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Optimization of a Dual Fuel Engine Based on Multi-Criteria
Decision-Making Methods

ABSTRACT

The transportation sector's need for new fuels is being addressed through the development of optimization
methods, and the use of combined and alternative fuels, which will prove to be both efficient and cost-
effective. This paper utilizes a multi-criteria approach, including the response surface method and Taguchi
method, to evaluate several alternative fuels for a heavy-duty diesel engine. The study considers a midterm
horizon to address the issue of the near future. For this purpose, the economic effects and optimization of a
natural gas and diesel fuel combination were evaluated. The optimization results showed that the engine
operated best at a constant speed of 1400 rpm. The results indicate that when modeling engine emissions
using RSM, the effects of CO and NOx should be taken into account. When determining the optimal level
of variables, it is important to increase the interval between the compression ratio and the start time of fuel
injection until a specific level of emission reduction is achieved. Furthermore, Taguchi method has
demonstrated that the impact of alterations in gas fuel and injection start time on the modeling of emission
and performance parameters is more significant than that of other variables. The TOPSIS method was used
to determine the economic, functional, and emission performance of different engine operation processes,
it was found that the economic and functional criteria were aligned. However, the best solution for the

environmental criterion was to focus on management.

Keywords: Response Surface Method, Taguchi Method, Heavy-Duty Diesel Engine, Optimization,
TOPSIS, Environmental.

Nomenclature

Symbols Acronyms

g ,;(;(\:/?:;ratlon of the earth's ANFIS  Adaptive Neural Fuzzy Inference Systems
d Arrays ANN Artificial Neural Networks

K Constant coefficient ACE Atkinson Motorcycle

p” Density of the fluid flow BTDC Before Top Dead Center

E Entropy connection BSFC  Brake Specific Fuel Consumption

A Fuel ratio BTE Brake Thermal Efficiency

q Heat rate CART  Classification And Regression Tree

Y Introduced species CL Closeness Index

u Kinematic viscosity CNG Compressed Natural Gas
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H" Local enthalpy CFD Computational Fluid Dynamics
Uk legs\?l velocity of the fluid CCM Conventional Combustion Mode
m Mass fraction DFC Dual Fuel Combustion

J Penetration of the species DF Dual-Fuel

P Probability DORC Dual-Ring Organic Rankine Cycle
R Production rate ECU Engine Control Unit

T Shear stress EGR Exhaust Gas Recirculation

S Source AFR Fuel-To-Air Ratio

) Stress FIS Fuzzy Inference System

9 Stress tensor HC Hydrocarbon

T" Temperature IvVC Intake Valve Closing

P" The pressure of the fluid flow LHS Latin Hypercube Sampling

9 Viscosity LCA Life Cycle Assessment

W Weight LPG Liquefied Petroleum Gas
Subscript MCD Multi-Criteria Decision-Making Methods
i Criteria MOP Multi-Objective Pareto Optimization
deg Degree NIS Negative Ideal Points

D Diesel PM Particulate Matter

g Gaseous Fuel PIS Positive Ideal Points

hp Horsepower PER Premixed Energy Ratios

\Y Impact of Each Parameter CL Proximity Distance

i Local RSM Response Surface Meth

max  Max SSPG  Sewage Sludge Producer Gas

min  Min SIN Signal-to-Noise Ratio

rom  Revolutions per Minute SOl Start of Injection

t Time ™ Taguchi Method

u,v,w Vectors T™MI Thermal Management System

1. INTRODUCTION

The widespread usage of diesel engines as a propellant in industry has led to the introduction of several
combustion regimes in diesel engines. The diesel/gas dual-burner engine is a type of internal combustion
engine that can burn diesel and gas base fuel in varying proportions using compression ignition. In the
combustion chambers of these sorts of engines, natural gas fuel is supplied indirectly and diesel base fuel
is pumped directly [1]. When discussing the decrease of conventional diesel engine fuel emissions and the
reduction of fuel consumption, the use of alternative fuels in diesel engines becomes significant. Natural
gas is one of the alternative fuels with a basic hydrocarbon structure that are considered as clean fuels [2].
Despite the simple structure and other benefits of employing natural gas, dualizing diesel engines presents
a number of obstacles [3]. Changing the combustion regime of diesel/gas dual-fuel engines impacts fuel
consumption, performance metrics, and emissions [4]. On the basis of the combustion regime of diesel/gas
dual-fuel engines, the parameters injection pressure, injection angle, fuel injection start time, natural gas

fuel %, and compression ratio are crucial for modifying performance characteristics and emissions. With
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modifications to engine speed, air-fuel ratio, and injection method, these parameters can be deemed

effective for modifying engine performance and emission parameters [5].

Dual-fuel engines, also known as dual-fuel internal combustion engines, are known to have lower thermal
efficiency and produce higher levels of greenhouse gas emissions, including carbon monoxide and
unburned hydrocarbons. Exhaust gas recirculation in certain engines can alleviate this issue to some
degree[6]. In dual fuel mode, NOx emissions are expected to be reduced by an average of 30% compared
to diesel mode. However, it has been observed that when using the pilot in a CNG/diesel dual-fuel engine,
approximately 90% of THC methane emissions were not burned [7]. Liu and Karim began researching a
multi-zone model for predicting combustion processes in dual-fuel engines in 1995. This research examines
the interaction between gaseous and diesel fuels and their impact on combustion. It also describes the
oxidation of gaseous fuel, operational characteristics, and greenhouse gas emissions. The results showed
that the proposed model can predict the impact and pollution, which can ultimately help optimize engine
performance and reduce environmental effects [8]. Luigi De Simio and Sabato lannaccone conducted
research in 2019 on the significance of alternative fuels and energy sources for technical, geopolitical,
economic, and environmental reasons. They demonstrated that gaseous fuels, such as a blend of natural gas
and hydrogen, can aid in mitigating greenhouse gas emissions from internal combustion engines. Their
results confirmed that low-temperature combustion using gaseous fuels can enhance the combustion
process of DF and decrease greenhouse gas emissions [9]. In another study, researchers used hydrogen fuel
instead of natural gas to investigate the impact of exhaust gases, including carbon dioxide (CO2) emissions.
Their results showed that serious issues may arise in the hydrogen diesel dual fuel engine, including

abnormal combustion, poor emissions, and reduced thermal efficiency [10].

Anandavelu et al. conducted a study on the utilization of renewable biofuels in diesel engines operating in
dual fuel combustion (DFC) mode. The study aimed to reduce diesel consumption and improve
performance using artificial neural network and TOPSIS algorithm. The researchers also examined the
emission characteristics of the engine. In this study, 1-hexanol with varying premixed energy ratios (PER)
was injected into the intake port, while diesel/biodiesel was directly injected as in the conventional
combustion mode (CCM). DFC mode results in a 10% increase or decrease in brake thermal efficiency
(BTE) at all loads [11]. In another study, Tarafdar et al. presented a novel approach to optimize the
performance and emission characteristics of a single-cylinder compression combustion engine using diesel-
hydrogen dual fuel. They utilized a spherical fuzzy MARCOS MCGDM-based Type-3 fuzzy logic
approach to achieve this optimization. This approach involves designing a thermal management system
(TMI) with an engine control unit (ECU) to inject hydrogen into the engine manifold. The results showed

a significant improvement in BTHE and a reduction in soot emissions. However, NOx emissions increased,
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and UHC emissions were higher at lower loads. The proposed method utilizes a fuzzy spheroid based on
the MARCOS MCGDM approach [12]. In a detailed research in 2022, a valid model was used to optimize
greenhouse gas emissions under compressed natural gas (CNG) operation conditions. NOx catalyst
conversion efficiency under highway driving conditions was acceptable for CNG mode, but CO conversion
efficiency was reported to be inadequate. The performance of the THC catalyst in gasoline was evaluated
to be better due to the low reactivity of methane compared to the CNG mode after a cold start. The results
showed that most of the gasoline emissions were released during cold start, while the exhaust pipe emissions
increased gradually after cold start. Also, the fuel changeover time from gasoline to CNG was optimized to
48 seconds after starting the vehicle, and NOx emissions at the end of the driving cycle were reduced by
15% after optimization, but THC did not change. Optimizing THC reduction led to an increase in shift time
up to 149 seconds after driving, and they reported that optimizing fuel switch timing could improve
emission performance. The gap in current research is related to achieving a balanced reduction of different
pollutants. There is a need to make a trade-off in optimizing the fuel switch time [13]. In another study,
Ping et al. discussed the potential of utilizing waste heat energy from CNG engines by means of a dual-ring
organic rankine cycle (DORC) system. This study highlights the significance of operational parameters and
environmental impact in optimizing the performance of DORC systems. The bilinear interpolation
algorithm is used to analyze waste heat sources and evaluate the thermodynamic, economic, and
environmental performance of the DORC system. This study proposes a multi-model-based NSGA-III
method for DOR [14]. In another study, Jung et al. discussed and utilized a natural gas-diesel dual fuel
engine as a method for reducing greenhouse gas emissions while maintaining high thermal efficiency. This
study focuses on the intake valve timing as the primary parameter that influences the air-fuel ratio, which
is crucial in determining the combustion characteristics of dual-fuel engines. Researchers conducted a
numerical study using 1D engine simulation to investigate the principles of dual-fuel combustion and the
effects of changes in inlet valve closing during dual-fuel mode. This study showed that diesel start of
injection (SOI), a key parameter in dual-fuel engines, and the intake valve closing (IVC) are independent
variables. Latin hypercube sampling (LHS) was utilized to sample these variables, and a multi-objective
Pareto optimization (MOP) was conducted to optimize both high thermal efficiency and low NOXx
emissions. Pareto-optimal solutions were obtained as a result [15]. In another study, Zhou et al. proposed a
comprehensive evaluation index, 4E, which includes energy, exergy, economy, and environment, to analyze
an integrated LiBr/H,O cascade refrigeration system and Rankine organic cycle for recovering low-grade
waste heat recovery. This study utilized life cycle assessment (LCA) to assess the environmental impact of
the system. Additionally, a new index, Eco-indicator 16 (EI16), to combine various environmental impacts

into a single quantitative score. A multi-objective optimization model has been developed. This study has
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provided guidance for conducting a 4E analysis of a coupled system that operates using low-grade residual

heat in a cascade [16].

In 2023, a comprehensive investigation was conducted to evaluate the performance of an ignition engine
utilizing sewage sludge producer gas (SSPG) as an alternative fuel. The study aimed to predict the
performance of future engines with alternative fuels. A thermodynamic model was developed to determine
engine performance with SSPG-methane dual-fuel blends, and response surface method (RSM) was
employed to optimize engine performance and minimize emissions by adjusting combustion initiation,
mixture fraction, and compression ratio. The results indicated that the optimal response was achieved with
a compression ratio of 13, a 10% SSPG blend, and ignition starting at 34.09 degrees before top dead center
(BTDC). The optimized responses were 35.35% ITE, 6.79 bar IMEP, 28.1% BTE, 4.6 kW BP, 5.49 bar
brake mean effective pressure (BMEP), and 12.81 MJ/kWh BSEC, with CO and NO emissions of 0.645
V% and 1967 ppm, respectively. This study confirms that spark-ignition engines can effectively operate
with SSPG-methane combinations, and using sewage sludge gas as a fuel source for Sl engines could be a
suitable option for waste valorization. The research gap was related to optimizing engine performance by
adjusting input variables such as compression ratio, mixture fraction, and combustion initiation. The study
has provided insights into the potential of SSPG-methane blends for efficient and low-emission engine
performance, and future research could further explore this area [17]. In research, the mechanical
advantages of using a dual fuel engine were investigated. In this research, Diesel-RK software is used to
replace diesel with agueous ammonia in a dual fuel diesel engine, and three different volumetric percentages
of ammonia solution are being tested: 40%, 50%, and 60%. Their analysis is numerical and based on the
multi-zone combustion model. The increase in ammonia solutions has caused a decrease in combustion
pressure and heat release, an increase in the diameter of the burner, a delay in ignition, and a decrease in
engine performance. The results showed that the brake specific fuel consumption (BSFC) variable
decreased by 7.15%, 10.4%, and 15.38% for 40%, 50%, and 60% NH4OH, respectively. Additionally, NOx
emissions decreased significantly, up to 61.75%, to 60% NH4OH. The environmental results showed that
soot emissions were reduced by 43.4%, 51.04%, and 49% for 40%, 50%, and 60% NH4OH, respectively.
They suggested that aqueous ammonia can be used in dual-fuel diesel engines in order to reduce pollutants,
but it must be accepted that the performance of the engine will also be reduced [18]. In a detailed research
in 2023, the influence of the piston bowl geometry on the combustion performance and emissions of a dual
fuel methane-diesel engine was investigated by Gulcan et al. The test variables were constant speed and
five different engine loads. The results showed that the TRCC geometry also improved the emission of
smoke, HC, and CO pollutants by an average of 18%, 10%, and 3%, respectively, compared to the OCC
geometry. However, NO pollutant emissions were slightly higher for the TRCC geometry. They proved

that the piston bowl geometry can have a significant effect on combustion performance and emissions in
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dual-fuel engines. A gap in their research relates to the need for more studies to fully understand the trade-
offs between improved combustion and increased NO emissions with TRCC geometry [19]. In a study,
Tarigonda et al. tested and discussed a dual-fuel engine that uses diesel as the ignition source and liquefied
petroleum gas (LPG) as the secondary fuel. The engine was modified to accommodate LPG as a fuel source,
and its parameters were optimized using Adaptive Neural Fuzzy Inference Systems (ANFIS). ANFIS
combines self-learning artificial neural networks (ANN) with fuzzy inference system (FIS) reasoning.
ANFIS predicted data was consistent with experimental data, with an overall correlation coefficient of
0.99415. The optimum operating conditions are an injection pressure of 194.32 bar, LPG flow rate of 1
LPM, and a BP of 1.13 with an Optimum GRG of 0.835084 [20]. In a detailed study, Goyal et al. discuss
the search for alternative fuels in response to the depletion of petroleum products and the detrimental effects
of emissions from combustion engines on the environment. This study aims to evaluate the performance
and emission parameters of a diesel engine by using a combination of diesel and n-butanol as the test fuel,
with biogas as the primary fuel. The results showed that using both pilot and primary fuel simultaneously
increased BTE, hydrocarbon (HC) and CO while reducing greenhouse gas emissions. Full engine load for
BTE and HC, biogas flow rate of 15 I/min for BTE, HC, and CO, and a 20% butanol composition for HC,
CO and smoke [21].

Xiang et al. conducted a study on dual-fuel (DF) engines, which are a promising alternative to traditional
diesel engines for reducing environmental impact and operating costs. The study aimed to optimize engine
settings for marine DF engines using a computational fluid dynamics (CFD) model developed in
CONVERGE software. The goal was to reduce both NOx emissions and BSFC while preventing knocking.
The model was validated through pressure and greenhouse gas emission measurements in the cylinder. The
study investigated engine performance settings, including pilot injection timing, equivalence ratio, and
natural gas mass, under three different engine operating conditions. The results of their study showed that
the optimal solution for the operating conditions of 1800 (rpm) and 1629 (rpm) can be achieved by
controlling the pilot injection time, equivalence ratio, and natural gas mass within the range of -5to -7.5 °C
and -5% to gain +5. % and 0% to +20% respectively. Also, their results showed that the optimal solution
for reducing NOx emissions and BSFC can be achieved by controlling the pilot injection timing, making
changes to the equivalence ratio, and adjusting the mass of natural gas within specific ranges. The findings
of the study support the analysis and improvement of marine DF engines during the design phase and
provide guidelines for managing DF engines to reduce operating costs and environmental impact [22]. Lei
Zhu et al. conducted a study on a low-speed two-stroke engine with a large bore to address the urgent need
to alleviate the energy crisis and decrease greenhouse gas emissions. The study also examined the effects
of fuel modification on a low-speed two-stroke marine engine equipped with EGR and an injection strategy.

The findings revealed that a slight increase in indicated specific fuel consumption (ISFC) and NOXx
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emissions occurred with an increase in the injection advance angle. This suggests that the optimal injection
timing for emission and fuel consumption is 12.5 degrees CA BTDC in terms of emission and fuel
consumption. An EGR rate of 10% was chosen to decrease NOx emissions and control the rate of pressure
rise, which could otherwise lead to increased fuel consumption during low-temperature combustion. Fuel
modification was applied to optimize fuel consumption, resulting in a 7.80% reduction in ISFC by
introducing 1.29% syngas. However, this led to NOx emissions that exceeded the IMO Tier III limited
emission standards. After implementing hybrid optimization, the thermal efficiency demonstrated an
increase from nearly 50% (base case) to 55% with 12.5 BTDC_E10_2.25%. The study had a limitation in
terms of the comparison with the base case, where NOx emissions increased but still remained below the
limit value of IMO Tier III emission standards. However, ISFC reduced by 9.45% to 12.5
BTDC_E10 _2.25%. In conclusion, the cooperative strategy has a high potential for improving fuel
consumption and controlling emissions standards for low-speed dual-fuel marine engines [23]. Bo Yang's
research has demonstrated that emissions of particulate matter, especially those composed of ultrafine
particles, have a harmful effect on human health. To assess the properties of particulate emissions in a dual-
fuel engine that uses diesel and natural gas, a pilot study was conducted. This paper investigates the
characteristics of particle mass concentration (PM), particle number (PN), and particle size distribution
(PSD) under different operating conditions of the natural gas-air mixture mode. The study investigates the
impact of the timing of natural gas injection (-500° CA ATDC, -480° CA ATDC) and later (-260° CA
ATDC, -240° CA ATDC) on the formation of a homogenized and classified mixture of natural gas and air-
air. The fuel-to-air ratio (AFR) was maintained at a constant level throughout the test. The results indicate
that the combustion process is significantly affected by the state of the natural gas-air mixture. Particulate
matter (PM), especially the emission of ultrafine particles, is highly dependent on the condition of the
natural gas-air mixture. Stratified mixing is an effective method for reducing the emission of smaller size
PM during low load conditions. The research gap pertains to the analysis of a dual fuel engine that uses
both diesel and natural gas. The study reports that over 60% of PN emissions are composed of ultrafine
particles, while only slightly more than 10% do not contribute to PM emissions [24]. Proposed is the
application of response surface method as a regression modeling technique to examine the performance and
emission parameters of dual fuel engines [11]. Response surface method was used to predict the effect of
employing hydrogen fuel as a sort of clean natural gas fuel on the emission of unburned hydrocarbons,
carbon monoxide, and nitrogen oxides as the three primary pollutants in dual fuel engines. Among the
characteristics of the response surface method are presenting the regression relationship of emission owing
to the change of two factors, hydrogen fuel precentage and engine load, and assessing the mutual changes
of independent variables [25]. Experimental design, regression modeling, and single-objective optimization

are some of the hallmarks of response surface method [26]. To this end, a study was done to determine the
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impact of biodiesel fuel made from kitchen waste oils on the emission and performance parameters of a
dual fuel biodiesel engine [27]. Xilei Sun et al. conducted an experimental investigation to analyze the
impact of injection timing, injection pressure, and exhaust gas recirculation (EGR) rate on the combustion,
thermodynamic, and emission characteristics of the Atkinson motorcycle (ACE). The study aimed to
improve the overall performance of the ACE by utilizing a machine learning method for multi-objective
optimization. The researchers conducted an engine bench test to collect relevant characteristic parameters,
which were utilized as the data basis for model building. Three tree-based machine learning models, namely
Classification and Regression Tree (CART), Random Forest, and Adaptive Boosting (AdaBoost), were
developed for the ACE. Random Forest was built using a parallel method, while AdaBoost was built using
a serial method. Both models used CART as the base learner. The AdaBoost model and NSGA 11 algorithm
were utilized to perform multi-objective optimization of the combustion, thermodynamic, and emission
characteristics of the ACE. The results indicated that the three tree-based models exhibited high prediction
performance and generalization ability. Among them, AdaBoost demonstrated the best performance,
followed by RF and CART. The serial method (AdaBoost) was found to be superior to the parallel method
for the dataset. The study revealed that the second non-dominated solution, which optimized brake specific
fuel consumption (BSFC), and the fourth (optimal PN) had a significant impact on reducing emissions
compared to the experimental data of the main engine. Specifically, they reduced CO, BSFC, NOx, and PN
by 31.9%, 2.3%, 39.1%, and 61.6%, 32.3%, 2.2%, 40.0%, and 62.6%, respectively [28]. The experimental
design of response surface method permits the evaluation of the combination of many qualitative
independent variables as different treatments in the modeling of performance parameters and pollutant
emissions [29]. Fuel injection technique is one of the qualitative independent factors. Response surface
method was used to describe and optimize the research of combustion, performance, and emission
characteristics for three injection strategies: multi-section injection, continuous injection, and combined

injection-continuous injection [30].

The Taguchi method (TM) is another statistical technique used to estimate the output characteristics of
internal combustion engines. This strategy addresses the limits and weaknesses of response surface method
[31]. The Taguchi method involves designing an orthogonal test matrix and determining the optimal levels
of independent variables. The optimal timing and volumetric flow rate for hydrogen injection were
investigated for various operating conditions of a diesel/hydrogen dual-fuel engine [32] based on the
characteristics of Taguchi's statistical scheme. Using a combination of Taguchi modeling and multi-
objective optimization, the effects of engine load, injection pressure, and EGR were investigated. Using
Taguchi modeling [33], the problem of specifying the levels of variables and the effect of isolating pollution
emission models was resolved. Modeling and optimization techniques can be regarded effective for

establishing the ideal engine operation answer category [34]. The decision to select the ideal parameters
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under various engine operating situations has been debated as a result of the various ways to determining
the optimal engine operation [35]. Multi-criteria decision-making methods have made it possible to
determine the optimal decision based on engine functional approaches [36]. Choosing the optimal answer
category is the outcome of optimization and analysis of multiple engine methodologies, including the
TOPSIS method [37,38].

This study aims to simulate, model, and optimize a sample diesel/gas dual fuel engine. To achieve this goal,
we simulated the combustion process of a dual-burning diesel/gas engine using computational fluid
dynamics and analyzed the pollution effects of its operational parameters using modeling techniques. This
research is innovative in its utilization of the Taguchi approach to rank variables and report their average

influence on the economic performance of a dual fuel engine.
2. MATERIALS AND METHODS

Due to the extensive scope of numerical analysis and its connection with modeling and optimization, the
importance of researching modeling approaches was emphasized in this investigation. However, it is
required to provide a brief description of the appropriate procedure for conducting combustion simulation
studies using computational fluid dynamics. The technical specifications of the engine, the pre-processing
of the solution field, the governing equations, the processing of the solution field, and the validation of the
results, including combustion simulation procedures, are all addressed using the computational fluid
dynamics approach. The D2676-LE475 heavy-duty diesel engine is commonly used for urban
transportation and marine applications. Table 1 displays the parameters for the D2676-LE475 diesel engine
in accordance with DIN 1SO 3046-1.

Table 1. Technical specifications of the dual fuel diesel engine (D2676-LE475) [17]

Technical Features Value Technical Features Value
Displacement (1) 12.42 Speed (rpm) 1000-1600
Nominal Rating (kW (hp)) 221 (301) Lowest specific fuel consumption (g/kwh) 206
Rated Speed (rpm) 1800 Classifiable Yes
Maximum Torque (N.m) 1731 Exhaust gas after treatment Yes

2.1.Computational Fluid Dynamics Simulation

The initial and boundary conditions for the solution field are defined during the processing stage of the
solution process. Figure 1 illustrates the scope of the solution domain, while Table 2 presents the initial and

boundary conditions for the solution.

Table 2. Boundary conditions for the solution field
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Characteristic Condition Characteristic Condition
16 deg BTDC Cylinder Head Wall- Temperature 590 K

Time to Start Spraying

Air Valve Closing 120 deg BTDC Piston Mesh Movement-Temperature 600 K

Opening the Smoke Valve 116 deg ATDC  Cylinder Head Wall ~ Wall-Temperature 580K (Heat Flux=0)

Initial Pressure 1/2 time Axis of the Figure Symmetry

Initial Temperature 360 K Fuel Inlet and Outlet Periodic Inlet/Outlet

The ignition issue of the diesel/gas dual-fuel engine was resolved by utilizing AVL FIRE software. The
majority of traditional software used to investigate fluid behavior approaches the subject from a Eulerian-
Lagrangian perspective. The method employed for the software solution is volume control. The ESE Diesel
module handled the generation of the geometry and grid for the solution domain. The average size of the
original grid was set to be 22 mm. The use of a moving mesh was also considered to accommodate the
reciprocating motion of the piston within the solution field. Due to the unique conditions of gas and diesel
combustion, the Fire-Comkin coupler was utilized to describe the combustion process. N-heptane (n-
C7H16) was selected as the fuel for spraying. Natural gas was used as the initial condition in the solution
field and was mixed with air. The study utilized GRI-Mech 3.0, which integrates chemical kinetics and n-
heptane combustion. It includes 76 species and utilizes 464 reaction mechanisms [18]. The injection of
liquid fuel starts the self-ignition process. Figure 1 shows the piston sector and how the solution field is
gridded.

1250 3750

Figure 1. Piston sector and field grid

Combustion modeling for compression ignition engines involves several equations, including the survival
equation, momentum equation, energy equation, species transfer equation, turbulence equation, combustion
model, emission equations, air-fuel ratio equation, and evaporation equations for sprayed particles. Methods

of numerical discretization are used to solve the equations. The relationships used to describe fluid flow
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behavior in the solution field will be solved in the Cartesian coordinate plane. If the velocity of the fluid

flow at the center of the control volume is defined as a vector V = (u, v,w), the survival relation is as

follows.

_Op _ 90w 9(ev)  9(pw)
Jt 0x dy 0z

M)

The Navier-Stokes equation describes how changes in fluid flow speed and pressure are interdependent

across different dimensions.

o~

ADLTI_AaGiJFAGaUI_A +66;
Pe ™ Pac T Py T PRI T Gg o
P o[ 89 09 209

= pgi— —+ — U=+ —— =5y
PEi 0x;  0x; “‘axj ox; 30xg

Where, U; is the local velocity of the fluid flow, g the density of the fluid flow, g; the acceleration of the
earth's gravity, P the pressure of the fluid flow, p the kinematic viscosity, ¥; and 9; the stress tensor between
the fluid flow lines and &;; the stress resulting from the interaction of the fluid flow with the wall of the

solution field Is. The enthalpy equation represents the heat output from combustion, heat transfer near the
walls, and the rate of heat release, all of which affect the performance parameters of the power indicator.

The energy equation can be represented by the following continuous polynomial.

SR _ (OB GOR) . 9P 0 gy, 00 -
Pac =P B ™ Dax) TP T B Tax 0 ) T ax Mo,

Xj

Where, H is the local enthalpy of the fluid flow, qg4 is the exchange heat rate in the natural gas mixture,
1;; is the shear stress between the fluid flow lines, A is the fuel ratio and T is the temperature of the fluid

flow [19]. The transfer of species involves the precise measurement of all species, as well as the methods
of mixing, penetration, and evaporation of two fluid phases. In order to describe the reaction kinetics of
dual-fuel diesel engines, the behavior of each species involved in the reaction must be estimated. This is

done by analyzing the species transfer relationship at each step of the reaction [20]:

d -
a(pYi) + V(vY) = =V], + R+ §; (4)

Where, Y; represents the introduced species, 9 is the viscosity of the fluid flow, J; determines the penetration

of the species, R; is the production rate of the species after the reaction and S; is the source of the species
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created in the previous reaction and enters the new equation. Determining the percentage of natural gas in
the fuel mixture is a crucial parameter in determining the combustion quality of dual-fuel engines that use
both diesel and gas. According to the position of the gas valve during half-load operation, the percentage

of natural gas fuel input can be determined using Equation 5.

myg . LHV

CNG (%) =
) = oy LV, + my, . LHV ©)

where m, and mp, are the mass fraction of natural gas fuel and injection fuel, respectively.

2.2. VARIABLES AND MODELING

Several factors influence the combustion process in dual-fuel engines that use diesel and gas. Among these
factors are engine speed, the proportion of diesel fuel and gas mixture, diesel fuel injection pressure and
timing, diesel fuel injection angle, compression ratio, and other engine parameters. The study evaluated
several input variables, including the percentage of diesel fuel and gas mixture, the start time of diesel fuel
injection, the angle of diesel fuel injection, and the compression ratio of the engine. It is important to note
that this study utilized a combustion simulation approach and numerical computational fluid dynamics
techniques. The results were validated and used as inputs or outputs for the model. Due to the absence of
experimental design in the numerical simulation, it was not possible to match all input and output
parameters with the modeling unit's methodologies. Consequently, a portion of the inputs and outputs were
evaluated each time using a new modeling technique. Input and output variables were studied using three
methods: response level method, the Taguchi method, and the multi-criteria decision-making method.
These methods were chosen based on knowledge gained during the relevant course unit regarding the

capabilities and limitations of various modeling methods.
2.2.1 Response Surface Method (RSM).

By applying the response surface method approach to investigate and match the input and output variables,
we established the optimal conditions for studying the emission characteristics of the diesel/gas dual-fuel
engine. Three variables were examined as input factors. Therefore, the Box-Behnken approach was chosen
for parameter analysis and modeling. In this method, the range of changes for input parameters in the model
(established ceiling and floor levels for input variables) is divided into three parts, and the arithmetic mean
of the change range for each input is calculated. The test matrix for modeling using response surface method

is presented in Table 3.

Table 3. Modeling a Test Matrix in Response Surface Method.
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Row Variable Level (change interval) Unit

1 Diesel Fuel Injection Start Time 18 to 35 deg-BTDC
2 Fuel Injection Angle 140 to 160 deg
3 Compression Ratio 16 to 18 _
Response
Carbon Oxides (CO) - ppm
Nitrogen Oxides (NOX) - ppm

In the Taguchi method, three pre-processing stages are performed to generate an appropriate Taguchi
modeling response based on the type and number of inputs. The number of elements and levels must be
determined before constructing the Taguchi model. Taguchi's method determines the number of tests
required for his study. The second phase determines the status of the output variable based on its data type.
This stage also determines the graphs required to assess variable behavior. A test matrix can help determine
the number of factors and their corresponding levels. The test matrix of each research study determines the
levels and changes of input variables. It is important to note that a poorly designed test for experiments can
lead to issues in the test matrix design and Taguchi method, which can prevent the statistical plan from

being orthogonal.

Table 4. The Taguchi Method Variables.

Variable Unit Level 1 Level2 Level3 Level4
CNG % 65 52 22 -
S{e]| deg-BTDC 15 18 30 35
Spray Angle deg 140 150 160 -
CR - 15.5 16 16.5 17.5
Response
Fuel Consumption and Efficiency BSFC (gr/kwh)
Functional Outputs T (N.m) .

2.2.2 Emissions CO (ppm) NOX (ppm) EGT (K) Multi-
Criteria

Decision-Making Method (TOPSIS)

Multi-criteria decision-making methods (MCDM) used in engine parameter studies enable the optimization
of system performance. These technologies give combustion engine control systems decision-making
power. Fluid simulation of the combustion process in a dual-fuel diesel/gas engine produces a wide range
of outputs. In order to utilize the multi-criteria decision-making process, it is necessary to categorize the
options or alternatives being considered. On this basis, three approaches to separating outputs were studied:
economic, functional, and environmental. Additionally, we examined the variations of each category of
input variables as a determining factor. The economic outputs of the engine were evaluated using specific

braking fuel consumption, indicative specific braking fuel consumption, and braking thermal efficiency
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metrics. The economic decision-making strategy is to minimize fuel consumption and maximize thermal
efficiency during braking. Performance characteristics, torque parameters, indicator power, average
indicator average pressure, and average brake average pressure were evaluated. The maximum value for all
output parameters was found using the multi-criteria decision-making technique to evaluate the
performance of the investigated engine. As a result of the environmental approach, the parameters for
emissions of pollution and exhaust gas temperature were determined. In the environmental approach,
decision-making is based on minimizing pollution and reducing the heat generated by exhaust gas

emissions. Figure 2 illustrates the process of categorizing output variables.

o

BMEP

{ Performance -

i

+ IMEP

:

BTE

BSFC

_—{ Economy

’

ISFC

‘ TOPSIS Approach

NOXx

EGT

{ Environment

‘

(6{0)

Figure 2. TOPSIS Method Classification of variables.

The decision matrix is designed to express options and criteria mathematically. In reality, the decision
matrix has dimensions of m x n, where m represents alternatives and n represents criteria. In Equation 7,

the process of constructing the choice matrix is illustrated.

D=

dyp dl*n]
A ™

dm*l dm*n m#*n

Using the following relationship, the change range of the options can be constrained to a specified range.

The normalizing matrix is depicted by Equation 8.

d::
= OST’lijS1

S d

Tlij =

(8)
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In relation 8, d;; is the arrays of matrix D. After creating n;;j values, equation 9 describes how to form the

normalization matrix.

N1 N ]
: : 9
mx*n

Nms«1 " Nmsn

Normal matrix weighting involves assessing normalized options based on their importance. This weighting
can be achieved through either expert opinion or Shannon's entropy technique. The Shannon entropy
weighting approach utilizes the Shannon entropy normal distribution method, which is commonly used in
information science and data mining, to analyze and statistically evaluate the uncertainty of data. This
method was presented to minimize the non-uniformity of weightings based on expert opinions. By doing
so, it reduces the dependence on expert opinions and establishes the necessary uniformity for the production

of the lambda matrix. This method defines uncertainty for each criterion using Equation 10.

In equation 10, K is a constant coefficient for normalization, and P;; is the probability of the i option

occurring in the j criterion. Equation 11 is provided for calculating the K coefficient, while Equation 12 is

proposed for calculating the P matrix.

1
‘— (12)
In(m)
d; 12
P = .nl]d-- 0<P;<1 (12)
=11

In relation 11, m represents the number of possibilities. According to equation 12, the arrays of the decision

matrix can be split by the total of the arrays in the same column to get the matrix P;. The equation 13
illustrates how to compute P;;. Shannon's entropy connection can be reformulated as equation 13 according

to the K equation.

1 m
E] = — m; Pl]ln(Pl]) (13)

Based on equation 13, the concept of entropy connection for criteria j states that the greater the entropy

value E;, the more detrimental its effect on selection. Therefore, equation 14 defines the deviation parameter
from entropy for each criterion. The greater the D; value for each criterion, the more positive its effect on

the matrix’s weighting.
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385  This weighting is based on the lowest uncertainty value of the j criterion (weighting independence from
386 criterion importance), and according to experts, it is unnecessary. The weighted value of each criterion can
387  be computed using equation 15.
D;
W= (15)

] T §v'n
i=1Dj

388  Where, W; is the assigned weight value for the j criterion. If we want to conduct the combination technique

389  for weighing using Shannon entropy and expert opinion, we can calculate the weighting values for each

390  criterion using equation 16.

DA

W= =D (16)
b XL D

391  Inequation 16, A; represents the effect of the expert's judgment on the weighting of the j criterion, whereas

392 W] represents the total weighting for the j criterion. The weighting matrix is in fact a 1xn vector that may

393  be multiplied by the normalized matrix to generate the V matrix. The equation 17 illustrates how to generate
394  the V;; matrix.

Ni1 = Niup
: ,VVj = [Wl Wy W3 ... Wn]l*n

nm*l o nm*n mx*n (17)

(Nij)m*n * (V'/j)l*n =Vij

395  Finding positive ideal points (PIS) and negative ideal points (NIS) in the matrix V(p,.,) is accomplished by

396  creating two sets J and G, with the assumption that set J represents the positive impacts and set G represents
397 the negative effects. Thus, the relationship between PIS and NIS is defined as equationl18.
PIS = {max V;;|Vj; € J} or {min V;;|V;; € G}
PIS = [V1+ Vot Vn+]
(18)
NIS = {min V;;|Vj; € ]} or {max V;|V;; € G}

NIS = [ViVa........ Vil

398  The Euclidean formula for calculating the distance from the matrices PIS and NIS to the point V;; is equation

399 19
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(19)

Each option's relative proximity is defined. Pay close attention to whether the CL; parameter is lower or
larger in order to make better judgments and decisions. Thus, the greater the value of CL; for the i option,
the more desirable that is option. The expression 20 describes how CL; is computed.

_ S50
CSTHsT

CL; (20)

Due to the fixed value of the fraction's denominator, the closer the option is to the intended state, the larger
the fraction. The Euclidean distance should therefore be evaluated among the options with the greatest
distance. The largest distance from the negative ideal points raises the relative closeness parameter's value
for this purpose. The ranking is determined by the CL; values. This ranking is performed from greatest to
smallest values, meaning that options with a bigger CL; are more favorable and those with a smaller CL; are

less beneficial.

3. RESULTS AND DISCUSSION

Model validation was performed to verify the accuracy of simulation results. This research validates both
the independence of the model from the network and the model's consistency with laboratory results. The
initial mesh consisted of 26,500 cells with an average size of 22 mm. Combustion pressure readings were
used as outputs. By reducing the average grid size of the generated cell values to 45,076,. As the number
of cells increased, the combustion pressure output results diverged and deviated from their optimal state.
Therefore, the optimally utilized mesh with 45,076 cells was evaluated. Figure 3 demonstrates how to

validate and test the mesh's independence.
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Figure 3. Validation and test of grid independence.

A comparison was done between the laboratory data and the computer model to assess the difference
between the numerical study and other researchers' experimental investigations. Upon comparing the
simulation and laboratory data, it was found that there is an error margin of approximately 10% between
the simulation and experimental results. Consequently, the outputs of the simulation model are consistent
with the findings from the laboratory. Figure 4 illustrates the validation of simulation results with laboratory
data.
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Figure 4. Validation of simulation results with laboratory results.

3.1. Optimization Modeling Using RSM Method

CO and NOx emissions can be modeled using a square model. The estimation error of the output is 0.2435
when using the square model. In addition, a value of 0.3974 was recorded for the square method estimation
of the modeling error for NOx production. At a significance level of 5%, neither the independent variables
nor the interaction effects between them may significantly impact the changes in engine emissions.
However, if a significance threshold of 10% is considered, the results of the ANOVA analysis may change.
The emissions of CO pollutants are greatly influenced by two variables: the starting time of fuel injection
and the interaction between compression ratio and injection angle. This was determined through an
ANOVA analysis with a significance level of 0.10. In the study of oxides, nitrogen has a significant impact
on both the start time of spraying (an independent variable) and the output variable, which is affected by
the square of the spraying angle. However, the analysis of the input factors indicates that variations in the
compression ratio and injection angle parameters have minimal influence on the significant level of
emissions generated by the engine under investigation. By analyzing the lack of fit parameters, it can be
concluded that the NOx pollutant emission model is not significantly influenced by the selected parameters
or their interactions (with a significance level of 0.1). Three-dimensional graphs of the response surface
can be used to explore the mutual effects of variables on changes in pollution emissions. The smal