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SOMKIAT MAITHOMKLANG : THE USE OF WASTE PLASTIC OIL
AS ALTERNATIVE FUEL FOR COMPRESSION IGNITION ENGINE.

THESIS ADVISOR : EKARONG SUKIIT, Ph.D., 210 PP.

WASTE PLASTIC OIL/DIESEL ENGINE/PERFORMANCE /EMISSIONS

The use of waste plastic oil as alternative fuel for CI engines was investigated
in this research, which focused on physical and chemical properties of fuel, engine
performance, combustion characteristics and exhaust emissions. Waste plastic oil
(WPO) produced by pyrolysis process was blended with diesel fuel (DF). The engine
test was carried out on 4-cylinder, 4-stroke and DI diesel engine without any engine
modification at constant speed of 2,500 rpm with varying engine operating loads. The
experimental results showed that WPO possessed higher cetane index with respect to
DF. However viscosity, density, flash point and heating value of WPO were lower than
those of DF. The results of engine test found that the use of WPO led to an increase in
brake specific fuel consumption (BSFC) and a reduction in brake thermal efficiency
(BTE). The peak pressure and peak rate of heat release of WPO were higher than those
of DF. The combustion of WPO tended to increase oxides of nitrogen (NOx),
hydrocarbon (HC) and carbon monoxide (CO) while a reduction in smoke was obtained
with respect to diesel fuel combustion.

It was previously reported that oxygen present in fuel molecule can improve
combustion process, leading to a reduction in emissions. Hence, in this research, two
oxygenated fuels consisting of diethyl ether (DEE) and butanol (BU), both possess

same number of carbon, hydrogen and oxygen atom but difference functional group,



were blended with the WPO. The WPO was blended with 16% of diethyl ether (DEE16)
and 16% of butanol (BU16). The results found that BSFC of DEE16 and BU16 were
higher compared to that of WPO, while DEE16 and BU16 showed lower BTE to that
of WPO at all engine loads tested. Comparing the addition of DEE and BU, BTE of
DEE16 was slightly higher than BU16. It was observed that the combustion of DEE16
produces lower NOx, CO, HC and Smoke at high engine load condition with respect to
the combustion of BU16. However, fuel properties of WPO blended with DEE and BU
were needed to improve such as kinematic viscosity, flash point and lubricity.

Therefore, the effect of biodiesel addition to such fuel blends was also
investigated. Biodiesel with higher viscosity and flash point and better lubricity was
expected to restore such poor properties of WPO blended with DEE and BU. Biodiesel
derived from castor oil (COME) was selected for the test due to extremely high
viscosity, density and lubricity compared to other feedstocks used to produce biodiesel.
Four tested fuels with same oxygen content were prepared for fuel properties and engine
test. Experimental results showed that the use of COME led to higher kinematic
viscosity and flash point, while the addition of 5% COME was not enough to improve
lubricity of fuel blends. The results of engine test reported that BSFC decreased with
the addition of COME whereas BTE tended to increase with the addition of COME.
The presence of DEE and COME in WPO (DEE11.5BIO5) showed more advantage to
decrease NOyx, CO and HC emissions at all engine operating loads tested than the use
of BU and COME (BU11.5BIO5), while the benefit of DEE11.5BIOS5 to improve

smoke emissions was obtained at high engine operating load.
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anmzililunszuaums HaNaNgIga

Uszianvesvezwanadin !ﬂémﬂﬁﬂiiﬁ qaunni AnuaY | easImsivanuien | nm Vi uhg | vesuds

(°C) (°C/min) (min) (Yowt) (Yowt) (%wt)
Polyethylene Terephthalate : PET - 500 1 atm 6 - 38.89 52.13 8.98
High-Density Polyethylene : HDPE | Horizontal steel 350 = 20 30 80.88 17.24 1.88
Polyvinyl Chloride : PVC Vacuum Batch 520 2 kPa 10 - 12.79 0.34 28.13
Polystyrene : PS Pressurized Batch 425 0.31-1.6 MPa 10 60 97.00 2.50 0.50
Low-Density Polyethylene : LDPE Pressurized Batch 425 0.8-4.3 MPa 10 60 89.50 10.00 0.50
Polyethylene : PE - 450 - 10 75 25.00 62.00 13.00
Polypropylene : PP Horizotal Steel 300 - 20 30 69.82 28.84 1.34
Mixed Plasetics (PS / PP) - 450 - 10 75 25.00 69.90 5.10
Mixed Plasetics (PS / PE) - 450 1 10 75 54.00 38.30 7.70
Mixed Plasetics (PP / PE) - 450 - 10 75 24.00 51.20 24.80
Mixed Plasetics (PS / PE / PP) - 450 7 10 75 49.00 47.10 3.90
Mixed Plasetics (PS / PE / PP / PET) - 450 - 10 75 40.00 42.00 18.00
Mixed Plasetics (Over all) - 400 1 atm - 240 80.00 5.00 15.00
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(4.1%), C,, — Cy (7.6%), Cp, — Cyy (16.4%) (Manietal.,2011) NIU I1NNITIUATICH
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(Damodharan et al., 2017)
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{ J Y a
A1519% 2.5 99alsneumuniivesiiiuveznaraan (Damodharan et al., 2017)

Molecular | Molecular Weight | Retention Time | Composition
Chemical Compounds

Formula (g/mole) (min) (%)
2,2, 9 -Trimethyldec-5-ene-3, 8-dione C;H,,0, 210.3126 9.77 5.934
Ethyl dodecyl ether C,H,,0 214.3874 10.12 4.411
1-Dodecanol, 3, 7, 11-trimethyl C;H,,0 228.4140 10.45 10.905
1- Hexadecanol, 2-methyl C;H,,0 256.4671 12.43 2.472
3-Chloropropionic acid, octadecyl ester C,H,ClO, 361.0020 12.78 3.141
4-Octadecanal CH,,O0 268.4778 13.37 11.025
2.5-Dimethyl-4-benzyl-pyridine C H,N 199.2884 14.17 10.691
2-Hexadecanol C,H,,0 242.4406 14.55 4.972
4-[1, 5-dimethylhexyl]-1-cyclohexeneccarboxylic

C;H,0, 238.4100 15.02 7.484

acid
Z-5-Methyl-6-heneicosen-11-one C,,H,,0 322.5683 15.73 8.057
cis- 1-Chloro-9-octadecene C,HCl 286.9230 17.57 9.836
1-Methyl [tetramethyllene] silyoxyundec-2-ene C,H,,0Si 268.5100 16.73 4.448
Sprio [7H-cyclohepta[b]furan-7, 2°(5’H)-furan]-
2, 5°(3H)-dione, octahydro-8-hydroxy-6, 8- C,;H,,0, 280.3200 17.57 9.836
dimethyl-3-methylene-(9Cl)
Xylofuranose, cyclic 1, 2:3, 5-bis[butylbonate] C,;H,,B,0; 281.9487 18.33 9.207
Toluene-4-sulfonic acid, 2, 7-dioxatricyclo-dec-

C,;H,O,S 310.3650 19.10 3.996
10-yl ester
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Aanunia anuvuniy YSuandr mveenmu yaluam el yeeziidu wag

a ag

astiaera Taeldingaundluvezwanadntszianars q laun Indwiaunsvnuan (PET)

Twalusiay (PP) In@enaununuiugs (HDPE) Inalenauaunuiug (LDPE)

uaz Twaa I3y (PS) @Ia15199 2.6

[ Y 9
A15190N 2.6 ﬂmﬁuwmm%mwawmumumﬂs‘wmﬁ@m (Damodharan et al., 2017)

.z Uszinnvesvazwaradn
paaNUA NG

PET HDPE | LDPE PVC PP PS
fhmm?am%mwaa (MJ/kg) 28.2 40.50 39.50 21.10 40.80 43.00
arugaedile i 60 °F N.A 27.48 47.75 38.98 33.03 N.A
ANUNIIA (mm’/s) 0.90 5.08 5.56 6.36 4.09 1.4
ANUHU MUY 1’7i 15 °C (g/cm’) N.A 0.89 0.78 0.84 0.86 0.85
Wuaud (%wo) N.A 0.00 0.02 N.A 0.00 0.006
18V00ANY MON (min) N.A 85.30 N.A N.A 87.60 N.A
18v00AMY RON (min) N.A 95.30 N.A N.A 97.80 90-98
9 lnam (°C) N.A -5 N.A N.A -9 -67
gl (o) N.A 48 41 40 30 26.1
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Ingay aved | Msulii;m | Sandwlua | gamgil | sveznm | wawda
(Oil : Alcohol) |  (°C) @lug) | (%)
Jatropha Methanol KOH 5:1 60 1 -
Mabhua oil Ethanol Sulfuric acid 20:1 72-175 5 -
Palm oil Methanol NaOH 6:1 65 3 87.00
Pongamia Methanol KOH 20:3 55-65 0.75 -
Coriander seed oil | Methanol Ch,0ONa 6:1 60 1.5 94.00
Neem oil Methanol NaOH 3:1 55-61 6-7 95.00
Peanut seed oil Methanol NaOH 6:1 60 2 89.00
Rapeseed oil Methanol CaO 15:1 65 3 94.60
Rice bran oil Methanol KOH 6:1 70 1 94.00
Rubber seed Methanol H,SO, 3:1 60 2 91.05
Soybean oil Methanol KOH 9:1 60 1 93.20
Sunflower Methanol NaOH 6:1 60 2 97.10
Waste cookng oil Methanol 10%MgO/TiO2 50:1 170 - 91.60
Castor oil Methanol KOH 8:1 25-80 120 87.30
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L x Uszanvesingau

paNUAraINES 5 > s 5

) Hiiuazya wuthay | dfudamdes | diniuay
f’hmm?am%mwaq (MJ/kg) 37.6 37.2-39.9 37.3-39.7 42.67
ANUNUIUY (kg/m’) 928.7 870 - 878 855 - 914 873
ANUTHA (mm’/s) 16.67 4.50-5.11 4.06 -39.5 4.23
TUIUFNY 489 50.0 - 62.0 37.0-51.3 -
9 lnam (°C) - 8 - 4.2
g (o) - 173 69 -163 148
yaan il () - 182 - -
99U (°C) - 14 - 10.2
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TasuInn31¥ (Gas Chromatography : GC) wu31 Hnsalviunaninulululefwasin
1w a 1 a a a Jaa a A aa a
WHAInQALAIN 9 Ao nialemon niadlwadn nsathanan nsa@Agsn nIass Iumon

Ia a a a < 9 [ A
ﬂiﬂﬂ?ﬁlli@lla@ﬂ Ltazﬂmaimauﬂ L“]J‘Lmu ANFTINN 2.12

A J @ =
ATNN 2.12 mﬂﬂ‘izﬂammﬂm"lwuclu"lﬂamma (E et al., 2017; Mubofu, 2016)

n3a Tl sinfiaze Vit fidamaes sifiuaydn
nsaloison (C18:1) 3.00 38.60 21.27-23.26 41.62 —49.39
N3Aa lUadn (C18:2) 420 6.60 53.70 — 55.53 33.00 — 36.99
nsathdnan (C16:0) 1.00 49.80 11.70 - 11.75 13.23 - 16.00
NIAAAETN (C18:0) 1.00 2.90 3.15-3.97 5.40 —7.00
nsmhdnTaadn (C18:1) - - - 0.85
n5Aa lwatin (C18:3) 0.30 0.40 6.31—8.12 0.22>0.80
N5ABZIITAN (C20:0) - - 1.23 0.20
A5ANI1TN (C17:0) - - - 0.10
nsalasadAn (C14:0) - 1.10 - -
N3AA0IN (C12:0) - 0.20 - -
N35A3% 1Uadn (C18:1 OH) 89.50 - - -
nsalalansendainesn 0.70 - - -
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Molecular Formula CyH, CH,-OH C,H,-OH C,H,-OH C,H,-OH
Molecular Weight (kg/kmol) 190-211.7 32.04 46.07 60.09 74.12
C (%wt) 86.13 37.48 52.14 59.96 64.82
H (%wt) 13.87 12.48 13.02 13.31 13.49
O (%wt) 0 49.93 34.73 26.62 21.59
Solubility (g/L) Immiscible Miscible Miscible Miscible 77
Lubricity (um corrected wear scar) 315 1100 1057 922 591
Cetane Number 52 5 8 12 17
Self-Ignition Temperature (°C) 254-300 463 420 350 345
Density (kg/m3) at 15 °C 835 791.3 789.4 803.7 809.7
Viscosity at 40 °C (mm/s’) 2.72 0.58 113 1.74 222
Lower Heating Value (MJ/kg) 42.49 19.58 26.83 30.63 33.09
Latent Heat of Evaporation (kJ/kg) 270-375 1162.64 918.42 727.88 581.4
Vapor Pressure (mmHg) 0.4 127 55 20 7
Cold Filter Plugging Point (°C) -17 <-51 <-51 <-51 <-51
Boiling Point (°C) 180-360 64.7 78. 97.1 1175
Flash Point (°C) >55 11-12 17 11.7 35-37
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Carbon Content (%wt) 87 64.9
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Constant Total Uncertainty Kinematic Viscosity Range
Size
mm’/s” (cSt/s) % mm’/s’ (cSt/s)
25 0.002 up to 3 £0.30 0.5t02
3t0 30 +0.35
50 0.004 0.8to 4
30 to 100 +0.50
75 0.008 1.6 to 8
100 0.015 3 tol5
150 0.035 7to 35
200 0.100 20 to 100
300 0.250 50 to 250

117 : Instructions for the use of the Cannon — Fenske routine viscometer
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Pressure Sensor

Items

Specification

Measuring range

0—250/0 — 300* bar

Sensitivity

=~ -20/ = -19*

Natural frequency

~ 160 kHz

Linearity

<+ 03/<+ 0.5%

Temperature range

-20-350

Mounting bore

eb,7 (6054A..)
____ymin. 27,5 (6052C...)

N

7.9
SRS
max. 1,8

[
[

max. 0,1x45°
G

|
|
|
!
| 7 m5x05
|
|
|
|

25..4,

@3

B2

Crank Angel Encoder

Model

Crank Angle Encoder Type 2614C11

Crank angle signal

720 x 0.5 degree

Speed range 0—12000 1/min
Temperature range -40 -85 °C
Mechanical Interface/Mounting diameter 60 mm.

(mounting compatibility to Type 2614B1)

Encoder Electronics

Model

Encoder Electronics Type 2614C21

Control & Indication LED’s

Power, Rotation CW'/CCWz,

Trigger, Synchronization

Output signal to Indicating System

LVDS - Signal

TTL - Signal

Temperature range

-30-70°C
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1 3.27 1n5esmswiuna leido (Flue Gas Analyzer)
(nN) 13094030 TESTO § TESTO 308

(v) 195094030 TESTO JU TESTO 350
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Technical Data
Sensor Type Photodiode
Measureing Range 0to 6 RZ
Accuracy *1 digit T 02RZ
Resolution 0.1 RZ
General Techical Data
Pump Capacity 1.630.11

Reference Filter

At 990 mbar and +20 °C Amblent Temperature

Display

Segment display with background Illumination

Norms and Tests

1.BImSchV, METAS, EU-Guideline 2004/108/EG

Operating Temperature +5 to +45 °C
Storage Temperature -20 to +50 °C
Protection Class 1P40
Interfaces IR /IRDA Interface

Gas Sampling

Stainless Steel Pipe ca. 220 mm, Rubber Hose 100 mm
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Measurement Measurement Accuracy Resolution
Parameter Range
0, 0—25vol.% + 2vol% 0.01 vol%
CO, H,-comp. 0 - 10000 ppm | = 10 ppm (0-199 ppm) 1 ppm
+ 5 ppm of reading (200-2000 ppm)
+ 10 ppm of reading (rest of range)
CO,,,, H,-comp. 0 — 500 ppm + 2 ppm (0-39.9 ppm) 0.1 ppm
+ 5 ppm of reading (rest of range)
NO 0 — 4000 ppm + 5 ppm (0-99 ppm) 1 ppm
+ 5 ppm of reading (100-1999 ppm)
+ 10 ppm of reading (rest of range)
NO,,., 0 —300 ppm + 2 ppm (0-39.9 ppm)
+ 5 ppm of reading (rest of range)
NO, 0 — 500 ppm + 5 ppm (0-99 ppm) 0.1 ppm
+ 5 ppm of reading (rest of range)
CO, (IR) 0—50vol.% + 0.3 vol.% 0.01 vol%
(0-39.9 vol. %) (0-25 vol %)
+ 0.5vol.% + 0.5vol.% ofreading 0.1 vol%
(rest of range) (>25 vol %)
HC Natural gas: + 400 ppm 10 ppm

100 40000 ppm
Propane:

100-21000 ppm
Butane:

100 — 18000 ppm

(100-4000 ppm)

+ 10% of reading (rest of range)
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M135199 3.8 doyatunizveuniosiioin HORIBA jU MEXA-584L

Items Specification
Model Opacimeter - MAHA MDO2-LON
Measurement principle Absorption photometry
Wave length of the spotlight 567 nm
Measurement chamber length 430 mm

External/Internal diameter of test chamber

28 mm/25mm

Warm-up time of the measurement chamber 180 s
approx.

Measurement range turbidity 0—100 %
Measuring range absorption coefficient 0-m"

15199 3.9 doyana lveunieslio At MAHA Ju MDO 2 LON

Items

Specification

Model

Horiba MEXA-584L

Standard norm

ISO3930 / OIML R99 (2000) Klasse 0, CE

Measure the composition

CO: 0.00% Vol. — 10.00% VOL.

HC: 0 ppm Vol. —10.000 ppm Vol. oder
0 ppm Vol. —20.000 ppm Vol.

CO,: 0.00% Vol. —20.00% Vol.

Lambda: 0.000 —9.999

Option 0O, 0.00% Vol. —25.00% Vol.
NO: 0 ppm Vol. — 5.000 ppm Vol.
Precision CO: 0.01% Vol.

HC: 1 ppm Vol.
CO,: 0.02% Vol.
Lambda: 0.001
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I3

ammuzmaam‘%mwﬁ :

4
nagy

ifhudernds | msnssu
ol (N-m) g utemas Uszansmwins
JUMIZIVTN (g/kW-hr) ANNZOUIUIN (%)

DF 30 303.736 26.11

50 249.334 31.81

70 223.883 35.43

90 216.227 36.68

110 212.071 37.40

WPO25 30 303.034 26.41

50 242.930 32.95

70 224.034 35.72

90 212.249 37.71

110 213.302 37.52

WPO350 30 301.650 26.39

50 246.013 32.35

70 224.640 35.43

90 217.522 36.59

110 216.420 36.78

WPO75 30 316.382 25.24

50 247.352 32.28

70 227.002 35.17

90 214.419 37.42

110 215.973 36.97

WPO 30 320.191 25.00

50 252.468 31.70

70 234327 34.16

90 225.712 35.46

110 223.010 35.89
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I3

ammuzmaam‘%mwﬁ :

4
nagy

ifhudernds | msnssu
ol (N-m) g utemas Uszansmwins
JUMIZIVIN (g/kW-hr) ANNZOUIUIN (%)

DF 30 306.784 25.85

50 245.328 32.33

70 222291 35.68

90 205.403 38.61

110 206.563 38.40

WPO 30 308.459 25.95

50 243372 32.89

70 222.725 35.93

90 209.184 38.26

110 205.729 38.90

BUI16 30 375.261 22.09

50 248.798 33.32

70 226.430 36.62

90 211.811 39.14

110 212.996 38.93

DEEI16 30 377.855 22.12

50 248.192 33.67

70 226.093 36.96

90 212.884 39.25

110 210.644 39.67
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HeTaInag

ammuzmaam’%mwﬁ :

4
nagy

MITNIIN
ol (N-m) g utemas Uszansmwins
FUMIIVIN (g/kW-hr) ANNZOUIUIN (%)
DF 30 369.65 21.46
50 265.72 29.85
70 242.52 32.70
90 215.19 36.86
110 213.69 37.12
WPO 30 388.44 20.60
50 26831 29.83
70 241.03 33.21
90 221.43 36.14
110 208.34 38.14
DEE16 30 456.09 18.34
50 312.52 26.76
70 276.68 30.22
90 244.46 34.21
110 233.66 35.79
BU16 30 391.76 20.65
50 289.49 27.94
70 261.92 30.88
90 233.26 34.67
110 225.24 35.91
DEE11.5BIO5 30 374.17 2235
50 268.31 31.17
70 242.52 34.48
90 231.98 36.12
110 217.40 38.46
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4
nagy

MITNIIN
ol (N-m) g utemas Uszansmwins
FUMIIVIN (g/kW-hr) ANNZOUIUIN (%)
BU11.5BIOS 30 388.46 20.82
50 267.00 30.29
70 250.24 32.32
90 223.04 36.26
110 215.53 37.53
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q
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ANy MSIEN 11,4,

whifugemds | msznia ANNAUIY snsmsianilase Hulszans
nadoy (N-m) NIZULNYUGIA ANMougIga anaulsriy
(Bar) (J/°CA) (%)
Diesel 30 54.40 36.83 4.58
50 58.36 43.90 4.08
70 61.96 47.28 241
90 64.62 47.11 1.38
110 63.67 49.80 1.46
WPO25 30 53.95 38.62 3.51
50 53.25 36.59 2.14
70 60.19 51.89 2.20
90 64.17 52.16 1.23
110 61.96 47.60 1.72
WPOS50 30 53.56 38.84 5.34
50 55.73 45.82 4.26
70 59.05 52.10 2.86
90 62.53 52.95 171
110 64.10 45.80 1.20
WPO75 30 52.37 37.55 12.15
50 54.74 46.99 4.57
70 60.36 52.88 3.62
90 63.95 56.58 1.41
110 63.43 49.48 1.42
WPO 30 50.11 37.04 6.67
50 53.00 45.58 3.84
70 59.32 53.87 2.78
90 63.15 55.83 115
110 63.67 63.67 1.34
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AaNYaMSIEN 11,4,

vafuem@s | msznsu anuaulY Sanmstaatdes | nlsvans
naasll (N-m) | pszuengugga ANNSOUGIga ANy
(Bar) (JI°CA) (%)
Diesel 30 54.99 38.44 8.65
50 57.98 43.34 3.51
70 61.02 46.21 3.27
90 64.01 44.83 1.69
110 63.50 38.81 1.70
WPO 30 48.32 34.89 8.81
50 50.60 42.66 4.99
70 57.88 54.22 3.28
90 64.46 58.52 1.15
110 62.87 48.15 1.40
DEE16 30 43.42 31.24 9.09
50 46.54 44.24 2.36
70 53.65 59.24 3.61
90 60.18 58.51 1.44
110 59.01 48:34 1.22
BU16 30 45.35 31.69 8.76
50 45.55 39.04 4.66
70 55.36 58.61 2.81
90 62.98 70.77 1.16
110 63.89 64.27 1.43
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AaNYaMSIEN 11,4,

vafuem@s | msznsu anuaulY Sanmstaatdes | nlsvans
naasll (N-m) | pszuengugga ANNSOUGIga ANy
(Bar) (JI°CA) (%)
Diesel 30 67.12 38.18 6.89
50 70.38 45.23 475
70 71.96 47.40 3.34
90 74.99 47.74 1.88
110 77.49 43.59 1.51
WPO 30 63.70 37.56 8.37
50 66.42 42.79 8.54
70 69.01 46.38 5.35
90 73.51 48.58 2.07
110 75.23 4721 2.16
DEE16 30 62.13 41.25 7.05
50 49.59 34.27 7.40
70 54.03 46.08 3.64
90 62.10 49.07 1.79
110 67.31 43.04 1.93
BU16 30 65.59 41.49 9.17
50 62.67 38.66 8.65
70 67.94 53.72 6.25
90 73.71 58.76 1.90
110 75.89 55.38 2.55
DEE11.5BIOS 30 62.46 33.96 8.87
50 63.43 37.87 7.57
70 65.77 4428 3.77
90 73.22 49.59 2.29
110 73.79 47.78 2.00
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AaNYaMSIEN 11,4,

vaiuvewas | M15znsN anuauly Sanmsvandes | Fulszans
naasll (N-m) | pszuengugga ANNSOUGIga anau)sriv

(Bar) J/°CA) (%)

BUI11.5BIO5 30 63.85 37.44 8.36

50 65.51 43.91 5.55

70 67.09 4934 4.89

90 70.10 54.98 2.18

110 76.71 56.19 2.18
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A15197 1.1 WaﬂTﬁﬂﬁ'J‘ﬂ'JﬂﬁJﬁW‘]&lllﬂlaﬂﬂlﬂﬂ!ﬂ%ﬂﬁﬂuﬂ YA

=

N
N waiylode, 3,
inluremas

S MILNIIU gamgillorie sonlwavedlulasion | misveunewenlud | lelasmiiuen Audh
(0) (ppm) (ppm) (ppm) (m’)
Diesel 30 205 211.6 550 24 17.22

50 260 327.6 400 2

70 323 436.0 303 22

90 385 565.8 258 18

110 465 629.8 491 20
WPO 30 213 234.9 843 34 9.78

50 270 349.5 648 32

70 334 482.5 419 28

90 393 606.6 306 20

110 484 656.2 515 24
WPO25 30 205 225.2 584 18 18.64

50 259 3222 474 18

70 322 452.8 349 18

90 388 582.6 263 16

110 466 633.3 426 18

8L1



A o a = A 4 A 1
A1TNN A.1 WaﬂTWIi’J’ﬂ’JmJﬁWHUlﬂlﬁﬂﬂlﬂﬂ!ﬂiﬂﬁﬂuﬂ gan 1 (99)

N waiylode, 3,
inluremas
S MILNIIU gamgillorie sonlwavedlulasion | misveunewenlud | lelasmiiuen Audh
(0) (ppm) (ppm) (ppm) (m’)
WPOS50 30 203 228.7 661 20 18.04
50 262 3322 517 20
70 321 455.2 356 18
90 379 579.7 270 16
110 447 663.1 446 20
WPO75 30 207 230.4 725 26 15.80
50 262 335.0 586 24
70 327 484.1 395 2
90 394 605.6 289 18
110 486 653.5 477 2

6L1
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A1519% 1.2 Waﬂ'l'iﬂﬁ')‘ﬂ')ﬂllﬁw]slllﬂlaﬂﬂlﬂﬂ!ﬂ%ﬂﬁﬂuﬂ YA

=

N
N waiylode, 3,
inluremas
S MILNIIU gamgillorie sonlwavedlulasion | misveunewenlud | lelasmiiuen Audh
(0) (ppm) (ppm) (ppm) (m’)

Diesel 30 205 210.8 540 24 4.7
50 265 312.6 454 2 54
70 326 442.8 328 16 7.0
90 390 559.4 259 12 8.3
110 479 607.6 439 16 8.3

WPO 30 210 236.9 983 34 4.1
50 271 340.6 679 30 5.1
70 332 466.9 427 26 4.4
90 393 583.1 301 20 7.4
110 486 640.2 535 2 8.2

DEEI6 30 233 218.1 1206 58 54
50 289 316.9 763 40 5.9
70 337 461.5 541 34 7.4
90 401 574.0 311 18 7.5
110 500 607.3 538 20 7.8

081



A o a = A 4 A 1
A1TNN A.2 WaﬂTWIi’J’ﬂ’JmJﬁWHUlﬂlﬁﬂﬂlﬂﬂ!ﬂiﬂﬁﬂuﬂ gaNn 2 (99)

N waiinlode, 3,
inluremas
S MILNIIU gamgillorie sonlwavedlulasion | misveunewenlud | lelasmiiuen Adud
(0) (ppm) (ppm) (ppm) (m’)
BUI6 30 232 215.0 1303 42 4.3
50 270 312.5 1074 36 47
70 335 464 .9 627 32 6.4
90 394 599.0 415 24 7.3
110 493 623.5 673 26 8.3
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A1519% 7.3 Waﬂ'l'iﬂﬁ')‘ﬂ')ﬂllﬁw]slllﬂlaﬂﬂlﬂﬂ!ﬂ%ﬂﬁﬂuﬂ YA

=

N
N waiinlode, 3,
inluremas

S MILNIIU gamgillorie sonlwavedlulasion | misveunewenlud | lelasmiiuen Adud
(0) (ppm) (ppm) (ppm) (m’)

Diesel 30 200 274.5 332 12 4.7
50 247 411.6 255 12 5.4

70 303 510.9 204 10 7.0

90 354 686.7 167 8 8.3

110 422 822.5 193 6 8.3

WPO 30 203 296.4 455 24 4.1
50 246 420.4 340 22 5.1

70 306 567.5 242 18 4.4

90 363 739.9 169 10 7.4

110 429 843.6 197 12 8.2

DEEI6 30 218 308.2 728 42 54
50 295 460.0 676 36 5.9

70 344 588.2 398 32 7.4

90 383 735.7 235 10 7.5

110 456 816.6 246 14 7.8

[4:]!



A o a = A 4 A 1
ATNN 7.3 WaﬂTWIi’J’ﬂ’JmJﬁWHUlﬂlﬁﬂﬂlﬂﬂ!ﬂiﬂﬁﬂuﬂ YAN 3 (99)

N waiinlode, 3,
inluremas
S MILNIIU gamgillorie sonlwavedlulasion | misveunewenlud | lelasmiiuen Adud
(0) (ppm) (ppm) (ppm) (m’)
BUI6 30 218 308.2 728 42 54
50 295 460.0 676 36 5.9
70 344 588.2 398 32 7.4
90 383 735.7 235 10 7.5
110 456 816.6 246 14 7.8
DEE11.5BIO5 30 197 273.7 457 2 5.4
50 253 358.6 335 22 59
70 342 482.9 270 20 7.4
90 364 666.0 200 12 7.5
110 428 780.6 210 8 7.8
BU11.5BIO5S 30 206 300.2 559 26 43
50 245 405.5 426 26 47
70 319 558.7 298 22 6.4
90 368 743.4 201 12 7.3
110 416 845.2 227 10 8.3

€81
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MG 4.1 Feyamsasivinguaiansnaoauy

3

) wie Tiuemamaae
YayanInaaoy o
maon DF WPO | DEE16 | BU16 | DEE11.5BIO5 | BU11.5BIO5

qmwgﬁmsmﬁauméﬂ (Temperature Average : T) °C 60 60 60 59.9 60 60
ASunAe (Film Average) - 96 32 27 31 19 14
LLNL%EJ@“VHULQ%EJ (Friction Average) - 0.135 0.135 0.134 0.136 0.135 0.140
qmwgﬁﬁnﬁu (Start Temperature : T,) °C 24 24.2 233 23.5 23.1 23.1
Qﬂ!ﬂgﬁf}’ﬂﬁ)1ﬂ (End Temperature : T,) °C 23.7 23.6 23.4 23.6 23.3 23.4
AAF TSRy (Start Relative Humidity : RH,) % 52 48 56 49 55 52
mm%m‘?’uﬁ’mﬁqaﬁw (End Relative Humidity : RH,) % 52 50 54 53 60 52
30UNABAILILNUANIRIN (Wear Scar, X axis) um 189.75 | 323.61 309.12 | 333.96 336.03 353.97
JOUDABNUUINUYUIU (Wear Scar, X axis) pm 147.66 | 24762 | 27876 | 299.46 277.38 313.26
fhm?im%uvhug{ufj’ﬂamaaaaaﬂ (MSWD) um 168.71 285.62 | 293.94 | 316.71 306.71 333.62
mmdoduriugudnatisosnaonfituuda (WS1.4) | pm 162.21 | 28245 | 28326 | 311.84 292.59 328.63

G81
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| (2) kength 147.66 um

31N 4.1 M3davuiasesnasnvadgnueanaaell (DF)

(2)}Length 275.31 ym

71U 9.2 Mm3davuasesaaonvesgnuanaTel (WPO)
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519 9.4 ﬂﬁ’slﬂslliﬂﬂiﬂﬂﬂﬁ@ﬂﬂ]@ﬂgﬂ‘ﬂ@ﬁ‘ﬂﬂﬁﬂ‘ﬂ (BU16)

G
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311 4.5 M3davuesesnasnvegneanaael (DEE11.5BIOS)

717 1.6 M3davuasesaonvesgnuLanadel (BU11.5BIOS)
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Abstract

The use of waste plastic oil as alternative fuel for compression ignition engines was investigated in
this research, ‘which focused on physical and chemical properties of fuel, engine performance, combustion
characteristics and emissions. Waste plastic oil produced by pyrolysis: process was mixed with commercial
diesel fuel at 25% (WPO25), 50%-(WPO50);:and 75% (WPQ75) by volume: The engine test was carried out on
four-cylinder, d-stroke and direct injection diesel engine at constant speed of 2,500 rpm with varying engine
operating loads of 30, 50, 70, 90 and 110 N-m. The experimental results showed that waste plastic oil
possessed higher cetane index, lower viscosity, density and flash point, and similar heating value with respect
to those of diesel fuel. The engine test found that the use of waste plastic oil led to an increase in brake
specific fuel consumption and a reduction in brake thermal efficiency. The combustion of waste plastic oil
tended to increase oxides of nitrogen (NO,), unburned hydrocarbon (HC) and carbon monoxide (CO) while a
reduction in smoke was obtained with respect to diesel fuel combustion.

Keywords: Waste Plastic Oil, Pyrolysis Process, Performance, Combustion Characteristics, Emission.
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ABSTRACT

It has been reported that oxygen present in fuel
molecule can improve combustion process, leading to a
reduction in some engine-out emissions such as
particulate matter (PM) and oxides of nitrogen (NOx). In
this study diethyl ether (DEE) and butanol containing
same number of oxygen, carbon and hydrogen atom but
different functional group were blended with waste plastic
oil to use in a diesel engine without any engine
modification. Two blended fuels were prepared for engine
test, comprising BU16 (16% butanol blended with 84%
waste plastic oil), DEE16 (16% DEE blended with 84%
waste plastic oil. The effect of functional group present in
such oxygenated fuels on combustion and emissions was
investigated. Testo 350 exhaust gas analyzer was used to
evaluate gaseous emissions and MAHA MDO2-LON
Opacimeter was employed to report smoke emissions. The
results found that the addition of DEE to waste plastic oil
decreased more NOx and smoke emissions compared to
butanol addition. While the test with high engine loads,
the use of DEE was introduced the reduction in HC
emissions. Although the CO emissions of DEE blend were
higher than those of waste plastic oil for all engine loads
tested it is notable that the'CO emissions of DEE blend
were lower than those of butanol blend.

KEYWORDS: diesel engine, waste plastic oil, pyrolysis
oil, butanol, diethyl ether

1. INTRODUCTION

Nowadays, the concerns of depletion of fossil fuels
and more stringent emission regulations are receiving
increasingly attention by society and vehicle industry. One
of strategies is the development of cleaner fuels for
internal combustion engines. The emission benefits have

increased the interest of the use of oxygenated fuels as
alternative fuels to replace diesel fuel in compression
ignition engines and gasoline fuel in spark ignition
engines. Biodiesel and ethanol are widely used to reduce
the use of diesel and gasoline fuels in compression
ignition engines and spark ignition engines, respectively.
The fuel-born oxygen of biodiesel and ethanol has been
proven to reduce carbon monoxide and particulate matter
emissions [1]. Another alternative fuel received
significant attention in recent years is waste plastic
pyrolysis oil due to its environmental benefits. Over 100
million tons of plastics are produced annually worldwide,
and the plastic products have become a common feature
in society and industry due to lightweight, durability,
energy efficiency, design flexibility and faster rate of
production [2]. The main problem of plastic is non-
degradable polymer. Plastic cannot decompose as other
materials do. This led the society and industry to have
consideration to avoid its usage. The plastic waste can be
utilized to make fuel for the engine through the pyrolysis
process. The final product of such process is a liquid free
Sulphur fuel made of hydrocarbon from C6-C30 which
has a calorific value and density slightly lower than diesel
fuel [3]. The-application of waste plastic pyrolysis oil in
diesel engines has been reported in the publications [2-6].
The experimental results showed a slight reduction of
engine performance and a clear increase in NOx and
smoke emissions when waste plastic oil was combusted
with respect to diesel fuel.
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In this work, the effect of blending two oxygenated
fuels, butanol and diethyl ether, with waste plastic oil on
combustion and emission characteristics were studied.
Both butanol and diethyl ether contain same number of
carbon, hydrogen and oxygen atoms but they have
different molecular structures, properties and function
groups.

2. EXPERIMENT
2.1 Fuels

Two oxygenated fuels comprised of butanol and
diethyl ether were blended with waste plastic pyrolysis oil
(WPO). 16% by volume of butanol (BU16) blended with
the waste plastic oil was selected to study in this work. It
was previously reported that this percentage showed the
better trade-off between NOx and soot, when the results
were compared to those obtained by the 10% ethanol
blend, same oxygen content with respect to 16% butanol
blend [7]. To prepare the diethyl ether blend with the same
oxygen content compared to BU16, 16% of diethyl ether
(DEE16) was used in the test se the effect of functional
group present in molecule of test fuels on combustion
characteristics and exhaust emissions was investigated. In
addition, commercial diesel fuel and waste plastic oil were
also tested as reference fuels. The basic physical and

Table 1. Basic physical and chemical properties of tested fuels
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chemical properties of test fuels shown in Table 1 were
measured according to ASTM standard.

2.2 Engine test

Experiments were conducted using a four cylinder
direct injection diesel engine which was naturally
aspirated and water-cooled system. The schematic
diagram of the experimental installation is shown in Fig 1.
A hydraulic dynamometer with a load cell was used to
load the engine. The engine was tested at 2500 rpm with
varying engine operating loads (30, 50, 70, 90 and 110
N.m). To record in-cylinder pressure traces, a Kistler
6052C pressure transducer mounted at glow plug adapter
and connected via a Kistler 5064C charge amplifier to a
data acquisition board. The crankshaft position was
measured using a Kistler 2164C crank angle encoder set.
Other standard engine test rig instrumentation used to
monitor temperatures (intake air and exhaust gas),
pressure (lubricating oil), humidity (intake air) and mass
flow rate (intake air and fuel). A Testo 350 analyser was
employed to measure gaseous emissions (THC, CO and
NOx). A MAHA MDO2-LON Opacimeter was employed
to analyse smoke emissions by a principle of absorption
photometer.

Fuel properties Units Diesel Butanol | DEE BU16 | DEE16 | WPO
Kinematic viscosity @40 °C cSt 3.439 2.22 0.24 2425 1.924 3.065
Flash point & 78 29 -40 30 24 36
Density at 15.6 °C kg/m® 827.19 809.7 7148 | 804.21 | 789.22 | 799.21
Cetane index - 60.18 61.83 71.99 68.98
Cetane number - 55 17 125
Gross calorific value Ml/kg 45.39 35.26 36.37 43.42 43.08 44.98
Latent heat of vaporization kikg 250 585 355 258 274 282

———

Fuel Tank }E\]’, 3

Smoke
Meter

Exhaust Gas
Analyser
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3. RESULTS AND DISCUSSION
3.1 Engine performance

Fig 2 shows the brake thermal efficiency, the ratio of
the engine’s power output to the energy content supplied
to the engine, and Fig 3 shows the brake specific fuel
consumption related to how much amount of fuel needed
to produce per unit power output. It can be seen that the
increase in amount of fuel during combustion of butanol
blend and diethyl ether blend is higher than the decrease
in calorific value. This leads to the slight reduction in
brake thermal efficiency for the fuel blends with compared
to diesel fuel. The significant increase in brake specific
fuel consumption of the fuel blends was found during the
test at lowest engine operating condition resulting in a
dramatic reduction in brake thermal efficiency.

Brake Thermal Efficiency

£} Diesel mBU1G Q) DEE16 WPO

50 -

Brake Themnal Efficiency (%)

30 50 70 90 110
Load (N.m)

Fig 2. Brake thermal efficiency

Brake Specific Fuel Consumption
[ Diesel Mmeuis B DEE16 @weo

050 -+

bsfc (kgkW.h)

20 110

70
Load (N.m)

Fig 3. Brake specific fuel consumption
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3.2 Combustion characteristics

In-cylinder pressure and rate of heat release (ROHR)
for the maximum engine operating load tested is depicted
in Fig 4 and 5, respectively. The first law of
thermodynamics was used to calculate the heat release rate
with Eq.1

dQ/dé =y/(y— 1) pdV/de +1/(y—1)Vdp/de (1)

where dQ/d0 is the rate of heat release, p is the in-cylinder
pressure, V is the combustion chamber volume and 0 is
the crank angle. The results showed that the combustion
of waste plastic oil was delayed with respect to diesel fuel
combustion. This does not correspond to an advance in
start of combustion due to higher cetane index of waste
plastic oil. The main reason used to justify the retard of
combustion with WPO is lower density, which may relate
to lower bulk modulus (more compressible) compared to
diesel fuel. Consequently, the pressure in the fuel injection
system, especially in pump-line-nozzle type, can develop
slower and pressure waves can propagate later for the
same nominal pump timing, resulting in lower torque [8].
In general, the longer ignition delay allows the fuel mix
well with the air leading to higher homogenous initial
combustion [9]. This explanation can be used to justify the
higher ROHR when WPO is combusted.

w
P

In-cylindor Peossure (har)
AN
g & 5

=

o

90 60 -30 0 30 60 90

Crack Angle (6)
Fig 4. In~cylinder pressure

The addition of butanol to waste plastic oil leads to
increase the ignition delay. This can be attributed to the
low cetane number of butanol, resulting in the lower
cetane index of fuel blend and increase in the premixed
combustion peak. The starting point of combustion was
similar for both butanol blend and diethy] ether blend even
though dicthyl cther has very high cetane number. The low
density and low bulk modulus of DEE can be the reason
for the delay of the start of combustion. However once
DEE blend with higher cetane index was injected to
combustion chamber it can spend less time to mix with the
air before the combustion due to very high cetane number
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of DEE. It implies that the combustion of DEE blend
compared to butanol blend will promote lower maximum
heat release rate and lower in-cylinder pressure when
same amount of fuel and same starting point of
combustion are considered.

Heat Release Rate (J°CA)
w
3

Crack Angle (8)
Fig 5. Rate of heat release

3.3 Emissions

The variation of gaseous carbonaceous emissions
which consist of unburned hydrocarbon emissions (HC)
and carbon monoxide (CO) with engine torque for tested
fuels is shown in Fig 6 and Fig 7. Unburned hydrocarbon
and carbon monoxide are useful to evaluate the
combustion efficiency. In general, CO emissions
demonstrate a very similar qualitative behavior to HC
emissions. The results indicates that the HC emissions of
waste plastic oil was higher than those of diesel fuel. This
is due to the delay in the start of combustion of waste
plastic oil leading to less available time for complete
combustion to oxidise hydrocarbon and form carbon
dioxide. The difference in HC emissions between diesel
fuel and waste plastic oil was smaller as the engine loads
increased. It is clear that the addition of butanol increased
HC and CO emissions. Apart from the delay of
combustion, the high latent heat of vaporization of butanol
which tended to promote incomplete combustion can be
used to justify the increase in HC and CO emissions [7].
This effect was more severe atlow engine load condition
where the temperature in combustion chamber was low.
The benefit of DEE addition to reduce gaseous
carbonaceous emissions was found at high engine load
condition where the in-cylinder temperature is high
enough to compensate the effect of high latent heat of
vaporization of diethyl ether. Comparing butanol and
diethyl ether, the waste plastic oil blended with DEE was
more potential to reduce HC and CO emissions, especially
at high engine operating load.

Oxides of nitrogen (NOX) present in emissions is the
combination of nitric oxide (NO) and nitrogen dioxide
(NO;). The formation of NOx emissions is highly
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dependent on the in-cylinder temperature. The larger
premixed combustion phase resulting in the higher peak
pressure and temperature can promote NOx formation.
The higher ROHR in initial combustion phase of waste
plastic oil is more favorable to NOx formation compared
to diesel fuel (Fig 8). It was previously reported that the
presence of fuel-born oxygen could increase NOx
emissions. The oxygen in fuel molecule promote NO
formation and reduce heat losses by soot radiation
resulting in higher in-cylinder temperature [10].
Furthermore, the low cetane number of fuel leading to the
delay in the start of combustion resulting in the high heat
release peak in the initial combustion. These reasons can
be used to justify the rise of NOx emissions when butanol
was added to WPO. On the other hand, the high latent heat
of vaporization of butanol can contribute the less NOx
formation due to heat absorption in the cylinder during
combustion process. It can be seen that the latter effect is
more influential for the combustion of butanol blend
resulting in the lower NOx emissions compared to waste
plastic oil. Although diethyl ether contains lower latent
heat of vaporization than butanol the high cetane number
of DEE can contribute the lower NOx emissions compared
to butanol blend.

Smoke opacity measurement is an indirect way of
measuring diesel particulate emissions. Fig 9 shows the
percentage of smoke opacity of the tested fuels. The
smoke emissions was found for the combustion of waste
plastic oil to lower when compare with diesel fuel while
the oxygenated fuel was effective to reduce smoke
emissions. Comparing the butanol and diethyl ether which
contains same number of carbon, hydrogen and oxygen
but different functional group, it was obvious that the ether
group of DEE was more potential to reduce smoke
emissions than hydroxyl group of butanol. In case of
alcohol, one atom of oxygen is attached to one atom of
carbon while in case of ether, one atom of oxygen is
attached of two atoms of carbon. Therefore, it is thought
that the only atom of oxygen of ether is more effective to
inhibit soot formation than that of alcohol [11]. This effect
can compensate the increase in soot formation due to
lower inscylinder pressure and temperature of DEE blend
which can diminish soot oxidation.

4. CONCLUSIONS

In this research work, the effect of oxygenated fuels
on combustion and emission characteristics of waste
plastic oil was studied. The 16% vol of butanol and diethyl
ether were added to waste plastic oil. The use of diethyl
ether showed more benefits to improve emissions of waste
plastic oil combustion than the use of butanol. The clear
reduction in NOx and smoke emissions was found by the
addition of DEE. Although the CO emissions of DEE
blend was higher for all engine loads tested, compared to
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diesel fuel and pure waste plastic oil the difference was
smaller as the engine loads increased. The advantage to
reduce HC emissions at high engine load condition was
obtained when DEE was added to waste plastic oil.

Hydrocarbon (HC)

E Diesel BBuU1e B DEES Bwro

70 4

HC (ppim)

30 50 70 80 1o
Loa¢ (N.m)

Fig 6. Unburned hydrocarbon emissions
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Fig 7. Carbon monoxide emissions
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Fig 8. Oxides of nitrogen emissions

Fig 9. Smoke at engine load of 110 N.m
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Abstract

In this study, two oxygenated fuels consisting of butanol and diethyl
cther (DEE), both possess same number of carbon, hydrogen and
oxygen atom but difference functional group, were biended with the
waste plastic pyrolysis oil to use in a 4-cylinder direct injection diesel
engine without any engine modification. In addition, the effect of
castor oil addition to such fuel blends was also investigated. Four
tested fuels with same oxygen content were prepared for engine test,
comprising DEE16 (84% waste plastic oil blended with 16% DEE),
BU16 (84% waste plastic oil blended with 16% butanol),
DEE11.5BIOS (83.5% waste plastic oil blended with 11.5% DEE and
5% castor oil) and BU11.5BIO5 (83.5% waste plastic oil blended
with 11.5% butanol and 5% castor oil). The results found that the
DEE addition to waste plastic oil increased more HC and smoke
emissions than the butanol addition at low engine operating
condition. However the benefit to reduce HC and smoke was
observed when the DEE blend was tested at high engine operating
condition compared to the butanol blend, while CO and NOx was
similar. The fuel blend with the combination of DEE and castor oil
showed a more advantage to decrease HC, CO, NOx and smoke
emissions at both engine operating conditions tested.

Introduction

Municipal solid waste (MSW), commonly known as trash or garbage,
is of major issue in many countries. Its quantity has risen over the
years in both industrialized and developing countries, and its disposal
has become increasingly problematic [1]. An approach of waste
minimization and the promotion of recycling, re-use and recovery are
now trying to be applied as the main waste management strategy
[2-3]). Nevertheless, these are still not sufficient to manage the whole
cycle of MSW, leaving a considerable quantity of 1 urban
waste to be handled. More bl Iy friendly
technologies of MSW are urgently required. Plastics are the major
components in MSW. Once all waste plastics are separated, they
would contribute a huge source sources for producing alternative
fuel. Conversion of plastic waste into fuel can be achieved by several
processes such as gasification, hydrocracking, catalytic cracking,

s

and envirc

pyrolysis and others [4]. Among them, pyrolysis is a promising
technology because plastic waste can be broken down into smaller
molecules without creating any hazards to nature. The constituents of
waste plastic pyrolysis oil (WPO) are about 70% of carbon chains
varying from C10-C15 which is similar to that of diesel fuel,
consequently it has the potential to be used in compression ignition
engines [5]. The application of waste plastic pyrolysis oil in diesel
engines has been reported in the publications [6, 7, 8, 9]. The
experimental results showed a slight reduction of engine performance
and a clear increase in NOx and smoke emissions when waste plastic
oil was combusted, with respect to diesel fuel combustion.

It is known that oxygenated fuels tends to improve combustion
efficiency and produce less smoke and particulate matter. Among
oxygenated fuels, alcohol and biodiesel are widely used as alternative
fuels in spark ignition engines and compression ignition

respectively. To extend the use of alcohol in compression ignition
engines (usually use in transportation sector), alcohol is used as blend
component in diesel fuel. The majority of literature reports that the
presence of alcohol in diesél fuel tends to reduce NOx emissions due
to the high heat of vaporizatioft and CO emissions due to the low C/H
ratio [10-11]. Moreover the hydroxyl group of alcohol can enhance
soot oxidation with respeet to diesel and biodiesel fuels [12].
Howeveryithe useof-blends ¢ very high percentages of
algehol in digsel engines can be limited by some poor properties of
alcohol such as lubricity, viscosity, cetane number and blending
stability. To improve such properties biodiesel can added to alcohol/
diesel blend. The effect of molecular structure of fatty acid methyl
esters, main compositions of biodiesel, on the combustion and
emissions of alcohol/diesel blends was studied and the results
recommended that the addition of methy! esters with short carbon
chain length to alcohol/diesel blends can reduce THC, CO and soot
emissions. Moreover, small concentrations of biodiesel can
significantly increase the lubricity of alcohol/diesel blends. The
alcohol/biodiesel/diesel fuel blends have more clear bencfits in soot
emissions reduction than conventional diesel with biodicsel blends
with the same oxygen content. [13].
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In this study, the effect of blending waste plastic pyrolysis oil with
butanol (higher energy density, being less prone to water
contamination, less corrosive, better blending stability and higher
cetane number with respect to cthanol) and with diethyl ether
(produced by dehydration reaction of cthanol) on combustion and
emission characteristics were studied. Both butanol and diethyl ether
contain same number of carbon, hydrogen and oxygen atoms but they
have different molecular structures, properties and function groups.
Moreover, the addition of castor oil-based biodiesel (COME) to
butanol/WPO and DEE/WPO blends was also investigated. The
purpose of adding COME is to restore the substantial reduction in
viscosity and lubricity of butanol/WPO blends and DEE/WPO blends
because methyl ricinoleate (C18:1 OH) which is main composition of
COME contains very high viscosity and lubricity.

Experimental Apparatus and Materials

Fuels

To study the effect of functional group of test fuels on combustion
and emission characteristics, butanol and diethyl cther were blended

castor oil-based biodiesel on combustion and emission characteristics,
5% of COME was added to 11.5% butanol/WPO blend
(BU11.5BIO5) and 11.5% DEE/WPO blend (DEE11.5BIOS). Four
test fuels as mentioned contain same oxygen content. It means that
the different results of combustion and emission will be caused by
chemical structure and properties of test fuels. The basic physical and
chemical properties of four test fuels with same oxygen content were
measured according to ASTM standard (Table 1).

Engine Test

Experiments were conducted using a four cylinder direct injection
diesel engine with naturally aspirated and water-cooled system. The
schematic diagram of the experimental installation is shown in Figure
1. A hydraulic dynamometer with a load cell was used to load the
engine. The engine was tested at 2500 rpm with varying two engine
operating loads (30 and 110 N.m), To record in-cylinder pressure
traces, a Kistler 6052C pressure transducer mounted at glow plug
adapter and connected via a Kistler 5064C charge amplifier to a data
acquisition board. The crankshaft position was measured using a
Kistler 2164C crank angle encoder set. Other standard engine test rig

with waste plastic pyrolysis oil (WPO). 16% by volume of b 1
blended with the waste plastic oil (BU16) was selected to study in
this work. It was previously reported that this percentage of butanol
showed the better trade-off between NOx and soot, when the results
were compared to those obtained by the 10% ethanol blend, same
oxygen content with respect to 16% butanol blend [13]. 16% of DEE
blended with waste plastic oil (DEE16) was prepared to obtain the
same oxygen content compared to BU16. To consider the effect of

instr ion used to monitor temperatures (intake air and exhaust
gas), pressure (lubricating oil), humidity (intake air) and mass flow
rate (intake air and fuel). A testo 350 analyser was employed to
measure gaseous emissions (THC, CO and NOx). A testo 308 was
employed to analyse smoke emissions. In cach condition, the engine
was stabilized by the observation of exhaust temperatures and
exhaust emissions.

Table 1. Specifications of tested fuels

Fuel Properties Units Diesel  WPO COME DEE16  BU16 DEE11.5BI05°  BU11.5BI05°
Kinematic viscosity at 40 °C cSt 3439 3.065 20.591 1.924 2425 3.616 3.844

Flash point °C 78 36 128 24 30 32 40

Specific gravity at 15.6 °C - 0.828 0.800 0.945 0.790 0.805 0.810 0.811
Density at 15.6 °C kg/m® 827.19 799.21 9447 789.22 804.21 809.20 824.19
Cetane index - 60.18 68.98 35.18 71.99 61.83 59.51° 55.93°

Gross Calorific Value (MJ/kg) 45.39 44.98 37.20 43.08 43.42 39.80 41.85

a calculated from the properties-of WPO, DEE, butanol and COME which based on volume percentage

E_l I. Fuel Tank
Fuel Flow Mater

Terperatuse & Husuidity

Extiovst Temperstuce

Cylinder Preszare

H Eagine Gpeed
Computer f

Engine Bed |

Figure 1. Schematic diagram of the experimental installation
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Results and Discussion

Engine Performance

Figure 2 shows the brake thermal efficiency, the ratio of the engine’s
power output to the energy content supplied to the engine, and Figure
3 shows the brake specific fuel consumption related to how much
amount of fuel needed to produce per unit power output. The results
showed in the plots correspond to an average of three different
measurements. Confidence intervals have been added to the results
(95% of confidence level) in order to provide the statistical
significance of the trends which have been found. Tt can be seen that
the increase in amount of fuel during combustion of butanol blend
and diethyl ether blend is higher than the reduction in calorific value.
This leads to the slight reduction in brake thermal efficiency for the
fuel blends with compared to diesel fuel. The significant increase in
brake specific fuel consumption (bsfc) of the fuel blends was found
during the test at low engine operating condition for DEE16 resulting
in a dramatic reduction in brake thermal efficiency. The addition of
castor oil to DEE blend can reduce such drawbacks. Consequently
similar bsfc and thermal efficiency of DEE blend compared to diesel
fuel was obtained at both engine operating loads tested.

030 Nm ®8110Nm

Base fusls Oxveenated Blends

Beake therl efficiency (%)

DEEIS BUIS
Figure 2. Brake thermal efficiency
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Figure 3. Brake specific fuel consumption

Combustion Characteristics

In-cylinder pressure and rate of heat release (ROHR) for the
maximum engine operating load tested is depicted in Figure 4 and 5,
respectively. The first law of thermodynamics was used to calculate
the heat release rate with Eq.1.

dQ/d® = y/(y— 1) pdV/d6 + 1/(y~ 1) V.dp/dd
0]
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where dQ/d6 is the rate of heat release, p is the in-cylinder pressure,
V is the combustion chamber volume and 6 is the crank angle. The
specific heat ratio (y) can be calculated based on cylinder pressure
and combustion chamber volume through the assumption of
polytropic p pvr= in the exy stroke where the
heat release occurred [14]. 120 consecutive engine cycles were
performed in order to analyse the in-cylinder pressure and rate of heat
releasc. The results showed that the combustion of waste plastic oil
was delayed with respect to diesel fuel combustion. This does not
correspond to an ad in start of combustion due to higher cctane
index of waste plastic oil. The main reason used to justify the retard
of combustion with WPO is lower density, which may relate to lower
bulk modulus (more compressible) compared to diesel fuel.
Consequently, the pressure in the fuel injection system, especially in
pump-line-nozzle type, can develop slower and pressure waves can
propagate later for the same nominal pump timing, resulting in lower
torque [15]. In general, the longer ignition delay allows the fuel mix
well with the air leading to higher homogenous initial combustion
[16]. This explanation can be used to justify the higher ROHR when
WPO is combusted.

w—DF Wro D16
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Figure 4. In-cylinder pressure and rate of heat release at low load
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Figure 5. In-cylinder pressure and rate of heat release at high load

The addition of butanol to waste plastic oil leads to increase the
ignition delay at high engine load. This can be attributed to the low
cetane number of butanol, resulting in the lower cetane index of fuel
blend and increase in the premixed combustion peak. However this
effect was not clear at low engine load tested. The starting point of
combustion was similar for both butanol blend and diethyl ether
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blend even though dicthy! ether has very high cetane number. The
low density and low bulk moludus of DEE can be the reason for the
delay of the start of combustion. However once DEE blend with
higher cetane index was injected to combustion chamber it can spend
less time to mix with the air before the combustion due to very high
cetane number of DEE. It implies that the combustion of DEE blend
compared to butanol blend will promote lower maximum heat release
rate and lower in-cylinder pressure when same amount of fuel and
same starting point of combustion are considered. The addition of
castor oil-based biosdiesel which increases density and viscosity of
the DEE blend can move the start of combustion of the DEE blend
closer to that of diesel fuel at both enginc operating conditions.

Coefficient of variation in indicated mean effective pressure
(COV,,,) Was calculated by dividing standard deviation of imep with
average imep (Figure 6). The presence of butanol and DEE in waste
plastic pyrolysis oil tended to increase the value of COV”MP. The
COVimcp of DEE/WPOQ blend was higher than the acceptable limit of
10% COVimp. Tt implied that the use of this fuel blend may introduce
the vehicle driveability problem [17]. The addition of castor oil-based
biodiesel to butanol/WPO and DEE/WPO blends can participate to
improve the combustion stability at low engine operating condition
tested, resulting the reduction in COV,, . The COV, of all test
fuels was lower when the test was done at higher engine operating
condition. The significant reduction in COV, __ was obtained when
the engine was operated with butanol/WPO and DEE/WPO blends at
high engine load.
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Figure 6. Coefficients of ydfiation in indicated mean cffective pressure

Emissions

The exhaust emissions which consist of unburtied hydrocarbon
emissions (HC), carbon monoxide (CO), oxides of nitrogen and
smoke emissions at low and high engine loads tested arc shown in
Figure 7 and Figure 8. Unburned hydrocarbon and carbon monoxide
are useful to evaluate the combustion cfficiency. In general, CO
emissions demonstrate a very similar qualitative behavior to HC
emissions. The results indicates that the HC emissions of waste
plastic oil was higher than those of diesel fuel. This is due to the
delay in the start of combustion of waste plastic oil leading to less
available time for complete combustion to oxidise hydrocarbon and
form carbon dioxide. It was observed that the addition of butanol
increased CO emissions, while there was no penalty in HC emissions.

Apart from the delay of combustion, the high latent heat of
vaporization of butanol which tended to promote incomplete
combustion can be used to justify the increase in CO emissions [13].
This effect was more scvere at low engine load condition where the
temperature in combustion chamber was low. There was no clear
benefit in carbonaceous emissions when DEE was added to waste
plastic oil. Comparing butanol and diethyl ether, the waste plastic oil
blended with DEE was more potential to reduce HC and CO
emissions, especially at high engine operating load. It was clear that
the addition of castor oil can improve HC and CO emissions of
butanol and diethy! ether biends.

Oxides of nitrogen (NOx) present in emissions is the combination of
nitric oxide (NO) and nitrogen dioxide (NO,). The formation of NOx
emissions is highly dependent on the in-cylinder temperature. The
larger premixed combustion phase resulting in the higher peak
pressure and temperature can promote NOx formation. The higher
ROHR in initial combustion phase of waste plastic oil is more
favourable to NOx formation compared to diesel fuel. It was
previously reported that the presence of fuel-born oxygen could
increase NOx emissions. The oxygen in fuel molecule promote NO
formation and reduce heat losses by soot radiation resulting in higher
in-cylinder temperature [18]. Furthermore, the low cetane number of
fuel leading to the delay in the start of combustion resulting in the
high heat release peak in the initial combustion. These reasons can be
used to justify the rise of NOx emissions when butanol was added to
WPO. On the other hand, the high latent heat of vaporization of
butanol can contribute the less NOx formation due to heat absorption
in the cylinder during combustion process. It can be seen that the
latter effect is more influential for the combustion of butanol blend
resulting in the lower NOx emissions compared to waste plastic oil.
Although diethy! ether contains lower latent heat of vaporization than
butanol the high cetane number of DEE can contribute the similar
NOx emissions compared to butanol blend. The improvement in NOx
of DEE blend was achieved by the addition of castor oil.

The lower smoke emissions was found for the combustion of waste
plastic oil compared to diesel fuel. The addition of DEE to waste
plastic oil increased smoke emissions at low engine load and
decreased smoke emissions at high engine load, while the addition of
butanol showed similar smoke.emissions with respect to diesel fuel.
The addition of castor oil to DEE blend can help to slightly reduce
smoke emissions. Comparing the effect of butanol and diethyl ether
on smoke emissions, the opposite trend was obtained at low and high
engine load. The butanol blends showed more benefit in smoke
emissions than the DEE blends at low engine load while the DEE
blends was more potential to reduce smoke emissions at high engine
load. Tt has been previously reported that the ether functional group is
more effective to reduce smoke emissions than hydroxyl group of
alcohols [19]. It means that the lower smoke emissions of the
combustion of DEE blend that of butanol blend was expected.
However the more retard in start of combustion at low engine where
the combustion temperature was not high enough and more fuels
cannot participate in the cc (more HC ) may be
used to justify the increase in smoke emissions when the DEE blend
was tested at low engine load.
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Conclusions

In this research work, the effect of oxygenated fuels on combustion
and emission characteristics of waste plastic oil was studied. The
16% vol of butanol and diethyl cther were added to wastc plastic
pyrolysis oil. The use of diethyl ether showed more benefits to
improve HC and smoke emissions of waste plastic oil combustion
than the use of butanol at high engine load. The more reduction in
HC and smoke emissions was found by the addition of castor oil
(especially in DEE blend), while there was no penalty in CO and
NOx emissions.
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