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1. Unburned hydrocarbons
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1. Carbon monoxide
2. Nitrogen oxides
3. Exhaust gas recirculation
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Table 1- Effects of nanoaditives on performance and exhaust emissions characteristics of diesel engines.

Nanoparticle Performance parameters | Emission parameters
Fuel blend concentration Engine characteristics Operating condition Ref.
BSFC BTE CO CO, UHC NOx Smoke
Diesel Carbon nanotubes Single-cylinder, Water-cooled, Constant engine speed of 1800 | | 1 1 1 1 l - [2]
(25, 50, 100 ppm) RATED power of 12 HP@2400rpm, | rpm, Various engine loads (0 —
Displacement of 638 cm?®, 100% of full load)
Compression ratio of 17.7
83% diesel + 2% Aluminum oxide Single-cylinder, Air-cooled, Constant engine speed of 1500 | | 1 1 - 1 l l [9]
surfactant + 15% (25, 50, 100 ppm) Naturally-aspirated, Rated power of rpm, Various brake mean
water 4.4 KW@1500 rpm, Displacement of | effective pressures (0.08-0.53
661 cm®, Compression ratio of 17.5 MPa), constant injection timing
Diesel Ferrofluid (0.4%, Four-Cylinder, Water-cooled, Constant engine speed of 2200 | | 1 1 - - l - [16]
0.8% by Maximum power of 43 KW@4800 rpm, Various brake mean
volume) rpm, Displacement of 1.8 liters, effective pressures 30 —180
Compression ratio of 17 kPa)
Diesel Titanium oxide Four-Cylinder, Water-cooled, Various engine speed (1000— l - l l l - [17]
(0.20%) Turbocharged, Maximum power of 3000 rpm), Constant engine
120 KW@3400 rpm, Displacement load
of 2982 cm?, Compression ratio of
17.9
Diesel Aluminum oxide, Single-cylinder, Water-cooled, Various engine speeds (1200— l - l - l l - [18]
Copper oxide (50 Naturally-aspirated, Rated power of | 3600 rpm), Constant engine
ppm) 5.1 kW, Displacement of 349 cm?®, load (full-load operation)
Compression ratio of 20.3
93% diesel + 2% Carbon nanotubes | Single-cylinder, Air-cooled, Constant engine speed of 1500 | | 1 l - 1 l l [19]
surfactant + 5% (25, 50 ppm) Naturally-aspirated, Rated power of rpm, Various brake mean
water 4.4 KW@1500 rpm, Displacement of | effective pressures (0.8 -5.3
661 cm®, Compression ratio of 17.5 bar)
70% diesel+ 10% Cerium oxide + Single-cylinder, Water-cooled, Constant engine speed of 1500 | | 1 1 l l l [20]
biodiesel+20% Carbon Nanotubes | Rated power of 3.7 KW@1500 rpm, rpm, Various brake mean
ethanol (25, 50, 100 ppm) Displacement of 603 cm?®, effective pressures (0 -0.55
Compression ratio of 5-20 MPa)
Jatropha biodiesel Alumina+ Carbon | Single-cylinder, Air-cooled, Rated Constant engine speed of 1500 | | 1 l l 1 - - [21]
Nanotubes (25 power of 4.4 KW@1500 rpm, rpm, Various brake mean
ppm) Displacement of 661 cm?®, effective pressures (0 -0.53
Compression ratio of 17.5 MPa)
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1. Metal-organic frameworks

2. Zeolitic imidazolate frameworks

3. Zeolitic imidazolate framework (ZI1F-8)

4. Adaptive neuro fuzzy inference system (ANFIS)
5. Particle swarm optimization (PSO)
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. Multi-objective particle swarm optimization (MOPSO)
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. Brake Specific Fuel Consumption (BSFC)
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Table 2: Specifications of equipment and devices used in engine testing.

Test Engine Dynamometer Emissions analyzer Other Device and Sensor
D243 model diesel engine, Vertical, Model AVL APA 100, AVL CEB exhaust gas -Fuel flow meter: AVL Fuel
Four-stroke, Direct-injection, 220-kW Eddy current analyzer, Automatic Balance 733s
Compression-ignition, Four-cylinder, dynamometer, Maximum | calibrated, Emission -Air flow meter: AVL Sensyflow
Naturally aspirated, Air-fuel mixing torque of 934 Nm@8000 | diagnostics of UHC, CO, | 735
method by Space atomization and film rpm CO,, and NOx -Combustion chamber pressure
evaporation, Maximum speed of 2200 measurement: piezoelectric
rpm, Maximum power of 56 kW@2200 transducer (GH13Z-31, AVL)
rpm, Maximum torque of -Exhaust gas temperature sensor:
740Nm@1400 rpm, Swept volume of PT100
4.75 L, Compression ratio of 16.7, Fuel -Lambda measurement sensor: LC-
injection timing 24° BTDC, Injector 2
opening pressure 180 bar -Smoke number measurement

device: AVL 415SE
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Table 3. Characteristics and accuracies of measuring instruments [36].

Parameters Range Accuracy
Engine speed 1-8000 rpm +1%
Torgue 0-934 Nm +1%
Fuel consumption 0-150 kg/h 0.12%
Air flowmeter 0-500 kg/h +0.1%
Combustion chamber pressure 0-250 bar 1%
Lambda 0.5-8.0 +0.7%
Exhaust temperature -200-650 °C + 0.35%
CO 0-100,000 ppm +1%
CO, 0-180,000 ppm +1%
UHC 0-10,000 ppm +1%
NOy 0-15,200 ppm +1%
Smoke 0-10 FSN +0.1%
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1.Transmission electron micrographs (TEM)
2. Scanning electron microscopy

3. Span 80

4. Tween 80
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Fig. 1. TEM images of ZIF-8 (a), and SEM images of ZIF-8 nanoparticle
ZIF-8 0,595l (D) SEM 9 gaa5 g (@) TEM y guai —Y S
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Table 4. Physiochemical properties of the tested fuel blends [36].

Fuel property Standard Diesel Emulsion fuel Nano-emulsion 15 ppm |Nano-emulsion 30 ppm
Density @ 15 °C, (g/cm’) ASTM D445 0.8323 0.8513 0.8512 0.8518

Viscosity @ 40 °C, mm?/s ASTM D445 3.08 4.13 4.17 4.31

Calorific value (MJ/Kg) ASTM D240 45.22 43.80 43.95 43.97

Flash point (°C) ASTM D6450 69 65 66 66

Cetane number (-) ASTM D6890 51.0 48.0 48.7 49.2

Surface tension @ 40 °C ASTM D971 25.45 28.40 28.76 29.02

(dyn/cm)
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Fig. 2. Blend of prepared fuels used in the present study [36].
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Fig. 3. Flowchart of Anfis modeling with input and output parameters at present study.
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Fig. 4. Flowchart of modeling and optimization processes conducted throughout the present study. MF: Membership Function; FIS:
Fuzzy Inference System.
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Table 5- Statistical parameters used in the present study.
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Table 6. Numerical parameters of the PSO and MOPSO algorithms used to adjust the ANFIS topology and optimize the fuel blends
and engine operation condition.

Characteristic PSO algorithm MOPSO algorithm
Maximum iterations number 3,500 8,000
Maximum particles number 300 200
Initial inertia weight 1 1
Inertia weight damping ratio 0.39 0.99
Cognitive acceleration (C,) 1 1
Social acceleration (C,) 2 2
Number of grids per dimension - 30
Inflation rate (o) 0.1
Leader selection pressure (B) 2
Deletion selection pressure (y) 2
Mutation rate (p) 0.1
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Table 7- Performance parameters and exhaust emissions of the investigated diesel engine blends [36].

Sample Water |Nano Load Performance Emissions (g/kW.hr)

0, (o)

) |(ppm) 1) Z?Evcvh) BTE (%) |co co; uHC  INox  [smoke
Diesel 0 0 25 318.6 25.1 7.88 1238.8 1.45 12.23 170.6
Diesel 0 0 50 364.9 23.6 2.50 986.9 0.60 12.77 1012.9
Diesel 0 0 75 353.6 24.4 3.35 964.5 0.48 11.75 1908.7
Diesel 0 0 100 395.5 21.8 12.16 1020.2 0.69 8.45 2767.5
Emulsion fuel 7 0 25 245.4 325 8.98 1199.10 1.763 10.14 979.2
Emulsion fuel 7 0 50 260.4 33.1 4.89 987.4 1.11 10.57 1314.5
Emulsion fuel 7 0 75 282.3 30.6 4.99 961.0 0.77 10.26 1986.7
Emulsion fuel 7 0 100 274.5 314 13.20 1027.5 0.90 8.56 2326.8
Nano-emulsion 15 ppm |7 15 25 233.7 34.1 11.61 1286.1 1.84 10.30 758.4
Nano-emulsion 15 ppm |7 15 50 261.7 33.0 5.18 1039.8 1.05 10.56 1259.8
Nano-emulsion 15 ppm |7 15 75 248.7 34.7 4.47 970.4 0.59 10.45 1975.6
Nano-emulsion 15 ppm |7 15 100 248.3 34.7 10.02 1010.3 1.00 8.47 2128.6
Nano-emulsion 30 ppm |7 30 25 243.7 32.7 14.35 1395.1 2.27 10.72 236.9
Nano-emulsion 30 ppm |7 30 50 256.4 33.7 4.89 1017.5 1.01 9.82 1420.1
Nano-emulsion 30 ppm |7 30 75 255.8 33.8 4.34 961.1 0.64 9.88 1854.1
Nano-emulsion 30 ppm |7 30 100 261.2 33.0 12.21 1023.1 1.00 8.45 2231.4
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Table 8. Statistical performance parameters of the selected PSO-ANFIS architectures in predicting the BSFC, BTE, CO «CO, <UHC:«
NOx and Smoke

Parameter R? MSE RMSE MAE
BSFC Training 0.951 5.39x10°3 0.0700 2.70x10
Testing 0.946 5.72x107 4.88x107 2.84x107
BTE Training 0.983 2.38x10°3 4.82x10° 2.8x10™
Testing 0.998 2.43x10° 4,02x10% 2.79x10%
co Training 0.904 2.16x107 14.65x1072 9.25x107
Testing 0.956 2.22x10% 12.93x10% 9.29x10%
CcO, Training 0.963 3.8x10° 5.99 x10 2.57x10
Testing 0.799 3.99x10° 4.30x10% 2.61x10%
UHC Training 0.869 1.67x10° 12.51x1072 6.01x107
Testing 0.766 1.77x10* 8.88x10% 6.38x10%
NOx Training 0.852 1.41x10° 11.78x107 5.75x10%
Testing 0.954 1.31x10° 8.33x107 5.38x102
Smoke Training 0.971 3.27x10° 5.65x10% 2.68x10%
Testing 0.960 3.32x10° 4,56x102 2.66x107
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Fig. 5. Scatter plots of the experimental and predicted data for the objective functions
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Table 9. Optimal performance and emissions of diesel engine proposed by the MOPSO algorithm and their corresponding outputs
(The bolded line indicates the selected optimal input parameters and the related output variables)

Water | Nano Load BSFC BTE CO CO; UHC NOXx Smoke
(%) (ppm) (%) (g/KW.hr) (%) (g/KW.hr) (g/kW.hr) | (g/kW.hr) | (g/kW.hr) | (g/kW.hr)
4.057 27.45 58.20 328.89 30.01 4.46 986.81 0.6104 10.59 1146.21
4.23 26.64 56.39 331.33 29.83 4.44 981.05 0.6275 10.56 1108.41
4.36 25.50 59.17 332.88 30.56 4.41 967.32 0.6113 10.32 1202.51
3.48 26.32 61.21 331.49 30.74 6.16 987.89 0.5692 10.53 1274.71
4.14 26.27 60.15 328.33 30.68 451 984.96 0.5908 10.54 1214
4.07 28.46 60.83 326.49 30.05 6.20 999.55 0.5944 10.63 1165.21
3.79 27.87 58.57 330.58 30.05 4.43 978.46 0.6131 10.54 1157.07
444 26.78 61.54 332.82 30.42 4.42 969.94 0.6056 10.41 1209.8
3.73 28.55 60.40 324.95 30.29 5.40 1000 0.5733 10.66 1212.09
4.24 27.45 65.43 333.21 30.18 4.41 967.07 0.6199 10.42 1171.03
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English Abstract

Modeling and optimization of performance and emissions of a diesel engine
fueled with water-diesel emulsions containing metal-organic nanoparticles
by machine learning
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The present study aimed to model and optimize the performance and emission characteristics of a diesel engine
fueled with water-diesel emulsions containing metal-organic framework nanoparticles using a combination of
adaptive neural-fuzzy inference system with optimal algorithm particle swarm generation (PSO-ANFIS). The
multi-purpose particle swarm algorithm (MOPSQO) was used to optimize engine performance and fuel
composition. Water inclusion rate, engine load, and metal-organic framework nanoparticle concentration were
considered as input parameters of the model. Brake specific fuel consumption, brake thermal efficiency, CO,
CO,, UHC, NOx, and smoke were considered as model outputs. Sixteen experimental data were used in
modeling and optimization processes. The results showed that the developed PSO-ANFIS models could
accurately predict the objective functions. There was a good agreement between all the target data and the output
of the developed models. According to the optimization results, water-diesel emulsion fuel containing 26.27 ppm
metal-organic framework nanoparticles and 4.14 wt% water under engine load 60.15% of the full-load operating
level was found to be optimal conditions.

Keywords: Water/diesel emulsion, Metal-organic framework nanoparticles, Adaptive neuro-fuzzy inference
system, Particle swarm optimization algorithm.
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