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Abstract: With the world’s energy resources decreasing, ethanol/acetone/ethyl acetate mixed fuel
has the potential as a fossil fuel alternative or oxygenated fuel additive. In this work, the burning
characteristics of ethanol/acetone/ethyl acetate mixed fuels including 3 pure fuels, 9 binary fuels, and
7 ternary fuels were studied at a temperature of 358 K, the pressure of 1 bar, and the equivalence ratios
of 0.7 to 1.4 in the constant volume combustion chamber (CVCC). The burning velocities of the ternary
fuels were compared at ¢ = 0.8, 1.0, and 1.4. The results show that the laminar burning velocities of
the mixed fuels are affected by the contents of ethanol, acetone, and ethyl acetate. The Markstein
length, Markstein number, and burning flux were also analyzed in this paper. Furthermore, a detailed
chemical mechanism comprising 506 species and 2809 reactions was reduced to a skeletal mechanism
including 98 species and 642 reactions, using the directed relation graph with error propagation
(DRGEP). The experimental and the simulated laminar burning velocities were compared. The results
of laminar burning velocities show that the relative deviation of ETEAAC 112 is approximately 17.5%.
The sensitivity coefficients, flame structure, and reaction paths of ethyl acetate were investigated with
the skeletal and the detailed mechanisms. It is found that the key reaction path is retained in the
skeletal mechanism.

Keywords: ethanol; acetone; ethyl acetate; mechanism reduction; laminar burning velocity

1. Introduction

Fossil fuels such as oil, natural gas, coal, etc., are the main energy sources. How-
ever, the extensive, long-term use of fossil fuels has caused significant environmental
pollution and other related problems [1,2], which has increased the research to find alter-
native fuels. Therefore, researchers have turned their attention to alternative green fuels
like ethanol/acetone/ethyl acetate mixture, which is the intermediate product from the
synthesis of biomass pyrolysis oil [3,4].

Ethanol, acetone, and ethyl acetate might be alternative fuels in the future. As an
alternative to gasoline, ethanol has a higher octane number than gasoline [5,6]. Ethanol-
gasoline blended fuel can increase the compression ratio to achieve a higher combustion
efficiency and to increase engine output torque [7,8]. An ethanol-gasoline fuel mixture
can reduce HC, CO, and NOx emissions [9,10]. Moreover, an acetone and a gasoline fuel
mixture can significantly improve engine performance. Although HC and CO emissions
are higher at idle speed, as the engine speed increases, its emissions are significantly lower
compared to pure gasoline [11-13].

The combustion characteristics of ethanol have been investigated by many researchers.
Sekularac et al. [14] used Le Chatelier mixing empirical correlation to calculate the laminar
burning velocity (LBV) of ethanol mixtures (iso-octane/ethanol). They found that the LBV
predicted by the mixing law agreed well with the experimental results. Katoch et al. [15]
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measured the LBV of ethanol at high temperatures using the diverging channel method,
and the results showed that the temperature exponents exhibited a parabolic trend with
the minimum value at the equivalence ratio of 1.1. Aghsaee et al. [16] examined the LBV of
ethanol at the pressure of 1, 2, and 5 bar and an initial temperature of 318-473 K. It was
found that increased temperature increased the unstretched flame speed. Knorsch et al. [17]
investigated the combustion mechanisms and the burning behavior of ethanol. The study
showed that the LBV decreased linearly up to 50% at a 20% EGR (exhaust gas recircu-
lation) rate. Sileghem et al. [18] reported the LBV of ethanol and its binary/quaternary
mixtures (ethanol-hydrocarbon blends), and they found that the energy fraction mixing
rules predicted the experimental data accurately. Dirrenberger et al. [19] used the heat
flux method to measure the LBV of gasoline/ethanol mixtures and indicated that ethanol
addition showed a negligible effect on gasoline.

Regarding acetone, Zhang et al. [20] studied the premixed flame characteristics of ace-
tone mixtures. The results showed that with an increased concentration of acetone in acetone—
butanol-ethanol mixtures, the diffusional thermal stability reduced. Nilsson et al. [21] in-
vestigated the LBV of acetone at a pressure of 1 atm, the temperature of 298, 318, 338,
and 358 K. Nilsson et al. [21] found that H-abstraction reactions forming acetonyl radicals
and CH3COCHj3 = CH,CO + CHy were the two significant reactions for decomposition.
Zhang et al. [22] compared the LBV of acetone, n-butanol, and ethanol, and they indi-
cated that the LBVs of the three fuels followed the order of ethanol > n-butanol > acetone.
Moreover, Gong et al. [23] analyzed the combustion characteristics of acetone. The study
revealed that the formation of methyl radical was the main reason for lower LBVs of acetone
compared with that of n-propanol and propanal.

Ethyl acetate has been investigated in some studies. Ahmed et al. [24] investigated the
combustion of ethyl acetate at a temperature of 1200 K and a pressure of 15 bar. The authors
found that unimolecular decomposition was the dominant reaction pathway that consumed
ethyl acetate to form ethylene and acetic acid. Wang et al. [25] studied the oxidation
characteristics of ethyl acetate using kinetic models and the counterflow configuration.
It was found that large amounts of CHs were produced from ethyl acetate oxidation.
Osipova et al. [26] measured the combustion intermediates of ethyl acetate, reporting that
the decomposition of the fuel radicals was the same under near-stoichiometric and fuel-rich
conditions. Xu et al. [27] reported the combustion characteristics of ethyl acetate using
outward propagating spherical flames, and they found that hydrodynamic instability was
intense at ¢ = 1.1.

To investigate premixed flame characteristics of ethanol/acetone/ethyl acetate mixture
as a potential fuel or oxygenated fuel additive, studies on its combustion performance
have been performed. To the best knowledge of the authors, this is the first paper to study
the laminar burning characteristics of ternary mixed fuels (ethanol/acetone/ethyl acetate)
and to conduct an in-depth analysis of the detailed/ skeletal chemical reaction mecha-
nism. The constant volume combustion chamber combined with the high-speed schlieren
imaging system is used to measure the laminar premixed characteristics of the refined
biomass pyrolysis oil (ethanol, ethyl acetate, and acetone). The main laminar premixed
characteristics investigated include laminar burning velocity, Markstein length, Markstein
number, burning flux, etc., at Ty = 358 K and Py = 1 atm. The skeletal mechanism is obtained
by the directed relation graph with error propagation (DRGEP) using Chemkin software.
The chemical reaction paths of the skeletal mechanism and the detailed mechanism are
compared and analyzed.

2. Experimental Set-Up

The experimental device used in this study is shown in Figure 1. The setup had a
constant volume combustion chamber with an internal volume of 1.94 L and a high-speed
camera in a schlieren imagining system for recording the flame images. The side of the
constant volume combustion chamber was equipped with a quartz window for optical
access. Heating rods with a rated power of 60 W were uniformly arranged on each side of



Energies 2022, 15, 2992

30f15

the constant volume combustion chamber. A K-type thermocouple and a pressure sensor
were installed outside the constant volume combustion chamber. The temperature in the
combustion chamber was monitored with the K-type thermocouple and a temperature
display. The pressure sensor (Kistler 6115A) worked with a charge amplifier to record the
pressure data of the combustion process and to display it on the oscilloscope. During the
experiment, the triggering of the ignition signal was controlled by the computer and the
digital delay generator. An ignition electrode wire (platinum wire) was installed in the
center of the constant volume combustion chamber, and the ignition energy was set to
approximately 15 mJ. When the combustion process was complete, the exhaust gas was
discharged through the exhaust system. More information on the experimental system can
be found in Refs. [28-30]. According to the components of the mixed fuels, 18 fuel groups
are selected in this study, including 3 pure fuels, 9 binary fuels, and 7 ternary fuels (see
Table 1).
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Camera Chamber <~ Thermocouple  Display
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Computer Pressure Central L
Transducer Electrodes .~ e
/ 7/
- e i
e — Flat \y/o - oo - - FF= =i 0 &
Mirror I ______
Digital Delay Slit Xenon Lamp
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Figure 1. The system of the experimental set-up.

Table 1. Fuels with different components tested in this study.

Fuel Group Ethanol (ET)/Vol. Acetone (AC)/Vol. Ethyl Acetate (EA)/Vol.
ET 100% - -
AC - 100% -
EA - - 100%
ETAC13 25% 75% -
ETAC11 50% 50% -
ETAC31 75% 25% -
ETEA13 25% - 75%
ETEA11 50% - 50%
ETEA31 75% - 25%
ACEA13 - 25% 75%
ACEA11 - 50% 50%
ACEA31 - 75% 25%
ETEAAC211 50% 25% 25%
ETEAACI121 25% 25% 50%
ETEAAC112 25% 50% 25%
ETEAAC221 40% 20% 40%
ETEAAC212 40% 40% 20%
ETEAAC122 20% 40% 40%

ETEAAC111 33.33% 33.33% 33.34%
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3. Data Processing

The flame front recorded with the schlieren imagining was detected using Matlab
software and the pixels surrounded by the spherical flame could be measured. The radius
of the spherical flame Ry can be calculated as:

| A
Rf = A—iRO 1)

where Ay is the pixels surrounded by flame front, Ry is the radius of the quartz window, A,
is the total pixel points contained in the window; Ry is 45 mm in this study. The stretched
flame burning velocity (Sp) is obtained with Equation (2),

dR;
Sb=-g 2)

where ¢ is the flame propagation time. The flame stretch rate (x) is calculated as [31]:
K=2—= (©)]

Using the linear extrapolation gives a slightly higher unstretched flame speed. In the
current work, the non-linear extrapolation method was used to calculate the unstretched
flame speed. The relationship between unstretched burning velocity SP and stretched
burning velocity Sy, is given in Equation (4) [32],

s\ s\’ L
Sb Sb Sb

where Ly, is the Markstein length. According to the mass conservation equation, the laminar
burning velocity (1) is calculated using Equation (5) [33],

puliL, = ppSp ®)

The flame thickness (¢) is calculated with Equation (6),

0=— 6
- ©)
where py, and py, are the densities of the burned and the unburned gases, respectively, and
v is the dynamic viscosity. These parameters were computed with the Chemkin software.

4. Results and Discussion
4.1. Flame Topography

Figure 2 compares the flame propagation for different ethanol concentrations at
Ty =358K, Py =1 bar, and ¢ = 1.1. The flame propagation speed of ETEAAC211 is the
fastest, while the flame propagation speed of ETEAACI111 is the slowest, and the flame
radius of ETEAACI111 is smaller at t = 13 ms compared with the other two fuels. Many
factors affect the speed of flame propagation. Liu et al. [34] reported that the increased
content of ethanol enhances the propagation speed of binary fuels. In this study, the effect
of increasing ethanol content for propagation speed is not obvious for the ternary fuels. The
burning velocity of the ternary fuels is affected by ethanol, acetone, and ethyl acetate, all the
components play a decisive role in the laminar burning velocity of the mixed fuel. When
two of these fuels have a positive effect on the burning velocity, the effect of increasing
ethanol volume on the burning velocity is attenuated.
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(20% vol. ET)
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(33% vol. ET)
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(50% vol. ET)

Figure 2. Flame propagation images of ETEAAC122, ETEAAC111, and ETEAAC211 at Ty =358 K,
Py =1bar,and ¢ =1.1.

Figure 3 shows the flame propagation images of ETEAAC111 at ¢ = 0.7, 1.1, and 1.4.
The flame propagation speed reaches the peak at the equivalence ratio of 1.1, and the
propagation speed of the rich mixture is faster than that of the lean mixture. Slight cracks
appear on the flame surface at ¢ =1.1 and 1.4, while the flame surface is smooth at ¢ = 0.7.

14 ms 17 ms 20 ms

¢ =07
¢ =11
P =14

Figure 3. Flame propagation images of ETEAAC111 at Ty =358 K, Py =1 bar, and ¢ =0.7, 1.1 and 1.4.
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4.2. Combustion Characteristics

Figure 4 shows the ternary contour phase diagram of the laminar burning velocity
at To =358 K, Py = 1 bar, and ¢ = 0.8, 1.0, and 1.4. It can be seen from the figure that the
increasing ethanol concentration increases the laminar burning velocity of the mixed fuels.
However, the components of acetone and ethyl acetate reduce the laminar burning velocity
of the ternary fuel. In the lean mixture, when the ethanol concentration is greater than 50%,
the higher the ethyl acetate concentration, the higher the laminar burning velocity. When
the ethanol concentration is less than 50%, the velocity reaches the maximum value when
the ethyl acetate and acetone concentrations are close to each other, and the weakening
effect of the ethyl acetate concentration on the laminar burning velocity is more obvious.
In the stoichiometric mixture, the influence of ET, AC, and EA on the mixed fuel is more
intuitive, and the order of the promoting effect of the concentrations of the three fuels
on the laminar burning velocity is ET > AC > EA. In the rich mixtures, the maximum
laminar burning velocity appears in the middle area of the phase diagram of the ternary
contour, and the imbalance of the three fuel concentrations causes the laminar burning
velocity of the ternary fuel to decrease. Overall, as the ethanol concentration increases, the
laminar burning velocity slightly increases. The reason is that the C-O bond of ethanol is
easier to break to form the active group OH. The concentration of OH is one of the key
factors affecting the laminar burning velocity. The increase in the concentration of ethanol
significantly increases the concentration of OH.

LBV (cm/s)

40.00
38.75
= 37.50
- 36.25
- 35.00

- 33.75

= 32.50

31.25

30.00

0% 25% 50% 75% 100% ,
ET
(a) To=358 K, Po=1bar, ¢)= 0.8

Figure 4. Cont.
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(b) To=358 K, Po=1bar, p=1.0
LBV (cm/s)
0% 39.00

100%

36.00

33.00

30.00

27.00

24.00

21.00

18.00

15.00

100%

0% 25% 50% 75% 100%
ET
(c) To=358 K, Po=1bar, ¢ = 1.4

Figure 4. Ternary contour phase diagram of the laminar burning velocity at Ty = 358 K, Py = 1 bar,
and ¢ =0.8,1.0,and 1.4.

Figure 5 displays the Markstein length (L},) and the Markstein number (M,) of the
mixed fuels at Ty = 358 K, Py = 1 bar, and ¢ = 0.7-1.4. The absolute value of the Markstein
length characterizes the sensitivity of the flame propagation velocity to the flame stretch rate.
A positive value indicates that the flame propagation velocity decreases with increasing
flame stretch rate. The Markstein number (M, = L,/J) is determined as the ratio of the
Markstein length (Lj,) to the flame thickness (J). The relationship between the Markstein
length/number and the equivalence ratio is shown in Figure 5. On the lean side, the
Markstein lengths are relatively close, while the Markstein lengths are significantly different
on the rich side, especially when the equivalence ratio is 1.4. Likewise, the Markstein
number differs greatly on the rich side. The reason for this phenomenon is that instability
of the flame occurs on the rich side of the fuel mixture. Flame instability is more obvious on
the flame surface when the fuel is rich, especially for ¢ = 1.3 and 1.4, and the perturbation
of the flame surface is more pronounced compared with lean mixtures.
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Figure 5. Markstein length and Markstein number of the ternary fuels at Ty = 358 K, Py = 1 bar,
and ¢ = 0.7-1.4. (a) The Markstein length of ET/EA/AC/ETEAAC122/ETEAAC212/ETEAAC221,
(b) The Markstein length of ET/EA/AC/ETEAAC211/ETEAAC121/ETEAAC112, (c) The Markstein
number of ET/EA/AC/ETEAAC122/ETEAAC212/ETEAAC221, (d) The Markstein number of
ET/EA/AC/ETEAAC211/ETEAAC121/ETEAACI112.

Figure 6 shows the laminar burning flux of the ternary fuels with the equivalence ratios.
The laminar burning flux (f = uppy) is calculated as the product of the laminar burning
velocity and the density of the unburned mixture. Since the density of the unburned
mixture of the fuels reported in this paper is not much different, the trend of the laminar
burning flux is consistent with that of the laminar burning velocity. The maximum laminar
burning flux appears at the equivalence ratio of 1.0-1.2, and the laminar burning flux of
ETEAAC mixed fuel is closer to the pure fuels on the lean side.
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Figure 6. Cont.
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Figure 6. Laminar burning flux of the mixed fuels at Ty = 358 K, Py = 1 bar, and ¢ = 0.7-1.4.
(a) The laminar burning flux of ET/EA/AC/ETEAAC122/ETEAAC212/ETEAAC221, (b) The lami-
nar burning flux of ET/EA/AC/ETEAAC211/ETEAAC121/ETEAAC112.

Figure 7 compares the laminar burning velocities of the simulation and the experimen-
tal results. The kinetic mechanism of small ester developed by Ahmed et al. [24] was used to
calculate the laminar burning velocities. A skeletal mechanism was verified by comparing
the calculation results of a detailed mechanism. The results of the skeletal mechanism and
detailed mechanism are close. Simulation results overpredict the experimental laminar
burning velocity. The relative deviation between the simulation and the experimental
results of ETEAAC 112 is approximately 17.5%. The first reason for the difference between
the simulation and the experimental results is that the radiation effect is not considered in
the simulation model. Secondly, the model used in the Chemkin software is adiabatic, and
there is no energy loss.
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Figure 7. Comparison of the laminar burning velocity of simulation and experimental results.

4.3. Mechanism Reduction

Based on the detailed mechanism [24], a directed relation graph with error propa-
gation (DRGEP) was used to perform the mechanism reduction process. The detailed
mechanism comprises 506 species and 2809 reactions, while the skeletal mechanism com-
prises 98 species and 642 reactions. Figure 8 presents the flame structure of ETEAAC 121
at ¢ = 1.0. As the high-temperature product of the reaction, CO experiences a trend of
increasing first and then decreasing. The reaction area is between 2.475 and 2.525 cm. The
trails of the ethanol/acetone/ethyl acetate contents are similar, and the mole fraction of
ethanol/acetone/ethyl acetate decreases rapidly in the reaction zone.

1 1 |
2.40 245 2.50 2.55 2.60

Distance (cm)

Figure 8. Flame structure of ETEAAC 121 determined with the skeletal mechanism at ¢ = 1.0.

Figure 9 shows the sensitivity coefficient of EA consumption in ETEAAC 121 at¢ = 0.7,
1.0, and 1.3. One of the significant reactions at ¢ = 0.7, 1.0, and 1.3is O2 + H <=> O + OH; it
promotes EA consumption in rich mixtures, while it suppresses the combustion process
of EA in lean mixtures. An H-abstraction reaction forming PC2H40COC (EA + H <=>
PC2H40OCOC + H2) and the unimolecular decomposition of EA to form 2-acetic acid and
ethane (EA <=> C2H4 + CH3COOH) are important reactions for EA consumption.
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Figure 9. Sensitivity coefficient of EA consumption at ¢ = 0.7, 1.0, and 1.3.

Figure 10 shows the main reaction paths of EA calculated with the skeletal and de-
tailed mechanisms at ¢ = 1.1. The skeletal mechanism preserves the key reaction path
of EA, and there is not much difference in the flow rate of the skeletal and the detailed
mechanisms. The maximum relative deviation of the flow rate is approximately 17% for the
H-abstraction reaction forming SC2H4OCOC. It can be seen that the H-abstraction reactions
forming SC2H40COC, PC2H40OCOC, and C2H5COCH are the most significant consump-
tion pathways of EA combustion, accounting for 23.01%, 50.8%, and 8.41% in the detailed
mechanism. The unimolecular decomposition to form acetic acid and ethane accounts for
17.77% and 17.06% of the detailed and the skeletal mechanisms, respectively. The rate of
production of the main species and the reactions calculated by the skeletal mechanisms at
¢ =1.11is shown in Table 2. The H-abstraction reaction EA + H = PC2H40OCOC + H2 is the
most important reaction of the EA consumption. Decomposition reactions are the main con-
sumption path for PC2H40OCOC and SC2H4OCOC. In the reaction path calculated by the
skeletal mechanism, PC2H40OCOC accounts for 50.8% of EA reaction consumption, while it
is 23.01% for SC2H40OCOC, 17.77% for C2H4/CH3COOH, and 8.41% for C2ZH50COCH,
respectively.

C,H;OH
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Figure 10. Comparison of the main reaction paths of EA calculated with the skeletal and the detailed

mechanisms at ¢ = 1.1.
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Table 2. Rate of production for main species and reactions calculated by the skeletal mechanism at
¢=11.

Rate of Production Reaction

Species Reaction (Mole/cm®-s) Flux (%)
EA + H = PC2H40COC + H2 —7.80 x 10~° 44.39%
EA = C2H4 + CH3COOH —3.12 x 10~° 17.77%
EA + OH = SC2H40COC + H20 —2.07 x 10~° 11.79%
EA + H = SC2H40COC + H2 —152 x 10=° 8.68%
EA EA + OH = PC2H40COC + H20 —9.72 x 1077 5.53%
EA + OH = C2H50COCH + H20 —5.60 x 1077 3.19%
EA + H = C2H50COCH + H2 —5.28 x 1077 3.00%
EA + O = SC2H40COC + OH —447 x 1077 2.54%
EA + O = C2H50COCH + OH —3.90 x 1077 2.22%
EA + O = PC2H40COC + OH —1.54 x 1077 0.88%
PC2H40OCOC = C2H4 + CH3CO2 —892 x 106 99.95%
PC2H40COC PC2H40COC => C2H50COCH —2.35x107° 0.03%
H + VINACET = PC2H40COC —1.62 x 10~° 0.02%
SC2H40COC = CH3CHO + CH3CO —3.81 x 10~° 93.95%
SC2H40COC => C2H50COCH —1.65 x 1077 4.07%
SC2H40COC H + VINACET = SC2H40COC —3.75x 1078 0.93%
SC2H40COC + 02 <=> VINCET + HO2 —342 x 108 0.84%
SC2H40COC + H=EA —8.78 x 10~° 0.22%

5. Conclusions

This study reported the laminar premixed characteristics including laminar burning
velocity, Markstein length, Markstein number, and burning flux of ethanol/acetone/ethyl
acetate mixed fuels at the initial temperature of 358 K, the initial pressure of 1 bar in a
constant volume combustion chamber using equivalence ratios of 0.7 to 1.4. Based on
the detailed chemical mechanism, a skeletal mechanism is obtained by DRGEP. The main
conclusions of the study are as follows:

1.  The order of the promoting effect of the concentrations of ET, AC, and EA on the
laminar burning velocity is ET > AC > EA.

2. With the change of the equivalence ratio, the Markstein number presents a
parabolic trend.

3. The maximum laminar burning flux appears at the equivalence ratio of 1.0-1.2, and
the laminar burning flux of ETEAAC ternary fuel is closer to that of pure fuels on the
lean side.

4. The experimental and the simulation results of laminar burning velocities have a good
consistency, and the relative deviation of ETEAAC 112 is approximately 17.5%.

5. The reaction pathways show that H-abstraction reactions are significant for EA con-
sumption; SC2H40COC and PC2H40OCOC are important species for EA combustion.
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