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ARTICLE INFO ABSTRACT
Keywords: Pollutants produced by engines are a significant source of environmental pollution, so the study
Biodiesel-hydrogen blend of engine emissions is very important. In this study, with CONVERGE software, a diesel engine

Response surface methodology
Combustion characteristic
Emission characteristic
Multi-objective optimization

model of the engine was produced. To better obtain the characteristic results of the engine, this
was coupled with an improved chemical kinetics mechanism. Then, the results of this model were
verified experimentally. Additionally, the effects of four different EGR rates on the combustion,
performance, and emissions of a dual-fuel diesel engine were investigated by the verified model
under different (50 %, 75 %, and 100 %) load conditions. Lastly, the brake specific fuel con-
sumption, NOyx emission, and HC emission were optimized by the response surface methodology
(RSM). The results show that the pressure, temperature, and NOy emission in the engine’s cyl-
inder can all be reduced by raising the EGR at three different loads. Besides, the optimization
results show that the engine achieves the best operating conditions at 100 % load, hydrogen
fraction of 6.92 %, and EGR rate of 7.68 %.

1. Introduction

Engines are the main power source of automobiles and boats and are heavily used in the transportation sector [1]. The variety and
quantity of engines have grown considerably in recent years [2]. Although the emergence of electric vehicles and fuel cell automobiles
has occupied a part of the traditional engine market share in recent years, diesel-engine automobiles are still occupying a large
proportion of the global market [3]. The emergence of the engines has improved people’s lives to a large extent, but it has also caused a
series of negative problems in terms of the environment, energy, and economy [4]. The burning of fossil fuels in engines produces a
range of harmful substances, like CO, HC, NOy, soot, and PM [5]. These harmful substances cause serious pollution to the environment
and serious damage to the human respiratory and cardiovascular systems [6]. Emissions from automobiles have significantly increased
in the past couple of decades [7]. Therefore, the improvement of pollutant emissions from engines is particularly important for
achieving the goal of low-carbon development [8]. Thus, finding new cleaner fuels to instead of traditional fossil fuels and developing
new technologies to reduce harmful gas emissions are of great importance [9]. Currently, the new clean fuel mainly includes Hj, LPG,
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Abbreviations

3D Three dimensions

CI compression-ignition
EGR exhaust gas recirculation
HRR Heat release rate

HC Hydrocarbons

NO Nitrogen monoxide

NOy Nitrogen oxides

H, Hydrogen gas

N, Nitrogen gas

KH-RT The Rayleigh-Taylor Model and Kelvin-Helmholtz Model
PM Fine particulate matter

BH10 90%biodiesel+10%hydrogen
LPG liquefied petroleum gas

N>,O Nitrous oxide

NO, Nitrogen dioxide

H,0 Water

CFD Computational fluid dynamics
RSM Response surface methodology

biodiesel, alcohol fuels [10] and ammonia, and has also been recognized as a promising and sustainable clean fuel in recent years [11].
Among them, due to hydrogen contains no carbon atoms, the product of its full combustion is HoO [12]. According to studies, hydrogen
has been discovered to be among the cleanest combustible fuels for engines [13]. Due to its high combustion efficiency, environ-
mentally friendly combustion products, and theoretical recyclability, the research of hydrogen has attracted a lot of attention from
researchers around the world [14]. However, due to its high autoignition temperature (858 K), low cetane number, and not easy
spontaneous combustion under reasonable compression ratio conditions, hydrogen is unable to be applied as a separate fuel for CI
engines [15]. Research has indicated that hydrogen can be utilized in dual-fuel (diesel-hydrogen) CI engines by utilizing a tiny quantity
of diesel as the fire fuel and hydrogen as the staple fuel. Besides, a good combustion characteristic can be obtained in dual-fuel mode
[16].

Biodiesel is a kind of hydrophobic polymer substance, and its main component is glycerol fatty acid methyl ester [17]. The main
feedstock for biodiesel is animal fats and oils, vegetable oils, or discarded edible oils, and the main extraction method at present is the
ester-exchange method [18]. Biodiesel has the characteristics of being renewable, nontoxic, biodegradable, and nonflammable.
Compared with traditional fossil diesel, biodiesel has a greater viscosity, higher filtration point, lower calorific value, and better lu-
bricity [19]. With a few minor adjustments of the fuel injection system or combustion system for the diesel engine, biodiesel can be
burned directly in the engine cylinder [20]. Furthermore, it can enhance the diesel engines’ emission qualities and somewhat lower the
emissions of polluting pollutants like PM, soot, CO, and HC [21]. In contrast with diesel fuel, biodiesel use is beneficial in reducing
carbon buildup and wear and tear of key engine components [22]. However, compared to fossil diesel, biodiesel frequently has a
higher viscosity, poor atomizing characteristics, high cold filtration point [23], and poor fluidity in the environment, resulting in
difficult application, whereas biodiesel has both a high and a low impact on the amount of NOy in engine exhaust. As shown by Murillo
S. et al. [24], the biodiesel-diesel blend fuel was made from different proportions of cooking oils. According to the results, biodiesel has
a 20 % rise in NOy concentration. Can O [25]. had produced the biodiesel by cooking oil and blended it with #2 diesel fuel to obtain
blended fuels BS and B10 at 5 % and 10 %, respectively. The results showed an increase of about 8.7 % in NOx due to the addition of
biodiesel. However, lots of studies have concluded that when biodiesel content increases, NOy emission is reduced. In addition,
Hoekman and Robbins [26] summarized the factors affecting the NOy emission content of biodiesel.

The fuel traits of biodiesel rest on the composition of fatty acids of oils and fats [27]. Study shows that compared to fossil diesel,
biodiesel has a lower calorific value. Biodiesel is characterized by high viscosity and poor atomization, it is therefore believed that
biodiesel combustion can be enhanced by the fuels with high calorific value and high flame propagation rate [28]. High heat value [29]
and rapid flame propagation are two properties of hydrogen [30]. Additionally, hydrogen has strong diffusivity, and is simple to mix
with air. Vijayaragavan et al. [31] had examined the effect of simarouba oil and hydrogen as fuels on a dual-fuel CI engine. The
findings demonstrated that, in comparison to using only pure biodiesel, the engine’s performance was enhanced by the addition of
hydrogen. However, there was an increased trend in NOx emission because of the hydrogen’s greater temperature and flame pace. Tan
et al. [32] examined the influence of the additions of hydrogen and water by multi-objective optimization method. The results
concluded that when the proper amount of water and hydrogen is added, biodiesel might be employed in marine engines to produce
clean, low-carbon, and efficient combustion. Therefore, to reduce the negative effects of biodiesel used in CI engines, the addition of
hydrogen is employed to mix with biodiesel [33]. It is helpful for the study of biodiesel-hydrogen dual-fuel.

To decrease the harmful emissions from the engine, it is imperative to think about not only the aspect of fuel but also the aspect of
technology. For diesel engines, lots of research has shown that EGR technology is one of the most useful technological means to
decrease the emissions of NOy and PM [34]. Due to the participation of exhaust gases, the concentration of oxygen entering the
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cylinder is relatively low. The exhaust gases contain CO, and H0, which lower the in-cylinder temperature to some extent, thereby
decreasing the production of NOy [35]. Hitoshi Yokomura [36] carried out a study on an engine to examine the impact of EGR rate on
the combustibility and emission parameters of the engine. The outcomes demonstrated that a higher EGR rate and excess air coefficient
might successfully lower NOy emission. Moreover, the outcomes of the study by Dickey et al. [37] showed that NOy emission could be
decreased by more than 50 % when the EGR rate was 15 %, and by more than 80 % when the EGR rate was 25 %. Additionally, the
increased EGR may results in higher PM and HC emissions. Similarly, Kumar and Saravanan [38] examined the influence of EGR rates
on diesel engines using blended fuels, the result shown that the increased EGR rate results in a lower NOy emission.

In contrast to experimentation, optimization algorithms can optimize a vast array of engine parameters by using regression analysis
in the optimization process. The RSM is usually more computationally efficient than some traditional optimization algorithms. In data
analysis, RSM can forecast unmeasured data to get better findings with fewer test cycles and less time spent on analysis. Firstly, in this
study, the impact of four distinct EGR rates (0 %, 5 %, 10 %, and 15 %) on a diesel engine running on a dual fuel of biodiesel and
hydrogen was examined using the validated model. Then, the BSFC, NOy emission, and HC emission were optimized by the RSM.
Finally, the RME method is used to determine how varying biodiesel-to-hydrogen mixture ratios and EGR rates affect the engine’s
characteristics.

2. Numerical modeling and methods
2.1. Basic control equations
Air was regarded as the ideal gas in this work. The following represents the steps of detailed modeling.

2.1.1. The conservation equation
The control equations expressed using the Hamiltonian operator are as follows.

(1) The equation for the conservation of mass is [39]:

dp
P U= 1
5 TV pU=0 1

where U was the fluid flow velocity field; p was density, g/cm?; and V is the Hamiltonian operator.

(2) The equation of motion can be explained [39]:

U .
p§+pU-VU:—Vp+V-(T,je,-ej)+S 2
The Tj; is calculated as:
oU; dU; .2 AUy
T, =ul 24+ 22 [ .
v 'u(()xj + aX,‘) * <ﬂ 3”) (ka 5lj> (3)

where y is the kinetic viscosity, N-s/m?; 4’ is the expansion viscosity, mPa - s; e; and e; are coordinate basis vectors; §; is the Kronecker
notation; and S is the source term; p is the pressure, Pa;

(3) The equation of energy can be explained [39]:

9 .
g:+peV-U—pV-U+T,;,V-UJr/IV»VTJrV(pDthVYm) +5 @

where D is the mass spread coefficient, cm?/s; e is the specific inner energy, kJ/kg; 4 is the heat conduction ratio, W/(m?K); T denotes
the temperature, K; hy, denotes the enthalpy of component m, kJ; and Yy, denotes the mass fractional number of gas component m, %.

2.1.2. Gas equation of state
The density, pressure, and temperature of the gas in an engine cylinder can be determined using the gas formula of state. The
formula takes the form [40]:

pVm =ZRT )

where Vp, is the molar volume and V,, = W/p, mL/mol; p is the absolute pressure, Pa; R is the molar gas constant, cal/(K-g-mol); W is
the molar mass, g/mol; Z is the compression factor, and the gas can be viewed as an ideal gas when Z is equal to one.

2.1.3. Component transport equations
When multicomponent mass exchange or chemical reactions are involved, the component transport equations need to be solved,
which have a differential form [40]:
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where Mo, is the gross mass, g; M, is the mass of component m, g; pyo; is the gross density, g/cm?; pp, is the density of component m, g/
cm?; S, is the component source term.

2.2. Physical model

2.2.1. The RNG k-€ turbulence model

When the fuel oil is jetted into the dual-fuel engine, the combustion, complex gas flow, and turbulent combustion phenomena will
happen. Throughout this process, the turbulent motion always affects the distribution of various physicochemical reactions and
transported substances in the cylinder. Currently, among many turbulence models, the k-€ model has high accuracy and feasibility.
Therefore, it is appropriate to use it to simulate the turbulent motion in an internal combustion engine. Its specific equations are as
follows [41].

(1) Turbulent energy equation:

opk 2 :
%+v (PKU)= =5 kY U + 7 VUV - (@i VK) — pe + W' ®)

(2) Turbulent dissipation equations:

ope 2 2 k € .

TZ 4V (pelU) = —( 2C1 — C3 +2C,C,=V - U | peV -U + V -(apVe) +—[(C) — Cy)7 : VU — Cope + CW' ]
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1,V.U<0,
0,v.U>0’
Ws is the turbulence source term generated by fuel injection, and other relevant parameters reference [41]. The values of the pa-
rameters involved are shown in Table 1.

for insulation systems: m = 0.5,n=1.4,8 = { where C, is a constant, k is the homogeneous vortex viscosity, cPs/40 °C;

2.2.2. Fuel atomization model
The main models involved in this process are as follows.

(1) Droplet motion model

The velocity of droplet motion can be expressed by the following relation in CONVERGE simulation software [39]:

dv; Uil

Vo= CoAr—=—U; + p\Vag (12)
dt 2

U;:u; —‘ru; —V; (13)

where pj is the droplet density, g/cm®; v; droplet velocity, m/s; A= mr? is the surface area of the liquid droplet front, m?; g is the
acceleration of gravity, m/s?; pg is the gas density, g/cm’; Cp is the coefficient of resistance; Uj is the gas-liquid relative velocity, m/s; u;
is the average value of the local velocity, m/s; and #; is the turbulent fluctuation gas velocity, m/s.

Table 1

The corresponding parameter values in the above equations [41].
Parameter C1 C1 Cs Pr ax e
Value 1.42 1.68 1.5 0.012 1.39 1.39
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(2) Droplet resistance model

The drag coefficient is divided into static drag coefficient and dynamic drag coefficient [42]. Assuming the droplet is in the case of
an ideal sphere, the equations of the coefficient is [43]:

0.424 , R. > 1000

Casprere = § 24 (1
dph (6&% + 1> , R. < 1000

(14)

Re

where R is the Reynolds number of the droplet.
In practice, when the droplet passes through gas, its shape will be deformed by the influence of gas resistance, at this time, the
dynamic resistance coefficient should be considered, and its expression is [43]:

Cp = Cy sphere (2.632y+1) (15)

where y is the degree of distortion of the droplet, when y = 0, it means that the droplet is not deformed, when y = 1, the droplet reaches
the extreme deformation situation, at this time the droplet shape is disk-like.

(3) The KH-RT model

The atomization process and oil droplet splitting in combined fuel combustion can be simulated using the KH-RT model [44]. Fig. 1
is the model schematic.

Assumed the nozzle aperture size and the initial droplet diameter size are equal, in the KH model, which is denoted by dy. Due to the
instability of the droplet during its movement, sub-droplets will be separated from the droplet surface, which is denoted by the radius
of the sub-droplet in terms of r¢, and r. = ByAgy. The main computational equations involved in the KH model are as follows [44]:

~9.027(0.4T,°7+1) (0.45v/Z +1)
 (0.865We, 17 +1)"

0.34 4 0.38We, '
Q= +—o:g o 17
(Z+1) (14T +1) \ Pp,
where r, is the radius of the daughter droplet, pm; Agy is the maximum wavelength of the oil beam surface wave, pm; Qg is the fastest

generation rate for wave generation on the surface of the fuel oil bundle, mm/s; ¢ is the surface tension, 1073N/m. Weg is the Weber
number of the gas. The equations of 7xy and Ly, are as follows [44]:

(16)

3.726rB,
QguAkn

Ly —d()cb\/z (19)
P

where iy is the droplet breakup time, s; Ly, is the feature crushing length, pm; By is the model constant determined according to the
actual situation, and its size reflects the radius of droplet breakage; By is taken as 0.63 in this study; Cy, is the constant of the breakage
length; pg is the density of the gas around the droplet, g/cm?; pg is the density of the droplet, g/cm®.

Rate of change equation for the liquid drop radius are as follows [44]:

(18)

TKH =

KH

) ) o *  KH&RT
o0 /

E‘
O
|
|

Fig. 1. The KH-RT model.
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dr (r—re)
—= % (r>r 20
T ) (20)
where r is the radius of the liquid drop before breakage occurs, pm.
In the KH model, the r, = & where Kgr = AZ—;‘T; and the main formulas involved in RT modeling are as follows [44]:

Kgr
Anr = 21, ——% (21)
& (pc —py)
3%
2[7gl(pl' —-p )]
Qpr = 4 | LSV Pe)d 22)
“ 3v30(p; +p,)
C.
TRt = Onr (23)

where Z is the Onetzog numeral; T is the Taylor numeral; B; is the time constant of breakage; Kgrr is the wavelength that corresponds to
the wave with the highest growth rate, pm; Agr is the oil beam indicates the maximum wavelength of the generated wave, pm; Qg is
the wave’s quickest creation ratio as measured on the fuel oil bundle’s face., mm/s; gt is the droplet breakup time, s.

The rate of growth of the unsteady wave in the RT model is solved by considering the viscosity of the gas and the liquid as follow

[45]:
+ F— Py oK} SEAY
Orr= *K;%T (.ul ﬂg) + KRT <p1 p”)g‘ _ OBRT + K‘é'r </’tl /’tg) (24)
Pi+ P, Prt P, Pi+ Py Pr Py
The relational equation for the variation of droplet radius is the same as that in KH, where Cgr is other adjustable constants; g; is the

emotional acceleration, mm/s?; C; is a modeling constant, whose value reflects the size of the sub-droplet in the fragmentation process
[45]; ug is the viscosity of the droplet, g/s-cm; and Hg is the viscosity of the gas around the droplet, g/s-cm®.

(4) Droplet evaporation model

Upon injecting the oil beam into the cylinder, due to high-temperature reason, the fuel is changed from liquid to gas, resulting in a
change in the radius of the droplet. To simulate the droplet evaporation process and determine the change in the droplet’s radius, the
matching evaporation model must be established. In this study, for the evaporation of the droplet process, the selection of the Frossling
relationship [46] for the simulation.

2.2.3. Combustion model
Because of the good applicability of the CFD-coupled chemical reaction kinetics mechanism, it is commonly used to simulate engine
in-cylinder combustion. The typical multi-step reaction can be mainly represented by the following relation [40]:

1 1
Z v;’.)'}{clle,i e Z V;.r){che.i ,r=1,2,..M (25)
i=1 i=1

The net productivity @ of component i is:
M
b= Virge, i=1,2,..] (26)
r=1

The formula for v;, is:

Vi, =V — v, 27)

ir Lr

The progress variable q; for the rth response is:

1

I ’ "
Gr = kir H (Xi]'r — ke H (xi]" (28)
il =1

i=

where I represents the total quantity of the substance; y . ; is the chemistry symbol for species i; v’i‘,, and v;‘, is the stoichiometric values
for the components of the reaction and products, respectively, for genus m and reaction r; M indicates the sum of reactions; kg is the
forward rate coefficients for reaction r, and ki, is the reverse rate coefficients for reaction r; [X;] represents the molar concentration of

species i, mol/mL.
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2.2.4. Heat transfer models
(1) Cylinder wall heat transfer

The effect of fluid having compressibility is considered in this study. The wall heat transport model that Han and Reitz [47]
developed is chosen to calculate the heat transport process at the cylinder wall. The main equations are as follows [47].
The temperature distribution equation is:

Tdis: 2. lln(ydim)+2‘ lSdimydi,n+33 4Sd1m+25 (29)

The related formula for the wall heat flux is:

peputgT In (ﬁ) — (2.1y4im+33.4) (Sv/um)
2.1 ln(yd;m)+245

qw = (30)

If the source term S could be overlooked in the energy equation, the above equation then becomes:

peputgi T In (%)
(31

M= 1 In(yam)+2.5

Where Sgin, is the dimensionless source term and Sqip, is given as Sgim = SV/(qwlsi); Ydim is the dimensionless extent and yqin, is given as
Yaim = (¥ - Ugi)/Vv; y is the distance between the grid and the cylinder wall, m; ug; is the friction velocity, m/s, and ug; is given as ug; =

\/%;v is the viscosity of the kinematics, g/(s-cm3); 7y is the sheer wall stress, N/m?; T, is the cylinder wall temperature, K; T is the

cylinder fluid temperature, K; c, is the constant specific pressure heat capacity, J/(kg-K).
(2) Liquid thermal conduction rate

The liquid thermal conduction rate is calculated as follows [48]:

X(l _ Tr)().SX
A :# (32)
X*Tp,*
T MeTy (33)

where /) is the liquid thermal conduction rate, W/(m-K); T is the lowering of the temperature ratio and T; = T/Tei, Teri is the critical
temperature, K. For esters, the values of the parameters in the above equation are shown in Table 2.

2.2.5. Emission model

When biodiesel-hydrogen dual fuels burn in cylinders, the high heat value of hydrogen raises the temperature, so that producing a
large amount of NOy. The generation of NOy is modeled using the extended Zeldovich mechanism, which contains four chemical
components (N, NO, NO,, N,0) and nine sets of chemical reaction equations, of which the most prominent reaction equations are listed
below [49]:

N,+O &N+ NO
0,+N&< 0+ NO

N+OH&H+ NO

When fuel oil burns incompletely in an oxygen-starved engine cylinder, carbon soot is frequently produced. The final soot emission
is the difference between the combustion consumption and the amount of generation [50]. In this study, the Kinetic model appendant
of CONVERGE software is used to simulate the soot generation, and the control equations of soot emission are as follows [32]:

dMgm  dM,,  dM,

ar dr dr (34)

Table 2

Values of ester-related parameters.
Parameter X* a p Y
Value 0.0415 1.2 1.0 0.167




Z. Zhang et al. Heliyon 10 (2024) e23389

M, , o E,,
£ A Mo _ B
ar PSP T Rr (35)
dMs o Po 1.8 E,
o A, [ £o) _
& ( p)p exp RT (36)

where Mgy, is the sum of soot, kg; M; ¢ is the volume of soot generated, kg; M, is the volume of soot oxidized, kg; Ag, Ao are constants;
Mg is the amount of fuel evaporated, kg; Es ; denotes the activation energy of the fuel, kJ; My is the amount of oxygen consumed, kg; po
is the pressure of the oxygen, Pa; E, denotes the activation energy of the oxidization process, kJ; R denotes the gas constant, cal/
(K-g-mol).

The chemical kinetic mechanism is very important for the combustion of fuel. In this study, the chemical kinetic mechanism
developed by the team was incorporated to precisely imitate the mechanisms of fuel injection and fuel combustion in the previous
work [51-53].

2.2.6. Fluid viscosity
The Orrick and Erbar method was used to calculate the fluid viscosity and it can be given as follows [51]:

M B
1 =A+—=
! </’2UM> - T @7

where 771, denotes the liquid viscosity, g/(s-cm); pag is the density of the liquid at a temperature of 20 °C, g/cm?; A and B are constants
that might be computed using the group contribution technique in documentation [51].

2.2.7. Vapor pressure
For predicting vapor pressure, the Lee-Kesler model is a very successful model, the equation to calculate the vapor pressure are as
follows [32]:

In Py, =f(T}) + af®(T;) (38)
0964
FO(T,) =5.92714 4 0.169347T,° — 1.28862 In T, — 6.09648 (39)
15.
FOUT,) = 15.2518 +-0.43577T,° — 13.4721 In T, — 3.0875 (40)

r

where Py denotes the reduced vapor pressure, Pa; and Ppy is given as Ppy = P/Pe;i; @ is the acentric factor; Py is the critical pressure,
Pa.

2.3. Boundary conditions

A 4190Z diesel engine has been used to power the trials in this research. Detailed information and boundary conditions of the dual-
fuel diesel engine used in this study are given in Ref. [32]. Additionally, the amount of cycle injection oil is calculated by the formula

[3]:

_ Tipebe
* T 120mi

41

where My is the cyclic injection volume, g; 7; is the number of strokes; P, is the rated power of the engine, kW; b is the fuel consumption
rate under the rated power, g/kW-h; n is the rotational speed, r/min; i is the number of cylinders.

In addition, the energy fraction of hydrogen is denoted by the symbol HEF in this paper, and the particular formula is as follows
[42]:

Table 3

Fuel performance indexes.
Category Unit RME Rapeseed oil H,
Lower calorific value MJ/kg 42.7 39.5 119.8
Cetane number - 50.0 53.9 8.0
Oxygen content % 0.3 10.7 -
Latent heat of vaporization kJ/kg 253.3 273.4 -
Saturation % - 4.5 -
Stickiness cPs/40 °C 2.8 4.6 -
Density at 15 °C kg/m® 837.0 882.0 8.5E-2
Flash point °C 67.0 168.0 —253.0
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Fig. 2. Pictures of the experimental procedure (a) and main experimental setups (b).
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my - On
my - On +mg - Op +mp - Op

HEF = x100% (42)

where my, mg, and mp are the mass of Hy, biodiesel, and diesel, g, respectively; Qu, Qp, Qp are the low heating value of Hy, biodiesel,
and diesel, kJ/kg, respectively.

The detailed preparation process can be referenced to the earlier work done by our team [3,39,42]. The primary physicochemical
characteristics of the fuels utilized in the tests are listed in Table 3 [3,42].

2.4. Experimental procedures

In this study, an experimental four-cylinder, four-stroke, water-cooled diesel engine provided the data needed to confirm the
model’s dependability. The experimental flow chart and the main experimental setups involved in this study are shown in Fig. 2 (a) and
(b), respectively.

For the experiments, an eddy current dynamometer (Xiangyi FC2010) was used to regulate the loads. Exhaust gas concentrations
were measured using a Horiba MEXA-1600D/DEGR NOy pickup meter. The FCMM-2 fuel consumption meter was used to measure the
amount of fuel consumed.

To avoid overfilling the engine with hydrogen and causing deflagration, a small amount of hydrogen was blended with biodiesel.
The hydrogen system was intended to combine hydrogen and air, which would then be passed via a nozzle, pressure-reducing valve,
storage tank, and flow control valve and onto the engine intake manifold. During the testing process, the sensors’ varied signals are
transformed into voltage signals before being sent to the emission and combustion analyzers. The following are the equivalent
experimental steps.

Step 1. Get ready before firing up the diesel engine.

(1) : Preparing the biodiesel and characterizing its chemical and physical qualities based on the international identification mark.
(2) : Examine the emission monitoring system, cooling water system, and lubricating oil system of the diesel engine.

Step 2. Engine test.

(1) : Starting the diesel engine, load control equipment, and testing equipments.

(2) : Adjustment of loads. The experiments were conducted by a marine diesel engine under three various load conditions (50 %, 75
%, and 100 %). After 20 minutes, the engine operation was stabilized, and the experimental findings were recorded. The three
separate experimental data were recorded and averaged to ensure steady-state measurements.

Step 3. Analyze and process experimental results.

2.5. Uncertainty analysis

In the actual work, a certain degree of uncertainty will be produced due to observation, sensors, and other objective factors. So, to
carry out the uncertainty analysis is indispensable [53]. Table 4 shows the scale and precision of the measurement instruments cor-
responding to each parameter used in the experiment, and for the total experimental uncertainty, its calculation formula is as follows
[42]:

0= {1 (9R/02,)]" + w:(0R/0Z,)]+ - +[un(0R/6Zn)]2}]/2 R= (21,70, . 70) (43)

where uj, uy, ..., U, are the uncertainty of the results; Z;, Z, ...,Z, are independent covariate of each uncertainty.

Table 4

Inconsistency of associated parameters.
Parameters Measurement range Accuracy Indeterminacy (%)
NOy emission 0-5000 ppm +10 ppm +0.50
CO,, emission 0-16 % vol +0.46 % +1.00
HC emission 0-15000 ppm +10 ppm +11.0
CO emission 0-10 % vol +0.3 % +0.30
Pressure 0-25 MPa +10 KPa +0.50
Exhaust gas temperature 0-1000 °C +1°C +0.25
BSFC - - +1.50
Engine speed 1-2000 rpm +0.2 % +0.24
Crank angle encoder 0-720°CA +0.125° +0.30
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2.6. Mesh selection

In this study, a corresponding dynamic mesh was developed based on the geometry of a dual-fuel engine, and a piston type with an
eighth of the diameter and a 150° injection cone angle was developed. In the modeling process, a proper selection of the mesh is
necessary. The cylinder pressure at 75 % load for three distinct mesh sizes is displayed in Fig. 3. It can be found that a mesh division of
2.0 mm size is the most appropriate to be chosen for the simulation.

2.7. Model validation

To validate the CFD model, Fig. 4 compares the experimental and simulation results of dual-fuel engine combustion with 5 %
hydrogen addition. The figure shows that the cylinder pressures obtained from the simulation are lower than the experimental results
by about 0.08 MPa, —0.15 MPa, and —0.20 MPa. The errors between the experimental and simulation data of the exergy rate at
different loads are within the acceptable range.

Fig. 5 compares simulated and experimental data for NOy and HC emissions at various loads. The maximum errors are all within 5
%. Therefore, the dual-fuel engine’s combustion and exhaust characteristics can be simulated by the established CFD model.

3. Results and discussion

The influence of EGRs on the biodiesel-hydrogen dual-fuel engine is examined and analyzed under four distinct load circumstances,
based on the constructed 3D CFD model.

3.1. In-cylinder pressure

Fig. 6 shows the impact of various EGR rates on the in-cylinder pressure at different loads. Under 50 % load, the highest in-cylinder
pressures for 5 %, 10 %, and 15 % EGR rates were reduced by 2.96 %, 6.41 %, and 18.74 %, respectively compared with the highest in-
cylinder pressure under 0 % EGR rate. When the EGR rate rises, it leads to a lower fresh air content, and the oxygen content is less
relatively. Furthermore, with increasing load comes an increase in in-cylinder pressure. For instance, under 75 % load, the highest in-
cylinder pressure at 5 %, 10 %, and 15 % EGR rates decreased by 2.72 %, 5.88 %, and 12.28 %, respectively, from the highest in-
cylinder pressure at 5 % EGR rate. However, as EGR increases, the oxygen decreases, then further worsening combustion.

3.2. In-cylinder temperature

Fig. 7 illustrates the impact of various EGR rates on the in-cylinder temperature under distinct loads at a hydrogen addition rate of
10 % in biodiesel. The lowering of the peak in-cylinder temperature is more noticeable the greater the EGR rate. For instance, under 50
% load, the in-cylinder temperature is at its maximum when the EGR rate is 0 %. Compared with the cylinder temperatures at 0 % EGR,
the peak in-cylinder temperatures with EGR rates of 5 %, 10 %, and 15 % are reduced by 1.27 %, 5.39 %, and 17.49 %, respectively.
Thus, the suitable EGR rate can lower the in-cylinder temperature and further reduce the content of NOx.

Table 5 is the cloud maps of the in-cylinder temperature field for three distinct loads with different EGR rates at a crankshaft
rotation angle of 10°CA. These cloud maps demonstrate how the engine cylinder’s localized high-temperature zone shrinks as the EGR
rate rises. Thus, the EGR can increase the cylinder temperature.

Cylinder pressure (MPa)

1 1 1 1 1 1 1
-20 -10 0 10 20 30 40 50 60

Crank angle (°CA)

Fig. 3. In-cylinder pressures at 75 % load for various grid sizes.
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Fig. 4. Graphs of comparative results for blended fuels with 5 % hydrogen content. (a) Comparison of internal cylinder pressures; (b) Comparison
of HRR.
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Fig. 5. Graphs of comparative results for emissions under various loads. (a) Comparison of NOy emission; (b) Comparison of HC emission.

3.3. BSFC

Fig. 8 illustrates the impact of various EGR rates on the BSFC under distinct loads at a hydrogen addition rate of 10 % in biodiesel.
For example, when the EGR rates are 0 %, 5 %, 10 %, and 15 % at 50 % load, the BSFCs are 370.72g/(kW-h), 376.23 g/(kW-h), 378.97
g/(kW-h), and 381.87 g/(kW-h), respectively. Moreover, in comparison with BSFC at 0 % EGR, BSFCs of 5 %, 10 %, and 15 % are
increased by 1.49 %, 2.23 %, and 3.01 %, respectively. As the EGR rate rises, the volume of exhaust gas in the cylinder rises, which
reduces the oxygen level in the cylinder, resulting in a larger localized anoxic region. It inhibits the fuel oil in the cylinder from
oxidizing, which results in inadequate fuel oil combustion, thus increasing the engine fuel consumption [53].

3.4. Brake thermal efficiency

Fig. 9 shows the effect of various EGR rates on thermal efficiency under distinct loads at a hydrogen addition rate of 10 % in
biodiesel. For example, compared with BTE at EGR = 0 %, as the EGR rate increases to 5 %, 10 %, and 15 % under 75 % load, the BTEs
are decreased by 2.42 %, 3.56 %, and 4.68 %, respectively. The rise in exhaust gas in the intake air relatively decreases the in-cylinder

oxygen level, which is detrimental to the perfect combustion of the fuel oil, and consequently lowers the engine’s thermal efficiency
[54].

3.5. Soot emission
Fig. 10 (a), (b), and (c) demonstrate the impact of various EGR rates on soot emission under distinct loads at a hydrogen addition
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Fig. 6. The impact of various EGR rates on the in-cylinder pressure under distinct loads at a hydrogen addition rate of 10 % in biodiesel. (a) Under
50 % load; (b) Under 75 % load; (c) Under 100 % load.

rate of 10 % in biodiesel. Fig (d) shows the soot content for three different load conditions and different EGR rates. It is evident that as
the EGR rate rises, soot content rises as well. This is because that as the EGR rate increases, it inhibits the oxidation of carbon soot,
leading to a rise in the formation of soot precursors. Thus causing an increase in soot emission [55].

3.6. CO emission

In Fig. 11, (a), (b), and (c) show the plots of CO emission with crankshaft angle for different EGR rates at specific load conditions,
respectively. Fig (d) shows the CO content for three different load conditions and different EGR rates. These plots show that, under all
three loads, CO emission rose as the EGR rate increased, with the effect of an increase in CO emission becoming more noticeable as the
EGR rate grew. The cause of this result is that as the EGR rate rises, there is a relative decrease in the amount of oxygen entering the
cylinders, preventing the fuel from combusting adequately. As a result, more CO is produced.

3.7. HC emission

In Fig. 12, (a), (b), and (c) show the plots of HC emission with crankshaft angle for different EGR rates at specific load conditions,
respectively. Fig (d) shows the HC content for three different load conditions and different EGR rates. These plots demonstrate how,
under the three loads, the HC emission rose as the EGR rate increased. This is because the cylinder’s oxygen concentration drops as the
EGR rate rises. There is insufficient fuel burnt during combustion and a higher likelihood of the flame going out close to the cylinder
walls. Thus, the HC emission increases.
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Fig. 7. The impact of various EGR rates on the in-cylinder temperature under distinct loads at a hydrogen addition rate of 10 % in biodiesel. (a)
Under 50 % load; (b) Under 75 % load; (¢) Under 100 % load.

3.8. NOy emission

In Fig. 13, (a), (b), and (c) shows the plots of NOy emission with crankshaft angle for different EGR rates at specific load conditions,
respectively. Fig (d) shows the NOy content for three different load conditions and different EGR rates. These figures show that when
the EGR rate increased, the NOy emission under the three loads reduced. This is because a rise in the EGR rate increases the volume of
exhaust gases, which reduces the average temperature in the cylinder. As the temperature in the engine decreases, it reduces the
activation energy of the reaction that produces NOy. Besides, when the EGR rate increases, exhaust gas is introduced, which
comparatively lowers the amount of oxygen available for burning [56]. Thus, the lower NOy emission has occurred.

Table 6 shows the NOy distribution of the cylinder at four different EGR rates at three distinct loads at a hydrogen addition rate of
10 % in biodiesel. These cloud maps show the NOy distribution in the engine cylinder, which indicates a decreasing trend of NOy
content as a rise in the EGR rate. Combined with the cloud plot of in-cylinder combustion temperature distribution in Table 5. These
cloud maps indicate that NOy is mainly distributed in the region of higher temperature. This is mainly because NOy production is
largely affected by temperature, and the in-cylinder temperature drops as the EGR rate increases, which is unfavorable to the gen-
eration of NOy. This leads to a lower NOy emission.
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Table 5
Cloud maps of in-cylinder temperature field with different EGR rates under three different load conditions at
10°CA.
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Fig. 8. The impact of various EGR rates on the BSFC under distinct loads at a hydrogen addition rate of 10 % in biodiesel.
4. Multi-objective optimization

In this section, the effects of hydrogen mixing ratios (0 %, 5 %, 10 %, and 15 %), loads (50 %, 75 %, and 100 %), and EGR ratios (0
%, 5 %, 10 %, and 15 %) on the BSFC, NOx emission, and HC emission of the dual-fuel engine are investigated. Optimization was
carried out using RSM to obtain the best BSFC, along with the lowest NOy emission and HC emission values. RSM was originally
proposed by Box and Wilso in 1951. Later, Montgomery and Myers redefined the RSM by combining statistics and mathematics in
engineering optimization, so that it could be applied to more fields and analyze the interlocking effects of corresponding factors on the
experimental results [57].

4.1. Experimental design and modeling

In this study, RSM is applied to establish a response surface model for a dual-fuel engine, which is used to predict the BSFC, NOy
emission, and HC emission. Then the experimental variables and the response data are fitted by regression equations to obtain the
corresponding functional relationships, and finally, the optimal solutions are derived by analyzing them. The pertinent set parameters
were created using the Box-Behnken design of experiments methodology. It involved three different parameter ranges: 0 %-15 % for
the hydrogen fraction, 50 %-100 % for the load, and 0 %-15 % for the EGR rate. The quadratic model equations for RSM are as follows
[32]:
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Fig. 9. The impact of various EGR rates on thermal efficiency under distinct loads at a hydrogen addition rate of 10 % in biodiesel.
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Fig. 10. The impact of various EGR rates on soot emission under distinct loads at a hydrogen addition rate of 10 % in biodiesel.
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Fig. 11. The impact of various EGR rates on CO emission under distinct loads at a hydrogen addition rate of 10 % in biodiesel.
1
K=No+ Y MN+Y MN;+ Y MMN; (44)
i=0 ij=2
K=(M"M)"'M'z (45)

where Nj is a parameter constant; N; is the parameter that includes all linear terms; Nj; is the parameter of the quadratic term; Nj; is the
parameter of the interaction term; M is the calculation matrix; M is the required characteristic matrix and is the transposition of M and
Z.

The accuracy can be calculated by Ref. [32]:

100 &
®:TZ

i=0

Ziecpt — Zi,pred

(46)

Zipred

where n is the test number; ; ¢, is the measurement value of the homologous test; z; preq is the predicted value homologous to the test.

The response variables for BSFC, NOy emission, and HC emission were fitted by using the least squares method, and the results were
obtained using CONVERGE software in combination with the above simulation model. The following are the regression equations for
BSFC, NOy emission, and HC emission (from software):

BSFC = 327.06 — 41.59x — 47.46y + 22.82z — 0.6413xy — 8.81xz + 5.12yz — 5.81x* + 5.19y” + 15.497 47)

NO, = 400 + 138.3x + 119.12y — 72.11z 4 45.92xy — 13.29xz — 24.18yz + 17.97x> — 10.86y* + 15.427* (48)
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Fig. 12. The impact of various EGR rates on HC emission under distinct loads at a hydrogen addition rate of 10 % in biodiesel.

HC = 563.2 — 115.45x — 237.62y + 327 — 12.47xy + 35.52xz + 29.81yz — 45.78x + 2.16y* — 25.627” (49)

where x is the hydrogen percentage, %; y is the load percentage, %; 2 is the EGR percentage, %.

Table 7 displays the ANOVA parameters for the BSFC, NOy, and HC emissions. It can be seen that the P-value is less than 0.0001,
which means that the model is reasonable. In addition to this, the fit (RZ), prediction (Pre-R?), and adjustment (Adj—RZ) of the response
are all greater than 0.93. So the RSM has great accuracy in predicting and reliability of the experimental outcomes because the
distinction among Pred-R? and Adj-R? is smaller than 0.1.

The contrast of the predicted and actual values is shown in Fig. 14. The residual difference is the distinction between the actual and
projected values. The engine’s BSFC, NOy emission, and HC emission all fall within the desirable range, as can be seen from the
extremely little variation between anticipated and experimental data. The predicted values are in a positive proportional function
relationship with the actual values, and the confidence level of all the responses to the regression model in the figure is more than 95 %,
which indicates a good fit of the model developed. So it can more accurately predict the BSFC, NOy emission, and HC emission of the
dual-fuel engine.

4.2. Optimization for BSFC

Fig. 15 shows the impact of three variables on BSFC. In the figure, the effect of each variable on the target is reflected by the trend of
the corresponding curve. The larger values of the variables corresponding to the F values in Table 8 indicate a greater influence on the
BSFC. Therefore, the order of the degree of influence on BSFC is load > hydrogen fraction > EGR rate. In this case, the relationship
between load and hydrogen fraction on BSFC is a negative correlation. As the load and hydrogen fraction increase, the flame prop-
agation rate of the fuel mixture is accelerated, which in turn improves the in-cylinder burning process of the engine and reduces the
BSFC. The influence of the EGR rate on the BSFC starts with a slow effect at the beginning, and then the BSFC rises dramatically due to
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The impact of various EGR rates on NOy emission under distinct loads at a hydrogen addition rate of 10 % in biodiesel.

Table 6
Cloud maps of NOy in the cylinder with different EGR rates under three different load conditions at 10°CA.
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Table 7

ANOVA table of HC, NOy, and BSFC.
Source HC model NOy model BSFC model

F-value P-value (10~%) F-value P-value (10~ %) F-value P-value (10~%)
Model 188.81 <1 536.42 <1 162.96 <1
X 284.46 <1 2224.9 <1 465.32 <1
y 1250.22 <1 1715.83 <1 627.51 <1
z 24.94 5 689.16 <1 158.89 <1
Xy 2.17 1819 152.72 <1 0.0683 7987
X2 17.26 21 13.15 48 13.25 45
yx 11.85 65 42.53 <1 4.36 638
x? 14.79 31 12.41 55 2.98 1150
y? 0.0364 8525 5.56 405 2.96 1175
22 4.56 588 8.86 133 20.91 10
R%(107% 9945 9978 9933
Adj-R%2 (1079 9885 9960 9874
Pred-R% (1074 9024 9662 9410
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Fig. 14. Comparisons of predicted and actual parameters. (a) BSFC comparison graph; (b) NOy emission comparison graph; (c) HC emission
comparison graph.
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Table 8
Contrast of experimental verification and prediction.
H; (%) Load (%) EGR (%) BSFC (g/kW e h) NOy (g/kW o h) HC (g/kW e h)
Actual 290.43 6.7415 2.801
6.92 100 7.68 Predicted 288.24 6.9865 2.736
Error(%) -0.75 3.63 —2.33

the rise of the EGR rate. This is caused by increased EGR rates, which lower the oxygen content of the engine cylinder. Thus, poor
combustion increases the BSFC.

Graphs (a), (b), and (c) in Fig. 16 are the surface graphs of the effects of two different variables on BSFC, respectively. These graphs
demonstrate the EGR rate is positively correlated with the BSFC and the BSFC reaches the maximum at EGR = 15 %. In addition, higher
loads and hydrogen fractions will reduce the BSFC.

4.3. Optimization for NO, emission

Fig. 17 shows the order of the influence degree on NOy emission: EGR rate > hydrogen fraction > load. It is mostly because the
amount of fresh air and oxygen percentage entering the cylinder falls as the EGR rate is increased. Then, the speed of flame traveling is
reduced and the temperature increase rate is also reduced. Furthermore, large load and high hydrogen percentage raise the cylinder’s
temperature, which facilitates the interaction of nitrogen and oxygen. Large amounts of NOy pollutants are produced as a result.

Graphs (a), (b), and (c) in Fig. 18 are the surface graphs of the effects of two different variables on NOx emission, respectively. These
graphs demonstrate that load and hydrogen percentage have a great effect on the increase in NOy emission. Furthermore, the rise of the
EGR rate signally reduces the NOy emission. Therefore, the introduction of an appropriate EGR rate at high load and high hydrogen
percentage results in optimum NOy emission.

4.4. Optimization for HC emission

Table 7 demonstrates the highly significant (p0.0001) connection among the hydrogen percentage, engine load, and EGR rate on
HC emission. R?, Adj -R?, and Pred-R? on HC had values of 99.42 %, 98.89 %, and 90.23%, respectively. So, the model is well suited for
predicting HC emission.

Fig. 19 shows the diverse plots of the effects of three different variables on HC emission. The figure shows that the order of
magnitude affecting HC emission is: load factor > hydrogen ratio > EGR rate, with load factor having the most significant effect on HC
emission. As the load increases, the HC emission decreases significantly, especially at 100 % load. When the hydrogen percentage rises
from 0 % to 15 %, the decrease of HC emission reaches 39.7 %, which is because the rise of hydrogen leads to the rise of H and OH
radical concentration in the engine cylinder.

Graphs (a), (b), and (c) in Fig. 20 are the surface graphs of the effects of two different variables on HC emission, respectively. These
graphs show that the HC emission emerges a small increase with increasing EGR rate. In addition, a larger load and higher hydrogen
percentage favor the reduction of HC emission.
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Fig. 16. Surface graphs of the effects of different variables on BSFC. (a) Different EGR rates and Hy contents on BSFC; (b) Different EGR rates and
load rates on BSFC; (c) Different load rates and H, contents on BSFC.
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Fig. 17. The impact of three variables on NOy emission.
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(a) (b)

Fig. 18. Surface graphs of the effects of different variables on NOy emission. (a) Different EGR rates and H, contents on NOy; (b) Different EGR rates
and load rates on NO,; (c) Different load rates and H, contents on NO;.
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Fig. 19. Disturbance results of the impact of different variables on HC emission.
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(c)

Fig. 20. Surface graphs of the effects of different variables on HC emission. (a) Different EGR rates and H contents on HC; (b) Different EGR rates
and load rates on HC; (c) Different load rates and H, contents on HC.

4.5. Optimization of optimal solutions

From the above results, it is clear that the ideal solution for performing the optimization is the addition of hydrogen and the use of
EGR technology at high loads, which results in the optimal solution for BSFC, NOy emission, and HC emission. Ultimately, the ideal
value of the optimal solution is derived as 0.656, when the corresponding optimal input parameters are 6.92 % hydrogen percentage,
100 % load, and 7.68 % EGR rate, respectively. Fig. 21 shows the contour plots of BSFC, NOy emission, and HC emission at the highest
desired value for the optimized selected solution.

Overall, all three factors have a significant effect on the desired output response, which is statistically significant in reducing BSFC,
NOy emission, and HC emission. Furthermore, the level of EGR rate has a statistically dramatic influence on reducing NOy emission.
The data in Table 8 shows the experimental, predicted, and error ratios of the resulting dual-fuel engine. These data show the errors
among the experimental and predicted values of BSFC, NOy emissions, and HC emission are low, —0.76 %, 3.7 %, and —1.2 %. So the
developed response surface model has a high accuracy for the prediction of the dual-fuel engine.

5. Conclusions

In this study, the experimental results of the dual-fuel engine were used to validate a 3D CFD model that was created using the
CONVERGE software. Based on the established 3D CFD model, the influence of different EGR and biodiesel-hydrogen blends on the
engine was investigated. Finally, a multi-objective optimization of the dual-fuel engine with different loads, hydrogen fractions, and

EGR rates was carried out by RSM [58]. These important research findings are summed up as follows.

(1) At50 %, 75 %, and 100 % loads, increasing the EGR rate of the engine reduces the in-cylinder combustion pressure and the in-
cylinder combustion temperature. The higher the EGR rate, the more obvious the effect of reducing the in-cylinder combustion
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Fig. 21. Statistical plots of load and H, fraction versus expectation of desirability (a), BFSC (b), NOy emission (c), and HC emission (d).

pressure and temperature. However, the EGR technology in the engine will have an impact on the economic characteristics of
the engine. Increasing the EGR rate increases the BSFC and decreases the BTE of the engine at all loads.

(2) Increasing the engine EGR rate significantly reduces NOy emission in the exhaust gas. Compared to the peak NOy emission at 0 %
EGR, the peak NOy emission at 5 %, 10 %, and 15 % EGR decreased by 27.1 %, 49.5 %, and 65.3 %, respectively. This is due to
the deterioration of in-cylinder combustion. However, the rise of the EGR rate leads to a rise in soot, CO, and HC emissions.

(3) The rise in BSFC is significantly impacted by increases in load and hydrogen. While the amount of hydrogen and load decreases,
the amount of NOy emission increases. Furthermore, NOy emission can be greatly decreased by using EGR technology. The result
shows a hydrogen fraction of 6.92 % and an EGR rate of 7.68 % at 100 % load. The ideal value of 0.656 was selected after
comprehensive analysis. The optimal BSFC is 288.24 g/kWeh, NOy emission is 6.9865 g/kWeh, and HC emission is 2.736 g/

kWeh, respectively.

To some extent, this study fills the gap in the study of engine characteristics using a simulation method combined with a multi-
objective optimization method. In the future, more important parameters will be considered and engine characteristics will be
studied using more advanced optimization techniques to achieve better parameter combinations.
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