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Abstract: In this paper, a four-stroke engine diesel was employed to investigate the effects of
different fuel mixture ratios of diesel and ethanol on engine performance and emission characteristics
in terms of cylinder temperature, heat release rate, brake power, brake thermal efficiency, brake
specific fuel consumption, and cylinder pressure. The corresponding simulation model of diesel
engine was developed by AVL-Fire coupled CHEMKIN code, and an improved chemical kinetics
mechanism containing 34 reactions and 19 species was employed to simulate the fuel spray process
and combustion process. The simulation model was validated by experimental results under 100%
and 50% load conditions and used to simulate the combustion process of diesel engine fueled with
pure diesel and diesel–ethanol blends with 10%, 20%, and 30% ethanol by volume, respectively.
The results showed that the increase of ethanol content in the blended fuel had a certain negative
impact on the performance characteristic of diesel engine and significantly improved the emission
characteristic of the engine. With the ethanol proportion in the blended fuel increased to 10%, 20%,
and 30%, the brake thermal efficiency of the engine increased by 2.24%, 4.33%, and 6.37% respectively.
However, the brake-specific fuel consumption increased by 1.56%, 3.49%, and 5.74% and the power
decreased by 1.58%, 3.46%, and 5.54% respectively. In addition, with the ethanol proportion in the
blended fuel increased to 10%, 20%, and 30%, the carbon monoxide emission decreased by 34.69%,
47.60%, and 56.58%, and the soot emission decreased by 7.83%, 15.24%, and 22.52% respectively.
Finally, based on the combining fuzzy and grey correlation theory, nitrogen oxide emission has
the highest correlation with engine power and brake-specific fuel consumption. The values reach
0.9103 and 0.8945 respectively. It shows that nitrogen oxide emission and cylinder pressure have a
significant relationship on engine power and brake-specific fuel consumption.

Keywords: diesel engine; AVL-Fire; Diesel-ethanol dual fuel; Fuzzy grey correlation

1. Introduction

Diesel engine has been widely used in automobile, transportation, industrial applica-
tion, and agriculture due to its good fuel economy and durability [1]. Thus, it has become
the main power source of ships, trucks, and other large mechanical equipment [2]. Diesel
engine is the most widely used, accounting for more than 80% of the global transportation
industry, making an irreplaceable contribution to the development of society [3]. However,
due to a lot of particulate matter (PM), hydrocarbon (HC), nitrogen oxides (NOx), sulfur
oxides (SOx), and other toxic or harmful substances produced by the diesel engine [4], peo-
ple’s health and atmospheric environment have been seriously threatened [5]. In addition,
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the NOx emission of diesel engine accounts for 70% of the total vehicle emission [6], which
is the main pollution source leading to the formations of acid rain and chemical smog.
With the continuous deterioration of the environment and the continuous improvement of
emission regulations, the improvements of engine emission, economy, and performance
characteristics [7] have become a major challenge for the development of diesel engine [8].

There are two main ways to reduce pollution gas emissions: engine pre-treatment and
engine post-treatment [9]. The engine post-treatment system mainly uses diesel particulate
filters (DPF), diesel oxidation catalysts (DOC), selective catalytic reduction (SCR), and
other devices to treat exhaust gas. A large number of studies have shown that the use
of post-processing systems can achieve the excellent goal of emission reduction [10]. For
example, Di Sarli et al. [11] found that the DPF post-treatment system could achieve a car-
bon dioxide (CO2) selectivity higher than 99% in a wide temperature range, which greatly
reduced the soot emission. They also found that the DPF could also be regenerated [12],
which could greatly improve work efficiency. Moreover, the engine pre-treatment is mainly
to find alternative fuels for diesel, such as H2, ethanol, biodiesel, etc. so as to achieve the
goal of emission reduction. In recent years, due to the strict emission regulations and emis-
sion requirements [13], people have been very interested in finding alternative fuels [14].
Among the various alternate fuels, biodiesel is considered as one of the alternative fuels
for diesel engine [15]. The use of biodiesel as an alternative fuel can significantly reduce
pollutant emission, but also increases the NOx emission. Therefore, only by combining
fuel purification technology with exhaust gas treatment technology, can the increasingly
stringent emission regulations be met [16].

In addition, the combustion process of diesel engine is a complex process, which is not
only time-consuming and laborious, but also costly. Therefore, the numerical simulation
software has been widely used in the development of diesel engine [17]. Considering
the efficiency and cost of the experiment, many researchers established mathematical
models by simulation software and studied the combustion process of diesel engine [18].
Modeling and simulation can effectively make up for the lack of diesel engine test. The
common simulation software mainly includes AVL-BOOST, AVL-Fire, etc. At present, due
to the availability of high-performance computer and the development of more efficient
algorithms, numerical simulation methods are favored by many researchers. For example,
Jimenez et al. [19] developed a complete engine simulation model by AVL-BOOST software
and studied the injection process of diesel–ethanol and ethanol–biodiesel mixture. The
results showed that the experimental results were in good agreement with the simulation
results. Tang et al. [20] established the model by AVL-BOOST software and used an
optimization algorithm to predict the generation of nitric oxide (NO) in diesel engine
cylinder. The results showed that the simulation model could better predict the engine
emission characteristic. Similarly, Zoldy et al. [21] established a 3-D model of the nozzle
by the AVL-Fire software and studied the influence of different nozzle diameters on the
pyrolysis oil–diesel mixture. The result showed that the simulation was in good agreement
with the experiment. Karami et al. [22] established an artificial neural network model
and analyzed the combustion characteristic of diesel engine fueled with diesel-tomato
seed oil and biodiesel blended fuel. The results showed that the artificial neural network
model and the AVL-Fire model were in good agreement with the experimental values.
Asadi et al. [23] studied the application of biodiesel and ethanol in multi-cylinder diesel
engine by a validated model in the AVL-Fire environment. The comparison of the simulated
value and the experimental value showed that the use of numerical software could well
predict the combustion process and emission characteristic of the engine.

At present, the additions of biodiesel, ethanol, and other oxygen-containing additives
to diesel have attracted the attention of the researcher [24]. Adding oxygen-containing
additives to diesel could achieve the reduction in emission, which has been recognized
by many researchers. Ethanol is a kind of renewable energy, which can be produced
from sugarcane, molasses, cassava, waste biomass raw materials, sorghum, corn, barley,
beet, and other raw materials by using the improved and demonstrated technology [25].
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The addition of ethanol can improve the fuel characteristic and reduce the harmful emis-
sion. Shirneshan et al. [26] used a genetic optimization algorithm to study the effect of
diesel–ethanol blended fuel on diesel engine performance and emission characteristics. The
results showed that with the increase of ethanol content in the blended fuel, the emissions
of carbon monoxide (CO) and smoke were reduced by 44% and 38% respectively. This
showed that the addition of ethanol could improve the emission characteristic of the engine.
Sayin et al. [27] studied the effects of methanol and diesel–ethanol blends on engine perfor-
mance and emission characteristics. The results showed that adding methanol or ethanol
to diesel could reduce the smoke, CO, and total hydrocarbon emissions. Aydın et al. [28]
studied the effect of diesel–ethanol–biodiesel on engine performance and emission charac-
teristics of a single-cylinder diesel engine. The results showed that adding ethanol to diesel
or biodiesel could significantly reduce the exhaust pollutant emissions. Kim et al. [29] stud-
ied the effects of diesel–ethanol blend fuel on idle combustion and emission characteristics
of diesel engine. The results showed that the incorporation of ethanol could improve the
emission characteristic of diesel engine. For example, as the ethanol content in the blended
fuel increased from 0 to 10%, the average diameter of soot particles decreased from 33.9 nm
to 24.8 nm and the soot emission was decreased by 26.7%. Tutak et al. [30] had found that
the use of diesel–ethanol blended fuel could significantly reduce CO2 emission in exhaust
gas. Li et al. [31] studied the effect of diesel–ethanol blended fuel on performance and
emission characteristics. The results showed that the addition of ethanol could improve the
emission characteristic of diesel engine. With the increase of ethanol content in the blended
fuel, the emissions of CO, NOx, and soot in the exhaust gas were reduced.

As mentioned above, the use of diesel–ethanol blended fuel can significantly improve
the emission characteristic and effectively reduce the pollutant emission. In this paper,
the AVL-Fire software coupled with CHEMKIN code was used to develop the diesel
engine model and investigate the effect of different ethanol ratios in blended fuel on
the performance and emission characteristics of diesel engine. Firstly, the model was
developed according to the diesel engine, and then validated by the test results under
different conditions. Finally, the combustion processes of different proportion of diesel–
ethanol fuel (DE10, DE20, and DE30) were simulated and compared. The pollutant emission
of the engine can be significantly reduced due to the use of diesel–ethanol blended fuel.
Thus, this research is very meaningful.

2. Models and Methods

The AVL-Fire is an engine process simulation software that complies with engine in-
dustry standard. The models can accurately simulate the combustion processes of gasoline,
diesel, and dual fuel engines. In the paper, some AVL-Fire sub-models were employed to
predict the emissions. For example, the Extended Zeldovich model is employed to predict
the emissions of NOx and CO. The Frolov Kinetic model is employed to predict the soot
emission. In addition, the multi-component model is used to predict the fuel evaporation
process.

2.1. Mathematical Model
2.1.1. Intake and Exhaust Pipe Model

In engine simulation, the flows in intake and exhaust pipes are unstable, so the model
of the intake and exhaust pipes can be calculated by the finite volume method. The specific
calculation process can be expressed as follows [32]:

dm
dt

= ∑
f ront

.
m (1)

d(me)
dt

= p
dV
dt

+ ∑
f ront

( .
mH

)
− hg A

(
Tgas − Twall

)
(2)
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(3)

d
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m
)
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=

Adp + ∑
f ront

( .
mu
)
− 4 f ρu2 Adx

2D − Cp

(
1
2 ρu2

)
A

dx
(4)

where
.

m is the mass flow through the boundary, g/h; m is the mass of the volume consid-
ered, g; V is the volume, m3; p is the pressure, Pa; ρ is the density, g/m3; A is the cross-flow
area, m2; e is the total internal energy (internal energy plus kinetic energy), J; H is the total
enthalpy (H = e + p/ρ), J; hg is the convective heat transfer coefficient, J/(m2·s·◦C); u is the
velocity at the boundary of the volume, m/s; f is the surface friction coefficient, Cp is the
head loss coefficient, D is the equivalent diameter, m; dx is the thickness of the element
in the direction of the flow near the boundary, m; and dp is the pressure difference acting
across dx, Pa; Tgas is the gas temperature, K; Twall is the wall temperature, K; and ∑

f ront
means to sum on the boundary.

2.1.2. Cylinder Model

The combustion and heat transfer processes of the cylinder follow certain rules. The
basic equations of the working process of the cylinder are as follows:

(1) Energy conservation equation:

dU = dW + ∑ dQi + ∑
j

hj·dmj (5)

where U is the internal energy of the system, J; W is the mechanical work acting on the
piston, J; Qi is the heat exchanged through the boundary of the system, J; hj is the specific
enthalpy, J; and hj·dmj is the energy that mass dmj brings into or brings out of the system, J.

(2) Mass conservation equation:

dm
dϕ

=
dmA
dϕ

+
dmB
dϕ

+
dmC
dϕ

(6)

where m is the mass of fuel in the cylinder, g; mA is the mass of air flowing into the cylinder,
g; mB is the mass of exhaust gas leaving the cylinder, g; and mC is the instantaneous mass
of fuel injected into the cylinder, g.

In addition, if the cycle injection quantity of diesel engine is gh, the fuel percentage in
cylinder is X = mc/gh. Thus, Equation (6) can be transformed as follows:

dm
dϕ

=
dmA
dϕ

+
dmB
dϕ

+ gh·
dX
dϕ

(7)

(3) Equation of state of ideal gas:

pV = MRT (8)

where p is the pressure of gas in the cylinder, Pa; V is the volume of gas in the cylinder, m3;
T is the temperature of gas in the cylinder, K; and R is the gas constant.

2.1.3. Combustion Model

The Extended Coherent Flame Model (ECFM) was used to predict the in-cylinder
combustion in the AVL-Fire environment. The ECFM combustion model was mainly
developed to describe the combustion of the direct injection internal combustion engine.
The combustion of diesel engine has both premixed combustion and diffusion combustion.
This model is fully coupled with the spray model and can be modeled for stratified
combustion. The model relies on a conditional unburned or burned description of the
thermo-chemical properties of the gas, which can improve the stability of combustion [33].
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The ECFM model has clear and accurate physical meaning, and good calculation accuracy
and convergence, which is a widely used combustion model. The mathematical calculation
methods of ECFM model are as follows:

For the flame surface density S, it is solved by the following equations:

∂Σ
∂t

=
∂

∂xj
(uj)−

∂

∂xj
(

Vt

σΣ
∂Σ
∂xj

) = SΣ = Sg − Sa + SLAM (9)

Sg = αKe f f Σ (10)

Sa = β
ρ f u, f rSL

ρ f u
Σ2 (11)

SLAM = p + C + S (12)

where S is the turbulent flame surface density (flame area per unit volume); ∂S is the
Schmidt number of the turbulent flow; Vt is the turbulent kinematics viscosity, m2/s; Sg is
the flame surface area generated by the turbulent strain rate, m2; and Sa is the disappearance
of the flame surface due to the consumption of reactants, m2; Keff is the average stretching
speed of the flame, m/s; SLAM is the contribution of laminar combustion to the generation
of flame surface density; P, C, and S show the contribution of propagation, crooked, and
strain to flame propagation, respectively; and σ is the surface tension, N/m.

The laminar flame velocity can be calculated by the following equation:

SL = SL0(1− 2YEGR)(
Tf r

Tre f
)

a1

(
p

pre f
)

a2
(13)

where Tref and pref are the reference values of the standard state; a1 and a2 are fuel-dependent
parameters; SL is the laminar burning velocity; SL0 is the initial velocity of laminar burning;
and YEGR is the exhaust gas mass fraction. To account for the effect of exhaust gas rates, the
laminar burning velocity SL in the above relation is decreased by the factor (1.0~2.1 YEGR).
It is evident that this formulation fails for YEGR values larger than 0.5, since the laminar
flame speed becomes negative.

The thickness of the laminar flame can be calculated by the following equation:

δL =
(Tmax − Tmin)

(dT/dX)max
(14)

where T is the temperature, K.
The average turbulent reaction rate is calculated as follows:

ρ
·
r f u = −ρ f u, f rSLΣ = ρ f rYf u, f rΣ (15)

The isentropic transformation can be calculated by the following equations:

Tf r = T0(
p0

p
)

1−K
K (16)

ρ f r =
P

R0Tf r
(17)

where ρfu,fr is the partial fuel density of the fresh gas, g/m3; ρfr is the density of the fresh
gas, g/m3; and Yfu,fr is the fuel mass fraction in the fresh gas.

2.1.4. Spray Model

The spray simulation involves multiphase flow phenomena, so the conservation equa-
tions of gas and liquid phases need to be solved numerically. Spray atomization involves a
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series of processes, such as droplet gas momentum exchange, turbulent dispersion, droplet
evaporation, secondary crushing, droplet collision, and droplet wall interaction. In this
paper, a discrete droplet method is used to calculate spray droplets, which is achieved by
solving ordinary differential equations of trajectories, momentum, heat, and mass transfer
of a single droplet. The equations involved are as follows:

The liquid particle acceleration can be expressed as:

duid
dt

=
3
4

CD
ρg

ρd

1
Dd

∣∣ug − ud
∣∣(uig − uid

)
+

(
1−

ρg

ρd

)
gi (18)

They can be integrated to get the velocity of the liquid particle, thus the instantaneous
particle position vector can be determined by integration:

dxid
dt

= uid (19)

where CD is the drag coefficient; ρg is the fuel density, kg/m3; ρd is the particle density,
kg/m3; Dd is the droplet diffusion coefficient; uig is the domain fluid velocity, m/s; uid is
the liquid particle velocity vector, m/s; and xid is the liquid particle position vector, m.

The mass transfer rate can be expressed by the Sherwood. It can be predicted by the
following equations:

.
m =

N

∑
i=1

πρgβgiDdsh∗ ln(1 + BYi) (20)

BYi =
Yis −Yi∞

1−Yis
(21)

where N is the number of components; m is the particle mass, g; ρg is the gas density, g/cm3;
βgi is the gas binary diffusion coefficient, m2/s; Dd is the droplet diffusion coefficient, m2/s;
Sh* is the modified Sherwood number; BYi is the mass transfer number; Yis is the mass
fraction of liquid particle surface; and Yi∞ is the mass fraction of liquid particle far-field
conditions.

The mass transfer rate can be calculated according to the energy balance in the thermal
boundary layer and the subsequent integration. It can be predicted by the following equation:

.
m =

N

∑
i=1

π
kg

cp,F
DdNu∗ ln(1 + BT) (22)

where BT is the heat transfer number; Nu* is the modified Nusselt number; kg is the gas
reaction rate; and cp,F is the specific heat of liquid droplet.

The modified Sh * and Nu * can be predicted by the following equations:

Sh∗ = 2 +
(Sh0 − 2)

FM
= 2 +

(
0.552Re1/2Sc1/3

)
FM

(23)

Nu∗ = 2 +
(Nu0 − 2)

FT
= 2 +

(
0.552Re1/2Pr1/3

)
FT

(24)

where Re is the Reynolds number; Sc is the Schmidt number; FM and FT are also the
corresponding correction factors; and Pr is the Prandt number.

The drag force Fidr is calculated by the following equations:

Fidr = Dp·uirel (25)

Dp =
1
2

ρg AdCD|urel | (26)



Processes 2021, 9, 1135 7 of 25

where Dp is the drag function; CD is the drag coefficient; urel is the relative velocity vector,
m/s; ρg is the fuel density, kg/m3; and Ad is the cross-sectional area of the liquid particle, m3.

The drag coefficient can be expressed as follows:

CD =

{
24

RedCp

(
1 + 0.15Re0.687

d
)
, Red < 103

0.44/Cp, Red ≥ 103 (27)

where Cp is the Cunningham correction factor based on Knudsen number.
The liquid particle Reynolds Number is shown in the following equation:

Red =
ρg|urel |Dd

µg
(28)

where ug is the domain fluid viscosity, Pa·s.

2.1.5. Heat and Mass Transfer Model

Under the assumption that the droplet temperature is uniform, the rate of change of
the droplet temperature is determined by the energy balance equation, which indicates
that the energy conducted to the droplet either heats the droplet or provides heat for
evaporation [33]. It can be calculated by the following equations:

mdcpd
dTd
dt

= L
dmd
dt

+
.

Q (29)

.
Q = αAs(T∞ − Ts) (30)

where md is the particle mass, kg; cpd is specific heat of liquid droplet, J/(Kg K);
.

Q is
the convective heat flux from the gas supply to the droplet surface, W; α is the heat
transfer coefficient, W/(m2 K); As is the particle surface area, m2; and L is the latent heat of
evaporation, J/kg.

It is an assumption that the surface condition of the droplet is uniform. In addition,
the local surface heat flux

.
qs and steam mass flux

.
f vs are introduced, and the mass flux

governing equation can be written as:

dmd
dt

=
.

Q

.
f vs
.
qs

(31)

The droplet energy equation can be expressed as:

mdcpd
dTd
dt

=
.

Q(1 + L

.
f vs
.
qs

) (32)

where
.
f vs is the spray vapor mass flux at the particle surface, kg/(m2s);

.
qs is the heat flux

at particle surface, W/m2.

2.1.6. Three-Dimensional CFD Simulation Model

According to the actual shape of the diesel engine, the ESE Diesel module in AVL-
Fire was used as a platform to establish a three-dimensional model. The fuel nozzle of
the engine has six identical nozzle holes. In order to simplify the calculation model and
reduce the calculation time, one-sixth of the entire combustion chamber was taken as
the calculation domain due to the symmetry of the combustion chamber. The 3-D CFD
simulation model of cylinder is shown in Figure 1. In addition, the main parameters of
diesel engine are shown in Table 1.
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Figure 1. The 3-D CFD simulation model of cylinder.

Table 1. The main parameters of diesel engine.

Type Value

Number of cylinder 4
Bore × stroke (mm) 96 × 110

Connecting rod (mm) 176
Effective power (kW) 90

Compression ratio 14:1
Torque (N·m) 270

Engine displacement (L) 2.5
Fuel injection type Direct injection system of electronic unit pump

Method of charging Exhaust-gas turbocharger

2.2. Computational Mesh

The dynamic grids are produced based on the bowl geometry of a four-cylinder four-
stroke diesel engine by taking advantage of the symmetric distribution of six nozzle holes.
The 60◦ sector dynamic meshes were considered for one injector nozzle hole and are shown
in Figure 2. Figure 2 shows three types of grids: coarse grid, medium grid, and fine grid in
this paper. When the piston is at the top dead center, the numbers of the three grid units
are 23,834; 190,672; and 1,525,376, respectively. All grids have very fine grids near the fuel
injection path, injector nozzle, and piston gap area to ensure that the model can accurately
predict the breaking and evaporation of droplets. Figure 3 shows the cylinder pressure
generated by the three grids. There is no obvious difference in cylinder pressure between
the fine grid and the medium grid, and the calculation result is not affected by the grid.
Since the medium grid can not only ensure the accuracy but also save the calculation time,
so the medium grid is selected for the research in this paper.

2.3. Feasibility Test

In this paper, the diesel engine model was employed to investigate the effects of
different ethanol mixture ratios on engine performance and emission characteristics of
diesel engine. Figure 4 shows a schematic diagram of diesel engine test equipment. The
Horiba MEXA-1600 was used to measure the generated NOx with an error of 1%. The
AVL Dismoke-4000 was used to measure the soot produced. The FCMM-2 was used to
measure BFSC. The DEWE-2010CA was used to monitor the combustion of diesel engine.
The EFS-IFR600 was used to measure fuel injection rate with a measurement error of 0.5%.
Hydraulic dynamometer was used to measure diesel engine load. In addition, an Electronic
Control Unit control system was employed for controlling the electronically-controlled
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diesel engine. Besides, temperature, flow, and pressure were measured by suitable sensors.
The measurement range of each instrument and its allowable error range are shown in
Table 2.

Figure 2. The 45◦ sector grid shown at top dead center.

Figure 3. The comparison of cylinder pressure for grid independence test.

Figure 4. Schematic diagram of experimental equipment.
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Table 2. List of measurements, the measuring range, and accuracy.

Measurements Measuring Rang Accuracy Uncertainty (%)

Cylinder pressure 1–25 MPa ±10 kPa ±0.5
Exhaust gas temperature 0–1000 ◦C ±1 ◦C ±0.25

Brake power - 0.03 kW ±0.03
HC emission 0–20,000 ppm ±10 ppm ±0.11

NOx emission 0–5000 ppm ±10 ppm ±0.53
Soot emission 0–9 FSN ±0.1 FSN ±2.8

BSFC - ±5 g/kW h ±1.5
CO emission 0–10%vol ±0.03% ±0.32

Air flow mass 0–33.3 kg/min ±1% ±0.5
Fuel flow measurement 0.5–100 L/h ±0.04 L/h ±0.5

Engine speed 1–2000 rpm ±0.2% ±0.24

2.4. Model Validation

In order to verify the accuracy of the model, the simulation results are compared
with the experimental results. At the speed of 1000 rpm, the experiments were carried
out by a four-strokes diesel engine fueled with diesel–ethanol blended fuel (20% ethanol
addition blends with 80% diesel by volume) under 100% and 50% loads. The comparisons
of experimental and simulated results are shown in Figure 5. The result shows that there is
a small error between the simulated value and the experimental value, which are in good
agreement with one other. Therefore, the established model can accurately predict the
engine performance and combustion characteristic.

Figure 5. Engine validation results for cylinder pressure and HRR: (a) Cylinder pressure and heat release curve at 100%
load; (b) Cylinder pressure and heat release curve at 50% load.

3. Results and Discussion

The simulation experiment was carried out at the speed of 1000–4000 rpm. The
influences of different fuel ratios on engine performance and emission characteristics were
studied in terms of brake power, brake-specific fuel consumption (BSFC), brake thermal
efficiency (BTE), cylinder temperature, NOx emission, CO emission, soot emission, HC
emission, and so on.

In this section, the influence of diesel–ethanol blended fuel on engine performance
characteristics was studied. The chemical and physical characteristics of diesel and ethanol
are shown in Table 3. In the paper, DE10 is the 10% ethanol addition blends with 90% diesel
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by volume, DE20 is the 20% ethanol addition blends with 80% diesel by volume, and DE30
is the 30% ethanol addition blends with 70% diesel by volume.

Table 3. The physical properties of fuel.

Fuel Diesel Ethanol

Chemical formula - C2H5OH
Boiling temperature (◦C) 190–280 64.7

Oxygen volume fraction (%) 0.0 34.7
Density (g/m3, at 20 ◦C) 0.82–0.86 0.79

Viscosity (MPa·s, at 20 ◦C) 3.0–8.0 1.2
Flash point (◦C) 65–88 13–14

Cetane number (CN) 45–65 8
Low calorific value (MJ·kg−1) 42.5–42.8 26.8

3.1. Engine Performance Characteristic
3.1.1. Brake Specific Fuel Consumption

The brake-specific fuel consumption (BSFC) is an important parameter to evaluate the
performance characteristics of diesel engine [34], which reflects the actual power generation
value of diesel in a certain period.

In this study, Figure 6 shows the comparisons of BSFC at different engine speeds with
different ethanol ratios. It can be found that the BSFC firstly decreases and then increases
with the increase of engine speed when the engine fuels with DE10, DE20, and DE30,
respectively. For example, when the diesel engine fuels with diesel, the BSFC of the engine
decreases from 261.283 g/(kW·h) to 254.139 g/(kW·h) and then gradually increases to
320.857 g/(kW·h) in the range of 1000–4000 rpm. The BSFC is the lowest at the speed of
1500 rpm. However, with the increase of speed, the combustion in the cylinder deteriorates
due to insufficient oxygen, resulting in higher BSFC. In addition, it is obvious that the
BSFC of the engine fueled with diesel–ethanol blends increases. The maximum increase of
BSFC reaches 6.726%. It is due to the fact that the calorific value of ethanol (26.8 MJ·kg−1)
is much lower than that of diesel (42.6 MJ·kg−1). When the proportion of ethanol in the
fuel increases, the overall calorific value of the fuel will decrease, resulting in higher fuel
consumption under the same working conditions. Moreover, compared with diesel, the
maximum increase ratio of DE30 decreases from 6.7% to 5.4% when the engine speed
changes from 1500 rpm to 4000 rpm. It may be due to the improved combustion by the
ethanol in the diesel–ethanol blends, especially at high speed.

Figure 6. The effects of DE ratios on BSFC under different conditions.
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3.1.2. Brake Thermal Efficiency

The Brake thermal efficiency is the ratio of the energy generated when the fuel is
burned in the engine converted into useful work. The BTE can be calculated by the
following equation:

BTE =
3600

BSFC·LCV
(33)

where LCV is the fuel lower calorific value, MJ·kg−1.
The change trend of BTE with engine speed is shown in Figure 7. It can be seen that

the BTE of the engine firstly increases and then decreases with the increase of the engine
speed, and reaches a maximum value at 1500 rpm. It can be seen that the BTE and BSFC
of the engine are inversely proportional when the calorific value of the fuel is constant.
In addition, it can be seen that the engine BTE increases with the increase of the ethanol
content in the blended fuel. This is due to the fact that the energy utilization rate of the
blended fuel is improved when ethanol is added to diesel. For example, compared with
diesel, the highest BTE of DE30 reaches 35.64% at the engine speed of 1500 rpm. The
oxygen content in the blended fuel can effectively improve the combustion, especially in
the spray core and the surrounding high-concentration fuel area. Besides, the presence of
ethanol improves the atomization level of the blended fuel, which can make the fuel and
air mix better and burn more fully, thereby increasing the BTE of the engine.

Figure 7. The effects of DE ratios on BTE under different conditions.

3.1.3. Brake Power

The effects of diesel–ethanol on power under different conditions are shown in
Figure 8. It can be seen that the brake power increases with the increase of engine speed.
This is due to the increase of fuel atomization and intake flow at high engine speed. In
addition, the brake power of the engine decreases with the increase of ethanol content in
the blended fuel. Compared with diesel, the engine power of DE30 decreases by 6.44%
at the engine speed of 4000 rpm. This is due to the fact that the calorific value of ethanol
is lower than that of diesel.
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Figure 8. The effects of DE ratios on power under different conditions.

3.1.4. Cylinder Pressure

The effects of diesel–ethanol on cylinder pressure under different conditions are shown
in Figure 9. It can be seen that the cylinder pressure fluctuates with the proportion of
ethanol in the fuel. The cylinder pressure of pure diesel is the highest, followed by DE10,
DE20, and DE30. The cylinder pressure gradually decreases with the increase of ethanol
content in the fuel. For example, the cylinder pressure of DM30 decreases about 2.05%
compared with diesel. It is due to the lower calorific value of ethanol. Therefore, the
cylinder pressure decreases with the increase of ethanol content in the blended fuel (see
Figure 9a–d). More specifically, the more ethanol content in the blended fuel, the lower
the fuel heat value. Thus, the cylinder pressure is reduced. In addition, the lower cetane
number and high latent heat of vaporization of ethanol increase the ignition delay, thereby
increasing the maximum combustion pressure [35]. Therefore, at high speed, the pressure
in the cylinder increases with the increase of ethanol content in the fuel mixture.

Figure 9. Cont.
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Figure 9. (a–d) The effects of DE ratios on cylinder pressure under different conditions.

3.1.5. Cylinder Temperature

Figure 10 shows the in-cylinder temperatures of diesel engine fueled with different ratios
of diesel–ethanol. It can be found that the ethanol content in the fuel has a certain effect on the
cylinder temperature. The highest cylinder temperature increases with the increase of ethanol
content in the fuel. More specifically, the highest cylinder temperatures of D30, D20, D10, and
diesel are 1614.7, 1591.8, 1567.4, and 1545.8, respectively (see Figure 10a–d). This is due to
the improved combustion caused by the ethanol in the diesel–ethanol blend fuel. The high
oxygen content of ethanol promotes the combustion of fuel in the cylinder at the early stage
of combustion. In addition, the low cetane number of ethanol also leads to the increase of
combustion temperature in premixed mode. However, the cylinder temperature of diesel is
the highest in the late combustion phase, followed by DE10, DE20, and DE30. This is due to
the fact that the calorific value of ethanol is lower than that of diesel.

Figure 10. Cont.
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Figure 10. (a–d) The effects of DE ratios on cylinder temperature under different conditions.

Figure 11 shows the temperature distribution field in the cylinder at the engine speed
of 3000 rpm. It can be seen that compared with diesel–ethanol blended fuel, more local high
temperature zone is produced by the pure diesel. This is due to the fact that the addition of
ethanol reduces the density and surface tension of the fuel, and promotes the atomization
of the injected fuel, thereby reducing the local high temperature zone. In addition, the
higher latent heat of ethanol reduces the cylinder temperature.

Figure 11. The temperature distribution field of the cylinder.

3.2. Engine Emission Characteristic
3.2.1. Nitrogen Oxide Emission

The main nitrogen oxide emitted by diesel engine is nitric oxide [36]. The formation of
NOx is affected by the cylinder temperature, the combustion time, and the oxygen content.
Figure 12 shows the NOx emissions of a diesel engine fueled with different ratios of diesel–
ethanol. It can be found that compared with pure diesel, the diesel–ethanol blended fuel
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increases the NOx emission. This is due to the improved combustion caused by the ethanol
and the oxygen content in the blended fuel. Figure 13 shows the NOx distribution field.
Similarly, it can be found that more NOx is produced by the diesel–ethanol. Through the
comparative analysis of the cylinder temperature field in Figure 11, it can be found that the
generation of NOx is affected by the temperature distribution in the cylinder, and there
is more NOx generation in the temperature concentration area. Similarly, the result is
consistent with the results of Sayin et al. [27] and Alptekin et al. [37]. In addition, due to
the low cetane number of the blended fuel, the ignition delay increases, so that the amount
of fuel injected into the cylinder increases during the ignition delay period [38,39], the
premixed combustion increases, and the NOx emission increases.

Figure 12. The effects of DE ratios on NOx emissions under different conditions.

Figure 13. The NOx distribution field of a cylinder.
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3.2.2. Hydrocarbon Emission

HC is mainly produced due to the incomplete combustion of fuel in the cylinder [40].
Figure 14 shows the HC emission of diesel engine under different conditions. It can be
seen that the HC emission of diesel engine firstly decreases and then increases with the
increase of engine speed. The cylinder temperature and fuel/air ratio were very low at the
low speed. Specifically, the oxidation rate of HC was very low due to the low turbulence
intensity and cylinder temperature. Thus, the HC emission increases at low speed. With the
increase of engine speed, the temperature in the cylinder increases, more HC is oxidized,
and the emission of HC in the exhaust gas is reduced. However, when the engine speed
is higher than 3000 rpm, more HC is produced. This is due to the insufficient oxygen
when fuel mass increases. The oxygen content in ethanol could improve the combustion,
but the effect would be dominated by the impact of the lower calorific value of ethanol.
Thus, the HC emission per unite power of diesel–ethanol blended fuel increases. Similarly,
Armas et al. [41], Balamurugan et al. [42], and Padala et al. [43] also reached the same
conclusion through research.

Figure 14. The effects of DE ratios on HC emission under different conditions.

3.2.3. Carbon Monoxide Emission

Figure 15 shows the variation trends of CO emissions with different ethanol ratios.
It can be seen that CO emission firstly decreases and then increases with the increase of
engine speed. This is consistent with the findings of others. At the low speed, the low
turbulence intensity and cylinder temperature are unfavorable to the oxidation of CO.
Thus, the CO emission is high at low speed. With the increase of engine speed, the CO
emission is improved. However, when the engine speed is higher than 2500 rpm, more
CO is produced. This is due to the insufficient oxygen when fuel mass increases. However,
the oxygen content in ethanol could improve the combustion, resulting in the reduction in
CO emissions. For example, when the ethanol content in the blended fuel is 10%, the CO
emission is the lowest at the speed of 1500 rpm.
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Figure 15. The effects of DE ratios on CO emissions under different conditions.

3.2.4. Soot Emission

Figure 16 shows the variation trends of soot generation with different ethanol ratios of
blended fuel. It can be seen that the soot emission firstly decreases and then increases with
the increase of engine speed. At low speed, the oxidation rate of soot is very low due to the
low turbulence intensity and cylinder temperature. Thus, the soot emission is high at low
speed. With the increase of engine speed, the temperature in the cylinder increases, more
soot is oxidized, and the emission of soot in the exhaust gas is reduced. However, when the
engine speed is higher than 2500 rpm, more soot is produced. This is due to the insufficient
oxygen when fuel mass increases; lots of soot formed in the high-temperature and poor
oxygen region. However, the oxygen content in ethanol could improve the combustion,
resulting in the reduction in soot emission. For example, when the ethanol content in the
blended fuel is 30%, the soot emission is the lowest at the speed of 2000 rpm.

Figure 16. The effects of DE ratios on soot emissions under different conditions.
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4. Gray Correlation Analysis

Fuzzy cluster analysis (FCA) is mainly a multivariate analysis method in statistics,
which mainly uses mathematical methods to analyze the correlation degree of uncertain or
fuzzy things, and objectively classifies the research objects [44]. The grey relational analysis
(GRA) belongs to a research method in the category of comparative research information,
which is used to calculate the degree of influence between various factors. In the paper, an
improved model was proposed based on the GRA theory and was employed to analyze
the correlation of various factors on diesel engine power and fuel consumption. The main
steps are as follows:

(1) Determination of sequence

The grey correlation sequence includes reference sequence Y and comparison se-
quence X. The reference sequence is composed of one or more sequences that reflect the
characteristic of the system’s behavior, which are composed of statistical data of different
groups. The variation reflects the development trend or the system. The representation of
the reference sequence is as follows:

Yt =
[

yt(1) yt(2) yt(3) · · · yt(n)
]

(34)

where Yt represents the t-th reference sequence; (t = 1, 2,..., n), [yt(1), yt(2),..., yt(n)] is the
data of the reference sequence in group Yt. These data reflect the concrete manifestation of
change law of Yt.

If there are factors m in the system and n kinds of working conditions, the eigenvector
matrix corresponding to the influencing factors can be obtained as follows:

Xt =


xt1
xt2
...

xtn

 =


xt1(1) xt1(2) · · · xt1(n)
xt2(1) xt2(2) · · · xt2(n)
· · · · · · · · · · · ·

xtm(1) xtm(1) · · · xtm(n)

 (35)

where Xt is the comparison sequence corresponding to reference sequence Yt. In this
comparison sequence, there are m influencing factor vectors and the j-th one is xtj, (j = 1,
2,..., m).

In this study, the reference sequence Y1 represents power and Y2 represents BSFC.
Comparison sequence X1–X5 represents NOx emission, torque, cylinder pressure, BTE, and
cylinder temperature respectively. The sequence matrix of each factor measured in this
experiment is as follows:

Y1
Y2
X1
X2
X3
X4
X5


=



27.6091 42.6121 55.1554 66.2267 75.7290 83.5726 89.5975
261.283 254.277 262.336 273.265 286.807 303.230 323.275
7.39306 8.05621 7.91502 7.86379 8.13757 7.40698 8.78657
263.647 271.277 263.348 252.967 241.053 228.017 213.898
10.2706 12.4322 13.3672 13.2824 13.2574 13.0089 12.7125
32.4192 33.3124 32.2891 30.9977 29.5341 27.9345 26.2039
1727.96 1576.28 1543.77 1567.66 1600.15 1641.65 1692.45


(36)

(2) Dimensionless original sequence

In the analysis process, many research factors represent different dimensions and
physical meanings. Therefore, the parameter characteristics of different dimensions should
be dimensionless in order to reduce the error caused by the calculation. The interval
dimensionless was adopted to transform the sequence:

x(k) =
x(k)−minx(k)

maxx(k)−minx(k)
; k = 1, 2, 3 · · · , n (37)
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(3) Fuzzy Membership Grades

The fuzzy similarity matrix can be obtained by the following equation:

rtj =
∑n

k=1 ytkxjk√
∑n

k=1 y2
tk

√
∑n

k=1 x2
jk

(38)

(4) Grey correlation coefficient

The grey correlation coefficient of each factor is calculated by the following equation:

ξtj(k) =
∆min + l∆max

∆tj(k) + l∆max
(39)

where ξtj is the correlation coefficient (j = 1, 2,..., m; k = 1, 2, 3,..., n); ∆min is the minimum
absolute value between the reference sequence and the comparison sequence value; ∆max is
the maximum absolute value between the two sequences; ∆tj(k) is the absolute difference
of k points in the two sequences; and l is the resolution coefficient.

The minimum absolute value ∆min and the maximum absolute value ∆max of the two
sequences can be obtained by the following equations:

∆min = min
1≤j≤m

min
1≤k≤n

∣∣yt(k)− xtj(k)
∣∣ (40)

∆max = max
1≤j≤m

max
1≤k≤n

∣∣yt(k)− xtj(k)
∣∣ (41)

The expression of the absolute difference ∆tj between the reference sequence and the
comparison sequence at point k is as follows:

∆tj =
∣∣yt(k)− xtj(k)

∣∣ (42)

The resolution coefficient l is a very critical parameter of the maximum absolute
difference weight, which should be selected under the premise of fully considering the
correlation and anti-interference as a whole. Neither too large nor too small can accurately
reflect the relevance of the researched matter. Generally, it is necessary to screen and
confirm through the following steps [45].

Step 1: Calculate the mean of the absolute difference.

∆ =
1

n·m
m

∑
j=1

n

∑
k=1

∣∣yt(k)− xtj(k)
∣∣ (43)

Step 2: Determine the value range according to the ratio E∆ of the mean value ∆ and
the maximum absolute difference ∆max. The range of resolution coefficient l is between E∆
and 2E∆, and the following conditions must be met:

E∆ ≤ l ≤ 1.5E∆, ∆max ≥ 3∆ (44)

1.5E∆ ≤ l ≤ 2.0E∆, ∆max ≤ 3∆ (45)

(5) Calculate the Euclidean Grey Relational Grade

The Euclidean grey relational grade (EGRG) analysis reflects the quantitative com-
parative analysis of the data during the dynamic development of various factors. The
Euclidean grey relational grade of each data can be calculated by Equation (46).

Rtj =
1
n

ωj

n

∑
k=1

ξtj(k) (46)
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(6) Calculate the Fuzzy Grey Relational Grades

In order to get the comprehensive indexes reflecting the correlation degree of various
factors, the grey correlation coefficient and fuzzy membership degree should be combined.
Thus, the fuzzy grey relational grades (FGRG) can be calculated by Equation (47):

R =
rtj + Rtj

2
=

[
∑n

k=1 ytkxjk√
k=∑n

k=1 x2
tk

+ 1
n ωj ∑n

k=1 ξij(k)

]
2

(47)

In order to save the calculation time and improve the accuracy of calculation, the
calculation is carried out by MATLAB software. Figure 17 shows the fuzzy membership
grade, Euclidean grey relational grade, and fuzzy grey relational grade of the five structural
factors on power. The fuzzy membership grade, Euclidean grey relational grade, and fuzzy
grey relational grade of NOx emissions are the highest. The higher the fuzzy membership
grade is, the better the similarity between the factors studied. The fuzzy grey relational
grades of NOx emission, cylinder peak pressure, cylinder peak temperature, torque, and
BTE on power are 0.9103, 0.8579, 0.6835, 0.5911, and 0.5894, respectively. Therefore, the
greatest relationship on power is NOx emission, followed by cylinder peak pressure,
cylinder peak temperature, torque, and BTE.

Figure 17. The influence of five structural factors on power.

Figure 18 shows the fuzzy membership grade, Euclidean grey relational grade, and
fuzzy grey relational grade of the five structural factors on BSFC. Similarly, the NOx
emission has the greatest relationship with BSFC. The fuzzy grey relational grades of NOx
emission, cylinder peak temperature, cylinder peak pressure, torque, and BTE on BSFC are
0.8945, 0.7761, 0.7378, 0.4877, and 0.4869 respectively. Therefore, the greatest relationship
with BSFC is NOx emission, followed by cylinder peak temperature, cylinder peak pressure,
torque, and BTE.
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Figure 18. The influence of five structural factors on BSFC.

5. Conclusions

With the increasing energy crisis [46–50] and environmental pollution [51–56], the
development of a diesel engine is also facing challenges. Nowadays, looking for clean
energy and improving the engine to reduce the harm exhaust have become the research
focus [57–60]. In this work, a CFD model was developed and verified in AVL-Fire environ-
ment. In addition, the effects of different ethanol ratios on the combustion and emission
characteristics of the diesel engine were studied in term of power, brake-specific fuel con-
sumption, brake thermal efficiency, cylinder pressure, NOx, HC, CO, and soot. Based on
the above analysis, the DE20 is the optimal diesel–ethanol blend fuel. The main conclusions
are as follows:

(1) The proportion of ethanol in diesel ethanol blend fuel has a great influence on engine
performance characteristics. Compared with pure diesel, the diesel–ethanol blend fuel
improves the brake thermal efficiency. Due to the high oxygen content of ethanol, the
brake thermal efficiency of the engine increases with the increase of ethanol content.
Compared with pure diesel, the brake thermal efficiencies of DE10, DE20, and DE30
increase by 2.24%, 4.33%, and 6.37% respectively. In addition, compared with pure
diesel, the engine power of DE30 is reduced by about 5.54%. It is due to the higher
oxygen content and lower calorific value of ethanol.

(2) The proportion of ethanol in the blended fuel also plays an important role in im-
proving the emission characteristics of the engine. The use of diesel–ethanol blended
fuel can significantly reduce CO and soot emissions. Compared with pure diesel,
the carbon monoxide and soot emissions of DE10 were reduced by 34.69% and 7.8%.
However, with the increase of ethanol content in the blended fuel, NOx and HC
emissions increased.

(3) The fuzzy grey relational grades of NOx emission, cylinder peak pressure, cylinder
peak temperature, torque, and BTE on power are 0.9103, 0.8579, 0.6835, 0.5911, and
0.5894, respectively. The greatest relationship with power is NOx emission. In addi-
tion, the fuzzy grey relational grades on BSFC are 0.8945, 0.7761, 0.7378, 0.4877, and
0.4869 respectively. The greatest relationship with BSFC is NOx emission, followed by
cylinder peak temperature, cylinder peak pressure, torque and BTE.

In general, diesel–ethanol mixture plays an important role in reducing engine emis-
sions, but it has a certain negative impact on the combustion characteristic of diesel engine.
Thus, it needs to be further improved in future work.
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