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ABSTRACT: Ethanol is usually combined with gasoline to manufacture
ethanol−gasoline with excellent combustion characteristics. However,
extracting water from hydrous ethanol to manufacture anhydrous ethanol
consumed much energy, which increases the production cost of ethanol−
gasoline. Many researchers have studied the combustion and emissions of
hydrous ethanol−gasoline to explore the application of hydrous ethanol−
gasoline as the fuel for spark-ignition engines. Most previous studies
changed the hydrous ethanol ratio with fixed purity in hydrous ethanol−
gasoline to study the effects of hydrous ethanol. Different from previous
studies, this paper studied the effects of water ratio (Wr) in hydrous
ethanol on the combustion and emissions of a hydrous ethanol/gasoline
combined injection engine under different excess air ratio (λ) values. The
ratios of ethanol and gasoline keep constant, while the purity of hydrous
ethanol changes during the research. The experiment adopted the
combined injection mode with hydrous ethanol direct injection plus gasoline port injection; the direct injection ratio was 20%. The
experiment set three λ (0.9, 1, and 1.2) and five Wrs (0, 5, 10, 15, and 20%). The test engine’s speed was 1500 rpm, and the intake
manifold absolute pressure was 48 kPa. Results showed that water inhibited combustion, prolonged CA 0-10 and CA 10-90, reduced
Pmax and Tmax, and delayed APmax; larger λ made the deterioration on combustion more obvious, and the smaller λ had a larger
tolerance to water. Water could increase torque and improve emissions, but different parameters corresponded to different optimal
Wrs. For torque, the optimal Wr was 5%. For HC emissions, the optimal Wr was 0%; for CO emissions, the optimal value was 5%;
and for NOx emissions, the best value was 20%. The best Wr was 10% for particle number (PN) emissions. Under the optimal Wr
condition, when λ values were 0.9, 1, and 1.2, compared with pure gasoline, the torque increased by 7.5, 5.54, and 5.31%; HC
emissions decreased by 21.37, 23.43, and 26.58%; NOx emissions decreased by 4.26, 11.47, and 12.55%; CO emissions decreased by
17.51, 34.56, −50%; and the total PN emissions decreased by 87.64, 89.64, and 76.07%.

1. INTRODUCTION

Although the number of new energy vehicles increases quickly, it
is still far smaller than traditional power vehicles. As the power
source of traditional power vehicles, internal combustion
engines consume a lot of fossil energy.1 The massive
consumption of fossil energy brings an energy crisis, and its
combustion causes severe pollution and destruction to the
environment.2 Therefore, looking for clean and renewable
alternative fuels is one of the effective ways to alleviate the
energy crisis and the pollution problem.3,4

Compared with hydrogen and natural gas, alcohol fuels with a
higher volumetric density are easier and safer to store.5,6

Meanwhile, alcohol fuels have mature production technology
and a wide range of raw materials.7 Thus, alcohol fuels are
suitable as an alternative energy for engines.8 Ethanol is more
suitable as an alternative fuel for spark-ignition (SI) engines
because it has lower toxicity than methanol, lower production

cost, and better evaporation characteristics and combustion
characteristics than butanol.9 SI engines use ethanol as an
alternative fuel in three main ways: the first is that SI engines
directly use ethanol as the fuel; the second is that ethanol mixes
with gasoline to form ethanol−gasoline blends, and SI engines
use the blends as fuels; and the last one is that ethanol and
gasoline are injected independently into the engine’s cylinder
under the combined injection mode.10

Experimental results have confirmed that SI engines using
pure ethanol as the fuel can achieve better performance. Lee et
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al. found that the test SI engine fueled with pure ethanol could
reduce the knock tendency, improve the operating stability, and
get a better combustion phase than that fueled with gasoline.11

Lee et al. and Balki and Sayin found that using ethanol on the test
engine increased the volume efficiency and improved the
combustion efficiency and brake mean effective pressure.
Meanwhile, the coefficient of variation (COV) of the test
engine fueled with pure ethanol decreased in the experiment of
Lee et al.12,13 In another experiment of Balki and Sayin, the
experimental results showed that using pure ethanol instead of
gasoline could decrease HC, CO, and NOx emissions. Balki and
Sayin found that the improvements brought by pure ethanol
would be more obvious under high-speed operating conditions
than low-speed operating conditions.14 In addition to harmful
emissions, ethanol also reduced the CO2 greenhouse gas
compared to gasoline, mitigating the greenhouse effect.15

Although SI engines using pure ethanol as the fuel could have
a better performance, the large vaporization heat and low vapor
pressure of ethanol made SI engines fueled with pure ethanol
have poor cold-start performance and even fail to start when the
environment temperature is extremely low.16−18

To solve the cold-start problem of pure ethanol SI engines,
researchers used ethanol−gasoline blends as the fuel of SI
engines. According to the experimental results of Al-Hasan and
Yücesu et al., ethanol−gasoline blends could improve the torque
and power of SI engines and get better thermal efficiency.19,20

Balla et al. found that the increase of ethanol in ethanol−gasoline
blends would increase the antiknock property of blends, and E40
had a higher thermal efficiency than gasoline and pure ethanol.21

In another research by Yücesu et al., they found that ethanol−
gasoline blends could reduce CO, HC, and NOx emissions from
SI engines.22 Stein et al. investigated the unregulated emissions
of ethanol−gasoline blends. They indicated that the use of
ethanol−gasoline blends would decrease the emissions of 1,3-
butadiene and benzene but lead to a rise in formaldehyde and
acetaldehyde emissions; meanwhile, the particle emissions
decreased when the ethanol ratio increased in ethanol−gasoline
blends.23 In the research of Astorga et al., they concluded that
the ethanol−gasoline blends with a high ethanol ratio helped to
reduce methylbenzene and ammonia.24 SI engines can obtain
better performance by using ethanol−gasoline blends. The
ethanol ratio is fixed in blends, but the optimal ethanol ratio is
different under different operating conditions.25 To solve the
problem, ethanol/gasoline dual fuels should be injected into the
cylinder under the combined injection mode with two
independent injection systems instead of premixed ethanol−
gasoline blends.
Previous studies have shown that ethanol direct injection

(EDI) + gasoline port injection (GPI) can achieve higher
efficiency than other injectionmodes because EDI can better use
the enthalpy of ethanol vaporization.26,27 The research of Huang
et al. indicated that the high flame speed of ethanol made SI
engines get a higher thermal efficiency under the EDI + GPI
injection mode.28 In another research, Huang et al. investigated
the effects of EDI + GPI on emissions and power performance.
The results showed that a larger ethanol ratio would increase
CO and HC emissions and decrease NOx emissions. The
indicated mean effective pressure (IMEP) increased when the
ethanol ratio was not beyond 58%.29 Zhuang et al. found that
EDI suppressed the knock tendency of SI engines, and the
suppression effect was more significant when the injection
timing of EDI became late.30,31 Other research showed that a
later injection timing would lead to the combustion deterio-

ration and the rise of CO and HC emissions, but a small EDI
ratio and EDI heating technology would solve these
problems.32,33

The above studies indicated that the application of ethanol in
SI engines could improve the power and emission character-
istics. However, fuel ethanol is usually made by fermentation,
and the process of obtaining anhydrous ethanol from the
fermentation broth consumes a lot of energy, which increases
the production cost.34−36 The rise in the cost of storage and
transportation of anhydrous ethanol helps avoid the pollution of
water in air.37 Many researchers investigated the combustion
and emission characteristics of hydrous ethanol. Augoye and
Aleiferis investigated the effects of water in ethanol on the
engine’s combustion. They found that the larger water content
in ethanol decreased both the maximum cylinder pressure and
the combustion rate, and E90W10 had a similar maximum
cylinder pressure to gasoline.38 Gonzalez et al. found that the
engine fueled with hydrous ethanol−gasoline blends had higher
IMEP and power output than fueled with anhydrous ethanol−
gasoline blends.39 For emissions, the experimental results of
Kyriakides et al. revealed that E40h had lowerHC, CO, andNOx
emissions compared with E40 and E0.37 Ramesh et al. studied
the performance of the test SI engine fueled with hydrous
ethanol−gasoline blends and gasoline; their results showed that
under lean-burn conditions, hydrous ethanol−gasoline blends
had a higher IMEP and a smaller COV than gasoline.40

However, most previous studies studied the effects of hydrous
ethanol with fixed purity on the combustion of hydrous
ethanol−gasoline blends and ignored the effects of water ratio
(Wr) in hydrous ethanol on the hydrous ethanol−gasoline when
the proportions of ethanol and gasoline were fixed. Therefore, in
this experiment, three excess air ratio (λ) values (0.9, 1, and 1.2)
and five Wrs (0, 5, 10, 15, and 20%) were set to investigate the
effects ofWr in hydrous ethanol on combustion and emissions of
a hydrous ethanol/gasoline combined injection engine under
different λ.

2. RESULTS AND DISCUSSION
2.1. Flame Development Duration and Flame Prop-

agationDuration.CA 0-10 is the duration of CA from ignition
to 10% of the fuel’s energy released in the cylinder, which means
the flame development duration in this research. Figure 1a
shows the effects ofWr on CA 0-10 under different λ values. The
results showed that the flame development duration increased
with the increase of λ. An increase in λ means that the mixture
became leaner; the leaner mixture was bad for forming the flame
core and proceeding the chain reaction; the unstable flame core
and chain reaction increased the flame development duration.
Water addition is also detrimental to flame development. The
increase of Wr at all λ values would significantly prolong the
flame development duration, and the effects of Wr on the flame
development duration would be more obvious when λ became
larger. When λ values were 0.9, 1, and 1.2, compared with
anhydrous gasoline−ethanol, 20% Wr could delay the flame
development duration by 2.78, 3.42, and 3.71°CA, respectively.
On the one hand, water has a large vaporization heat. Water
addition reduced the cylinder temperature; the lower temper-
ature prolonged the flame development duration. On the other
hand, water diluted the reactants’ concentration around the
spark plug, which is detrimental to the flame core and chain
reaction formation. A leaner mixture made the flame core more
unstable and the chain reaction more difficult to proceed with.
Therefore, the inhibitory effects of water on the flame
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development duration were more obvious when λ became
larger.
CA 10-90 is the duration of CA from 10 to 90% of the fuel’s

energy released in the cylinder, which means the flame
propagation duration in this research. Figure 1b shows the
effects of Wr on CA 10-90 under different λ values. The results
showed that the flame propagation duration extended as λ
increased. When λ was 0.9, the further increase of λ would
decrease both the flame temperature and the fuel mass in the
cylinder. The lower flame temperature and reactants’ concen-
tration reduced the combustion rate, which was not conducive
to flame propagation. The experimental results showed that
water had significant inhibitory effects on the flame propagation,
especially at larger λ values. When λ values were 0.9, 1, and 1.2,
20%Wr increased the flame propagation duration by 0.55, 1.17,
and 1.84°CA, respectively. The water existence diluted the
reactants’ concentration, which reduced the chemical reaction
rate, and water had a large vaporization heat and specific heat
capacity, leading to the reduction in the flame temperature,
reducing the flame propagation speed and extending the flame
propagation duration. Meanwhile, water inhibited the thermal
expansion rate of the laminar flame and increased the flame
thickness and the laminar flame stability, which is not conducive

to the conversion of the laminar flame into the turbulent flame,
further decreasing the flame propagation speed. When λ became
larger, the mixture became leaner and the flame temperature
decreased, leading to poor combustion stability. Therefore, the
inhibition effects of water were more obvious when λ became
larger.

2.2. Tmax. Tmax is the maximum average temperature in the
cylinder, and the average temperature in the cylinder is
computed by the combustion analyzer according to the cylinder
pressure signal. Figure 2 shows the effects of Wr on Tmax under

different λ values. As shown in Figure 2, Tmax decreased when λ
increased.With the increase of λ, themixture became leaner, and
the leaner mixture resulted in a lower flame temperature and a
slower combustion rate, which resulted in a lower Tmax. The
results also showed that hydrous ethanol affected Tmax distinctly.
Tmax decreased when Wr became larger, and the effects of water
were greater at a larger λ. At the λ values of 0.9, 1, and 1.2,
compared with anhydrous gasoline−ethanol, 20% Wr reduced
Tmax by 24, 46, and 54 K, respectively. The water presence
diluted the reactants’ concentration in the flame, reduced the
chemical reaction rate, and lowered the flame temperature,
which reduced the heating effect of the flame in the cylinder and
reduced Tmax. Meanwhile, water had a large vaporization heat;
the water vaporization reduced the cylinder temperature. More
water broughtmore dilution and thermal effects, leading tomore
significant influences on Tmax. The flame temperature and the
chemical reaction rate in the cylinder would decrease when the
mixture became leaner, making the dilution and thermal effects
of water more obvious. Therefore, the effects of water on Tmax
were more significant at a larger λ.

2.3. Cylinder Pressure. Figure 3 shows the cylinder
pressure versus CA at different λ values under various Wrs;
Figure 4 shows the effects ofWr on Pmax under different λ values;
and Figure 5 shows the effects of Wr on APmax under different λ
values. The results showed that larger λ values flattened the
cylinder pressure curve, reduced Pmax, and delayed APmax. The
reason was that the leaner mixture prolonged the combustion
duration and reduced the flame propagation speed and the
cylinder temperature. Meanwhile, fewer fuels also reduced the
total energy in the cylinder. Similarly, when Wr increased, the
cylinder pressure curve became flat, Pmax decreased, and APmax
delayed. The reason was that the effect of water on combustion

Figure 1. (a) Effects of Wr on CA 0-10 under different λ values. (b)
Effects of Wr on CA 10-90 under different λ values.

Figure 2. Effects of Wr on Tmax under different λ values.
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in the cylinder is similar to that of λ. Moreover, the effects of
water on the cylinder pressure became obvious as λ increased.
When λ values were 0.9, 1, and 1.2, compared with anhydrous
gasoline−ethanol, 20%Wr decreased Pmax by 1.6, 2.54, and 3.42
bar and delayed APmax by 3, 4, and 5°CA before top dead center

(BTDC), respectively. The above analysis showed that water has
inhibitory effects on combustion in the cylinder, and larger λ
would lead to the deterioration of temperature conditions and
combustion conditions in the cylinder. Therefore, the inhibitory
effects were more significant when λ increased. However, APmax
did not increase with Wr changing from 5 to 20% at all test λ
values because the minimum step size of the combustion
analyzer was 1 °CAwhen calculating the cylinder pressure curve.
The influence of Wr on APmax was less than 1 °CA; thus, the
small influence could not be found in the experimental results.

2.4. Torque. Figure 6 shows the effects of Wr on torque
under different λ values. The results showed that torque
decreased as λ increased. The reason was that a leaner mixture
made the total amount of fuels in the cylinder decrease, resulting
in a lower torque. When adding ethanol into the cylinder, the
torque increased compared with pure gasoline, which was
similar to the experimental results of Yusuf and Inambao.41

However, torque increased first and then decreased with the
increase of Wr; the test engine obtained the maximum torque
when Wr was 5% at all test λ values. The improvements of water
on torque became smaller when λ increased. When Wr was 5%
and λ varied from 0.9 to 1.2, the torque increased by 3.90, 2.21,
and 1.82% compared with anhydrous gasoline−ethanol, and the

Figure 3. (a) Cylinder pressure vs CA at the λ of 0.9 under variousWrs.
(b) Cylinder pressure vs CA at the λ of 1 under various Wrs. (c)
Cylinder pressure vs CA at the λ of 1.2 under various Wrs.

Figure 4. Effects of Wr on Pmax under different λ values.

Figure 5. Effects of Wr on APmax under different λ values.
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values were 7.50, 5.54, and 5.31% compared with pure gasoline.
Water has two main effects on torque. On the one hand, water
has a large vaporization heat; thus, the water addition could
reduce the cylinder temperature during the compression
process, reducing the negative compression work. Meanwhile,
water reduced the flame temperature. Lower flame temperature
reduced the heat taken away by the cooling water, which
reduced the heat loss. These factors could increase the torque.
On the other hand, water had inhibitory effects on the
combustion in the cylinder, slowed the flame propagation,
prolonged the combustion duration, and reduced the constant-
volume combustion and heat−work conversion efficiency,
reducing the test engine’s torque. When Wr was less than 5%,
the improvements on the negative compression work and heat
loss were more significant than the inhibitory effects. Therefore,
whenWr changed from 0 to 5%, the torque increased. However,
when Wr was larger than 5%, a further increase in Wr brought
obvious inhibitory effects on combustion, resulting in
combustion deterioration and torque reduction.
2.5. HC Emissions. Figure 7 shows the effects of Wr on HC

emissions under different λ values. HC emissions mainly come
from the incomplete combustion of fuels. The experimental

results showed that the HC emissions of pure gasoline and
gasoline−ethanol under different λ values were different. With
the increase of λ, the HC emissions of pure gasoline and the
gasoline−ethanol fuels with Wr less than 10% decreased.
However, the HC emissions of the gasoline−ethanol fuels with
Wr larger than 10% first rose and then dropped. Larger λ
reduced the fuels in the cylinder, increased the cylinder’s oxygen
concentration, and lowered the temperature in the cylinder.
Gasoline entered the cylinder by port injection. Fewer fuels and
complete combustion due to excessive oxygen resulted in lower
HC emissions. Water has deterioration effects onHC emissions;
with the increase of Wr, HC emissions rose. Besides, the
deterioration effects became more obvious as λ increased. When
λ values were 0.9, 1, and 1.2, compared with anhydrous ethanol,
20% Wr increased HC emissions by 13.59, 27.16, and 46%,
respectively; compared with pure gasoline, HC emissions
decreased by 10.69, 2.64, and −8.25%, respectively. Gasoline−
ethanol fuels are oxygenated fuels, so HC emissions decreased
when the test engine was fueled with gasoline−ethanol fuels
instead of pure gasoline until the strong deterioration effects on
combustion from the water addition appeared. The air−fuel
ratio (AFR) of ethanol decreased with the increase of Wr, which
further led to the increase of the injection pulse width. Longer
injection pulse width enlarged the local over-rich mixture zone
in the cylinder. The water presence diluted the concentration of
fuels and oxygen in the reaction zone and reduced the flame
temperature. Lower concentration and flame temperature were
not conducive to the oxidation reaction between fuels and
oxygen. Meanwhile, water increased the thickness of the wall
quenching layer and intensified the slit effects, which would
increase HC emissions.42 Therefore, HC emissions increased as
Wr increased. With the increase of λ, the flame temperature
decreased, and the combustion stability deteriorated; thus, the
inhibitory effects of water on combustion became more
significant. Therefore, the deterioration of HC emissions was
more obvious under a larger λ. It was worth noting that the
deterioration on HC emissions was greater than the improve-
ments of excessive oxygen onHC emissions at aWr beyond 10%
when λ was 1.2. Thus, the HC emissions of gasoline−ethanol
fuels with a Wr beyond 10% were higher than those of 1 when λ
was 1.2.

2.6. CO Emissions. Figure 8 shows the effects of Wr on CO
emissions under different λ values. CO emissions decreased as λ
increased. CO is generated when fuels lack oxygen during
combustion. A larger λ means a rise in the relative oxygen
content in the cylinder; the excessive oxygen significantly
promoted the oxidation of CO and reduced CO emissions. The
experimental results showed that the variation of CO emissions
with Wr was different under different λ values. When λ values
were 0.9 and 1, CO emissions decreased first and then increased
as Wr rose. When Wr was 5%, CO emissions were the lowest;
compared with anhydrous gasoline−ethanol, CO emissions
decreased by 12.63 and 41.62%, respectively. Compared with
pure gasoline, CO emissions reduced by 17.51 and 34.57%.
When λwas 1.2, CO emissions increased little whenWr rose; the
CO emissions were already low due to the excessive oxygen. The
influence of water onCO emissions can be divided into chemical
effects and physical effects. For chemical effects, water promoted
the chemical reaction: CO +H2O→CO2 +H2.

43,44 Meanwhile,
water would decompose to generateOH radicals under the high-
temperature conditions, and more OH radicals promoted the
conversion of CO into CO2.

45,46 The macrobehavior of
chemical effects reduced CO emissions. For physical effects,

Figure 6. Effects of Wr on torque under different λ values.

Figure 7. Effects of Wr on HC emissions under different λ values.
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the longer injection pulse width brought by a larger Wr was bad
for the vaporization and mixing of ethanol in the cylinder, which
expands the local over-rich mixture area. At the same time, water
diluted the concentration of oxygen and fuels in the reaction
zone and reduced the flame temperature. The macrobehavior of
physical effects increased CO emissions. When Wr did not
exceed 5%, the chemical effects were found to be more obvious
than the physical effects, thus reducing CO emissions. However,
when Wr further increased beyond 5%, the physical effects
played a dominant role, so CO emissions increased as Wr
increased when Wr exceeded 5%. Gasoline−ethanol fuels are
oxygenated fuels with the best improvements on CO emissions
in the rich mixture. The leaner mixture and more oxygen would
weaken the improvements. All gasoline−ethanol fuels had lower
CO emissions at the λ of 0.9 than pure gasoline because
gasoline−ethanol fuels are oxygenated fuels, and the carbon
content in fuels decreased while the oxygen content increased,
which reduced incomplete combustion products.47 Meanwhile,
all gasoline−ethanol fuels had higher CO emissions than pure
gasoline at the λ of 1.2 because of the local over-rich mixture.
2.7. NOx Emissions. Figure 9 shows the effects of Wr on

NOx emissions under different λ values. The three main factors

contributing to NOx formation are high temperature, high
oxygen concentration, and long resident time at high temper-
ature. The results showed that with the increase of λ, all the fuels’
NOx emissions showed an increasing trend first and then
decreased.When λ changed from 0.9 to 1, the temperature in the
cylinder decreased slightly, but the oxygen content in the
cylinder increased, which broke the oxygen-lack state faced by
the rich mixture. The small temperature drop and the oxygen-
lack improvements led to the increase of NOx emissions. As λ
changed from 1 to 1.2, the oxygen content in the cylinder further
increased, but the cylinder temperature decreased obviously.
The significant decrease in the cylinder temperature had a larger
impact on the NOx formation than the increase in oxygen
content, so NOx emissions decreased. In addition, the NOx
emissions of gasoline−ethanol fuels were lower than that of pure
gasoline because the ethanol with large vaporization heat
injected directly into the cylinder vaporized and absorbed heat,
lowering the cylinder temperature and thus reducing NOx
emissions. With the increase of Wr in gasoline−ethanol fuels,
NOx emissions decreased. When λ values were 0.9, 1, and 1.2,
compared with pure gasoline, 20% Wr could reduce NOx
emissions by 16.16, 30.11, and 36.81%, respectively; compared
with anhydrous gasoline−ethanol, NOx emissions reduced by
12.42, 21.05, and 27.74%, respectively. On the one hand, water
has a large vaporization heat; the cylinder temperature decreased
as Wr increased. At the same time, water could reduce the
chemical reaction rate, lowering the flame temperature. Lower
cylinder temperature and flame temperature decreased NOx
emissions. On the other hand, the water presence diluted the
concentrations of N2 and O2 in the reaction zone, also reducing
the generation of NOx to a certain extent.

2.8. Particle Number Emissions. Figure 10 shows the
effects of Wr on particle number (PN) distribution character-
istics at varied λ values. High temperature and oxygen lack are
the main factors for the particles’ formation. The particle in the
cylinder underwent two stages: one was the particle formation in
the flame front and the other was the particle oxidation after the
flame spread. The peak value of smaller Dp in the particle
distribution curve is mainly composed of the following
substances: (1) primary soot with a small size formed in the
flame front by high temperature and oxygen lack. (2) Small
particles formed by the condensation and nucleation of the
unburned hydrocarbon during the exhaust process. The peak
value of the larger particle size is mainly from the growth of the
primary soot through polymerization and adsorption. The
results showed that the change of λ had significant effects on the
PN distribution characteristics. As λ increased, the peak value in
the particle distribution curve decreased in all test fuels. The
reason was that a larger λ meant that the fuels in the cylinder
reduced, thus reducing the amount of carbon; the larger λ
decreased the flame temperature and improved the oxygen-lack
state, not only reducing the particle generation in the flame front
but also strengthening the particle oxidation. For anhydrous
gasoline−ethanol, when λ changed from 0.9 to 1, the
distribution state changed from bimodal distribution to
unimodal distribution. When λ changed from 0.9 to 1, less
carbon, lower flame temperature, and the improvement of
oxygen lack were all bad for the soot precursor formation and the
cyclization and polymerization of the soot precursors, reducing
the particles with small sizes.Meanwhile, more oxygen enhanced
the particle oxidation and made the particle size smaller; higher
oxygen content decreased the amount of unburned hydro-
carbon, further reducing the small-sized particles formed by the

Figure 8. Effects of Wr on CO emissions under different λ values.

Figure 9. Effects of Wr on NOx emissions under different λ values.
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condensation of unburned hydrocarbon during the exhaust
process. When λ increased from 1 to 1.2, the formation,
cyclization, and polymerization of the soot precursors reduced
further; the oxidation of particles and hydrocarbon increased,
resulting in an extremely low level of the particles of all sizes.
Thus, the distribution state changed from unimodal distribution
to peakless distribution when λ increased from 1 to 1.2.
For hydrous gasoline−ethanol, the change of λ did not affect

the distribution characteristics. Under all λ values, the

distribution state was bimodal distribution. However, the effects
of water on the distribution characteristics of particles were
different as λ increased. When λwas 0.9, with the increase inWr,
the peak concentration of the particles with larger Dp increased,
while the peak concentration of the particles with smaller Dp
decreased first and then increased, and 10% Wr has the
minimum value. The water addition could decrease the flame
temperature, reduce the formation of primary soot, and decrease
its polymerization and cyclization. At high temperatures, water
could react with soot particles in the water−gas reaction: C +
H2O → CO + H2.

48,49 Meanwhile, water could decompose to
generate OH radicals under high-temperature conditions,
accelerating the oxidation of particles after the flame front
propagation.50,51 Thus, the peak concentration of the particles
with larger Dp decreased as Wr increased. However, the water
addition reduced the temperature in the zone after the flame
front propagation, and lower temperature reduced the particles’
oxidation rate. Excessive water also deteriorated combustion and
increased the unburned hydrocarbon content in the exhaust gas,
resulting in the increase of concentration of particles with
smaller Dp formed by the condensation and nucleation of
unburned hydrocarbon. Therefore, whenWr exceeded 10%, the
deterioration of water on particles was greater than its
improvements. The peak concentration of the particles with
smaller Dp increased with the increase of Wr.
When λ was 1, as Wr in gasoline−ethanol increased, the peak

concentration of the particles with largerDp decreased, while the
peak concentration of the particles with smaller Dp increased.
The reason that the peak concentration of the particles with
largerDp decreased as Wr increased was the same as that at the λ
of 0.9. Due to the increase of λ, the flame temperature decreased,
and the combustion stability becameworse so that the inhibitory
effects of water on the combustion in the cylinder were more
obvious. Larger λ reduced the tolerance of combustion to water,
which made a smaller Wr significantly worsen the oxidation of
particles with a small Dp and promote the nucleation of
unburned HC. Thus, a Wr beyond 10% increased the
concentration of particles with smaller Dp at the λ of 0.9, while
theWr was 5%when λwas 1.When λwas 1.2, both largerDp and
smaller Dp particles’ concentration increased as Wr increased.
The reason was that with the increase of Wr, the temperature in
the area after the flame front propagation decreased. Although
the oxygen content was high, the temperature became lower
when Wr rose, making it bad for the particles’ oxidation. In
addition, more water reduced the flame propagation speed; thus,
the high-temperature duration in the cylinder became shorter
and the reaction time for the oxidation of particles became
insufficient. These factors made the particles to be discharged
from the engine without complete oxidation. Moreover, carbon
has a stronger binding ability to oxygen than water. In the case of
high oxygen content, water hardly consumed soot through a
water−gas reaction. The previous analysis in this paper showed
that water had more significant inhibitory effects on the
combustion of the lean mixture, making the concentration of
unburned hydrocarbon in the exhaust increase, which was
conducive to the condensation and nucleation of unburned
hydrocarbon; higher hydrocarbon content also promoted the
mutual adsorption growth. Therefore, the peak concentration of
both larger Dp and smaller Dp particles increased with the
increase in Wr when λ was 1.2.
Figure 11 shows the effects of Wr on PN emissions under

different λ values. The left axis is the PN emissions for gasoline−
ethanol fuels, and the right axis is the PN emissions for gasoline.

Figure 10. (a) Effects of Wr on PN distribution characteristics at the λ
of 0.9. (b) Effects of Wr on PN distribution characteristics at the λ of 1.
(c) Effects of Wr on PN distribution characteristics at the λ of 1.2.
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The PN emissions decreased with the increase in λ. As λ
increased, the fuels entering the cylinder reduced, decreasing the
total carbon content in the cylinder, which reduced PN
emissions at the source. On the one hand, larger λ could reduce
the flame temperature, increase the oxygen content in the
reaction zone, and reduce the primary soot produced by high
temperature and oxygen lack. On the other hand, more oxygen
helped to oxidize the particles generated in the flame;
meanwhile, larger λ could reduce the hydrocarbon concen-
tration in the exhaust gas and reduce the particles formed by the
condensation of unburned hydrocarbon. Thus, as λ increased,
the PN emissions from all the fuels decreased.
The experimental results showed that gasoline−ethanol fuels

could significantly reduce the PN emissions at all test λ values.
Compared with pure gasoline, gasoline−ethanol fuels contain
higher oxygen content, which improves particulate emissions.
Meanwhile, gasoline−ethanol fuels have higher H/C values than
pure gasoline, which weakens the planar structure of particles
and makes particles be more easily oxidized by the active
groups.52,53 Water had significant effects on PN emissions, and
the variation of PN emissions with Wr was different under
different λ values. When λ values were 0.9 and 1, the PN
emissions decreased first and then increased as Wr increased.
WhenWr was 10%, the PN emissions were the lowest. At λ of 0.9
and 1, the PN emissions of a 10% Wr reduced by 87.64 and
89.64%, respectively, compared with that of pure gasoline; the
PN emissions reduced by 42.98 and 52.96%, respectively,
compared with anhydrous gasoline−ethanol. When λ was 1.2,
the PN emissions increased with the increase of Wr. However,
the effects of water on the PN emissions were complex. The
water addition could lower the flame temperature and reduce
the particle formation in the flame area. Water could generate
OH radicals, and water could also react with carbon by the
water−gas reaction, promoting the particle oxidation in the area
after the flame front propagation. The macroscopic manifes-
tation of these effects given above decreased the PN emissions.
Meanwhile, water had inhibitory effects on combustion, which
reduced the temperature in the area after the flame front
propagation, increased the combustion duration, and reduced
the particle oxidation temperature and reaction time. More
water decreased the AFR of hydrous ethanol and increased the
ethanol injection pulse width, enlarging the local over-rich
mixture zone. The unburned hydrocarbon would increase, and
its nucleation would be obvious due to the water addition. The

macroscopic manifestation of these effects increased the PN
emissions. The effects of water on the PN emissions were the
result of the game of amelioration and deterioration. When λ
values were 0.9 and 1, the Wr of 10% was the game’s turning
point. The Wr larger than 10% made the deterioration more
obvious, deteriorating the PN emissions, while the Wr less than
10% made the optimization brought by water more obvious,
decreasing the PN emissions. However, when λ was 1.2, both
high temperature and oxygen-lack state were avoided, and the
particle generation was small. However, the thermal condition in
the cylinder was poor. Thus, the deterioration of water on PN
emissions was more prominent; the PN emissions increased
with the increase of Wr at the λ of 1.2. Although the 20% Wr
increased the PN emissions significantly at the λ of 1.2, the PN
emissions still reduced by 47.74% compared to pure gasoline.

3. CONCLUSIONS
This paper studied the effects of Wr in hydrous ethanol on the
combustion and emissions of a hydrous ethanol/gasoline
combined injection engine under different λ. The experiment
set two groups of variables, including three λ values (0.9, 1, and
1.2) and fiveWrs (0, 5, 10, 15, and 20%). Themain experimental
conclusions were as follows:

1 As λ increased, CA 0-10 and CA 10-90 prolonged, Tmax
and Pmax decreased, and APmax delayed. Water had
significant effects on the combustion of the test engine.
More water in hydrous ethanol would increase CA0-10
and CA10-90, reduce Tmax and Pmax, and delay APmax. The
combustion stability and thermo-atmosphere in the
cylinder became worse when λ became larger. Therefore,
the deterioration of water on combustion was more
obvious at a larger λ.

2 The increase in λ resulted in a reduction in torque, but a
small amount of water could increase torque. Under all λ
values, torque first rose and then decreased as Wr
increased in hydrous ethanol. When Wr was 5%, the
torque is maximum. Moreover, the improvements
brought by water became smaller as λ rose.

3 Water has significant effects on emissions. An appropriate
Wr can improve pollutant emissions. Because the
generation mechanism of each pollutant is different, the
optimal Wr value corresponding to each pollutant is
different. For HC emissions, 0% Wr had the lowest HC
emissions. For CO emissions, 5% Wr had the lowest CO
emissions. For NOx emissions, 20% Wr had the lowest
NOx emissions.

4 Because λ had significant effects on the combustion and
thermo-atmosphere in the cylinder, the effects of water on
the PN distribution characteristics were different under
different λ values. When λ was 0.9 and Wr was less than
10%, the peak concentration of all the particles decreased
with the increase of Wr. When Wr exceeded 10%, as Wr
increased, the peak concentration of particles with smaller
Dp increased, and the peak concentration of particles with
larger Dp decreased. When λ was 1, the peak
concentration of particles with larger Dp decreased with
the increase of Wr, while the peak concentration of
particles with smaller Dp increased as Wr increased.
However, the peak concentration of all the particles
increased with the increase of Wr when λ was 1.2.

5 Water addition affected the PN emissions obviously, and
the effects of water were different at different λ values.

Figure 11. Effects of Wr on PN emissions at different λ values.
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When λ values were 0.9 and 1, with the increase of Wr, the
PN emissions decreased first and then increased; 10%Wr
brought the lowest PN emissions. However, when λ was
1.2, water brought obvious deterioration to the
combustion in the cylinder. Therefore, the PN emissions
rose as Wr increased.

4. EXPERIMENTAL SETUP AND PROCEDURE
4.1. Experimental Setup. The test engine was a four-

cylinder, four-stroke SI engine with a combined injection
system. The working volume is 1.984 L. Table 1 shows the main

specifications and parameters of the test engine. Figure 12 shows
the section of the test engine’s combustion chamber, which
clearly shows the installation position of each part in the
combustion chamber. Figure 13 shows the schematic diagram of
the experimental bench. The high-pressure hydrous ethanol
direct injection (HEDI) system consists of a high-pressure
nitrogen cylinder, hydrous ethanol tank, pressure control valve,
high-pressure pipeline, and hydrous ethanol direct injector. The
gasoline tank, mass flow meter, low-pressure pipeline, and
gasoline port injector compose the low-pressure GPI system.
The dSPACE rapid prototyping controller controls the actuators
in the test engine.

4.2. Experimental Instruments and Measurements.
Table 2 shows the main information of the experimental
instruments. The CW160 eddy current dynamometer con-
trolled the test engine’s speed and measured the power and
torque. A Kistler-2614B crank angle encoder recorded the crank
angle signal, and an AVL-GU13Z-24 cylinder pressure sensor
recorded the cylinder pressure signal. TheDewesoft combustion
analyzer calculated the combustion data according to the crank
angle signal and the cylinder pressure signal. A Lambda LA4
oxygen sensor measured the λ value. A part of the exhaust gas
was introduced into the AVL DiCom 4000 exhaust gas analyzer
and the DMS 500 fast particulate spectrometer. The AVL
DiCom 4000 exhaust gas analyzer measured regulated
emissions, including HC, CO, and NOx emissions. The DMS
500 fast particulate spectrometer recorded the PN distribution
characteristics and the total PN emissions.

4.3. Test Fuels. The gasoline used in the experiment is 95#
gasoline provided by China National Petroleum Corporation,
and the octane number is 95. The hydrous ethanol in the
experiment is composed of distilled water and analytically pure
ethanol with a purity of 99.7%, and the pure ethanol is provided
by Beijing Chemical Works. Because ethanol and water can
dissolve each other in any ratio, the stability of hydrous ethanol
can be kept just by simple mixing and stirring of pure ethanol
and distilled water, and hydrous ethanol did not require any
special method of blending. The experimenters used a glass rod
to stir for 10min tomix anhydrous ethanol and water to produce
hydrous ethanol with different Wr values. Table 3 shows the
specific properties of the test fuels. Five Wrs (0, 5, 10, 15, and

Table 1. Main Specifications and Parameters of the Test
Engine

specifications parameters

cooling mode water-cooled
working volume 1.984 L
bore 82.5 mm
stroke 92.8 mm
compression ratio 9.6:1
maximal power 147 kW
maximal torque 280 N·m

Figure 12. Section of the test engine’s combustion chamber.

Figure 13. Schematic diagram of the experimental bench.
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20%) were set during the experiment, and the Wr in hydrous
ethanol is defined in eq 1.

V
V V

Wr water

water ethanol
=

+ (1)

where Wr is the water ratio in hydrous ethanol, Vwater is the
volume of distilled water, and Vethanol is the volume of pure
ethanol.
4.4. Experimental Procedure.The speed of the test engine

was 1500 rpm, and the intake manifold absolute pressure was 48
kPa. The experimental speed and load represented an operating
condition commonly used when vehicles run in towns and
suburbs. Three λ values (0.9, 1, and 1.2) were set to observe the
differences in the effects of water ratio on combustion and
emissions under the condition of the rich, stoichiometric, and
lean mixture. To eliminate the effects of spark timing, the spark
timing was set as 15°CA BTDC when studying the combustion
parameters (CA 0-10, CA 10-90, Tmax, cylinder pressure, Pmax,
and APmax). When studying the test engine’s power performance
and emission characteristics, the spark timing was MBT.
Experimenters waited 2 min after changing the operating
condition and then began to record the experimental data when
the test engine was under a steady state. For combustion
parameters, the combustion analyzer recorded 200 cycles
continuously; for torque and gaseous pollutant emissions,
experimenters recorded five measurements; and for particle
emissions, the DMS 500 fast particulate spectrometer recorded
for 40 s continuously.
To eliminate the influence of the direct injection timing and

direct injection ratio (DIr) on the test engine, both of them
should be kept constant during the experiment. To determine
the optimal direct injection timing and DIr in this experiment, a
test experiment was conducted, and the experimental result is

shown in Figure 14. The results showed that the test engine had
the best power performance when the direct injection timing

was 120°CA BTDC and DIr was between 20 and 30%. To
decrease the risk of the engine’s lubrication failure, a smaller DIr
should be selected to make less water enter the cylinder.
Therefore, in this experiment, the direct injection timing was
selected as 120°CA BTDC and the DIr was 20%. The direct
injection pressure of hydrous ethanol was 9 MPa. Equation 2
shows the definition of DIr. During the experiment, λ was first

Table 2. Main Information of the Experimental Instruments

parameters model precision uncertainty (%)

speed CW160 ≤±1 rpm ±0.07
power CW160 ≤±0.4 kW ±2
torque CW160 ≤±0.28 N·m ±2
crank angle Kistler-2614B ≤±0.5°CA ±0.07
cylinder pressure AVL-GU13Z-24 ≤±0.5% ±0.5
λ Lambda LA4 ≤±0.1 ±1
CO emission AVL DiCom 4000 ≤±0.01% vol ±3.5
HC emission AVL DiCom 4000 ≤±1 ppm ±3.5
NOx emission AVL DiCom 4000 ≤±1 ppm ±2
particle number DMS 500 ≤±1.4 × 104 dN/dlog Dp/cm

3 ±1
gasoline consumption rate DF-2420 ≤±0.01 g/s ±0.03

Table 3. Specific Properties of the Test Fuels54−56

property gasoline ethanol 95% ethanol 90% ethanol 85% ethanol 80% ethanol

water content (vol %) 5 10 15 20
ethanol content (vol %) 100 95 90 85 80
carbon content (wt %) 86 52.17 48.91 45.73 42.64 39.62
hydrogen content (wt %) 14 13.04 12.92 12.81 12.69 12.58
oxygen content (wt %) 34.79 38.17 41.46 44.67 47.8
octane number 95 108
density (g/cm3) 0.737 0.789 0.812 0.829 0.845 0.859
lower heating value (MJ/kg) 43.5 27.0 24.86 22.95 21.05 19.35
vaporization heat (kJ/kg) 223.2 838 936 1011 1108 1191
stoichiometric air/fuel ratio 14.7 9.0 8.51 7.98 7.45 6.92
adiabatic flame temperature (K) 2148 2140 2111 2064 2026 1988

Figure 14. 3D diagram of torque vs DIr and injection timing.
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adjusted to the experimental value under the pure GPI mode.
Then, the port injection pulse width decreased to make the
gasoline consumption reach 80% of that under the pure GPI
mode. Last experimenters increased the direct injection pulse
width tomake λ decrease back to the experimental value, making
DIr be 20%. The lower heating value and AFR of ethanol and
gasoline are both different, so it is impossible to keep both λ and
the total energy in the cylinder constant. In the experiment, the
maximum energy difference in the cylinder was 0.0514%, so the
difference is negligible. Table 4 shows the definition of test dual
fuels.

M
M

DIr 1 HEDI

GPI
= −

(2)

where DIr is the direct injection ratio,MHEDI is the consumption
of gasoline under the HEDI + GPI mode, and MGPI is the
consumption of gasoline under the pure GPI mode.
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■ ABBREVIATIONS2-COL
AFR air−fuel ratio
APmax crank angle corresponding to Pmax
APN accumulation mode particle number

ATDC after top dead center
BTDC before top dead center
BMEP brake mean effective pressure
C carbon
CA crank angle
CA 0-10 the duration of CA from ignition to 10% of the fuel’s

energy released in the cylinder
CA 10-90 the duration of CA from 10 to 90% of the fuel’s

energy released in the cylinder
CNPC China National Petroleum Corporation
CO carbon monoxide
CO2 carbon dioxide
COV coefficient of variation
DIr direct injection ratio
Dp diameter of particles
EDI ethanol direct injection
E90W10 hydrous ethanol with 10% water per volume
E0 gasoline
E40 60:40 gasoline−anhydrous ethanol
E40h 60:40 gasoline−ethanol-10%hydrous
GPI gasoline port injection
H2 hydrogen
HC hydrocarbons
HEDI hydrous ethanol direct injection
H2O water
IMEP indicated mean effective pressure
MBT minimum advance for best torque
MHEDI consumption of gasoline under the HEDI + GPI

mode
MGPI consumption of gasoline under pure GPI mode
NOx nitrogen oxides
NPN nucleation mode particle number
N2 nitrogen
O2 oxygen
OH hydroxyl radical
PN particle number
PIr port injection ratio
Pmax maximum value of the cylinder pressure curve
SI spark ignition
Tmax maximum average temperature in the cylinder
Vwater volume of distilled water
Vethanol volume of pure ethanol
Wr water ratio in hydrous ethanol
λ excess air ratio
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