual radius of the window. The value of Rg is 52.5 mm.
After obtaining the flame radius, the stretched flame propagation speed is calculated using

Equation (2) [25]:
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where Sy, is the stretched laminar flame speed and ¢ is the time after ignition. By calculating
the stretched laminar flame speed, the flame stretch rate (x) was calculated by [39]:
S
k=22t )
s
The flame stretch rate, «, is defined as the logarithm of an infinitely small area of
the flame surface versus time. Then, the nonlinear correlation of unstretched laminar
flame speed and stretched laminar flame speed were calculated. The correlation between
unstretched laminar flame speed S and stretched laminar flame speed S, are given as [21]:

s\ s\ L
(5)o(3) -4
b b b

where L is Markstein length. According to the mass conservation theory, the laminar
burning velocity u] can be obtained as follows [40]:

putiL = ppSy ®)

where p,, and p, are the density of the burned gas and unburned gas under the isobaric
assumption, which are calculated by the Chemkin software.

2.3. Uncertainty Assessment

The uncertainty of laminar burning velocity is mainly caused by measurement re-
peatability and thermal radiation. The uncertainty caused by measurement repeatability
belongs to type A uncertainty. Each set of experiments in this study was repeated three
times, and the standard deviations R; were calculated. According to previous studies, the
influence of thermal radiation on the laminar burning velocity mainly lies in two aspects:
one is that the thermal radiation of the flame will directly reduce the temperature of the
flame; the other is that the radiant cooling causes the fuel gas to flow inward. Both of these
influence modes cause the flame propagation speed to decrease. Yu et al. [44] proposed an
empirical formula for calculating the uncertainty of laminar burning velocity (R;) caused

by thermal radiation:
~1.14 -03
%) (®)G)
Ry =082 x | == = || = 6
? ( So ) (To po ©

where Sy is 1 em-s™1, Ty is 298 K, po is 1 atm, up is laminar burning velocity, T is the
temperature of the bomb, p is the pressure of the bomb, and R, is the uncertainty of laminar
burning velocity caused by radiation. This empirical formula is used in the constant volume
bomb method for determining the uncertainty of the laminar flame velocity. Therefore, the
uncertainty of laminar burning velocity (R) was calculated by [41]:

R=/R?+R3 (7)

The uncertainty of laminar burning velocity (R) was less than 5.92% in this work.

3. Results and Discussion

Firstly, the experimental system was validated by the laminar burning velocities
of ethanol. Then the mechanism reduction was processed and the skeletal mechanism
was obtained. The laminar burning velocities of the experiment and the simulation were
compared. Finally, sensitivity, reaction pathways, and flame structures were analyzed.
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3.1. System Validation

Figure 2 compares the laminar burning velocities of ethanol in the literature and this
work at a temperature of 358 K and a pressure of 0.1 MPa. It can be seen from the figure
that the data from this work and the literature [17,20,45] are consistent and agree well with
each other. On the lean side, the data from this work are somehow comparable with data
from Bradley et al. [17]; the deviation is less than 6%. Meanwhile, on the rich side, they are
somewhat comparable with Dirrenberger et al. [20]; the deviation is less than 12%. In view
of the above discussion, the experimental setup of this work is very reliable.
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Figure 2. Comparison of u, of ethanol in this work and other researchers’ results.

3.2. Mechanism Reduction

Chemkin is thermochemical object-oriented software used for solving thermodynamic,
kinetic, and transport process problems. It can be used to investigate combustion, detona-
tion, electrochemical energy conversion and storage problems, and the like. It has objects
which represent phases of matter, time-independent reactors, steady one-dimensional
reacting flows, etc. Besides, Chemkin can be used to analyze flame problems such as the
freely-propagating premixed laminar flame, burner flame, counter flow premixed and
diffusion flame, ion free flame, etc. in one-dimensional reacting flow problems. The freely-
propagating flame is used in this work to investigate the burning velocity of ethanol-acetone
fuels. In this study, the premixed laminar burning velocity module of Chemkin software
was used for the simulations, in the area of 1 cm, with a maximum grid point of 1000
(GRAD = 0.1, GURV = 0.5). Various methods such as DRG, DRGEP, SA, and FSSA were
combined to simplify the detailed mechanism. Generally, the detailed mechanism of these
several fuels goes through a three-step reduction process, as shown in Figure 3. DRGEP and
DRG have the same basic principle. In this research, DRG or DRGEP were initially used to
reduce the detailed mechanism, because DRG and DRGEP were used to check the coupling
relationship between components and to remove unimportant species. Then, the results
of DRG and DRGEP (Skeletal Mechanism #1(DRG) and Skeletal Mechanism #1(DRGEP),
respectively) were compared to determine the mechanism with fewer species and reactions
as the result of the first-step reduction (Skeletal Mechanism #1). Sensitivity analysis for a
group of substances by DRGSA and DRGEPSA optimized Skeletal Mechanism #1 to Skele-
tal Mechanism #2(DRGSA) and Skeletal Mechanism #2(DRGEPSA), respectively. As for the
first step, the simplified results of the two methods were compared, and the mechanism
with lower results was chosen as Skeletal Mechanism #2. Finally, components in Skeletal
Mechanism #2 were further reduced by FSSA to obtain Skeletal Mechanism #3.
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Figure 3. Mechanism reduction process.

Two target parameters were set as key criteria in the process, including acetylene
(CoH») concentration and carbon monoxide (CO) concentration [46]. There are several
reasons for this set. C;Hj can characterize the intermediate products of soot [47]. The com-
bustion of fuels may form the common intermediate of C;H;, which may undergo si-
multaneous polymerization and dehydrogenation to produce long-chain polyacetylene
and finally convert into soot [48]. Under high-temperature conditions, CO, CO,, and O,
maintain a certain balance. CO is the main exothermic reactant in the high-temperature
oxidation stage. Therefore, the concentrations of CoH; and CO were set as key species in
reducing the mechanism. The process is shown in Table 2.

Table 2. Methods used in the mechanism reduction process and number of species/reactions after
each step (the detailed mechanism includes 581 species and 3037 reactions).

Step ET ETAC31 ETAC11 ETAC13 AC
1 DRG DRGEP DRGEP DRGEP DRGEP
111/740 87/493 123/854 117/759 119/825
5 DRGEPSA DRGSA DRGSA DRGSA DRGSA
64/383 82/468 65/385 70/387 94/618
3 FSSA FSSA FSSA FSSA FSSA

44/270 66/398 54/327 65/330 47/274
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Previous studies showed that free radicals are the most important elementary sub-
stances in the reactions [49], especially the hydroxyl radical (OH), which has a great
influence on the process of combustion. Figure 4 compares the simulated mole fraction
results of OH by the detailed mechanism and skeletal mechanism of the fuel at a tempera-
ture of 358 K and a pressure of 1 atm. Both detailed mechanism and skeletal mechanism
predict the peak OH mole fraction at ¢ = 1.0. Compared with the detailed mechanism, the
average relative deviation of the skeletal mechanism for ethanol is 1.7% (ET), while that for
acetone is only 1.2% (AC).
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Figure 4. Comparison of OH mole fraction calculated by skeletal mechanism and detailed mechanism.
DM: detailed mechanism; SM: skeletal mechanism.

Figure 5 displays mole fraction profiles of CO, computed with the skeletal mechanism
and detailed mechanism. The results show that the peak values are attained at ¢ = 0.9.
The average relative deviation is less than 0.5%. In view of the above discussion, the
skeletal mechanisms of acetone and ethanol are reliable.
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Figure 5. Comparison of CO, mole fraction calculated by skeletal mechanism and detailed mecha-
nism. DM: detailed mechanism; SM: skeletal mechanism.
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3.3. Laminar Burning Velocity

Figure 6 shows the flame images of ETAC11 at ¢ = 0.8, 1.0, 1.1, and 1.3, with an
initial temperature of 358 K and pressure of 0.1 MPa. The flame speed is highest at the
stoichiometric equivalence ratio, ¢ = 1.0. The decrease in the flame speed at the lean side
(¢ = 0.8) is more pronounced than that at the rich side (¢ = 1.3).

7.5 ms 15 ms 22.5 ms 30 ms

Figure 6. Flame images of ETAC11 (50% ethanol + 50% acetone by volume) at different equivalence

ratios, with an initial temperature of 358 K and pressure of 0.1 MPa.

Figure 7 shows the laminar burning velocities of ethanol and acetone. The laminar
burning velocities of ethanol and acetone reached a maximum value of u; = 50.1 cm/s
and up, =43 cm/s at ¢ = 1.1 and 1.0, respectively. The results simulated by the skeletal
mechanism are close to the experimental data. The simulation results of acetone fit the
experimental data better on the lean fuel side. The simulation and experimental data
are consistent in trend; however, the relative difference between the simulation and the
experimental data is 21% for acetone and 12.6% for ethanol. As the ethanol content
increases, the laminar burning velocities of the mixed fuels increase. 1-hydroxyethyl
(SCo,H4OH) and 2-hydroxyethyl (PC,H4OH) are two active radicals generated by ethanol,
which can easily produce OH during the combustion process. OH (hydroxyl) is an active
radical that has a significant effect on the laminar burning velocity. The increase in ethanol
content raises the fraction of OH, which renders the laminar burning velocity larger.
The flame speed of the fuel blend reaches a maximum at ¢ = 1.0~1.1. The difference
between experimental data and simulation results for ethanol on the fuel-lean side are
smaller than that on the fuel-rich side, with 10% and 15%, respectively. Laminar burning
velocities of the fuel blend is between those of acetone and ethanol. A flame speed model
was used to calculate with the skeletal mechanism and the detailed mechanism. Such a
model is different from homogeneous mixtures in a closed bomb of the experiment in that
the radical concentration in the flame of the flame speed model is always higher than that
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generated during the induction period of homogeneous ignition. Besides that, in the flame
environment of the flame speed model, steep temperature and concentration gradients
exist, which can bring radicals produced in the high-temperature region of the flame to
a low-temperature region, thereby facilitating the reactions causing results of simulation
that are higher than those of the experiment [46]. The laminar burning velocities simulated
by the detailed mechanism are higher than those by the skeletal mechanism, due to the
reduction of formation of OH in the mechanism reduction process. In order to simplify
the detailed mechanism, the number of radicals was decreased in the calculation process,
which reduced the formation of OH. The average deviation of the skeletal mechanism and
experimental data is around 20%, while the average deviation of the detailed mechanism
and experimental data is about 35%. The reason for the deviation is that the radiation effect
is not considered in skeletal and detailed mechanisms, and it renders the over-predictions
of laminar burning velocities.

65
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Figure 7. Experimental and numerical laminar burning velocities of the fuel blend of ethanol and
acetone at an initial temperature of 358 K and pressure of 0.1 MPa.

Sarli et al. [50] investigated a Le Chatelier’s rule formula that is based on the mole
fraction for the laminar burning velocity of fuel mixtures, and they calculated a good
prediction in lean and stoichiometric regions. The equation is expressed as:

1
ULblend = T x (8)
i=1up;

where x; is the mole fraction of each component, up yj.,4 is the laminar burning velocity
of fuel mixtures, and u; ; is the laminar burning velocity of pure fuel. Figure 8 shows the
comparison between estimated results calculated by Le Chatelier’s rule and experimental
data of ETAC11. The deviation of the two calculation results is less than 15%
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Figure 8. The comparison between estimated results calculated by Le Chatelier’s rule and experi-
mental data of ETAC11.

3.4. Sensitivity Analysis and Reaction Path

The reaction pathways of ethanol and acetone were also simulated with the skeletal
mechanism. Figure 9 shows the top ten reactions with the highest sensitivity coefficients
of the three fuel blends to analyze sensitivity at 50% fuel consumption. In this work,
CoHy+H(+M)<=>CyH3(+M) has a clear consumption effect on ethanol and acetone of the
mixtures, which means it leads to advancing effects on the laminar burning velocities.
Besides that, C,Hy is the significant substance that increases the laminar burning velocities.
In addition, at ¢ = 1.0, the main consumption of ethanol comes from H abstraction
reactions, while the main acetone consumption is the decomposition of CH3CO. CO
oxidation inhibits consumption of both acetone and ethanol.

C3H8(+M)<=>CH3+C2H5(+M) [ Ethanol ¢=1.0

C2H50H+H<=>PC2HAOH+H2
C2H50H+OH<=>SC2H4OH+H20
C2H50H+H<=>SC2HAOH+H2
C2H50H<=>C2H5+0OH
C2H3+02<=>CHCHO+OH
C2H2+H(+M)<=>C2H3(+M)
HCO+M<=>H+CO+M
CH3+H(+M)<=>CH4(+M)

02+H<=>0+0H

0.2

Figure 9. Cont.
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Il Acetone ¢=1.0

HCO+H<=>CO+H2
HCO+M<=>H+CO+M
CH3+HO2<=>CH30+0OH
CH3+H(+M)<=>CH4(+M)
CO+0OH<=>C0O2+H
H+02(+M)<=>HO2(+M)
HO2+H<=>H2+02
HO2+H<=>20H
H+OH+M<=>H20+M

02+H<=>0+0OH

-0.3 -0.2 -0.1 0.0 0.1 0.2

(b)

Figure 9. Sensitivity analyses of mixed fuel ETAC31 at ¢ = 1.0 ((a) ethanol, (b) acetone).

Figure 10 demonstrates the main reaction pathways of ethanol and acetone of ETAC11
fuel at 50% fuel consumption calculated by the detailed mechanism and the skeletal
mechanism. In this work, ethanol generates two active free radicals (1-hydroxyethyl,
SC,H4OH and 2-hydroxyethyl, PC,H4OH) through H-abstraction, and then produces an
important intermediate product, acetaldehyde (CH3zCHO). Tsang et al. [51] considered six
ways of ethanol decomposition and showed that the elimination of water, C;HsOH(+M) =
CyHy + HyO(+M), is the most important pathway. The two reaction pathways of ethanol
leading to SC,H4OH and PC,H4OH in the initial stage of the combustion of ethanol in this
work account for more than 95% of its consumption, and other pathways were removed.
Tran et al. [52] set ethylene (C;Hy) as a significant intermediate in the combustion of ethanol,
the same as the results in this work. Li et al. [53] divided the decomposition of acetone
into two pathways (CH3CO + CHj3/CH3;COCHy). In this work, the pathway leading to
1-acetonyl (CH3COCH;) was determined to be the main pathway. Compared with the
detailed mechanism, some unimportant chain reactions in the skeletal mechanism are
removed. In reaction pathways of ethanol, C2H50 is eliminated, which accounts for 1.45%
of ethanol decomposition in the detailed mechanism, while some species such as IC3H;O
and C3HgOH,-1 are removed by acetone reaction pathways in the detailed mechanism.

C2H50

\000/0 L? e
1.45% b

0,
CH20  C2H4 <MczH50H—>sczH40H

% Os.
Gs. 26.26% 17.799% %2
(

CH3CHO

02C2H40H & PC2H4OHM C2H30H IC3H70H
27.29%

\
0 0,
CH2CHO ﬂ C2H4 M C2H3
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\
HCO

(a)

Figure 10. Cont.
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Figure 10. The main reaction paths of ethanol and acetone of ETAC11 at the equivalence ratio of 1.0
((a) ethanol, detailed mechanism, (b) ethanol, skeletal mechanism, (c) acetone, detailed mechanism,
(d) acetone, skeletal mechanism).
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Figure 11 illustrates the flame structure of ETAC11 at the equivalence ratio of 1.0.
By comparing the concentration of each species in the two mechanisms, the flame structure
of the skeletal mechanism did not change significantly, and the concentration of each
species remained basically the same value after the reaction. In the calculation results of the
detailed mechanism, the combustion reaction position is around 1 cm, while the reaction
position of the detailed mechanism is around 0.2 cm.

0.20
0,
015 |= = H,0
I I - L N
e --- COo /
Q
= —-—=CO,
o 00F —...cHOH | 1 e
i) 29 i
= ---- CH;COCH,
l,
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Distance (cm)
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o
g
S 0.10
©
=
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0.8 0.9 1.0 11 1.2
Distance (cm)
(b)

Figure 11. The flame structure at the equivalence ratio of 1.0 of ETAC11 ((a) detailed mechanism,

(b) skeletal mechanism).

4. Conclusions

This work investigated the laminar burning velocities of 5 different fuels at Ty = 358
K and py = 0.1 MPa in a constant volume combustion chamber with equivalence ratios
ranging from 0.7 to 1.4. Numerical calculations of the laminar burning velocities were also
studied in this work, and DRG, DRGEP, SA, and FSSA were used to reduce the detailed
mechanism. Furthermore, the sensitivity and path of the reactions were analyzed for
mixed fuels. The main conclusions are summarized as follows. This is the first time
that ethanol/acetone mixtures have been investigated concerning their burning velocities.
Besides that, the novelty of the present work is studying the mechanism of reduction of
ethanol/acetone mixtures first.



Energies 2021, 14, 6713

15 0of 18

e Compared with pure fuel, the laminar burning velocity of mixed fuel is lower than
that of ethanol and higher than the laminar burning velocity of acetone. The laminar
burning velocity increases with increasing ethanol content.

e  Through a three-step reduction process, the best simplification method is selected for
each step and species, and the number of reactions of the detailed mechanism have
been reduced by 90%.

e  Multiple reduction methods were combined to alternately simplify the detailed mech-
anisms to skeletal mechanisms that are suitable for different mixed fuels. The cal-
culation results of the skeletal mechanisms and the experimental results have simi-
lar trends.

o CyHy+H(+M)<=>CyHj3(+M) has a clear consumption effect on ethanol and acetone
of the mixtures, which means it leads to advancing effects on the laminar burning
velocities.

o  The flame structure of the skeletal mechanism did not change significantly, and the
concentration of each species remained basically the same value after the reaction.
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Nomenclature

cvcc Constant volume combustion chamber
DRG Directed relation graph

DRGEP  DRG with error propagation

SA Sensitivity analysis

FSSA Full species sensitivity analysis

HF Heat flux

SF Stagnation flame

BF Bunsen flame

Ly Markstein length

Ou Density of unburned gas

R Uncertainty of laminar burning velocity
Ry Uncertainty of laminar burning velocity caused by radiation
p Pressure of bomb

SM Skeletal mechanism

ETAC11 50% vol. ethanol/50% vol. acetone
ETAC31  75% vol. ethanol/25% vol. acetone
MBMS  Molecular beam mass spectrometry
ry Radius of the flame

S f Flame surface-surrounded pixels



Energies 2021, 14, 6713 16 of 18

Sa Total pixel points contained in the window
Ry Actual radius of the window

Sp Stretched laminar flame speed

K Flame stretch rate

Sg Unstretched laminar flame speed
Ob Density of burned gas

uj, Laminar burning velocity

Rq Standard deviations of experiment
T Temperature of bomb

DM Detailed mechanism

ET 100% vol. ethanol

ETAC13 25% vol. ethanol/75% vol. acetone
AC 100% vol. acetone
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