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Abstract: In this paper, the effects of different diesel–methanol blends on the combustion and
emission characteristics of diesel engines are investigated in terms of cylinder pressure, heat release
rate, cylinder temperature, brake specific fuel consumption, thermal brake efficiency, brake power,
and soot, nitrogen oxides, and carbon monoxide emissions in a four-stroke diesel engine. The
corresponding three-dimensional Computational Fluid Dynamics (CFD) model was established using
the Anstalt für Verbrennungskraftmaschinen List (AVL)-Fire coupled Chemkin program, and the
chemical kinetic mechanism, including 135 reactions and 77 species, was established. The simulation
model was verified by the experiment at 50% and 100% loads, and the combustion processes of pure
diesel (D100) and diesel–methanol (D90M10, D80M20, and D70M30) were investigated, respectively.
The results showed that the increase in methanol content in the blended fuel significantly improved
the emission and power characteristics of the diesel engine. More specifically, at full load, the cylinder
pressures increased by 0.78%, 1.21%, and 1.41% when the proportions of methanol in the blended
fuel were 10%, 20%, and 30%, respectively. In addition, the power decreased by 2.76%, 5.04%, and
8.08%, respectively. When the proportion of methanol in the blended fuel was 10%, 20%, and 30%,
the soot emissions were decreased by 16.45%, 29.35%, and 43.05%, respectively. Therefore, methanol
content in blended fuel improves the combustion and emission characteristics of the engine.

Keywords: diesel engine; diesel methanol; AVL-Fire; combustion and emission characteristics

1. Introduction

Due to the durability, reliability, and high efficiency of diesel engines [1], they are
widely used in industry, the military, transportation, and other fields [2]. To date, the diesel
engine has contributed to social productivity, social material civilization, national economic
development, and people’s lifestyles. However, it has also brought a series of social and
environmental problems to our life [3]. For example, the NOx emission of diesel engines
accounts for 70% of the total vehicle emissions [4]. Therefore, in the face of the global
energy crisis and environmental crisis, how to effectively reduce the emission of harmful
gases from diesel engines is an urgent problem to be solved [5].

At present, there are three main technical schemes for the emission reduction of diesel
engines [6]. The first is advanced internal combustion engine technology [7]. The second is
aftertreatment technology such as urea selective catalytic reduction [8] and diesel oxidation
catalysts [9]. The third is alternative fuels such as natural gas [10] and methanol [11]. Due
to increasingly stringent emission regulations and the energy crisis, alternative fuels for
many diesel engines have been widely developed and studied in recent years [12]. Alcohol
mixed with traditional petrochemical fuel can reduce soot and nitrogen oxides at the same
time and thus, it has attracted extensive attention in recent years [13,14].

Methanol is a clean energy, which can be produced from hydrogen and carbon diox-
ide by solar energy and realize carbon neutrality [15]. In addition, methanol can be

Processes 2021, 9, 1944. https://doi.org/10.3390/pr9111944 https://www.mdpi.com/journal/processes

https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-5999-958X
https://doi.org/10.3390/pr9111944
https://doi.org/10.3390/pr9111944
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pr9111944
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr9111944?type=check_update&version=2


Processes 2021, 9, 1944 2 of 19

produced on a large scale. Its unique physical and chemical properties can effectively
reduce the formation of particles, nitrogen oxides, and unburned hydrocarbons in the
combustion process. Due to the high latent heat of evaporation, methanol can reduce
the cylinder temperature in the combustion process, resulting in low NOx emission [16].
Methanol has no C-C bond and will not produce soot during combustion [17]. In addition,
diesel–methanol fuel can be injected directly in the cylinder and does not modify the
engine’s fuel system [18]. Moreover, due to the micro-explosion phenomenon, the spray
characteristic of a diesel engine can be improved [19]. Therefore, methanol has become a
potential clean alternative fuel for engines. In recent years, many researchers have studied
diesel–methanol dual-fuel engines. For example, Li et al. [20] studied the effects of diesel in-
jection parameters on rapid combustion and emission of diesel–methanol dual-fuel (DMDF)
engines. The results showed that with the increase in the methanol premixing ratio, the
NOx and soot emissions were decreased, and the HC and CO emissions were increased.
However, a higher injection pressure and advanced injection time can improve the BTE and
reduce the HC and CO emissions. In addition, Panda et al. [21] studied the effect of injection
strategy on the combustion, performance, and emission characteristics of DMDF engines.
The results showed that the NOx and soot emissions had good combustion stability and
low cycle index. Liang et al. [22] studied the combustion and emission characteristics of
diesel-ethanol blends. The results showed that the BTE could be improved, and the NOx
and PM emissions could be reduced in the combustion process. Liu et al. [23] have studied
he combustion and emission characteristics of diesel engine fueled with different biodiesel
blends. They found that the fuel-rich region and the maximum in-cylinder temperature of
the dual-fuel engines were significantly lower, leading to a simultaneous reduction in NOx
and PM emissions.

Numerical simulation and experimental research are two important means of scientific
research. Due to the long bench test cycle and high cost, numerical simulation is widely
used in diesel engine research. At present, the commonly used computational fluid dynam-
ics software mainly includes Converge, Fluent, AVL-Fire, etc. For example, Luo et al. [24]
established a three-dimensional CFD model of the engine using AVL-Fire software and
studied the impact of the fuel injection strategy on engine combustion and emission char-
acteristics. The results showed that a suitable injection strategy could improve in-cylinder
combustion and reduce NOx and soot emissions.

As mentioned, diesel–methanol blended fuel can significantly improve the combustion
and emission characteristics of the engine. In this paper, the diesel engine simulation model
was established by AVL-Fire combined with a Chemkin code and employed to investigate
the effects of diesel–methanol blended fuel with different mixing ratios on diesel engines’
combustion and emission characteristics. Firstly, a three-dimensional CFD model was
established and validated by the experimental results in the AVL-Fire environment. Finally,
the combustion processes of diesel–methanol with different mixing ratios (D100, D90M10,
D80M20, and D70M30) were simulated and compared. The research is of interest due to
both emission reduction and prevention of performance losses.

2. Methods and Model Validation

In this paper, the AVL-Fire submodels were used for its prediction. For example, the
Extended Zeldovich model was used to predict NOx and CO emissions, and the Frolov
Kinetic model was used to predict soot emission. In addition, a multicomponent model
was used to predict the fuel evaporation process. The main models are described in the
following subsections.

2.1. Mathematical Model
2.1.1. Basic Equation

The working process in the cylinder is composed of many complex physical, chemical,
heat transfer, and flow processes. It is impossible to simulate all the working processes
during calculation fully, so it is necessary to simplify them. This paper describes the work-
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ing process in the engine cylinder, which is mainly divided into the energy conservation
equation, mass conservation equation, and ideal gas state equation.

(1) Energy conservation equation

dU = δW + δQ + ∑
i

hi · dmi (1)

where U is the internal energy of the system, J; W is the external output mechanical work, J;
Q is the total heat exchange capacity at each system boundary, J; hi is the specific enthalpy,
J/kg; and hi·dmi is the energy that mass dmi brings into or out of the system, J.

(2) Mass conservation equation

∂ρ

∂t
+

∂(ρu)
∂x

+
∂(ρv)

∂y
+

∂(ρw)

∂z
= 0 (2)

where ρ is the density, kg/m3; t is the time, s; and u = (u, v, w) is the velocity vector.
(3) Ideal gas state equation

pV = mRT (3)

where p is the cylinder pressure, Pa; V is the cylinder volume, m3; R is the gas constant,
kJ/(kg K); and T is the cylinder temperature, K.

2.1.2. Turbulence Model

There is a large amount of airflow movement in the cylinder, which is mainly turbulent
movement. This paper selected the K-ε model most commonly used in CFD calculation
in AVL-Fire software based on the three conservations of mass, momentum, and energy
to solve the average transport equation. This model has a wide range of applications and
reasonable accuracy.

Turbulent energy dissipation rate ε is described by the following equation:

ε =
µ

ρ
(

∂ui
∂xK

)(
∂ui
∂xK

) (4)

The flow viscosity µ can be expressed as a function of K and ε,

µ = ρCµ
K2

ε
(5)

where Cµ is the empirical constant.
The K and ε equations:

ρ
∂K
∂t

= P + G− ε +
∂

∂x
(µ +

µt

σk

∂K
∂xj

)− ρUj
∂K
∂xj

(6)

ρ
Dε

Dt
= (Cε1P + Cε3G + Cε4K

∂UK
∂xK
− Cε2ε)

ε

K
+

∂

∂xj
(

µt

σε

∂ε

∂xj
) (7)

where P = −2µtSijSij is the turbulent kinetic energy generation term due to the average

velocity gradient; Sij =
1
2 (

∂ui
∂xj

+
∂uj
∂xi

) is the mean flow deformation rate tensor; G = − µt
ρσρ
∇ρ

is the turbulent kinetic energy generation term due to buoyancy; and Cµ = 0.09, Cε1 = 1.44,
Cε2 = 1.92, Cε3 = 0.8, Cε4 = 0.33, σk = 1, σε = 1.3, σρ = 0.9.

2.1.3. Combustion Model

The model established in this paper adopted the Han and Reitz model of the AVL-Fire
environment. The model considered the effects of boundary layer turbulence Prandtl
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number and gas density. Therefore, the prediction of wall heat flux can be calculated by
the following equation:

qw =
ρ f cp,Fu∗T ln( T

TW
)− (2.1y+ + 33.4)Gv/u∗

2.1 ln(y+) + 2.5
(8)

y+ =
u∗ × y

v
(9)

u∗ =

√
τw

ρ f
(10)

where, ρf is the density of oil droplets, g/cm3; Cp, F is the specific heat of oil droplets, J/(kg·◦C);
U* is the friction speed, m/s; TW is the wall surface temperature, K; Y+ dimensionless
wall distance, m; τW is wall stress, N; and G (G = QC) is the source term in the energy
equation, which can be calculated from the energy released by chemical reaction in the
calculation unit.

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

SL = SL0(1− 2YEGR)(
Tf r

Tre f
)

a1

(
P

Pre f
)

a2

(11)

where Tref and Pref are the reference values of the standard state. a1 and a2 are fuel dependent
parameters. 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 (=exhaust gas mass fraction) 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
(12)

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 (13)

The isentropic transformation can be calculated by the following equations:

Tf r = T0(
p0

p
)

1−k
k (14)

ρ f r =
P

R0Tf r
(15)

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

Spray atomization involves a series of processes, such as droplet gas momentum
exchange, turbulent diffusion, droplet evaporation, two breakages, droplet collision, and
droplet wall interaction. In this paper, the discrete droplet method (DDM) was used to
calculate spray droplets. This method is implemented by solving ordinary differential
equations of a single droplet’s trajectories, momentum, heat, and mass transfer. The
equations involved are as follows:
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The Sherwood equation can express the mass transfer rate. The following equation
can predict it:

.
mp =

n

∑
i=1

πρqβgxDdsh∗ ln(1 + BYx) (16)

BYx =
Yxs −Yx∞

1−Yxs
(17)

where n is the number of components; mp is the particle mass, g; ρq is the gas density, g/cm3;
βgx is the gas binary diffusion coefficient, m2/s; Dd is the droplet diffusion coefficient, m2/s;
sh* is the modified Sherwood number; BYx is the mass transfer number; Yxs is the mass
fraction of particle surface; and Yx∞ is the mass fraction of particle far-field conditions.

The mass transfer rate can be predicted by the following equation:

.
m =

N

∑
i=1

π
kg

cp,F
Ddnu∗ ln(1 + Bn) (18)

where Bn 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 values with the over-bar are evaluated at reference temperature and reference
fuel concentrations.

T = TS + Ar(T∞ − TS) (19)

YS = YV,S + Ar(YV,∞ −YV,S) (20)

where TS is the particle surface temperature, K; YV,S is the vapor mass fraction of droplet
surface; YV,∞ is the vapor mass fraction of droplet far-field conditions; and T∞ is the
temperature of the particle far-field conditions, K.

The modified sh* and nu* can be predicted by the following equation:

sh∗ = 2 +
(sh0 − 2)

FM
= 2 +

(
0.552Re1/2Sc1/3

)
FM

(21)

nu∗ = 2 +
(nu0 − 2)

FT
= 2 +

(
0.552Re1/2Pr1/3

)
FT

(22)

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

The resistance Fidr is calculated by the following equation:

Fidr = Dp · uirel (23)

Dp =
1
2

ρ f AcCD|urel | (24)

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

The resistance coefficient can be expressed as:

CD =

{
24

RedCc

(
1 + 0.15Re0.687

d
)
, Red < 103

0.44/Cc, Red ≥ 103 (25)

where Cc is the Cunningham correction factor based on the Knudsen number.
The Reynolds number of particles is as follows:

Red =
ρg|urel |Dd

up
(26)
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where up is the domain fluid viscosity, Pa·s.

2.1.5. Emission Prediction Model

(1) NOx emission model
The generation of NOx emission includes three Extended Zeldovich mechanisms.

The mechanisms considered by different NOx generation models and the calculation of
substances in equilibrium are different, and their accuracy is also different. The NOx
emission model includes the Zeldovich prediction model and Heywood model. The
Zeldovich model was selected in this paper. The Extended Zeldovich reaction mechanism
can be expressed as follows:

N2 + O↔ NO + N (27)

N + O2 ↔ NO + O (28)

N + OH↔ NO + H (29)

(2) Soot emission model
In general, the oxidation reaction of hydrocarbon is expressed as follows:

CnHm + (n +
m
4
)O2 → nCO2 +

m
2

H2O (30)

The formation of soot is the process of particle nucleus formation and surface growth.
The soot emission model includes the Kennedy/Hiroyasu/Magnussen model, Lund Flamelet
model, Frolov Kinetic model, etc. In this paper, the Kennedy/Hiroyasu/Magnussen model
was selected because it allows users to modify the increased soot formation rate.

2.1.6. Establishment of Simulation Model

The ESE Diesel module in AVL-Fire software sets the structural parameters of the
engine combustion chamber and injectors. It automatically generates a dynamic grid so
that the number and size of the grids vary with the movement of the pistons. Due to the
combustion chamber’s symmetry, the engine’s fuel nozzle has six identical nozzle holes.
Therefore, in order to simplify the calculation model and reduce the calculation time, only
1/6 of the entire combustion chamber meshes is considered, and the grid is encrypted at
the boundary and nozzle, as shown in Figure 1. In addition, the main parameters of the
diesel engine are shown in Table 1.
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Table 1. Key parameters of the diesel engine.

Performance Index Unit Value

Cylinder diameter mm 90
Bore mm 98

Number of cylinders - 4
Rate speed r/min 1800

Peak pressure MPa 12
Rated power kW 220

Mean effective pressure MPa 2.05
Compression ratio - 14:1

2.2. Fuel Properties

In this paper, pure diesel (D100) and three different diesel methanol mixed fuels (10%,
20%, and 30%) were studied. The mixtures of 10% methanol with 90% diesel volume ratio,
20% methanol with 80% diesel volume ratio, and 30% methanol with 70% diesel volume
ratio were defined as D90M10, D80M20, and D70M30, respectively. Table 2 shows the
detailed physical properties of the fuel. Kinematic viscosity and low calorific value were
measured according to ASTM D24 and ASTM D445, respectively.

Table 2. Main physical and chemical properties of the fuel.

Properties D100 Methanol D90M10 D80M20 D70M30

Latent heat of gasification (KJ/kg) 260 1162 350.2 440.4 530.6
Autoignition temperature (◦C) 250 463 271.3 292.6 313.9

Density (kg/m3) at 20 ◦C 835 792 830.7 826.4 822.1
Low calorific value (MJ/kg) 42.5 20.1 40.26 38.02 35.78

Cetane number 51 3.8 46.28 41.56 36.84
Stoichiometric air fuel ratio 14.3 6.5 13.52 12.74 11.96

Kinematic viscosity (40 ◦C) (mm2/s) 2.72 0.58 2.506 2.292 2.078

2.3. Computational Mesh

Based on the distribution of six nozzles in the bowl geometry of a four-stroke diesel
engine, the 1/6 grid was generated. Thus, the 60◦ fan-shaped grid considered one nozzle.
This paper adopted three types of meshes: coarse mesh, medium mesh, and fine mesh.
When the piston was at top dead center (TDC), the three grid elements were 25,236, 201,582,
and 1,452,418, respectively. All grids had very fine grids near the fuel injection path, injector
nozzle, and piston clearance area to ensure that the model could accurately predict the
rupture and evaporation of droplets. Figure 2 shows the cylinder pressures of three grids of
pure diesel at full load. It can be seen that there was no obvious difference in the in-cylinder
pressure curve between the fine grid and medium grid. The optimal medium grid was
employed to predict the simulation process.
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2.4. Model Validation

After the simulation model was established in the AVL Fire environment, the im-
proved model was verified. Then, the experiments were carried out. In the paper, the
schematic diagram of the experimental setup is shown in Figure 3. An exhaust gas analyzer
(Horiba MEXA-1600) was used to measure the generated NOx with an error of 1%. A
fuel consumption meter (FCMM-2) was used to measure BSFC. A combustion analyzer
(DEWE-2010CA) was used to monitor the combustion of the diesel engine. Soot generated
was measured using a smoke opacity meter (AVL Dismoke-4000). The fuel injection rate
was measured using an EFS-IFR600 with a measurement error of 0.5%. The diesel engine
load was measured using a hydraulic dynamometer. The ECU control system was used
to control the electronically controlled diesel engine. In addition, temperature, flow, and
pressure were measured using suitable sensors. Table 3 shows the list of measurements,
measurement range, and accuracy.
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Figure 3. Schematic diagram of experimental device.

Table 3. Lists of measurements, the measuring range, and accuracy.

Measurements Measuring Range 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
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

In order to verify the model, the experiments were carried out with a four-cylinder
four-stroke engine fueled with diesel–methanol (D100, D80M20) at 100% and 50% loads,
respectively. Figure 4a–d shows the cylinder pressure and heat release rate curves of D100
and D80M20 at 100% and 50% loads. The simulation results and heat release rate were
consistent with the experimental results, and the error was less than 5%. In addition,
Figure 5a,b shows the NOx and soot emissions at 100% and 50% load, respectively. Here
too, the simulation was similar to the experiment. Thus, the established model could
accurately predict the performance and combustion characteristics of the engine fueled
with diesel–methanol.
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3. Results and Discussion

The simulation experiment was carried out at 25% load, 50% load, 75% load, and 100%
load, respectively. The effects of different proportions of diesel–methanol blended fuel on
engine combustion and emission characteristics were studied in terms of cylinder pressure,
cylinder temperature, heat release rate, brake specific fuel consumption, brake thermal
efficiency, brake power, NOx emission, soot emission, and CO emission.



Processes 2021, 9, 1944 10 of 19

3.1. Combustion Characteristics
3.1.1. Cylinder Pressure

Figure 6a–d shows the effect of different diesel–methanol blend ratios on the engine
cylinder pressure under different load conditions. The maximum combustion pressure of
the diesel engine gradually increased as the methanol content in the mixed fuel increased.
More specifically, compared with pure diesel, the cylinder pressures of D90M10, D80M20,
and D70M30 increased by 0.78%, 1.21%, and 1.41%, respectively at 100% load. Methanol
has a low cetane number and high latent heat of vaporization, which increases the ignition
delay period in the cylinder, resulting in the increase in the maximum combustion pressure.
Therefore, methanol increases the maximum combustion pressure of the cylinder. This is
consistent with the experimental results of Chen et al. [25].

Processes 2021, 9, x FOR PEER REVIEW 11 of 21 
 

 

3.1. Combustion Characteristics 
3.1.1. Cylinder Pressure 

Figure 6a–d shows the effect of different diesel–methanol blend ratios on the engine 
cylinder pressure under different load conditions. The maximum combustion pressure of 
the diesel engine gradually increased as the methanol content in the mixed fuel in-
creased. More specifically, compared with pure diesel, the cylinder pressures of D90M10, 
D80M20, and D70M30 increased by 0.78%, 1.21%, and 1.41%, respectively at 100% load. 
Methanol has a low cetane number and high latent heat of vaporization, which increases 
the ignition delay period in the cylinder, resulting in the increase in the maximum com-
bustion pressure. Therefore, methanol increases the maximum combustion pressure of 
the cylinder. This is consistent with the experimental results of Chen et al. [25]. 

-80 -60 -40 -20 0 20 40 60 80

0

2

4

6

8

10

Cy
lin

de
r p

re
ss

ur
e 

(M
Pa

)

Crank angle (°CA)

 D100
 D90M10
 D80M20
 D70M30

(a) 100% load

D100D90M10

D80M20D70M30

 
-80 -60 -40 -20 0 20 40 60 80

0

2

4

6

8

Cy
lin

de
r p

re
ss

ur
e 

(M
Pa

)

Crank angle (°CA)

 D100
 D90M10
 D80M20
 D70M30

(b) 75% load

D100 D90M10

D80M20 D70M30

 

-80 -60 -40 -20 0 20 40 60 80

0

2

4

6

8

Cy
lin

de
r p

re
ss

ur
e 

(M
Pa

)

Crank angle (°CA)

 D100
 D90M10
 D80M20
 D70M30

(c) 50% load

D100
D90M10

D80M20
D70M30

 
-80 -60 -40 -20 0 20 40 60 80

0

2

4

6

8
 D100
 D90M10
 D80M20
 D70M30

Cy
lin

de
r p

re
ss

ur
e 

(M
Pa

)

Crank angle (°CA)

(d) 25% load

D100

D90M10

D80M20
D70M30

 
Figure 6. Cylinder pressure curves of different proportions of diesel–methanol blended fuel under different load condi-
tions. (a) at 100% load, (b) at 75% load, (c) at 50% load, (d) at 25% load. 

3.1.2. Heat Release Rate 
Figure 7a–d shows the heat release rate (HRR) curves of different proportions of 

diesel–methanol blended fuels under different load conditions. The peak values of en-
gine heat release rate increased with the increase in methanol content in the mixed fuel. 
This is due to the prolonged ignition delay time caused by the high latent heat of evap-
oration. More fuel is provided for the vaporization and mixing of diesel–methanol so that 
the air and fuel can be mixed better. In addition, the addition of oxygenated fuel increases 
the kinetic combustion stage in the diffusion combustion process, resulting in the in-
crease in HRR and the improvement of combustion efficiency. 

Figure 6. Cylinder pressure curves of different proportions of diesel–methanol blended fuel under different load conditions.
(a) at 100% load, (b) at 75% load, (c) at 50% load, (d) at 25% load.

3.1.2. Heat Release Rate

Figure 7a–d shows the heat release rate (HRR) curves of different proportions of
diesel–methanol blended fuels under different load conditions. The peak values of engine
heat release rate increased with the increase in methanol content in the mixed fuel. This
is due to the prolonged ignition delay time caused by the high latent heat of evaporation.
More fuel is provided for the vaporization and mixing of diesel–methanol so that the air
and fuel can be mixed better. In addition, the addition of oxygenated fuel increases the
kinetic combustion stage in the diffusion combustion process, resulting in the increase in
HRR and the improvement of combustion efficiency.
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Figure 7. Heat release rate curves of different proportions of diesel–methanol blended fuel under different load conditions.
(a) at 100% load, (b) at 75% load, (c) at 50% load, (d) at 25% load.

3.1.3. Cylinder Temperature

Figure 8a–d shows the temperature curves of different proportions of diesel–methanol
blended fuel under different load conditions. It can be seen that the maximum cylinder
temperature gradually decreased as the methanol content in the mixed fuel increased. More
specifically, at 100% load, the maximum cylinder temperatures of D100, D90M10, D80M20,
and D70M30 were 1224.5 K, 1215.9 K, 1204.5 K, and 1192.9 K, respectively. This is because
methanol has a low calorific value. Thus, the calorific value of the mixed fuel decreased,
and the heat was reduced in the combustion process with the increase in methanol content
in the mixed fuel. The study of Zhang et al. [26,27] provided similar conclusions.
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Figure 8. Heat release rate curves of different proportions of diesel–methanol blended fuel under different load conditions.
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Figure 9 shows the temperature distribution field in the cylinder at 100% load. The
combustion of pure diesel produced more local high-temperature zones than diesel–methanol
mixed fuel. This was due to the calorific value and micro-explosion of methanol. With the
increase in methanol content in the blended fuel, the micro-explosion was violent and the
calorific value of blended fuel was reduced. Thus, a local high-temperature zone can be
reduced with an increase in methanol content in the blended fuel. In addition, methanol
has a higher latent heat of vaporization, and the increase in methanol content reduces the
combustion temperature of the mixed fuel.
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3.2. Economic Characteristics
3.2.1. Brake Specific Fuel Consumption

Brake specific fuel consumption (BSFC) is an important parameter to measure the
economic characteristics of the engine [28]. The lower the fuel consumption, the better
the economy of the engine [29]. Figure 10a shows the BSFCs of different proportions
of diesel–methanol blended fuel under different load conditions. It can be seen that the
fuel consumption of diesel engines increased gradually with the increase in methanol
content in mixed fuel. For example, the BSFC was 301.89 g/(kW·h) when the diesel
engine fuel was pure diesel at 25% load. Compared with the BSFC of diesel, the BSFCs
of the maximum cylinder temperatures of D100, D90M10, D80M20, and D70M30 were
305.37 g/(kW·h), 307.96 g/(kW·h), and 312.66 g/(kW·h) respectively. This is because the
calorific value of methanol (20.1 MJ/kg) is much lower than that of diesel (42.5 MJ/kg).
The increase in methanol content in the mixed fuel reduces the total calorific value of the
mixed fuel, resulting in an increase in BSFC. Similarly, this result was consistent with that
of Hasan et al. [30].
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3.2.2. Brake Thermal Efficiency

Brake thermal efficiency (BTE) is the ratio of energy generated by fuel combustion
in the engine into active work [31]. Figure 10b shows the brake thermal efficiencies of
diesel–methanol blended fuel with different proportions under different load conditions.
The BTE increased with the increase in methanol content in the mixed fuel. The increase in
methanol content in diesel–methanol blended fuel improves the spray characteristics and
the oxygen in methanol makes the fuel combustion more efficient, thus improving the BTE
of the engine.

3.2.3. Brake Power

Figure 10c shows the brake power of different proportions of diesel–methanol blended
fuel under different load conditions. With the increase in methanol content in the mixed
fuel, the brake power gradually decreased. In addition, the higher the methanol content
in the mixed fuel, the more significant the decrease in brake power. Compared with pure
diesel, the power of D90M10, D80M20, and D70M30 blended fuel decreased by 2.76%,
5.04%, and 8.08%, respectively. This is because the calorific value of the mixed fuel is lower
than that of pure diesel, resulting in lower power than diesel during combustion. Some
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researchers have also shown that the power performance of the engine decreases with the
increase in the methanol ratio [32,33].

3.3. Emission Characteristics
3.3.1. NOx Emissions

Figure 11a–d shows the NOx emission of diesel–methanol blended fuel with different
proportions under different load conditions. NOx emission increased with the increase in
engine load. The increase in engine load will lead to the increase in cylinder temperature.
High temperature promotes the formation of NOx. In addition, NOx emission increases
with the increase in methanol content in the mixed fuel, which is due to the improved
combustion caused by the oxygen content in the methanol. Similarly, the cetane number of
diesel–methanol blended fuel is lower than that of pure diesel, resulting in the increase in
ignition delay period and premixed combustion. Thus, more NOx will be produced. Liu
et al. [34] reached a similar conclusion.
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3.3.2. Soot Emissions

Figure 12a–d shows the soot emissions of diesel–methanol blended fuel with different
proportions under different load conditions. The soot emission increased gradually with
the increase in engine load. This is due to the poor oxygen when the fuel mass increases,
and a large amount of soot is formed in the high-temperature oxygen-poor area. However,
with the increase in methanol content in the mixed fuel, the soot emission decreased
gradually. For example, at 100% load, when the proportion of methanol in the mixed fuel
increased to 10%, 20%, and 30%, the soot emission was reduced by 16.45%, 29.35%, and
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43.05%, respectively. This is because the high oxygen content of methanol improved the
cylinder combustion. The greater the amount of methanol added, the better the oxidation
effect of soot.
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 Diesel DE10 DE20 DE30 

1 °CA 
TDC     

2 °CA 
ATDC 

    

4 °CA 
ATDC 

    

Figure 12. Soot emission curves of different proportions of diesel–methanol blended fuel under different load conditions.
(a) at 100% load, (b) at 75% load, (c) at 50% load, (d) at 25% load.

In addition, Figure 13 shows the soot distribution field in the cylinder. The results
show that burning diesel–methanol blended fuel reduced the spot distribution in the
cylinder. Therefore, burning diesel–methanol blended fuel can significantly reduce soot
emissions. Zhang et al. [35] reached a similar conclusion.
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Figure 13. The soot distribution field in the cylinder.

3.3.3. CO Emissions

Figure 14a–d shows the CO emissions of diesel–methanol blended fuel with different
proportions under different load conditions. CO emission gradually increased with the
increase in engine load. However, CO emission gradually decreased as the methanol
content in the mixed fuel increased. As the engine load increased, the oxygen in the
cylinder became leaner, and the fuel could not be completely burned, resulting in higher
CO emission. However, the addition of methanol increased the oxygen content of the
mixed fuel and improved the combustion in the cylinder. Thus, the CO emission was
reduced. This was consistent with the findings of Wu et al. [36] and Sayin et al. [37].
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4. Conclusions

With the worsening of the global energy crisis [38–47] and environmental
problems [48–57], the development of diesel engines is also facing great challenges. Today,
the search for clean energy to reduce the emission of harmful gases has become a research
hotspot [58]. In this paper, a three-dimensional CFD model was established in an AVL-Fire
environment and verified by the experimental results. In addition, the effects of different
diesel–methanol blended fuels on the combustion and emission characteristics of diesel
engines were studied in term of cylinder pressure, heat release rate, cylinder temperature,
brake specific fuel consumption, brake thermal efficiency, brake power, soot, NOx, and CO.
Based on the above analysis, D80M20 is the optimal diesel–methanol blended fuel. The
main conclusions are as follows:

(1) The proportion of methanol in the diesel–methanol mixture fuel significantly in-
fluenced the engine’s combustion characteristics. More specifically, the addition of
methanol improved the combustion characteristics of diesel engines. Compared with
pure diesel, as the proportion of methanol increased, the combustion speed of the fuel
was accelerated, and the combustion time was shortened. As a result, the cylinder
pressure and HRR increased; on the contrary, the cylinder temperature decreased.

(2) The proportion of methanol in the diesel–methanol mixture fuel significantly in-
fluenced the engine’s economic characteristics. Compared with pure diesel, diesel–
methanol blended fuel reduced the economic cost of running diesel engines. The
calorific value of methanol is lower than that of diesel. With the increase in methanol
content, the calorific value of mixed fuel decreased, which increased fuel consumption
and reduced power.

(3) The proportion of methanol in the diesel–methanol mixture fuel significantly influ-
enced the engine’s emission characteristics. The addition of methanol can reduce
soot and CO emissions. The high oxygen content of methanol causes the fuel to burn
completely, thus reducing the soot and CO emissions. However, with the increase in
methanol content, NOx emission increased.

In conclusion, adding methanol can improve the combustion and emission character-
istics of the engine. In order to further study the combustion and emission characteristics
of diesel-methanol engines, future work will use the full model of the engine for more
in-depth research to obtain more accurate results.
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