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1. Unburned hydrocarbon
2. Particulate matter
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Table 1- The charactristics of the biodiesel and diesel fuels
Jroem 9 S sbcsgw (b (S -) Joux

Charactristic Standard limit | Biodiesel | Diesel Unit
Kinematic viscosity EN 14214 3.5-5 4.72 3.5 mm2/s
Density EN 14214 - 0.862 0.837 g/cm3
Cloud point ASTM D-2500 - -1 - °C
Pour point ASTM-D97 - -4 - °C
Water and sediment | ASTM D-2709 | 0.05> 0.05 0.05 % vol
Free glycerides ASTM D-6584 | 0.02> 0.016 - %mass
Flash point ASTM D-92 130> 176 >55 °C

1. Response Surface Methodology
2. Exhaust gas recirculation
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Table 2- The charactristics of the engine
ool e S50 59890 wlasiin -Y Jou

Model 3LD 510
Manufacturer Lombardini, Italy
NO. Cylinder 1
Piston stroke 90 mm
Cylinder diameter 85 mm
Cylinder volume 510 cm3
Maximum power (at 3000 rpm) 12.2 hp (9 kW)
Maximum torque (at 1800 rpm) 33 N.m
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1. Eddy Current

2. Specific fuel consumption (SFC)
3. Short Route

4. Long Route
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Figure 1- Schematic of the experimental setup
S boyl ailobw oylg b -y i

Table 3- Experiments matrix
Lo bl (m yilo =Y Jgu

Parameter Symbol Unit Range
EGR percent X4 % [0-30]
Engine load X, % [25-75]
Engine speed X3 rpm [1800-2400]

Biodiesel percent X4 % [0-15]
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Table 4- Dependent variables of the experiments
oilo3 amnly (5o yuicio -F Jgur

Response Unit
NOy ppm
HC ppm
co %

Smoke 1/m
BSFC g/kWh
Power kW
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Table 5- The variables of the objective function of the optimization.
S3lw it Sup 2y Gl yuio -0 Jour

Goal Parameter Objective function
Minimum NO, fi
Minimum Cco fo
Minimum Smoke fs
Minimum HC fa
Minimum BSFC f
Maximum Power fe

Juls ;o SPSS 22.0 4 EXCEL2010 (sla,l38le 5 5l .asos byl (ANOVA) Luiljly Julos bawgs yiolesl (slassls
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1. Power
2. BSFC
3. Duncan
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Table 6- Analysis of the variance of the considered parameters
Sl g ) 32 (U yuicke (ANOVA) (il ylg 43 325 - Jgur

df F- Value Mean square error

6 167.2** 0.000004 Fuel type (A)

6 38.3** 0.000074 (B) EGR rate

4 44.0* 0.000127 (C)(rpm) Engine speed
4 15.3* 0.000998 (D) (%) Engine load
18 20.3* 0.000029 A*B

12 9.1"™ 0.000326 A*C

12 3.6 " 0.001924 A*D

12 8.8 " 0.000342 B*C

12 11.6 ™ 0.000202 B*D

8 2.2 0.010745 C*D

36 5.9 "™ 0.000088 A*B*C

36 6.0 " 0.000083 A*B*D

24 2.1 "™ 0.001496 A*C*D

24 2.3 "™ 0.001181 A*B*C*D
**Significant at 1% level, * Significant at 5% level, "* Not significant

Table 7- Duncan multiple range test of the engine power (kWh)
(KWh) oS31s (g 31 eolistwl b y9ige ()lg (uSloo dumslio =V Jgur

Group | Mean value | ER Group | Mean value EL Group | Mean value | ES |[Group| Mean value | BP
°k % °k % °k rpm °k %

A 2.15 0 A 1.00 25 A 2.04 2100 A 2.16 15
B 2.17 10 B 2.18 50 B 2.16 1800 B 2.17 10
C 2.19 20 C 3.28 75 C 2.33 2400 B 2.17 5
Cc 2.19 30 - - - - - _ B 2.18 0

ES: Engine Speed, ER: Ratio EGR, BP: Biodiesel Percent, EL: Engine Load
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Table 8- Duncan multiple range test of the engine BSFC (gr/kWh)
(9rikWh) SS1s o9y 3l eoliiw! b BSFC (il dmslio —A Jgus

Group Mean value [ER|Group | Mean value |EL|Group | Mean value | ES |Group | Mean value |BP
°k % °k % °k rpm °k %
A 1105.3 10 A 380.06 50| A 489.5 2100 A 879.6 5
AB 1327.3 20 A 392.8 75 A 514.8 2400 B 1287.0 0
AB 1342.5 0 B 3205.1 25 B 2862.1 1800 B 1359.5 10
B 1425.7 30 - - - - - C 1694.6 15
ES: Engine Speed, ER: Ratio EGR, BP: Biodiesel Percent, EL: Engine Load
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Table 9- Duncan multiple range test of the engine soot (1/m)
OS6ls o9y 3l eolaiwl b (1/m) 0090 (5l duylio - Jous

Group Mean value |[ER|Group | Mean value |[EL|{Group | Mean value | ES |Group | Mean value |BP
°k % °k % °k rpm °k %
A 6.80 10, A 3.33 25| A 6.39 1800 A 6.60 10
B 7.22 0 B 5.59 50 B 6.92 2100 B 7.01 15
C 7.53 300 C 12.86 75| C 8.69 2400 C 7.67 5
D 7.72 20 - - - - - - D 7.95 0
ES: Engine Speed, ER: Ratio EGR, BP: Biodiesel Percent, EL: Engine Load
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Table 10- Duncan multiple range test of the engine CO emission (% vol)
oSS gy 3l ool b (o> wis53) CO (nailso dmglio -V Jgur

Group Mean value |ER|Group| Mean value |[EL|Group | Mean value | ES |Group|Mean value |BP
°k % °k % °k rpm °k %
A 0.76 0 A 0.25 25| A 0.49 1800 A 0.63 10
B 0.78 30| B 0.52 50| B 0.71 2100 B 0.67 15
C 0.79 10| C 1.56 75| C 1.17 2400 C 0.88 0
D 0.81 20 _ _ _ _ _ a D 0.96 5
ES: Engine Speed, ER: Ratio EGR, BP: Biodiesel Percent, EL: Engine Load
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Table 11- Duncan multiple range test of the engine UHC emission (ppm)
oSl (gigy 3l ealasiw! b (ppm) UHC (pSibeo duws Lo =V Jgu

Group Mean value |[ER|Group | Mean value |[EL|{Group | Mean alue | ES [Group | Mean value |BP
°k % °k % °k rpm °k %
A 86.69 0 A 49.45 25| A 62.94 1800 A 75.38 10
B 99.19 10 B 72.99 50 B 96.76 2100 B 83.22 15
C 102.46 30 C 169 75| C 135.33 |2400| C 114.64 0
D 102.77 |20 - -1 - - - D 117.22 |5
ES: Engine Speed, ER: Ratio EGR, BP: Biodiesel Percent, EL: Engine Load
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Table 12- Duncan multiple range test of the engine NO, emission (ppm)
SS10 gy 31 eoliiw! b (PpM) NOy (puSilee dums lio —AY Jgur

Group Mean value [ER|Group|Mean value |EL|Group|Mean value | ES |Group|Mean value |BP
°k % °k % °k rpm °k %
A 205.98 3 A 134.14 25 A 197.73 2100 A 208.61 15
B 213.77 20 B 258.25 50 B 213.57 2400 B 211.17 10
C 232.14 10 C 277.09 75| C 261.49 2800 C 234.67 5
D 246.07 0 - - - D 242.33 0
ES: Engine Speed, ER: Ratio EGR, BP: Biodiesel Percent, EL: Engine Load
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Figure 2- Effect of the engine load and EGR rate on the NO, emission and soot in 1800 rpm and B15 fuel
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Table 13- Analysis of the variance of the models
L oo il ylg 4520 VY Jgao

F-value | Mean square | Degree of freedom | Sum of square | Model
42.81** 7.77 14 108.77 Power
27.14** 3.14 14 43.99 CcO
16.37** 4444.28 14 6222219.9 NOy
18.51** 28081.47 14 393140.5 UHC
7.89** 41675198 14 5.83e08 BSFC
28.90** 153.64 14 2151.0 Smoke
**Sjgnificant at 1% level
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Table 14- Statistical parameters of the mathmatical models
by e )bl b ko VP Jou

Parameter | R-Squared | Adj R-Squared | Std. Dev. | C.V. %
CO 0.95 0.94 0.135856 19.6
HC 0.92 0.91 16.22 18.83
NOXx 0.90 0.88 26.98 12.0

Power 0.96 0.95 0.21 9.92
BSFC 0.90 0.89 39.34 8.93
Smoke 0.95 0.94 1.13 15.12

Power = (0.04*EL) + (-7.33e-3*ES) - 0.01*ER + (0.11*BP) + (4.73e-6*EL*ES) + 3.7e-5*EL*ER -
1.13e-4*EL*BP + 5.87e-6*ES*ER - 4.77e5*ES*BP + 6.6965*ER*BP - 7.88¢-5*(EL2) + 1.80e-6*ES2 )
+5.90e-5*ER2 - 7.93e-5*BP2 + 7.08;

1. R square
2. Adjusted - R square
3. Fittness coefficient
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CO =-0.08*EL - 4.3e-3*ES - 0.02*ER -1.36e-3*BP + 2.59e-5*EL*ES + 5.48e-5*EL*ER - 6.2¢-
4*EL*BP + 9.2e-6*ES*ER + 3.66e-6*ES*BP - 2.35¢-4*ER*BP + 5.2e-4*EL2 + 9.02e-7*ES2 - 4.28¢- ()
S5*ER2 + 6.08e-4 *BP2 + 555

NO, = 17.21*EL - 1.61*ES + 0.51*ER + 3.73*BP - 1.55e-3*EL*ES - 0.05*EL*ER - 8.8e-3*EL*BP +
4.73e-5*ES*ER - 1.48e-3*ES*BP -0.07*ER*BP - 0.1*EL?+ 3.86e-4*(ES?) + 0.03*ER?- 0.07*BP*+ ®)
1514.26

UHC = (-7.49*EL) + (096*ES) - 0.17*ER - (0.18*BP) + (2.33e-3*EL*ES) + 0.01*EL*ER -

0.06*EL*BP + 4.69e-4*ES*ER - 1.61e-4*ES*BP - 0.03*ER*BP + 0.05*(EL?) - 2.8e-5*ES?- 0.02*ER? %)
+0.09*BP’+8.76

BSFC = (-28.02*EL) + (L5*ES) + 2.92*ER - 2.12*BP + (2.5e-3*EL*ES) + 7.07e-3*EL*ER -

0.02*EL*BP - 2.02e-3*ES*ER - 1.6e-3*ES*BP - 4.17e-3*ER*BP + 0.19%(EL?) - 3.38e-4*ES*+ )
0.03*ER?+ 0.37*BP?- 631.23

Smoke = (-0.36*EL) + (-8.69e-3*ES) - 0.05*ER + (6.72e-3*BP) + (8.06e-5*EL*ES) - 1.45¢-4*EL*ER

- (3.8e-3*EL)*BP + 5.57e-5*ES*ER - 2.74e-6*ES*BP - 5.06e-4*ER*BP + 4.17e-3*(EL?) + 1.90e- @)
6*ES?- 1.04e 3*ER?+ 5.2e-3*BP?+ 15.09
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Figure 3- Experimntal vs. predicted values of the parameters
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Table 15- The optimized values derived by RSM method

RSM o9, dawgs oulolpscion dugy polio V0 Joua
BP (%) | EGR (%) | ES (rpm) | (%) EL | Factor
5.43 14.97 2080.70 45.3 RSM

Table 16- The experimental values of the responses in comparison with suggested valued by the RSM method
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Soot (1/m) BSFC (g/kWh) Power (kW) UHC(ppm) NO, (ppm) CO (ppm) |Response

Real RSM Real RSM Real RSM Real | RSM | Real RSM | Real | RSM | Source

5.1 4.53 487.05 494.46 1.94 1.85 | 60.78 |62.99|196.25|198.89 | 0.35 | 0.33 Value
11.18 1.52 4.64 3.64 1.35 5.71 Error (%)
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English Abstract

Optimizing the EGR rate, biodiesel fuel ratio and engine working mode
using RSM method
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In this work, the effects of various engine loads, engine speeds, EGR rates and biodiesel ratio in biodiesel-
diesel fuel blends on the emissions and performance of a 4-stroke single cylinder diesel engine have been
investigated. The RSM method has been used to optimize the EGR rate, biodiesel percent and engine working
mode. The highest decrease in NOyemissions while using biodiesel and EGR has been 63.76% with B10 fuel
blend and 30% EGR rate. Simultaneously using EGR and biodiesel reduced CO emission by 4.04, 12 and
1.73% for low, medium and high engine speed. Using biodiesel decreased the HC emissions, so it
compensated the increase of HC due to EGR. The highest reduction in HC emission levels while
simultaneously using EGR and biodiesel has been 54.05%. It is noticeable that the total amount of the smoke
emission levels while using EGR and biodiesel did not change considerably. The optimized condition
proposed by the RSM method has been 45.3% engine load, 2080 rpm engine speed, 14.97 % EGR rate and
5.43% biodiesel blend with diesel fuel.

Keywords: Emission, Biodiesel, Optimization, EGR, RSM.
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