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Table 1- Physical properties of fusel oil constituent

Component Boiling point (°C) Density (g/cm?) Volumetrically %
i-amyl alcohol 131.1 0.8104 61.52
i-butyl alcohol 108 0.802 15.87
n-butyl alcohol 117.73 0.8098 0.708
n-propyl alkyl 91.7 0.8034 0.704

Ethanol 78.4 0.789 8.98
Water 100 1 12.23
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4. Systematic multivariate analysis
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Table 2- Experimental levels of the independent variables

Independent variable Xi Range and levels
-0l -1 0 +1 +o,
Fusel oil (%) X1 0 5 10 15 20
Speed (rpm) Xz 1400 1700 2000 2300 2600
Load (%) X3 0 25 50 75 100
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Table 3- Technical specifications of the single-cylinder diesel engine

Brand Lombardini
Model 3LD 510
Weight 60 Kg
Type 4stroke
Displacement 510 Cm®
Bore 85 mm
Stroke 90 mm
Power 9 kW
Torque 33 N.m
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Figure 1- The schematic view of the engine test bed: 1- Fusel, 0il 2- Fuel, consumption meter, 3- Diesel engine, 4- Dynamometer
control panel, 5--Dynamometer, 6- Gas Analyzer, 7- Computer
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Table 4- ANOVA table for brake power

Source df Sum of square Mean square F value P value
Model 9 19.13 2.13 30.77 <0.0001
X1 1 0.037 0.037 0.53 0.481
X, 1 0.66 0.66 9.56 0.0114
X3 1 17.17 17.17 248.55 <0.0001
Xo xX; 1 0.0524 0.0524 0.076 0.78
X3 XXy 1 0.36 0.36 5.18 0.0361
Xz xX, 1 0.045 0.045 0.663 0.036
X 1 0.18 0.18 267 0.013
X5 1 0.36 0.36 5.19 0.0451
X3 1 0.21 0.21 3.07 0.11
Residual 10 0.69 0.69
Lack of fit 5 0.39 0.078 1.3 0.39
Pure error 5 0.3
Total 19 19.93
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Table 5- ANOVA table for Torque

Source df Sum of square Mean square F value P value
Model 3 236.57 78.86 10.91 0.0004
X 1 38.90 38.90 5.38 0.0319
X, 1 7.49 7.49 1.04 0.0413
X3 1 190.17 190.17 26.31 0.0001
Xy XXy 1 0.21 0.21 0.023 0.88
Xz xX; 1 0.054 0.054 0.0597 0.0439
Xz XX, 1 0.67 0.67 0.075 0.7
X4 1 0.14 0.14 0.016 0.019
X5 1 2.78 2.78 0.31 0.049
X3 1 5.94 5.94 0.66 0.0435
Residual 10 89.84 8.98
Lack of fit 5 72.60 14.52 421 0.0703
Pure error 5 17.24
Total 19 352.54
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Figure 2- Deviation from Reference Point (a: power, b: Torque)
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Figure 3- Interaction effect of fusel oil and speed on BSFC (a: 2D, b: 3D)
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Fig. 4- Interaction effect of fusel oil and speed on CO (a: 2D, b: 3D)
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Figure 5- Interaction effect of fusel oil, speed and load on NOx (a: 2D, b: 3D)
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Figure 6- Interaction effect of fusel oil, speed and load on UHC (a: 2D, b: 3D)
A gand (259 e 0 VT )l o3 9 590 (JSI gy Commnd Jillin 1 (D) Gamsaws Hlogai 5 @) 315 bgkas -F S


www.SID.ir

Ol FdalS laat Jdoas oIS ey Comnd (lBI L oo plis Gl mhaw g il e 5l Jol> b

30 e, V0 als DgoFap oS 5 4 S DggF1o oSy3 Yoo orpm (90 50 ol oo iolS aid g sl g j0ue
590 50 il Glilge 4 b-F g a-F JSb y0 sadesls las s 4 4> g5 b yuizren .o saslie UHC oV 5
S Gt el omny cnl &5 wbioo RlBN jaidew ()99 jLid g Lo (3l il alaaze )3 lga JALiiel OS> ¢ gige
58 il b ols lias Gabios cpl 0 sdwel Cavda e s .[Y‘nY‘l]ay‘)s@ UHC so¥T iols s o g &g
Ao, YO 5L Giolidl LYY e erpm (o0 50 puizran .l oo iul38l UHC san VT liae gige p oad Jleel Jb oliee
Ol GRlR LBl Gl laygise 5o aloe SRl ae)s YV e 4 UHC oai¥T (e waoyo VO 4,
JB g sl i (o) 4S50 g 009 (6 regS gl Sl iy T9am SS9 S 5ige p oad Jlecl
OS99 (§)laie A )3 g wiSgud JolS jsbody S g 39500 by e oS Sloj 5o I el 5li 050 S5 g

I¥ logs co odgs

(CO2) (55 dpuaS g0
SeST (63 58 (295 Oliee Sl il mhaw b9y Lawss sndsile e (dman Jl3ges g (gamgs 5l bolas v JSS
Olis o9e b Olime Gl b wols lis gl aas oo Ol |y H9ige y99 9 Js=JSIl o) calides slaces ;o (05
Slp IS s, JL3le o (S 5eST j9a> g fiier CEsw Brae oo JulB CE g slabglie pled sl CO;
Voo 1M 5l Gliee 50 Gl bl Heise )b Gl olen & €Oz JSis (lidl corge g oS (559
ol sl o 5aenST JsSge 9929 Jdoas wilss oo el oyl 2ol sty €Oz (ylyae 0 (sauo,o Y ial33l Y8+ - rpm &
COz lyme «¥Fe rpm a4y VY. e 1pm 51 500 iol3dl olo lis alas” sl gbod lawgs ol (5135 bl bl o g

.[YV‘W]Mo@ ol e YO ) 59551 29,

C02 (% V)
6
5
4
o= ]
g N
=% © 3
& S
3 g 3
<]
2, © 4
wv

75.00

) 55.00 10.00
750 1000 1250 Load (%) *5% 75 Fusel oil (%)
Fusel oil (%) 3500 5.00
a b

Figure 7- Interaction effect of fusel oil, speed and load on UHC (a: 2D, b: 3D)
393551 (2905 (155 ST (63 2 5l 0o y0 9 99 (SN (€9 Comud Jililio J1(D) (urstw H1090d 9 (@) 15 bghas -V Kb

Tl o gy (g lwadaty
P50 looai ¥l flie g0 Sloe 1 5350 51 § Sty (S g S 5 ST (g5lodigy jslateas Design Expert 10 15810 5 5|
2 SN e sb g 5ee H90 (g oS el (9995 eyl (g Ll ol eslanul jaikew S 5o
OIS gl cangllae &b 3l eolatnl b ddanais giluaigs ols Gudod 0l sl ¥ Jgds )0 sadiosls )Lis eagase

Ve


www.SID.ir

6091 Fuds Slgzdeze 9 (2o (SO > ol pall e dese

aipeS 4 Loun¥T (lie 5 0y S g Bran 5 995 e a4y jgige jgLlS g ol5 Az ye o plodl Gl gl i
5 iy ol Bam by il 5o 5 il se il (st Sorsllan Sl e & Bl 035 095 Jae
ol ol s 28,5 13 ¥ Lol S sl ol 5 WELILL) Gy (5000359 oy soled (sl somsllas
&b Gliae 0,5 bl age balpl flgrean 1) T4 5L o YYEF 1pm Ce s MV/OVT IS 29,5 (liae (s 3loaings
oVl pusan g OF/O PPM g AVIY o jas abais 'l ;0 UHC g NOX (slaoso¥T .awl cavsas < IVY ply coogllas
alas (pl )0 059 Ci g Bpan g olgs gl polie .aSoe] Casods ez doys VA g VYT Ll o 54 CO4 CO,

el Cawsas YOF/O Kg/Kw.hr g 1/8 KW V+/a Nom o5 s

s VO N T ) S g e mhaw Oy Jpo- USI g, calizee SLLS 5 Sl (cwyp & st LIS cpl
c.:Lu W) wlo); (Y?‘ ‘I’pm 9 Y\N‘ M ‘\V‘ “Y‘ A 4\?‘ ’) )9J5A MC)M 9 (\ . “/- 9 V&/ sa"/- c\'&/ s‘./-) )Lg ‘(Y"/.
g bl laaeds Fo7 5L g YYEF rpm e s NV/OY 7SI 29, liee oslgs o0 a5 slo lis (g5leaige 5l Jol>
g AVIY (s e o sl (gl UHC g NOX (slavonis¥T yl5e 20,5 bl J oSl 589, Cgus 5l oolil jglateas
5 olg ¢yl ol Casay o> doyo N YIYYE Ll s 54, CO4 CO, oo VT olis cyixen ¢ 0F/0 ppm
s e o ol lis gl ol Cawoas YOF/O KG/KW.Hr  1/4 KW Y +/8 Nm coos s calads cpl 18 0%y Cguw B puao
oo GRIB s JslAS g Gles (s CEse b eSS 0 IS Es, Ol (R L oSS ST 3l
ol 59551 (29,5 CO2 5 CO (glaouy¥T Lacl e § Cog (5o )5350 52 ool Jlosl Jl (al33l b (oppizean
@b 2l Gals IS o - s g Glabglia pled (sl 55551 (29,5 NOx (e ¢)5590 j9o SRl L .cdly

Db oo 20l Jpo CS g b CuS 50 S eg, duoye 2al38 L UHC slasanVT ol ol olis

@‘a)ﬁs s & e

ol 0 5l 5lenl )l pez dpd sRiils i gty s ailaghy ol Lael Joee 1YY o lad 4 2,k ol (Il A e

&Lw

1. S. H. Hosseini;- A. Taghizadeh-Alisaraei, B. Ghobadian, and A. Abbaszadeh-Mayvan, “Modeling the effects of
Carbon nanotubes added to diesel-biodiesel fuel blends on performance and emissions of a diesel engine using artificial
neural network,” Fuel and Combustion, 10, 2016, pp. 1-16. (in Persian).

2. B. Najafi and M. Khani, “Study of the effect of ethyl ester of sunflower oil and its different mixtures with diesel on
performance and emission parameters of a turbocharged direct injection diesel engine,” Fuel and Combustion, 4, 2011,
pp. 1-11. (in Persian).

3. M. A Rajaeifar, M. Tabatabaei, H. Ghanavati, B. Khoshnevisan and S. Rafiee, “Comparative life cycle assessment of
different municipal solid waste management scenarios in Iran,” Renew. Sustain. Energy Rev., 51, 2015, pp. 886-898 .

4. B. Ghobadian, “Liquid biofuels potential and outlook in Iran,” Renew. Sustain. Energy Rev., 16 ,2012, pp. 4379-4384 .

5. M. A. Ghadikolaei, “Effect of alcohol blend and fumigation on regulated and unregulated emissions of IC engines - A
review,” Renew. Sustain. Energy Rev., 57,2016, pp. 1440-1495.

6. A. Sharma and S. Murugan, “Combustion, performance and emission characteristics of a DI diesel engine fuelled with
non-petroleum fuel: a study on the role of fuel injection timing,” J. Energy Inst., 88, 2015, pp. 364-375.

7. D. Hulwan and S. Joshi, “Performance, emission and combustion characteristic of a multicylinder DI diesel engine
running on diesel-ethanol-biodiesel blends of high ethanol content,” Appl. Energy, 88, 2011, pp. 5042-5055.

8. M. Abu-Qudais, O. Haddad and M. Qudaisat, “The effect of alcohol fumigation on diesel engine performance and
emissions, Energy Convers. Manag,” 41, No. 3, 2000, pp. 389-399.

9. Y. Noorollahi, M. Azadbakht, and B. Ghobadian, “The effect of different diesterol (diesel-biodiesel-ethanol) blends on
small air-cooled diesel engine performance and its exhaust gases,” Energy, 142, 2018, pp. 196-200.

10. G. Labeckas, S. Slavinskas and M. Mazeika, “The effect of ethanol-diesel-biodiesel blends on combustion, performance

V¥


www.SID.ir

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

and emissions of a direct injection diesel engine,” Energy Convers, 79, 2014, pp. 698-220.

N. Yilmaz, F. M. Vigil, A. Burl Donaldson, T. Darabseh, “Investigation of CI engine emissions in biodiesel-ethanol-
diesel blends as a function of ethanol concentration,” Fuel, 115, 2014, pp. 790-793.

E. Dogan, T. Dunaev, T. H. Erguder and G. N. Demirer, “Performance of leaching bed reactor converting the organic
fraction of municipal solid waste to organic acids and alcohols,” Chemosphere, 74, 2009, pp. 797-803.

F. Welsh and R. Williams, “Lipase mediated production of flavor and fragrance esters from fusel oil,” J. Food Sci., 54,
1989, pp. 1565-1568.

A. Calam, H. Solmaz, A. Uyumaz, S. Polat, E. Yilmaz and Y. Iginglr, “Investigation of usability of the fusel oil in a
single cylinder spark ignition engine,” J. Energy Inst., 88, 2015, pp. 258-265.

O. I. Awad, O. M. Ali, R. Mamat, A. A. Abdullah, G. Najafi, M. K. Kamarulzaman, I. M. Yusri and M. M. Noor, “Using
fusel oil as a blend in gasoline to improve Sl engine efficiencies: A comprehensive review,” Renew. Sustain. Energy
Rev., 69, 2017, pp. 1232-1242.

H. Solmaz, Combustion, “performance and emission characteristics of fusel oil in a spark ignition engine,” Fuel Process
Technol, 2015, 133, pp. 20-8.

A. Calam, Y. Igingiir, H. Solmaz and H. Yamik, “A comparison of engine performance and the emission of fusel oil and
gasoline mixtures at different ignition timings,” International Journal of Green Energy, 12, No. 8, 2015, pp. 767-772.

G. Najafi, B. Ghobadian, T. Yusaf, S. M. Safieddin Ardebili and R. Mamat, “Optimization of performance and exhaust
emission parameters of a Sl (spark ignition) engine with gasoline-ethanol blended. fuels using response surface
methodology,” Energy, 90, 2015, pp. 1815-1829.

S. M. Safieddin Ardebili, T. T. Hashjin, B. Ghobadian, G. Najafi, S. Mantegna and G. Cravotto, “Optimization of
biodiesel synthesis under simultaneous ultrasound-microwave irradiation using response surface methodology (RSM),”
Green Process. Synth., 4, 2015, pp. 259-267.

O. I. Awad, R. Mamat, O. M. Ali, I. M. Yusri, A. A. Abdullah, A. F. Yusop and M. M. Noor, “The effect of adding fusel
oil to diesel on the performance and the emissions characteristics_.in a single cylinder ClI engine,” J. Energy Inst., 90,
2017, pp. 382-396.

O. Awad, R. Mamat, O. Ali and W. Azmi, “Response Surface Methodology (RSM) based multi-objective optimization of
fusel oil-gasoline blends at different water content in Sl engine,” Energy Convers, 15, 2017, pp. 222-241.

M. Kiani, D. E. H. Kiani, B. Ghobadian and G. Najafi, “Application of Genetic programming to predict an Sl engine
brake power and torque using ethanol- gasoline fuel blends,” 7, 2013, pp. 7-15.

A. Jamrozik, “The effect of the alcohol content in the fuel mixture on the performance and emissions of a direct injection
diesel engine fueled with diesel-methanol and diesel-ethanol blends, Energy Convers. Manag,” 148, 2017, pp. 461-476.
A. Bilgin, O. Durgun and Z. Sahin, “The effects of diesel-ethanol blends on diesel engine performance,” Energy Sources,
24,2002, pp. 431-440.

O. I. Awad, R. Bin Mamat, O. M. Ali and I.-M. Yusri, “Effect of fuel oil - gasoline fusel blends on the performance and
emission characteristics of spark ignition engine: A review,” 3, 2016, pp. 31-36.

O. I. Awad, R. Mamat, T. K. Ibrahim, F. Y. Hagos, M. M. Noor, I. M. Yusri and A. M. Leman, “Calorific value
enhancement of fusel oil by moisture removal and its effect on the performance and combustion of a spark ignition
engine,” Energy Convers. Manag., 137, 2017, pp. 86-96.

M. Dorado, E. Ballesteros, J. Arnal and J. Gomez, “Exhaust emissions from a Diesel engine fueled with transesterified
waste olive oil,” Fuel, 82, 2003, pp. 1311-1315.

M. S. M. Zaharin, N. R. Abdullah, G. Naja, H. Sharudin and T. Yusaf, “Effects of physicochemical properties of
biodiesel fuel blends with alcohol on diesel engine performance and exhaust emissions: A review,” 79, 2017, pp. 475-
493.

G. Najafi, B. Ghobadian, A. Moosavian, T. Yusaf, R. Mamat, M. Kettner and W. H. Azmi, “SVM and ANFIS for
prediction of performance and exhaust emissions of a Sl engine with gasoline-ethanol blended fuels,” Appl. Therm. Eng.,
95, 2016, pp. 186-203.

B. Rajesh Kumar, S. Saravanan, D. Rana, V. Anish, A. Nagendran, “Effect of a sustainable biofuel-N-octanol-on the
combustion, performance and emissions of a di diesel engine under naturally aspirated and exhaust gas recirculation
(EGR) modes,” Energy Convers. Manag., 118, 2016, pp. 275-286.

D. H. Qi, K. Yang, D. Zhang and B. Chen, “Combustion and emission characteristics of diesel-tung oil-ethanol blended
fuels used in a CRDI diesel engine with different injection strategies,” Appl. Therm. Eng., 111, 2017, pp. 927-935.

VoY


www.SID.ir

6091 Fuds Slgzdeze 9 (2o (SO > ol pall e dese

English Abstract

Optimization of performance and emission characteristic of fusel oil-diesel
blends using response surface methodology
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The alcohol-based fuels have attracted the attention of alternative fuel researchers. Fusel oil is an alcohol-
based fuel collected as a by-product during bioethanol production. The main objective of this study is to
determine the optimal blending ratio of fusel oil-diesel regarding the performance-and emissions of spark
ignition engine using response surface methodology based on CCD design. In this research, experimental
investigations have been performed with different fusel oil-diesel blends (0%, 5%, 10%, 15% and 20%),
different loads (0%, 25%, 50%, 75% and 100%) and different engine speeds (1400, 1700, 2000, 2300 and
2600 rpm).The multi-objective optimization was performed to maximize the power and torque, and minimize
BSFC, NOx, UHC and CO emissions. The best combination of engine parameters was found to be 11.57%
fusel oil, 40% load and 2264 rpm engine speed. The optimal values were 1.9 kW, 10.9 N.m, 354.5 g/kWh,
0.19, 54.5, 2.34 and 87.7(V%) for power, torque, BSFC, CO, UHC, CO2 and NOx emissions, respectively.
The results showed that fusel oil usage increased power and torque. It was also found that both NOx and
UHC emissions decreased.

Keywords: Fusel oil, Engine Performance, Exhaust Emissions, Response surface methodology

Vo f


www.SID.ir

