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Abstract: In this study, the combustion and emission characteristics of a diesel/methanol/n-butanol
blended fuel engine with different pre-injection timings and pre-injection mass ratios were inves-
tigated by a computational fluid dynamics (CFD) model. The CFD model was verified by the
measured results and coupled with a simplified chemical kinetics mechanism. Firstly, the correspond-
ing three-dimensional CFD model was established by CONVERGE software and the CHEKMIN
program, and a chemical kinetic mechanism containing 359 reactions and 77 species was devel-
oped. Secondly, the combustion and emission characteristics of the diesel engine with different
diesel/methanol/n-butanol blended fuels were analyzed and discussed. The results showed that
increases in the pre-injection timing and the pre-injection mass ratio could increase cylinder pressure
and cylinder temperature and decrease soot, HC, and CO emissions. At 100% load, the maximum
cylinder pressures at the start of pre-injection timing from −15 ◦CA to −45 ◦CA, were 7.71, 9.46,
9.85, 9.912, and 9.95 MPa, respectively. The maximum cylinder pressures at pre-injection fuel mass
ratios from 0.1 to 0.9 were 7.98, 9.10, 9.96, 10.52, and 11.16 MPa, respectively. At 50% load, with
increases of the pre-injection timing and pre-injection fuel mass ratio, the soot emission decreased by
7.30%, 9.45%, 27.70%, 66.80%, 81.80% and 11.30%, 20.03%, 71.32%, 83.80%, 93.76%, respectively, and
CO emissions were reduced by 5.77%, 12.31%, 22.73%, 53.59%, 63.22% and 8.29%, 43.97%, 53.59%,
58.86%, 61.18%, respectively. However, with increases of the pre-injection timing and pre-injection
mass ratio, NOx emission increased. In addition, it was found that the optimal pre-injection timing
and optimal pre-injection mass ratio should be −30 ◦CA and 0.5, respectively. Therefore, through
this study we can better understand the potential interaction of relevant parameters and propose
pre-injection solutions to improve combustion and emission characteristics.

Keywords: diesel/methanol/n-butanol blended fuel; pre-injection; diesel engine; combustion and
emission characteristics

1. Introduction

Due to its high thermal efficiency, good reliability, and sufficient and stable power,
the diesel engine has been favored for a long time by the fields of national defense and
the military, and in power plants, transportation, engineering machinery, and agricultural
machinery [1]. It has made great contributions to improvements in social development
and at the economic level [2]. However, the development of the diesel engine has faced
great challenges with the collection and utilization of oil resources [3]. This is mainly
reflected in energy shortages caused by the massive utilization of fossil fuels and the
environmental pollution caused by combustion emissions [4]. Therefore, facing the global
energy crisis and environmental degradation [5], how to find renewable energy, and how to
effectively reduce diesel engine emissions are the problems that need to be solved in today’s
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society [6]. An important method is to use alternative fuels in diesel engines [7]. The use of
alternative fuels in diesel engines is considered to be an effective measure to reduce their
dependence on diesel and reduce pollutant emissions [8]. Therefore, the engine parameters
of various biofuels (such as biodiesel and alcohol) need to be optimized to enhance their
characteristics [9]. As a result, research on exploring new renewable alternative fuels has
attracted more and more attention [10,11].

Methanol and ethanol belong to low-carbon chain alcohols. As pure diesel additives,
their oxygen-containing structural characteristics can improve the engine’s combustion
process and reduce soot emission [12]. Compared with traditional fossil fuels, methanol
has obvious advantages [13]. For example, with a high octane number and good seismic
performance, the engine compression ratio can be appropriately increased to improve
engine performance and reduce fuel consumption. Moreover, methanol has a large latent
heat of vaporization and lower combustion temperature in the cylinder, which can reduce
heat loss and NOx emission [14]. Park et al. [15] studied the effect of methanol addition on
the performance and emission characteristics of diesel engines. The results showed that
the cylinder pressure, cylinder temperature, and NOx emission decreased with increased
methanol content. However, due to the characteristics of a low cetane number and high
latent heat of evaporation of methanol, spontaneous combustion occurs easily [16]. In
addition, due to the low calorific value, poor stability and immiscibility with diesel [17],
the application of methanol in diesel engines is greatly hindered [18,19].

Compared with other fuels, n-butanol has a low latent heat of vaporization and ig-
nition temperature. Thus, the cold start characteristic of the diesel engine can be greatly
improved [20]. In addition, n-butanol is more resistant to water pollution and less corrosive.
The most important point is that n-butanol is more miscible with diesel [21]. Moreover, the
viscosity and density of n-butanol are similar to diesel [22]. Lots of experts have carried out
research on n-butanol. For example, Satsangi et al. [23] studied the combustion and emis-
sion characteristic of a diesel engine fueled with four different diesel/n-butanol blends. The
results showed that compared with pure diesel, the maximum cylinder pressure of diesel
engine fuel with diesel/n-butanol blends increased by 5.3% and the emission characteristics
of blends of diesel engine fuel with diesel/n-butanol also improved. Rakopolulos et al. [24]
studied the effect of diesel/n-butanol blends on the performance and emission characteris-
tics of a diesel engine. The results showed that the brake specific fuel consumption (BSFC)
of a diesel engine fueled with a diesel/n-butanol blend increased due to lower calorific
values than pure diesel. However, the brake thermal efficiency (BTE) improved due to the
improved combustion caused by the n-butanol content in the diesel/n-butanol blend.

To improve engine performance, combustion and emission, this problem can be
overcome by changing factors, such as the pilot fuel volume, injection timing, gaseous fuel
composition and intake conditions [25]. Pre-injection is a form of multi-injection and means
that a small amount of fuel is injected first, before the main injection. The main parameters,
such as the pre-injection timing, pre-injection fuel mass ratio, and injection duration, will
significantly affect combustion and emission characteristics [26]. In diesel engines, many
researchers had studied the effects of pre-injection on engine combustion and emission
characteristics. For example, Lu et al. [27] and Wang et al. [28] investigated the effects
of the main injection mode, injection ratio, and injection timing on the combustion and
emission characteristics of a high-load, low-speed diesel engine. The results showed that
the advanced pre-injection timing and increased pre-injection fuel mass ratio could reduce
knock and NOx emission. Similarly, Liu et al. [29] studied the effects of injection timing
on the performance and exhaust emissions of the engine diesel/methanol compound
combustion (DMCC) mode. The results showed that under the DMCC model, the peak
cylinder pressure and maximum heat release rate in the cylinder were increased, and the
intake air temperature, NOx, and soot emissions were reduced. Liu et al. [30] investigated
the effects of each parameter on the emission characteristics of a diesel engine fueled
with an n-butanol/diesel blended fuel under two combustion strategies, early injection
partial premixed combustion (PPC) and pre-injection PPC. The results showed that the
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premixed combustion ratio and the average diameter of particulate matter decreased with
an increasing pre-injection ratio. Bhowmick et al. [31] investigated the effect of different
injection strategies on a common rail direct injection engine. The results showed that the
10% pilot fuel and 90% main injection strategy (B10@P10-M90) outperformed the pure
diesel fuel among all the injection strategies. Compared to all the injection strategies, the
B10@P10-M90 had the highest efficiency of 35.8% and the lowest fuel consumption of
0.25 kg/(kW·h). The carbon monoxide (CO) and hydrocarbon (HC) emissions were lower
than all the tested emissions of all the samples tested.

With the development of computer science and information technology, the com-
bustion chemical kinetic mechanism has been further expanded and examined in depth.
Moreover, in the manufacturing industry, design, experimentation, and prototyping are
very difficult and expensive [32]. Thus, the simulation method has been applied in the
internal combustion engine field [33]. Simulations can not only greatly save in the cost,
but also greatly shorten the research cycle [34]. The numerical simulation has been widely
accepted as a good way to study diesel engines. This is because the three-dimensional
computational fluid dynamics (CFD) simulation method combined with the chemical ki-
netic mechanism can accurately predict the combustion process [35]. Many researchers
had studied n-butanol/diesel blends by the CFD simulation method. Gong et al. [36] used
AVL-Fire to simulate the effects of injection and ignition timing on engine combustion and
the in-cylinder formaldehyde and unburned methanol emissions during the cold start of
a methanol engine. Zang et al. [37] used an improved KIVA−3 V code coupled with the
CHEMKIN solver to simulate the combustion and emission of a diesel/methanol dual fuel
(DMDF) engine. They found that the CFD method could be considered as an effective
method and could accurately predict the cylinder combustion process.

In conclusion, a large number of researchers have used CFD software to study the
effects of diesel/methanol and diesel/n-butanol blended fuels on engine combustion and
emission characteristics, and have further optimized engine combustion and emission
combined, using a pre-injection strategy. However, very few have used CONVERGE Studio
software to simulate engine combustion chambers with diesel/methanol/n-butanol blends
to investigate the effects of pre-injection timing and the pre-injection fuel mass ratio on
engine combustion and emission characteristics.

As mentioned above, the behaviors of diesel/methanol/n-butanol blended fuels are
different due to the different thermos-physical properties. In this paper, CONVERGE soft-
ware combined with the Chemkin code was employed to simulate the cylinder combustion
process. Firstly, according a four-stroke diesel engine, the CFD model was developed
and then validated by the experimental results at different loads. Then, the combustion
processes of diesel/methanol/n-butanol blends were simulated and compared. Finally,
the effects of the pre-injection timing and pre-injection mass ratio on the combustion and
emission characteristics of a diesel engine fueled with diesel/methanol/n-butanol blends
were studied. Therefore, this study helps to optimize the combustion and emission charac-
teristics of diesel/methanol/n-butanol blends for diesel engines, reducing the dependence
on petroleum fuels, improving diesel engine performance, and reducing diesel engine
pollutant emissions.

2. Materials and Methods

In this study, the numerical simulations were performed by using CONVERGE soft-
ware combined with a detailed chemical kinetic mechanism. A series of numerical sub-
models were used to simulate the combustion process and pollutant formation mechanism
of the diesel/methanol/n-butanol (DMB) blended fuel engine.

2.1. Turbulence Model

The RNG k-ε turbulence model was used for the calculations because this turbulence
model fully considers the change of gas density in the wall boundary layer [38] and
the influence of the vortex on turbulence and improves the accuracy of vortex flow [39].
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Moreover, the model has low requirements for the grid quality near the wall. The principle
is to introduce turbulent kinetic energy k and a turbulent dissipation rate ε based on the
Navier-Stokes equation by using the basic idea of RNG. The expression is as follows [40]:

∂(ρkt)

∂t
+ div(ρkU) = div[αkµe f f grad kt] + τij · Sij − ρε (1)

∂(ρε)

∂t
+ div(ρεU) = div[aεµe f f grad ε] + C∗1ε

ε

kt
− τij · Sij − C2ερ

ε2

kt
(2)

with,

τij = −ρu′iu
′
j = 2µtSij −

2
3

ρktδij (3)

and

µe f f = µ + µt µt = ρCµ
kt

2

ε
(4)

C∗1ε = C1ε −
η(1− η

η0
)

1 + βη3 η =
kt

ε

√
2Sij · Sij (5)

where ρ is the density, g/cm3; kt is the turbulent kinetic energy, m2/s2; U is the fluid
velocity, m/s; Sij is the turbulent source term; ε is the turbulent dissipation rate; µ is the
molecular viscosity, Pa·s. The Kronecker delta δij is given by δij = 1 if i = j and δij = 0 if I 6= j.
C1ε = 1.42, C2ε = 1.68, αk = αε = 1.39, Cµ = 0.0845, η0 = 4.377, and β = 0.012.

2.2. Combustion Model

In addition, the SAGE model was chosen in this study to simulate the combustion
process of a DMB blended fuel engine with a chemical kinetic mechanism including
77 species and 359 reactions.

According to the description of Turns [41], a multistep chemical reaction mechanism
can be written as follows:

M

∑
m=1

u′m,iym 

M

∑
m=1

u′′m,iym for i = 1, 2, . . . I (6)

where u′m,i is the stoichiometric coefficients for the reactants for species m and reaction
i; u′′m,i is the stoichiometric coefficients for the products for species m and reaction i; I is
the total number of reactions; and ym is the chemical symbol for the species m. The net
productivity of species m is

.
ωm =

I

∑
i=1

um,iqi for m = 1, 2, . . . M (7)

where M is the total number of species and

um,i = u′′m,i − u′m,i (8)

The reaction rate parameter qi of the ith reaction is

qi = ki, f

M

∏
m=1

[Xm]

u′m,i

− ki,r

M

∏
m=1

[Xm]

u′′m,i

(9)

where Xm is the molar concentration of species m, mol/L; ki,f and ki,r are the forward and
reverse rate coefficients for reaction i. In SAGE, the forward rate coefficient is expressed in
Arrhenius form as

ki, f = AiTβi exp
(
−Ei
RT

)
(10)
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where Ai is the pre-exponential factor; βi is the temperature exponent; Ei is the activation
energy, cal/mol; R is the ideal gas constant; and T is the temperature, K. In addition, the
reverse rate coefficient can either be specified in an analogous fashion as in Equation (11),
or calculated from the equilibrium coefficient Ki,c as

Ki,c =
ki, f

ki,r
(11)

The equilibrium coefficient Ki,c is determined by thermodynamic properties

Ki,c = Ki,p

(
Patm

RT

)∑M
m=1 um,i

(12)

where Patm is the atmospheric pressure, Pa. The equilibrium constant Ki,p is obtained via

Ki,p = exp

(
∆S1

i
R
−

∆H1
i

RT

)
(13)

The ∆ refers to the change that occurs in passing completely from reactants to products
in the ith reaction, specifically,

∆S1
i

R
=

M

∑
m=1

um,i
S1

m
R

(14)

∆H1
i

RT
=

M

∑
m=1

um,i
H1

m
RT

(15)

where S denotes entropy, J/(mol·K); and H denotes enthalpy, kJ/mol.

2.3. Spray Model

Based on the physical characteristics of the fuel spray and blending process, the Kelvin-
Helmholtz and Rayleigh-Taylor (KH-RT) model is employed to simulate the spray breakup
process of fuel. In this model, the KH mechanism and the RT mechanism were used to
simulate the primary and secondary crushing, respectively [42].

The following formula can express the radius change rate of droplets in the KH model:

r = BoΛKH (16)

vn = C1ΛKHΩKH (17)

τKH =
3.726Bbri
ΛKHΩKH

(18)

where r is the droplet size, mm; Bo is the model size constant; ΛKH is the wavelength of
the fastest growing wave on the surface of the initial liquid column, mm; vn is the model
velocity constant; C1 is the model constant; ΩKH is the wave growth rate of the fastest
growing wave on the surface of the initial liquid column, mm/s; τKH is the breakup time, s;
Bb is the model breakup time constant; and ri is the initial droplet radius, mm.

The RT model obtains the wavelength (ΛRT) and the wave growth rate (ΩRT) by
solving the discrete equation:

ΩRT =

(
2

3
√

3σs

[−gt(ρl − ρg)]
3/2

ρl + ρg

)1/2

(19)

where gt is the acceleration in the direction of motion, m/s2; ρl is the density of the
liquid phase, g/cm3; ρg is the density of the gas phase, g/cm3; and σs is the surface
tension coefficient.
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The wavelength and wave number (KRT) are:

ΛRT =
2πCRT

KRT
(20)

KRT =

(
−gt

(
ρl − ρg

)
3σs

)
(21)

where CRT is a parameter that can be adjusted through the measurement results related to
the nozzle conditions. In this paper, it is taken as 0.1.

The droplet breaking time scale and new droplet radius (rnew) are:

τRT =
Cτ

ΩRT
(22)

rnew =
πCRT
KRT

(23)

where Cτ is the model breakup time constant.
The RT breakup length (Lb) equation is given by [43]:

Lb = Cbl

√
ρl
ρg

do (24)

where Cbl is the RT model breakup length constant; and do is the nozzle diameter, mm.
Due to the low energy substitution rate and less collision with the wall, the re-

bound/slide model [43] was more suitable for the interaction between droplets and solid
surfaces. The model includes two impact regimes, rebound and slide, which are based on
the Weber number Wei of the incoming drop at impact.

Wei =
ρ f V2

n d0

σf
(25)

where ρf is the fluid density (kg/m3); Vn is the velocity component normal to the surface,
m/s; d0 is the characteristic length, m; σf is the surface tension coefficient of the fluid, N/m.

If Wei is less than 80 (rebound regime), the drop rebounds elastically with a normal
velocity given by [43] as

Vn,o = Vn,i

√
Weo

Wei
(26)

where Vn,o is the velocity component normal to the surface of the outgoing drop, m/s; Vn,i
is the velocity component normal to the surface of the incoming drop, m/s. The Weber
number of the outgoing drop Weo is obtained from:

Weo = 0.678Wei exp(−0.04415Wei) (27)

If Wei is greater than 80, the jet model of Naber and Reitz [44] is used to update the
drop velocity.

Moreover, the Frossling model [45] was used to predict droplet evaporation. The
Frossling correlation is

dri
dt

= −
αsprayρgD

2ρlri
BdShd (28)

where αspray is the scaling factor for the mass transfer coefficient; D is the mass diffusivity
of liquid vapor in air, m2/s. It defines Bd as:

Bd =
Y∗1 −Y1

1−Y∗1
(29)
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where Y1* is the vapor mass fraction at the drop’s surface, %; Y1 is the vapor mass fraction,
%; and Shd is the Sherwood number given by:

Shd =
(

2.0 + 0.6Re1/2
d Sc1/3

) ln(1 + Bd)

Bd
(30)

where

Red =
ρg
∣∣ui + u′i − vi

∣∣d
µair

(31)

where ui and ui
′ are the local mean and turbulent fluctuating gas velocities, respectively,

m/s; vi is the velocity of the droplet, m/s; d is the drop diameter, mm; and µair is the air
viscosity which is evaluated at the temperature

>
T given by [45]

>
T =

Tgas + 2Td

3
(32)

where Tgas is the gas temperature, K; and Td is the drop temperature, K.
Furthermore, the Sc is the Schmidt number of air given by

Sc =
µair

ρgasD
(33)

In addition the mass diffusivity of liquid vapor in air D is determined from the correlation:

ρgD = 1.293D0(
>
T/273)

n0−1
(34)

where D0 and n0 are model constants.

Y∗1 =
MWCn H2m

MWCn H2m + MWmix(
pgas
pv
− 1)

(35)

where MWCn H2m is the molecular weight of the CnH2m, Da; MWmix is the molecular weight
of the mixture (not including vapor from the liquid species), Da; pgas is the gas pressure, Pa;
and pv is the vapor pressure at the current droplet temperature, Pa.

2.4. Emission Model

The formation of NOx was modeled using the Extended Zeldovich mechanism pro-
posed by Heywood [46]. This model can better predict the formation of NO. The expression
is as follows:

O + N2 ⇔ NO + N (36)

O2+N⇔ NO + O (37)

OH + N⇔ NO + H (38)

The rate constants for the reactions in Equations (36)–(38) are

k1, f = 7.6× 1013 exp
(
−38000

T

)
(39)

k1,r = 1.6× 1013 (40)

k2, f = 6.4× 109T exp
(
−3150

T

)
(41)

k2,r = 1.5× 109T exp
(
−19500

T

)
(42)

k3, f = 4.1× 1013 (43)
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k3, f = 2.0× 1014 exp
(
−23650

T

)
(44)

where k is the rate constant, cm3/(mol·s); the subscript f denotes a forward reaction, and
the subscript r denotes a reverse reaction.

The Hiroyasu-NSC soot model was used to predict soot emission [47]. The expression
is as follows:

dms

dt
=

dms f

dt
− dmso

dt
(45)

dms f

dt
= A f m f P0.5 exp(

−Es f

RT
) (46)

dmso

dt
= Aoms

Po2

P
P1.8 exp(

−Eso

RuT
) (47)

where ms is the total amount of soot, kg; msf is the amount of soot generation, kg; mso is
the amount of soot oxidation, kg; Af is the constant; mf is the fuel evaporation, kg; P is the
cylinder pressure, Pa; Esf represents the activation energy in the process of formation; Ao is
the constant; Po2 is the partial pressure of oxygen, Pa; Eso represents the activation energy
in the process of oxidation, kJ; and Ru is the gas constant, cal/(K·g·mol).

2.5. Boundary Condition

In this paper, a four-cylinder, four-stroke diesel engine was used for experiments.
The fuel injection quantity was obtained and adjusted by the electronic control unit of
the diesel engine. The diesel engine specifications and boundary conditions are shown in
Table 1. In addition, the friction work of the diesel engine was obtained by an empirical
equation. The boundary conditions were obtained by the experiment. However, the
boundary conditions which were not measured by the experiment were calculated by the
validated AVL-BOOST model.

Table 1. Engine specifications and boundary conditions.

Type Value Type Value

Bore × stroke (mm) 190 × 210 Compression ratio 14
Number of cylinders 4 Head temperature (K) 553
Engine speed (rpm) 2000 Piston temperature (K) 423

Effective power (kW) 220 Wall temperature (K) 433
Nozzle radius (mm) 0.26 Temperature at IVC (K) 341
Fuel injection holes 8 Pressure at IVC (bar) 1.97

Cylinder diameter (mm) 190 Turbulent kinetic energy (m2/s2) 62.0271
Connecting rod (mm) 410 Turbulent dissipation (m2/s3) 17183.4

2.6. Computational Mesh

In this study, the engine’s combustion chamber was modeled and calculated by using
CONVERGE software to simulate the combustion process of a DMB blended fuel engine.
Since the fuel injection nozzle was located on the central axis of the cylinder block close
to the cylinder head, the eight fuel injection nozzle holes were symmetrically distributed.
In order to reduce the calculation time, the cylinder block model was simplified to a 45◦

sector of a single fuel nozzle hole. The geometry of the eighth combustor is shown in
Figure 1. All the meshes have fine mesh near the piston crevice, fuel spray path and injector
nozzle regions.

In addition, the calculation time and accuracy of the CFD model are determined
by the grid size [48]. Figure 2 shows the cylinder pressure generated by the grids of
the DMB blended fuel at 100% load. The results showed that there was no significant
difference between 1.2 mm and 1.4 mm grids. Therefore, due to a higher accuracy and lower
calculation time, the best 1.4 mm grid was used to simulate the combustion process [49].
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2.7. Engine Bench Test

This study investigated the combustion and emission characteristics of a diesel engine
at a speed of 2000 rpm. Before the test, the engine was first warmed up in pure diesel fuel
mode until the coolant temperature was between 65 and 85 ◦C. Then, all tests were arranged
at an ambient temperature of about 25 ◦C. In addition, the intake air temperature after the
intercooler was kept below 40 ◦C. When the engine was running in a stable condition in
each test case, the in-cylinder pressure was recorded for 150 consecutive engine cycles and
then averaged to ensure more accurate test results. At the same time, the exhaust gas from
the engine was sampled using a probe, and then transmitted to an exhaust gas analyzer to
obtain the composition of the exhaust gas, including soot, NOx, HC, and CO.

Detailed physical properties of the fuel are shown in Table 2 [50–52]. The main
specifications are listed in Table 1. The schematic diagram of the engine test is shown
in Figure 3. The detailed specifications of the main measuring instruments are shown
in Table 3.
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Table 2. Fuel physical properties.

Performance Index Diesel Methanol n-Butanol

Latent heat of gasification (kJ/kg) 260 1162.2 919.6
Density (kg/m3) at 20 ◦C 835 792 810

Auto-ignition temperature (◦C) 250 463 343
Low calorific value (MJ/kg) 42.5 20.1 30.63

Cetane number 51 3.8 17
Oxygen content (%) by weight 0 50 21.62

Stoichiometric air/fuel ratio 14.3 6.5 11.21
Kinematic viscosity (40 ◦C) (mm2/s) 2.72 0.58 2.22
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Table 3. Specifications of the main measuring instruments.

Item Content Accuracy Uncertainty (%)

Electric dynamometer NIDY S22-2/0525-1BV-1 Torque: ±0.5% F.S; Speed: ±1 r/min ±0.2
Dynamometer control system PUMA OPEN1.4.1 ±0.5% F.S ±0.2

Air flowmeter TOCEIL 20N125 ±1% ±0.1
Diesel flowmeter TOCEIL CMFG010 0.12% ±0.2

Temperature sensor Thermojunction type ±0.5 ◦C ±0.1
Pressure sensor Piezoresistance type ±0.5% F.S ±0.5

Emissions analyzer AVL AMAi60 ±1.0% F.S ±0.2
Combustion analyzer DEWE-2010CA / ±0.2

Injection measuring instrument EFS-IFR600 ±0.5% ±0.5

2.8. Uncertainty Analysis

Generally, the experimental measurement results obtained have some errors and
uncertainties [53]. The uncertainty of the experimental results is caused by the selection,
observation, and calibration of sensors. The measurement results are used to calculate the
required experimental results. The uncertainty percentage of parameters such as BSFC,
BTE, and NOx can be obtained from Equation (48). The R in Equation (49) is a function
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of the independent variables I1, I2, . . . , In. Let u1, u2, . . . , un be the uncertainty in the
independent variable and UR be the uncertainty in the result.

UR =
{
[(∂R/∂I1)u1]

2 + [(∂R/∂I2)u2]
2 + · · ·+ [(∂R/∂In)un]

2
}1/2

(48)

R = {I1, I2, I3, · · · In} (49)

The measuring range and accuracy of the measuring equipment used in this paper are
shown in Table 4. The following equation shows the calculated total experimental uncertainty.

Total uncertainty of the experiment =
Square root of [(uncertainty of pressure sensor)2 + (uncertainty of HC emission)2

+ (uncertainty of NOx emission)2 + (uncertainty of CO emission)2

+ (uncertainty of Soot emission)2]
= Square root of [(0.5%)2 + (0.11%)2 + (0.53%)2 + (0.32%)2 + (2.8%)2] = 2.913%

Table 4. Uncertainty of measured parameters.

Measurements Measuring Range Accuracy Uncertainty (%)

Engine speed 1–2000 rpm ±0.2% ±0.24
Pressure sensor 0–25 MPa ±10 kPa ±0.5

Exhaust gas temperature 0–1000 ◦C ±1 ◦C ±0.25
HC emission 0–20,000 ppm ±10 ppm ±0.11

NOx emission 0–5000 ppm ±10 ppm ±0.53
CO emission 0–10% vol ±0.03% ±0.32
Soot emission 0–9 FSN ±0.1 FSN ±2.8
Air flow rate 0–33.3 kg/min ±1% ±0.5
Fuel flow rate 0.5–100 L/h ±0.04 L/h ±0.5

2.9. Model Validation

In order to verify the accuracy of the model, experiments were carried out. This
paper validates the cylinder pressure (see Figure 4a) and heat release rate (see Figure 4b) of
the combustion process and the NOx and soot emissions of the emission process for the
D70M20B10 (70% diesel, 20% methanol and 10% n-butanol by vol) blended fuel at 50% and
100% loads. Figure 4 shows the comparisons of the cylinder pressure and heat release rate
at 100% and 50% loads, respectively. It was found that the experimental results were in
good agreement with the simulation results. The maximum error was less than 4%. Thus,
the results showed that the model could accurately simulate the in-cylinder combustion
process. Figure 5 shows the simulation and experimental soot and NOx emissions at 100%
and 50% loads, respectively. It was found that the soot and NOx emission trends were
similar to the experiment. Therefore, this model can simulate the effect of pre-injection on
combustion and emission characteristics.
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3. Results and Discussions

To investigate the effects of the pre-injection timing and pre-injection mass ratio on the
combustion and emission characteristics of the diesel engine, the CFD model was employed
to simulate the combustion process. The specific pre-injection strategy parameters are
shown in Table 5. The parameters defined in the pre-injection study are as follows. The
start of pre-injection is defined as SOPI; the pre-injection mass ratio is defined as Mpre
(where Mpre = mpre/(mmain + mpre)); the start of the main injection is defined as SOMI;
the main injection mass is defined as Mmain (where Mmain = mmain/(mmain + mpre)). The
simulation results were then presented and analyzed in detail. Figure 6 shows the layout
of the injector location in the CONVERGE environment.

Table 5. Parameters of the pre-injection strategy.

Case Load (%) SOPI
(deg ATDC) Mpre

SOMI
(deg ATDC) Mmain

1 50 - - −9 1.0
2 50 −15~−45 0.5 −9 0.5
3 50 −45 0.1~0.9 −9 0.9~0.1
4 100 - - −9 1.0
5 100 −15~−45 0.5 −9 0.5
6 100 −45 0.1~0.9 −9 0.9~0.1

3.1. Combustion Analysis
3.1.1. Cylinder Pressure

Figure 7 shows comparisons of the cylinder pressure under different load conditions.
Figure 7a,c shows that the cylinder pressure increases with the increase of SOPI. At 100%
load, the maximum cylinder pressure at SOPI = −15, −25, −30, −35 and −45 ◦CA were
7.71, 9.46, 9.85, 9.912 and 9.95 MPa, respectively. The main reason is that the increase
of SOPI leads to an advance of the combustion starting point, resulting in an increase of
cylinder pressure. In addition, with the increase of SOPI, the turbulent kinetic energy in
the combustion chamber increases, which increases the evaporation speed of the fuel and
improves the in-cylinder combustion. Thus, the cylinder pressure increases. As shown
in Figure 7b,d, the cylinder pressure increases with the increase of Mpre. At 100% load,
the maximum cylinder pressures at Mpre = 0.1, 0.3, 0.5, 0.7 and 0.9 were 7.98, 9.10, 9.96,
10.52 and 11.16 MPa, respectively. This is because when SOPI remains unchanged, with
the increase of Mpre, more fuel enters the cylinder earlier to participate in combustion, and
more fuel is compressed during the compression stroke, increasing the cylinder pressure.
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It can be seen that with the increase of SOPI and Mpre, the cylinder pressure of the diesel
engine can be increased and the performance of the diesel engine can be improved.
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3.1.2. Heat Release Rate (HRR)

Figure 8 shows comparisons of the HRR under different load conditions. As shown
in Figure 8a,c, in all cases, the ignition delay was earliest at SOPI = −15 ◦CA, followed
by −25, −30, −35, and −45 ◦CA. In addition, an increase of SOPI leads to an increase of
the HRR peak and changes the HRR curve from a single peak to a double peak. This is
because the increase of SOPI makes it easier to form a low concentration and homogeneous
combustible mixture. This part of the mixture fails to fully release heat in the premixing
stage, delaying the unburned blended fuel for the main injection stage and increasing the
amount of fuel added to burn in the main injection stage. Therefore, the heat release rate of
the main injection increases. As shown in Figure 8b,d, in all cases, the ignition delay was
earliest at Mpre = 0.9, followed by 0.7, 0.5, 0.3, and 0.1. In addition, the heat release rate
increases with the increase of Mpre. Due to the increase of Mpre, more fuel is compressed in
the compression stroke, which accelerates the increase of the blended fuel temperature in
the cylinder and improves the atomization and evaporation of the main injection diesel.
Therefore, increasing HRR can significantly improve engine combustion characteristics.
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Mpre, the cold flame effect is enhanced, and the temperature in the cylinder is increased. 
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3.1.3. Cylinder Temperature

Figure 9 shows the comparisons of in-cylinder temperature under different load
conditions. It can be seen that the cylinder temperature increases with the increase of SOPI
and Mpre. At 50% load, the maximum cylinder temperature at SOPI = −15, −25, −30,
−35 and −45 ◦CA were 953.20, 1005.23, 1042.02, 1091.15 and 1102.46 K, respectively; the
maximum cylinder temperatures at Mpre = 0.1, 0.3, 0.5, 0.7 and 0.9 were 984.04, 1062.51,
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1091.16, 1134.54 and 1180.21 K, respectively. This is mainly because with the increase of
SOPI and Mpre, the ignition delay period of the combustion process is prolonged, and the
fuel is fully blended, which increases the combustion speed of the fuel, resulting in more
heat release, thus increasing the temperature in the cylinder. In addition, with the increase
of SOPI and Mpre, the cold flame effect is enhanced, and the temperature in the cylinder
is increased.
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Figure 10 shows the temperature distribution field under different load conditions.
It can be seen that when the pre-injection strategy is adopted, the high-temperature area
increases with the increase of SOPI and Mpre. When TDC = −5 ◦CA, the temperature
of the newly injected fuel was low, which cooled the injection area of the combustion
chamber. When TDC = 1 ◦CA, the temperature in the cylinder increases due to fuel
combustion, especially at the front end of the fuel beam, where combustion occurs first.
When TDC = 7 ◦CA, the temperature in the cylinder continues to increase with the progress
of combustion, and the maximum temperature in the cylinder increases with the increase of
SOPI. In addition, when SOPI =−15 ◦CA or−25 ◦CA and Mpre = 0.1 or 0.3, the temperature
distribution in the cylinder was uneven. At SOPI = −30, −35, and −45 ◦CA and Mpre = 0.5,
0.7, and 0.9, the combustion conditions were better because of a longer fuel ignition delay
and sufficient fuel blending. Thus, the in-cylinder temperature was also more evenly
distributed. Therefore, increasing SOPI and Mpre within a certain range are more conducive
to fuel combustion.
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In addition, the generation of NOx in the cylinder is closely related to the temperature.
If the temperature in the cylinder is too high it will increase the emission of NOx. Therefore,
SOPI and Mpre should be reasonably selected to reduce the emission.

3.2. Emissions Analysis
3.2.1. Soot Emission

Figure 11 shows the comparison of soot changes under different load conditions. As
shown in Figure 11a,c, with the increase of SOPI, the soot emission shows a downward
trend. At 50% load, the soot emission at SOPI = −15, −25, −30, −35 and −45 ◦CA
were decreased by 7.30%, 9.45%, 27.70%, 66.80% and 81.80%, respectively. Moreover,
with the increase of Mpre, soot emission decreases. At 50% load, the soot emission at
Mpre = 0.1, 0.3, 0.5, 0.7 and 0.9 were decreased by 11.30%, 20.03%, 71.32%, 83.80% and
93.76%, respectively. The main reason is that with the increase of SOPI and Mpre, the
temperature in the combustion chamber increases, and the cold flame effect caused by
pre-injection combustion is enhanced, resulting in the main injection combustion conditions
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being improved and so the combustion speed is accelerated. The formation condition of
soot is a high temperature and anoxic environment, which is the product of an incomplete
combustion of fuel and has a trade-off relationship with NOx [54]. With the increase of
SOPI and Mpre, the area of an equivalent ratio in the combustion chamber decreases, the
in-cylinder combustion conditions are improved to a certain extent, the combustion is more
complete, and the formation of soot decreases. However, in Figure 10c,d, the soot emission
firstly increases and then decreases. The reason is that at SOPI = −15 ◦CA and Mpre = 0.1,
the cylinder pressure and cylinder temperature are low (as shown in Figures 7 and 9),
resulting in incomplete combustion of the fuel, which increases soot emission. In summary,
a reasonable SOPI and Mpre can decrease soot emission.
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3.2.2. NOx Emission

Figure 12 shows the comparison of NOx changes under different load conditions. As
shown in the figure, NOx emission increases with the increase of SOPI and Mpre. In all cases,
the NOx emission was highest at SOPI = −45 ◦CA and Mpre = 0.9, followed by SOPI = −25,
−30,−35,−45 ◦CA and Mpre = 0.7, 0.5, 0.3, 0.1. The main reason is that when SOPI increases,
the temperature in the combustion chamber increases, and the cold flame effect caused by
pre-injection combustion increases, resulting in the main injection combustion conditions
being improved, a faster combustion speed, and a higher combustion temperature. When
Mpre increases, the blended fuel in the combustion chamber increases, and the fuel blends
more fully, increasing the cylinder temperature. Moreover, NOx is produced under the
conditions of a high-temperature oxygen-enriched environment and high-temperature
duration. Therefore, when the speed remains unchanged, the temperature in the cylinder
increases, which will increase NOx emission. It can be seen that an increase of SOPI
and Mpre is not good for NOx emission, and a reasonable SOPI and Mpre can improve
the performance of the diesel engine. However, diesel engine emissions should also be
considered at the same time.
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Figure 13 shows the NOx distribution under different conditions. As shown in the
figure, at TDC = −5 ◦CA, only a small amount of NOx is formed due to in-cylinder
combustion and the effect of waste heat in the cylinder. When TDC = 1 ◦CA, NOx is
mainly generated in the high-temperature area at the front of the fuel beam because the
formation of NOx is affected by high temperatures. When TDC = 7 ◦CA, with the progress
of combustion, the high-temperature area gradually diffuses into the whole cylinder, and
the NOx formation area increases and diffuses into the whole combustion chamber. As
shown in Figures 12 and 13, the NOx distribution area of the combustion chamber is
consistent with the temperature, indicating that the temperature is an important factor
affecting NOx.

3.2.3. HC Emission

Figure 14 shows the change of HC under different load conditions. It can be seen
that with SOPI increases, HC emissions firstly increase and then decrease. At 50% load,
the HC emission at SOPI = −15, −25, −30, −35 and −45 ◦CA changed by +42.81%,
−7.94%, −30.22%, −35.75% and −41.24%, respectively. As shown in Figures 7 and 9,
when SOPI = −15 ◦CA, the cylinder pressure and cylinder temperature are low, resulting
in incomplete combustion of the fuel, which increases HC emissions. With an increase of
SOPI, the ignition delay of the pilot diesel increases, and more combustible blended fuel can
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be obtained. The combustion has more ignition points and ignition energy to improve the
combustion, resulting in an increase of temperature and pressure in the cylinder, and the
fuel combustion is more complete. At the same time, the earlier injection moment will make
the combustion start earlier, and the HC formed by combustion will have adequate time for
oxidation reactions so that HC emissions will be decreased. In addition, with the increase
of Mpre, HC emission increases first and then decreases. At 50% load, the HC emission
at Mpre = 0.1, 0.3, 0.5, 0.7 and 0.9 changed by +12.71%, −28.02%, −36.74%, −59.43% and
−82.71%, respectively. When Mpre = 0.1, less fuel enters the cylinder. Moreover, as shown
in Figures 7 and 9, the cylinder pressure and cylinder temperature are low, resulting in
incomplete combustion of the fuel, which increases HC emissions. With Mpre continuing to
increase, the HC emissions decrease. This may be because as the fuel increases, it makes
the combustion more complete. The earlier SOPI and larger Mpre can significantly decrease
HC emissions, which is important for the diesel engine.

Processes 2022, 10, x FOR PEER REVIEW 21 of 26 
 

 

     

     

     
 

     

     

     
 

SOPI=-15°CA SOPI=-25°CA SOPI=-30°CA SOP=I-35°CA SOPI=-45°CA

-5°CA

1°CA

7°CA

-5°CA

1°CA

7°CA

NO  (kg)

 0        0.0005    0.001     0.0015    0.002    0.0025    0.003    0.0035    0.004    0.0045

50% Load

100% Load

x

 
(a) different SOPIs. 

     

     

     
 

-5°CA

1°CA

7°CA

50% Load

-5°CA

1°CA

7°CA

100% Load
     

     

     
 NO  (kg)

 0        0.0005    0.001     0.0015    0.002    0.0025    0.003    0.0035    0.004    0.0045

x

M     =0.1 M     =0.3 M     =0.5 M     =0.7 M     =0.9pre pre pre pre pre

 
(b) different Mpres. 

Figure 13. Comparison of NOx distribution field changes under different load conditions. 

3.2.3. HC Emission 
Figure 14 shows the change of HC under different load conditions. It can be seen that 

with SOPI increases, HC emissions firstly increase and then decrease. At 50% load, the 
HC emission at SOPI = −15, −25, −30, −35 and −45 °CA changed by +42.81%, −7.94%, 
−30.22%, −35.75% and −41.24%, respectively. As shown in Figures 7 and 9, when SOPI = 
−15 °CA, the cylinder pressure and cylinder temperature are low, resulting in incomplete 
combustion of the fuel, which increases HC emissions. With an increase of SOPI, the igni-
tion delay of the pilot diesel increases, and more combustible blended fuel can be ob-
tained. The combustion has more ignition points and ignition energy to improve the com-
bustion, resulting in an increase of temperature and pressure in the cylinder, and the fuel 
combustion is more complete. At the same time, the earlier injection moment will make 
the combustion start earlier, and the HC formed by combustion will have adequate time 
for oxidation reactions so that HC emissions will be decreased. In addition, with the in-
crease of Mpre, HC emission increases first and then decreases. At 50% load, the HC 

Figure 13. Comparison of NOx distribution field changes under different load conditions.



Processes 2022, 10, 60 20 of 24

Processes 2022, 10, x FOR PEER REVIEW 22 of 26 
 

 

emission at Mpre = 0.1, 0.3, 0.5, 0.7 and 0.9 changed by +12.71%, −28.02%, −36.74%, −59.43% 
and −82.71%, respectively. When Mpre = 0.1, less fuel enters the cylinder. Moreover, as 
shown in Figures 7 and 9, the cylinder pressure and cylinder temperature are low, result-
ing in incomplete combustion of the fuel, which increases HC emissions. With Mpre con-
tinuing to increase, the HC emissions decrease. This may be because as the fuel increases, 
it makes the combustion more complete. The earlier SOPI and larger Mpre can significantly 
decrease HC emissions, which is important for the diesel engine. 

0

1

2

3

4

5

6

H
C

 (p
pm

)

 -15°CA   -25°CA
 -30°CA  -35°CA
 -45°CA Base

Pre-injection timing
-15              -25             -30            -35             -45

(a) 50% load SOPI

 
0

1

2

3

4

5

H
C

 (p
pm

)

  0.1        0.3
  0.5   0.7
  0.9 Base

-15             -25            -30             -35             -45
Pre-injection timing

(b) 50% load Mpre

 

0

1

2

3

4

5

6

7

8

H
C

 (p
pm

)

 -15°CA   -25°CA
 -30°CA  -35°CA
 -45°CA Base

-15            -25             -30             -35             -45
Pre-injection timing

(c) 100% load SOPI

 
0

1

2

3

4

5

6
H

C
 (p

pm
)

Pre-injection mass ratio

 0.1   0.3
 0.5  0.7
 0.9

0.1              0.3             0.5             0.7            0.9

Base

(d) 100% load Mpre

 

Figure 14. Comparison of HC changes under different load conditions. 

3.2.4. CO Emission 
CO emission is mainly caused by incomplete combustion. In addition, carbon dioxide 

(CO2) cracking under a high-temperature environment in the cylinder is another im-
portant reason [55]. Figure 15 shows the change of CO percentage under different load 
conditions. It can be seen that CO emissions decrease with the increase of SOPI and Mpre. 
Taking 50% load as an example, with the increase of SOPI, CO emission changed by 
−5.77%, −12.31%, −22.73%, −53.59%, and −63.22%, respectively. With the increase of Mpre, 
CO emission changed by −8.29%, −43.97%, −53.59%, −58.86%, and −61.18%, respectively. 
This may be due to the increase of SOPI, so the time for evaporation and fuel blending are 
enough to completely burn it. In addition, due to the increase of Mpre, more fuel is pro-
vided for combustion. Therefore, CO emission is decreased. In addition, a larger SOPI and 
Mpre will prolong the blending time of fuel and air to decrease CO emission. It can be seen 
that increases of SOPI and Mpre can significantly decrease the emission of CO. 

Figure 14. Comparison of HC changes under different load conditions.

3.2.4. CO Emission

CO emission is mainly caused by incomplete combustion. In addition, carbon dioxide
(CO2) cracking under a high-temperature environment in the cylinder is another important
reason [55]. Figure 15 shows the change of CO percentage under different load conditions.
It can be seen that CO emissions decrease with the increase of SOPI and Mpre. Taking 50%
load as an example, with the increase of SOPI, CO emission changed by −5.77%, −12.31%,
−22.73%, −53.59%, and −63.22%, respectively. With the increase of Mpre, CO emission
changed by −8.29%, −43.97%, −53.59%, −58.86%, and −61.18%, respectively. This may
be due to the increase of SOPI, so the time for evaporation and fuel blending are enough
to completely burn it. In addition, due to the increase of Mpre, more fuel is provided for
combustion. Therefore, CO emission is decreased. In addition, a larger SOPI and Mpre
will prolong the blending time of fuel and air to decrease CO emission. It can be seen that
increases of SOPI and Mpre can significantly decrease the emission of CO.
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4. Conclusions

Due to the global energy crisis [56–60] and environmental problems [61–66], the devel-
opment of diesel engines is also facing great challenges. In this paper, it is studied the effects
of pre-injection timing and pre-injection mass ratio on the combustion and emission charac-
teristics of a diesel/methanol/n-butanol blended fuel engine using computational fluid
dynamics and a chemical dynamics model. The 3-D CFD simulation model was established
and calibrated based on the test data under the two typical working conditions [67,68].
The intermediate process of combustion and emission can be easily obtained and used
to explain the changes of combustion and emission parameters through the simplified
chemical kinetic model. Through the analysis of experimental data and simulation results,
the following conclusions are drawn:

(1) When the pre-injection timing changes from−15 ◦CA to−45 ◦CA, the engine cylinder
pressure increases, and the cylinder temperature increases. The increase in SOPI leads
to an earlier start of combustion, which increases the evaporation rate of the fuel and
improves in-cylinder combustion.

(2) When the pre-injection fuel mass ratio changes from 0.1 to 0.9, the engine cylinder
pressure increases and the cylinder temperature increases. This is because with the
increase of Mpre, more fuel enters the cylinder in advance to participate in combustion,
and more fuel is compressed in the compression stroke, resulting in more heat release,
thus increasing cylinder pressure and cylinder temperature.
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(3) With the increase of SOPI, soot, CO and HC emissions are decreased. This is because
with the increase of SOPI, more combustible blended fuels can be obtained, and the
time for fuel evaporation and fuel blending is enough to make it burn completely.

(4) With the increase of Mpre, soot, CO and HC emissions are reduced. With the increase
of Mpre, more fuel is used to participate in combustion, making the combustion
more complete.

(5) NOx emission increases with SOPI and Mpre. NOx is produced under high-temperature
oxygen-rich environments and high-temperature duration conditions. Therefore, the
temperature in the cylinder increases, which will increase NOx emission.

From the present work, it can be concluded that the diesel engine fueled with diesel/
methanol/n-butanol blends, combined with a pre-injection strategy can significantly im-
prove diesel combustion performance and decrease emissions. Therefore, to balance the
emissions of NOx, HC, CO, and soot, the optimal pre-injection timing and the optimal
pre-injection mass ratio should be SOPI = −30 ◦CA and Mpre = 0.5.
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