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ANUPAP PUMPUANG : EFFECT OF CASTOR OIL ETHYL ESTER ON
A COMPRESSION IGNITION ENGINE. THESIS ADVISOR :

EKARONG SUKIJIT, Ph.D., 159 PP.

CASTOR OIL/EHYL ESTER/FUEL LUBRICITY/FTIR

This research studied the use of castor oil biodiesel as fuel for compression
ignition engines, which focused on the appropriate transesterification processes to meet
the most amount of total fatty acid ethyl ester and comparatively studied on the basic
fuel properties, deposit on the fuel lubricity test specimens, combustion characteristics,
engine performances and emissions with respect to diesel fuel.

The experimental results showed that the maximum total fatty acid ethyl ester
(FAEE) of 97.79% can be produced from transesterification process with 1:12 of oil to
ethanol molar ratio, 1.5% of KOH concentration, 50 °C of reaction temperature and 150
minutes of reaction time.

For the fuel properties, it showed that the kinematic viscosity, flash point and
specific gravity of castor oil biodiesel were higher than diesel fuel. On the other hand,
its cetane index and heating value were lower than diesel fuel. In case of fuel lubricity,
castor oil biodiesel showed smaller wear scar diameter than that of diesel fuel. With
extremely high viscosity, castor oil biodiesel was blended with diesel fuel and the
results showed that the presence of 8% castor oil biodiesel in diesel fuel (COEES)
was the optimum value to keep the viscosity under the diesel fuel standard, while the
smallest wear scar diameter of the lubricity test was also found with COEES.

According to ATR-FTIR analysis on the functional group of deposit on disc

specimens of the lubricity test, it showed that ester, alkane, alkene and aromatic groups



were obtained. It was found that the wear scar diameter was smaller as the content of
O-H group was higher. The most two effective functional groups which may have a
prominent role for the enhancement of fuel lubricity were O-H group and C-O group,
respectively.

For the engine test, it showed that the start of combustion (SOC) of COEES8 was
earlier and the maximum rate of heat release and maximum in-cylinder pressure
were higher with respect to diesel fuel, when the engine was operated at compression
ratio of 17:1 and 18:1. The advance in SOC was obtained as the compression ratio
was increased. In addition, the maximum rate of heat release and maximum
in-cylinder pressure tended to increase with higher compression ratio. The brake
specific fuel consumption (BSFC) of COEE8 was higher than that of diesel fuel.
The BSFC tended to decrease as the engine load and compression ratio were increased.
The brake thermal efficiency (BTE) of COEE8 was higher than that of diesel fuel.
The BTE tended to increase as the engine load and compression ratio were increased.
Nitrogen oxides (NOx) and carbon monoxide (CO) of COEES8 were higher while
unburned hydrocarbons (HC) and smoke were lower with respect to diesel fuel.
All measured exhaust emissions tended to increase as the engine load was increased.
The combustion of COEES produced lower HC and CO emissions when the engine was

operated at higher compression ratio.
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Fuel Properties
Methyl Ethyl
Cetane Number 43.9 43.8
Acid Value (mg KOH/g) 0.08 0.1
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Lubricity at 60 °C (um) 227 203
Oxidation Stability at 110 °C (h) 15.7 19.4
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Qil to Ethanol KOH Reaction Temperature | Reaction Time
Sample
Molar Ratio | Concentration (%) (°0) (min.)
1 6 1.5 60 90
2 12 0.5 60 150
3 12 1.0 50 120
4 9 1.5 50 120
5 6 0.5 40 90
6 9 1.0 50 120
7 6 1.5 40 90
8 12 1.5 40 150
9 12 1.5 60 150
10 12 0.5 60 90
11 9 1.0 50 150
12 9 1.0 50 90
13 12 0.5 40 90
14 9 1.0 60 120
15 9 1.0 40 120
16 12 1.5 40 90
17 12 1.5 60 90
18 12 0.5 40 150
19 9 0.5 50 120
20 9 1.5 50 90
21 6 0.5 60 90
22 6 1.5 60 150
23 6 0.5 60 150
24 6 1.5 40 150
25 9 1.5 40 120
26 6 1.0 50 120
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Engine Specification
Model TV1
Manufacturer Kirloskar Oil Engine
Engine Type 1 cylinder, 4 strokes, water cooled, direct injection
Bore 87.5 mm.
Stroke 110 mm.
Swept Volume 661 cc
Rated Power 3.5 KW at 1500rpm
Compression Ratio 12-18
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Measurement Measurement
Accuracy Resolution
Parameter Range
0, 0—25vol.% + 2 vol% 0.01 vol%
+ 10 ppm (0-199 ppm)
CO, H,-comp. 0 — 10000 ppm + 5 ppm of reading (200-2000 ppm) 1 ppm
+ 10 ppm of reading (rest of range)
CO» H,- + 2 ppm (0-39.9 ppm)
0 — 500 ppm 0.1 ppm
comp. + 5 ppm of reading (rest of range)
+ 5 ppm (0-99 ppm)
Colow’ HZ_
0 — 500 ppm + 5 ppm of reading (100-1999 ppm) 1 ppm
comp.
+ 10 ppm of reading (rest of range)
+ 2 ppm (0-39.9 ppm)
NO,,., 0—-300 ppm
+ 5 ppm of reading (rest of range)
+ 5 ppm (0-99 ppm)
NO, 0—-500 ppm 0.1 ppm
+ 5 ppm of reading (rest of range)
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Measurement Measurement

Accuracy Resolution

Parameter Range
0.01  vol%
+0.3 vol.%
(0-25 vol %)
CO, (IR) 0-50vol.% (0-39.9 vol. %) + 0.5 vol.%
0.1 vol%
+ 0.5 vol.% of reading (rest of range)
(>25 vol %)
Natural gas: 100
— 40000 ppm
+ 400 ppm
Propane: 100 —
HC (100-4000 ppm) 10 ppm
21000 ppm
+10% of reading (rest of range)
Butane: 100 —
18000 ppm
M99 3.5 Toyad Mz o anTp9AAT1ZH 101ds HORIBA 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 approx. 180 s
Measurement range turbidity 0-100 %
Measuring range absorption coefficient 0-m’
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Technical Data
Sensor Type Photodiode
Measuring Range 0to 6 RZ
Accuracy + 1 digit +0.2RZ
Resolution 0.1RZ
General Technical Data
Pump Capacity 1.63£0.11

Reference Filter

At 990 mbar and + 20C Ambient 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

Gas Sampling

Stainless Steel Pipe ca. 220 mm, Rubber Hose 100 mm
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Number of Sample Fatty Acid Name | Lipid Number | Retention Time (minutes)
1 Butyric Acid C4:0 6.75
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Percentage of Fatty Acid (%)
Number of Sample
Palmitic Acid Stearic Acid Ricinoleic Acid Total
1 0.713 0.779 98.518 100
2 0.683 0.738 98.589 100
3 0.697 0.766 98.547 100
4 0.702 0.771 98.537 100
5 0.720 0.784 98.507 100
6 0.735 0.795 98.482 100
7 0.732 0.796 98.483 100
8 0.745 0.820 98.447 100
9 0.743 0.822 98.447 100
10 0.772 0.841 98.399 100
11 0.691 0.767 98.552 100
12 0.680 0.739 98.591 100
13 0.686 0.743 98.581 100
14 0.697 0.764 98.549 100
15 0.695 0.750 98.564 100
16 0.714 0.793 98.504 100
17 0.717 0.785 98.509 100
18 0.771 0.838 98.404 100
19 0.704 0.761 98.546 100
20 0.707 0.770 98.533 100
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Percentage of Fatty Acid (%)
Number of Sample
Palmitic Acid Stearic Acid Ricinoleic Acid Total
21 0.716 0.769 98.526 100
22 0.710 0.763 98.537 100
23 0.706 0.750 98.554 100
24 0.679 0.738 98.592 100
25 0.705 0.777 98.528 100
26 0.753 0.824 98.435 100
Average 0.714 0.779 98.518
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No. Fatty Acid Name Lipid Number Concentration (ug/mL)
1 Butyric Acid C4:0 1047.1
2 Caproic ACID C6:0 1033.4
3 Caprylic Acid C8:0 1031.9
4 Capric Acid C10:0 1027.6
5 Lauric Acid C12:0 1022.0
6 Myristic Acid C14:0 1068.5
7 Palmitic Acid C16:0 1036.6
8 Stearic Acid C18:0 1062.1
9 Ricinoleic Acid C18:10H 100000.0
10 Arachidic Acid C20:0 1051.3
11 Behenic Acid C22:0 1055.9
12 Lignoceric Acid C24:0 1059.0
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Number of Sample Yield Percentage (%)
1 54.49
2 58.77
3 73.87
4 72.40
5 47.80
6 70.97
7 75.87
8 97.79
9 93.21
10 94.52
11 69.29
12 50.51
13 62.02
14 66.15
15 56.54
16 88.00
17 75.46
18 71.68
19 53.93
20 67.66
21 35.90
22 47.16
23 42.00
24 52.06
25 88.28
26 66.84
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Density of Water at 15.6 °C | Density of Fuel at 15.6 °C
Fuel Type | Specific Gravity R R
(kg/m’) (kg/m’)
COEE 0.915 914.101
Diesel 0.830 999.017 829.184
COEES 0.850 849.210

M1519% 5.6 lavatlanazuaa luanavednsa luiuriaa1e 9

Fatty Acid MW of Fatty Acid
No- Fatty Acid Name Lipid Number (g/mol)
1 Butyric C4:0 88.11
2 Caproic C6:0 116.16
3 Caprylic C8:0 144.21
4 Capric C10:0 172.26
5 Lauric C12:0 200.32
6 Myristic C14:0 228.37
7 Palmitic C16:0 256.40
8 Stearic C18:0 284.48
9 Ricinoleic C18:10H 298.46
10 Arachidic C20:0 312.53
11 Behenic C22:0 340.58
12 Lignoceric C24:0 368.63
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Alkane MW of Alkane
No.

Alkane Name Number of Carbon (g/mol)
1 Methane 1 16.04
2 Ethane 2 30.07
3 Propane 3 44.09
4 Butane 4 58.12
5 Pentane 5 72.15
6 Hexane 6 86.17
7 Heptane 7 100.20
8 Octane 8 114.23
9 Nonane 9 128.25
10 Decane 10 142.28
11 Undecane 11 156.31
12 Dodecane 12 170.33
13 Octadecane 18 254.49
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Fuel Average Wear Scar Diameter (um) Friction Coefficient
DIESEL 233 0.144
COEE 159 0.084
COEE5 137 0.102
COEES8 102 0.072
COEE10 114 0.057
COEE15 134 0.101
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Wave Number (cm”) | Vibration Type Element Functional Group
3,500 - 3,200 Stretching O-H Hydroxyl (From Ester)
3,100 - 3,000 Stretching =C-H Alkene

2,929 Stretching C-H Alkane (Methylene, -CH,-)
2,852 Stretching C-H Alkane (Methylene, -CH,-)
1,682 Stretching C=C Alkene
1,460 Bending C-H Alkane (Methylene, -CH,-)
1,408 Bending C-H Alkane (Methyl, -CH,)
1,240 Stretching C-0 Ester
1,103 Stretching C-0 Ester

1,000 - 650 Bending =C-H Alkene
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Wave Number (cm”) | Vibration Type Element Functional Group
3,500 - 3,200 Stretching O-H Hydroxyl (From Ester)
3,100 - 3,000 Stretching =C-H Aromatic Hydrocarbon
2,918 Stretching C-H Alkane (Methylene, -CH,-)
2,850 Stretching C-H Alkane (Methylene, -CH,-)
1,575 Stretching C=C Aromatic Hydrocarbon
1,473 Bending C-H Alkane (Methylene, -CH,-)
1,101 Stretching C-O0 Ester
1,000 - 650 Bending =C-H Aromatic Hydrocarbon
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52.1.3 UniuoImaInay (COEES)
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Wave Number Vibration Type Element Functional Group
3,500 - 3,200 Stretching O-H Hydroxyl (From Ester)
3,100- 3,000 Stretching =C-H Alkene

2,925 Stretching C-H Alkane (Methylene, -CH,-)
2,848 Stretching C-H Alkane (Methylene, -CH,-)
1,635 Stretching C=C Alkene
1,456 Bending C-H Alkane (Methylene, -CH,-)
1,414 Bending C-H Alkane (Methyl, -CH,)
1,103 Stretching C-O Ester

1,000 - 650 Bending =C-H Alkene
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A a J Y a 24 = 4 Y
137190 N.1 WaﬂTiJlﬂﬁ%ﬁﬂ’)ﬂmﬂuﬂuﬂﬁiﬂﬁﬂjﬂﬂ3TN%ﬂﬂl@ﬁlﬁﬂﬁlﬂ\iﬂiﬂ%lﬂﬂh?ﬁﬁﬁﬂi

No. Fatty Acid Lipid Concentration | Retention Time Peak Area
Name Number (ng/mL) (minutes)
1 | Butyric Acid C4:0 1047.1 6.75 13.83x10°
2 | Caproic Acid C6:0 1033.4 9.59 21.30 x10°
3 | Caprylic Acid C8:0 1031.9 12.26 27.84 x10°
4 | Capric Acid C10:0 1027.6 14.9 32.98 x10°
5 | Lauric Acid C12:0 1022 17.83 36.92 x10°
6 | Myristic Acid C14:0 1068.5 21.25 40.14 x10°
7 | Palmitic Acid Cl16:0 1036.6 25.89 43.50 x10°
8 | Stearic Acid C18:0 1062.1 32.38 46.01 x10°
9 | Ricinoleic Acid C18:10H 100000 60.83 2.141x10’
10 | Arachidic Acid C20:0 1051.3 40.94 47.83 x10°
11 | Behenic Acid C22:0 1055.9 51.21 50.00 x10°
12 | Lignoceric Acid | C24:0 1059 62.71 51.18 x10°




a £ 4 D, ¢ o v oA =
ATNN N.2 Wu‘ﬂﬂﬂﬂﬂﬁW‘hLa33’6fJaxﬂlﬂﬂlﬂﬁ'm@iﬂlﬂﬂﬂﬁﬂllelmusllﬂﬂﬂ’lﬂmﬂﬂ 1993
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Peak Area of Sample Percentage (%)

Fatty Acid Name

1 2 3 1 2 3
Butyric Acid 0 0 0 0 0 0
Caproic Acid 0 0 0 0 0 0
Caprylic Acid 0 0 0 0 0 0
Capric Acid 0 0 0 0 0 0
Lauric Acid 0 0 0 0 0 0
Myristic Acid 0 0 0 0 0 0
Palmitic Acid 3514604 3424235 4546195 1.36 1.30 1.33
Stearic Acid 4022196 3875965 5234074 1.55 1.47 1.53
Ricinoleic Acid 251364146 | 255867079 | 332631226 | 97.09 97.23 97.14
Arachidic Acid 0 0 0 0 0 0
Behenic Acid 0 0 0 0 0 0
Lignoceric Acid 0 0 0 0 0 0




134

a £ 4 D, ¢ o R
MITNN N.3 Wu‘ﬂﬂﬂﬂﬂﬁW‘hLa33’6fJa3‘1]@\1L@ﬁ'!,€5|@5‘ll@\1ﬂﬁﬂllelmusllﬂ\iﬂ?@mﬂﬂ 4096

Peak Area of Sample Percentage (%)

Fatty Acid Name

4 5 6 4 5 6
Butyric Acid 0 0 0 0 0 0
Caproic Acid 0 0 0 0 0 0
Caprylic Acid 0 0 0 0 0 0
Capric Acid 0 0 0 0 0 0
Lauric Acid 0 0 0 0 0 0
Myristic Acid 0 0 0 0 0 0
Palmitic Acid 4398152 2995971 4579201 1.34 1.37 1.40
Stearic Acid 5061494 3422204 5191314 1.54 1.56 1.58
Ricinoleic Acid | 319553308 | 212345513 | 317935176 | 97.12 97.07 97.02
Arachidic Acid 0 0 0 0 0 0
Behenic Acid 0 0 0 0 0 0
Lignoceric Acid 0 0 0 0 0 0
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Peak Area of Sample Percentage (%)

Fatty Acid Name

7 8 9 7 8 9
Butyric Acid 0 0 0 0 0 0
Caproic Acid 0 0 0 0 0 0
Caprylic Acid 0 0 0 0 0 0
Capric Acid 0 0 0 0 0 0
Lauric Acid 0 0 0 0 0 0
Myristic Acid 0 0 0 0 0 0
Palmitic Acid 4751936 6556523 6408600 1.39 1.42 1.41
Stearic Acid 5410694 7564595 7433995 1.59 1.63 1.64
Ricinoleic Acid 330927307 | 448919334 | 439992365 | 97.02 96.95 96.95
Arachidic Acid 0 0 0 0 0 0
Behenic Acid 0 0 0 0 0 0
Lignoceric Acid 0 0 0 0 0 0
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Peak Area of Sample Percentage (%)

Fatty Acid Name

10 11 12 10 11 12
Butyric Acid 0 0 0 0 0 0
Caproic Acid 0 0 0 0 0 0
Caprylic Acid 0 0 0 0 0 0
Capric Acid 0 0 0 0 0 0
Lauric Acid 0 0 0 0 0 0
Myristic Acid 0 0 0 0 0 0
Palmitic Acid 6225905 4131192 3038320 1.46 1.32 1.30
Stearic Acid 7117556 4806665 3458483 1.68 1.53 1.47
Ricinoleic Acid 411371081 | 305175255 | 228011563 | 96.86 97.16 97.23
Arachidic Acid 0 0 0 0 0 0
Behenic Acid 0 0 0 0 0 0
Lignoceric Acid 0 0 0 0 0 0
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Peak Area of Sample Percentage (%)

Fatty Acid Name

13 14 15 13 14 15
Butyric Acid 0 0 0 0 0 0
Caproic Acid 0 0 0 0 0 0
Caprylic Acid 0 0 0 0 0 0
Capric Acid 0 0 0 0 0 0
Lauric Acid 0 0 0 0 0 0
Myristic Acid 0 0 0 0 0 0
Palmitic Acid 3825385 3962406 3486431 1.31 1.33 1.32
Stearic Acid 4340328 4550191 3940645 1.48 1.52 1.50
Ricinoleic Acid 284488041 | 290064534 | 255788563 | 97.21 97.15 97.18
Arachidic Acid 0 0 0 0 0 0
Behenic Acid 0 0 0 0 0 0
Lignoceric Acid 0 0 0 0 0 0
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Peak Area of Sample Percentage (%)

Fatty Acid Name

16 17 18 16 17 18
Butyric Acid 0 0 0 0 0 0
Caproic Acid 0 0 0 0 0 0
Caprylic Acid 0 0 0 0 0 0
Capric Acid 0 0 0 0 0 0
Lauric Acid 0 0 0 0 0 0
Myristic Acid 0 0 0 0 0 0
Palmitic Acid 5269847 4588516 4623618 1.36 1.36 1.46
Stearic Acid 6136702 5261023 5277099 1.58 1.57 1.67
Ricinoleic Acid 376645864 | 326377682 | 306092891 | 97.06 97.07 96.87
Arachidic Acid 0 0 0 0 0 0
Behenic Acid 0 0 0 0 0 0
Lignoceric Acid 0 0 0 0 0 0
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Peak Area of Sample Percentage (%)

Fatty Acid Name

19 20 21 19 20 21
Butyric Acid 0 0 0 0 0 0
Caproic Acid 0 0 0 0 0 0
Caprylic Acid 0 0 0 0 0 0
Capric Acid 0 0 0 0 0 0
Lauric Acid 0 0 0 0 0 0
Myristic Acid 0 0 0 0 0 0
Palmitic Acid 3454852 4239164 2374993 1.34 1.35 1.36
Stearic Acid 3910896 4834903 2671340 1.52 1.54 1.53
Ricinoleic Acid 250376292 | 305646323 | 169217584 | 97.14 97.12 97.10
Arachidic Acid 0 0 0 0 0 0
Behenic Acid 0 0 0 0 0 0
Lignoceric Acid 0 0 0 0 0 0
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Peak Area of Sample Percentage (%)

Fatty Acid Name

22 23 24 22 23 24
Butyric Acid 0 0 0 0 0 0
Caproic Acid 0 0 0 0 0 0
Caprylic Acid 0 0 0 0 0 0
Capric Acid 0 0 0 0 0 0
Lauric Acid 0 0 0 0 0 0
Myristic Acid 0 0 0 0 0 0
Palmitic Acid 3052530 2668171 3212916 1.35 1.34 1.29
Stearic Acid 3435902 2969013 3655991 1.52 1.50 1.48
Ricinoleic Acid 219258288 | 192744988 | 241330400 | 97.13 97.16 97.23
Arachidic Acid 0 0 0 0 0 0
Behenic Acid 0 0 0 0 0 0
Lignoceric Acid 0 0 0 0 0 0
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Peak Area of Sample Percentage (%)
Fatty Acid Name

25 26 25 26
Butyric Acid 0 0 0 0
Caproic Acid 0 0 0 0
Caprylic Acid 0 0 0 0
Capric Acid 0 0 0 0
Lauric Acid 0 0 0 0
Myristic Acid 0 0 0 0
Palmitic Acid 5118192 4317147 1.34 1.43
Stearic Acid 5916367 4950736 1.55 1.64
Ricinoleic Acid 370475745 292315753 97.11 96.93
Arachidic Acid 0 0 0 0
Behenic Acid 0 0 0 0
Lignoceric Acid 0 0 0 0
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Molecular Weight of Fatty Acid (g/mol)
Number of Sample
Palmitic Acid Stearic Acid Ricinoleic Acid Total
1 1.802 2.216 294.039 298.057
2 1.726 2.099 294.250 298.075
3 1.762 2.180 294.124 298.065
4 1.774 2.194 294.095 298.062
5 1.818 2.232 294.004 298.053
6 1.855 2.260 293.930 298.046
7 1.850 2.263 293.933 298.046
8 1.881 2.332 293.826 298.038
9 1.875 2.338 293.825 298.038
10 1.948 2.393 293.683 298.024
11 1.745 2.182 294.141 298.068
12 1.718 2.102 294.256 298.076
13 1.734 2.114 294.225 298.073
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Molecular Weight of Fatty Acid (g/mol)
Number of Sample
Palmitic Acid Stearic Acid Ricinoleic Acid Total
14 1.761 2.173 294.132 298.065
15 1.757 2.134 294.176 298.068
16 1.803 2.256 293.996 298.054
17 1.811 2.232 294.011 298.054
18 1.944 2.385 293.696 298.025
19 1.778 2.164 294.121 298.063
20 1.787 2.191 294.082 298.060
21 1.809 2.186 294.062 298.057
22 1.794 2.170 294.095 298.060
23 1.784 2.134 294.145 298.063
24 1.717 2.099 294.260 298.076
25 1.780 2212 294.068 298.060
26 1.901 2.343 293.789 298.034
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Number of Sample | Theoretical Yield (g) | Actual Yield (g) | Yield Percentage (%)
1 96.46 52.56 54.49
2 96.46 56.69 58.77
3 96.46 71.26 73.87
4 96.46 69.83 72.40
5 96.46 46.11 47.80
6 96.45 68.46 70.97
7 96.45 73.18 75.87
8 96.45 94.32 97.79
9 96.45 89.90 93.21
10 96.45 91.17 94.52
11 96.46 66.84 69.29
12 96.46 48.72 50.51
13 96.46 59.83 62.02
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Number of Sample | Theoretical Yield (g) | Actual Yield (g) | Yield Percentage (%)
14 96.46 63.81 66.15
15 96.46 54.54 56.54
16 96.46 84.88 88.00
17 96.46 72.79 75.46
18 96.45 69.13 71.68
19 96.46 52.02 53.93
20 96.46 65.26 67.66
21 96.46 34.63 35.90
22 96.46 45.49 47.16
23 96.46 40.51 42.00
24 96.46 50.22 52.06
25 96.46 85.16 88.28
26 96.45 64.47 66.84
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Time (s)
Fuel Type Average Time (s) | Viscosity (cSt)
1 2 3
COEE 576.71 576.78 577.02 576.84 20.1893
DIESEL 279.56 278.09 279.32 278.99 4.185
COEES 282.02 282.31 281.98 282.10 4.232
COEES 293.87 293.65 293.81 293.78 4.407
COEEI10 303.19 305.25 304.47 304.30 4.565
COEE15 313.07 315.32 314.44 314.28 4.714
COEE20 339.25 340.48 340.02 339.92 5.099
SmﬁN‘ﬁ 9.2 Wﬁﬂﬁﬂﬂﬁ@ﬂ‘gﬂ’ﬂ‘ﬂllw
Flash Point (°C)
Fuel Type
1 2 3 Average
COEE 87 88 88 88
DIESEL 68 68 69 68
COEES 74 73 74 74
COEES 75 78 78 77
COEEI10 78 79 77 78
COEEI15 80 82 79 80
M3 0.3 HaMINAdeUANE I IIZLAzANE e 1o
Specific Gravity
Fuel Type API Gravity
1 2 3 Average
COEE 0.915 0.915 0.915 0.915 23.14
DIESEL 0.830 0.83 0.83 0.830 38.98
COEES 0.85 0.85 0.85 0.850 34.97
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Wear Scar Diameter
Fuel Friction Coefficient
X Y AVG.

DIESEL - 233.08 0.144
COEE 213.9 104.88 159.39 0.084
DIESEL+5%COEE 166.98 107.64 137.31 0.102
DIESEL+8%COEE 126.27 78.69 102.48 0.072
DIESEL+10%COEE 151.11 76.59 113.85 0.057
DIESEL+15%COEE 140.07 126.96 133.52 0.101
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ABSTRACT

Nowadays, world energy consumption from fossil fuels
contributes to pollutions and environmental deterioration.
Thus, renewable, environmental friendly, alternative fuels
such as biodiesel has received more attention. The most
commonly used method for preparing biodiesel is
transesterification reaction of vegetable oils and alcohol.
However, there are some controversies of economics,
feedstock supply and availability about using edible oil for
biodiesel production. In this study, we aim to prepare
biodiesel through the transesterification of castor oil and
ethanol. Castor oil is non-edible oil crop with high
proportion of hydroxylated fatty acid, ricinoleic acid (C18:1
OH). Excellent lubrication properties and hydroxyl group
present in molecule are attractive factors of castor oil as
alterative feedstock of biodiesel. Tt is expected that the
presence of oxygen belonging to hydroxyl group can
enhance the combustion efficiency. The optimization of
parameters relaled to the yield of transesterification, such as
the concentration of catalyst, ethanol to oil molar ratio,
reaction temperature and reaction time was investigated.
The results indicated that the optimum condition for castor
oil ethyl ester (COEE) production was 1:12 oil to ethanol
molar ratio, 1.5% of catalyst concentration, 50°C reaction
temperature and 120 minutes reaction time.

To avoid extremely high viscosity of castor oil which can
affect the fuel injection system, COEE was blended with
commercial diesel fuel at different concentrations ranged
from 5%-15% volume and key properties of fuel blends,
mainly focused on fuel lubricity and viscosity were
evaluated. The presence of 8% COEE in diesel fuel was
concluded as the optimum concentration because the
smallest wear scar diameter was obtained after the lubricity
test and its viscosity was within acceptable limits prescribed
by the standard specification of diesel fuel. Consequently,
the blend of 8% COEE and diesel fuel was used in the
engine test to investigate the engine performance and
engine-out emissions. The test was carried out in a single
cylinder diesel engine fitted with an eddy current
dynamometer. Constant engine speed of 1500 rpm and
variable engine loads of 50%, 75% and 90% of maximum
torque were selected as test conditions. The results showed
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that the addition of 8% COEE to diesel fuel increased brake
thermal efficiency at middle to high engine operating loads.
The reduction in carbonaceous gas emissions including
carbon monoxide (CQ) and unburnt hydrocarbon (HC) was
obtained by the addition of COEE. Moreover, smoke
emissions generaled by the combustion of COEE blend was
lower than that of diesel fuel. From the results as mentioned,
castor oil ethyl ester has been shown a feasible alternative
for biodiesel. This is due to the most relevant benefits of
engine performance and engine-out emissions.

INTRODUCTION

The demand of petroleum fuels is increasing worldwide
whereas these fuels are limited and continuously depleting.
Moreover, the use of petroleum fuels has caused many
environmental problems by high emissions of harmful
gases. One of most promising allernatives to replace
petroleum fuels, especially in diesel engines is renewable
fuels such as biodiesel. The raw material for biodiesel
production is vegetable oil such as corn oil, palm oil,
soybean oil and sunflower. These vegetable oils are called
as feedstock for first generation biodiesel. Usually, biodiesel
contains virtually no sulphur content and produces cleaner
combustion compared to diesel fuel, leading to better
exhaust emissions and more friendly to environment.
However, there are some controversies of economics,
feedstock supply and availability about using edible oil for
biodiesel production. Castor oil, a non-edible oil crop as
second generation biodiesel, is very attractive to be
feedstocks for biodiesel production. Castor oil contains high
proportion of ricinoleic acid (C18:10H) which is one kind
of fatty acid that possesses more oxygen content than other
vegetable oils [1-5], The presence of oxygen in fuel
molecule is expected to improve the combustion efficiency
and engine-out emissions. Moreover, hydroxyl group
belonging to ricinoleic acid can enhance soot oxidation
which directly relates to the reduction in particulate matter
smoke emissions. Another attractive property of ricinoleic
acid is excellent lubricaling properties compared to other
fatty acids [6]. However, extremely high viscosity of castor
oil will be significant problem to limit the use of castor oil
as biodiesel source. Therefore, the use of castor oil and its
biodiesel as blend component in diesel fuel is a feasible way
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to apply castor oil as renewable and alternative fuels in a
diesel engine. Previous studies have been reported that the
use of biodiesel derived from castor oil as blend component
can improve fuel properties (i.e. fuel lubricity), combustion
characteristics and engine-out emissions [7-8].

Most commonly used method for biodiesel preparation is
transesterification which is the reaction between triglyceride
from oils and fats with alcohol, methanol is the most
common alcohol used. The esters or biodiesel is main
product, meanwhile glycerol is byproduct. Methanol is the
production of petrochemical product and toxic alcohol while
ethanol is a natural byproduct of plant fermentation and non-
poisonous. In this work, ethanol was used in the
transesterification instead of methanol to aveid the use of
petroleum product. Potassium hydroxide was selected as
chemical reaction catalyst. Four parameters related to the
yield of transesterification consists of oil to ethanol molar
ratio, catalyst concentration, reaction temperature and
reaction time were investigated. Thereafler, the effect of
addition of ethyl ester biodiesel derived from castor oil
(COEE) to diesel fuel on fuel properties, mainly focused on

fuel lubricity and viscosity, engine performance and exhaust
gas emissions were analyzed.

METHODOLOGY

Test Fuel

In this study, diesel fuel and castor oil ethyl ester (COEE)
were used as primary fuel. Diesel fuel was commercial
diesel fuel with the presence of 7% palm biodiesel which is
the mandatory blend rate prescribed by the domestic
regulation under the Alternative Energy Development Plan
(AEDP 2015), Ministry of Energy, Thailand. COEE was
prepared from castor oil and ethanol by using potassium
hydroxide (KOH) as catalyst through transesterification
process. In such biodiesel production, effect of 0il to ethanol
molar ratio (1:6, 1:9 and 1:12), catalyst concentration (0.5%,
1.0% and 1.5% by weight), reaction temperature (40°c,
50°C and 60°C) and reaction time (90 min., 120 min. and
150 min) on the yield of transesterification was studied.

Table 1. Selected conditions for biodiesel preparation and their yield percentage

NO. Sample A B C D Y (g) You (g) %Y (%)
1 1:6 1.5 60 90 96.458 52.56 54.49
2 1:12 0.5 60 150 96.464 56.69 58.77
3 1:12 1.0 50 120 96.461 71.26 73.87
4 1:9 1.5 50 120 96.460 69.83 72.40
5 1:6 0.5 40 90 96.457 46.11 47.80
6 1:9 1.0 50 120 96.455 68.46 7097
7 1:6 1.5 40 90 96.455 73.18 75.87
8 1:12 1.5 40 150 96.452 9432 97.79
9 1:12 1.5 a0 150 96.452 89.90 93.21
10 1:12 0.5 60 90 96.448 91.17 94.52
11 1:9 1.0 50 150 96.462 66.84 69.29
12 1:9 1.0 50 150 96.464 48.72 50.51
13 1:12 0.5 40 90 96.463 59.83 62.02
14 9 1.0 60 120 96.461 63.81 66.15
15 1:9 1.0 40 120 96.462 54.54 56.54
16 1:12 1.5 40 90 96.457 84.88 88.00
17 1:12 1.5 60 90 96.457 72.79 75.46
18 1:12 0.5 40 150 96.448 69.13 71.68
19 1:9 0.5 50 120 96.460 52.02 53.93
20 1:9 1.0 50 90 96.459 65.26 67.66
21 1:6 0.5 60 90 96.458 34.63 35.90
22 1:6 1.5 60 150 96.459 45.49 47.16
23 1:6 0.5 60 150 96.460 40.51 42.00
24 1:6 1.5 40 150 96.464 50.22 52.06
25 1:9 1.5 40 120 96.459 85.16 88.28
26 1:6 1.0 50 120 96.451 64.47 66.84

A = 0il to ethanol molar ratio, B = Catalyst concentration (%ow/w), C = Reaction temperature (°C), D = Reaction time (minute)
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The biodiesel yield percentage is the factor that indicates the
amount of actual biodiesel yicld (Ya) compared with the
theoretical biodiesel yield. The theoretical biodiesel yield
(Yu) and biodiesel yield percentage (%6Y) can be calculated
from the following equations.

_ N XMW xmeg,

Y, = 1
o M
Y,
%Y = = 2)
YAh
when,
Yu = theoretical yield of biodiesel (g)
N = mole number of biodiesel per mole
number of crude vegetable oil
mcco = crude castor oil mass (g)
MWeorr = molecular weight of castor oil ethyl ester
(g/mol)
MWcco = molecular weight of crude castor oil
(g/mol)

Selected conditions for biodiesel preparation by variation of
such four parameters were shown in Table 1. It can be
seen that maximum yield percentage was obtained with
conditions of 1:12 oil to ethanol molar ratio, 1.50% KOH,
reaction temperature of 40 °C and reaction time of
150 minutes. The experimental results on biodiesel
yield percentage can be concluded to introduce the
relationship between yield percentage and tested parameters
(Figure 1-4). An increase in oil:cthanol molar ratio and
catalyst concentration tended o increase yield percentage
while there was no clear trend of yield percentage with
varying reaction temperature and temperature time.
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Figure 1, The relationship between yield percentage and oil
to ethanol molar ratio.
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Figure 2. The relationship between yield percentage and
catalyst concentration.
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Figure 3. The relationship between yield percentage and
reaction temperature,
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Figure 4. The relationship between yield percentage and
reaction time.

With extremely high viscosity of ricinoleic acid as main
component of castor oil, viscosity ol ethyl ester biodiesel
derived from castor oil was over limitation of biodiesel
specification. So, the proportion of COEE as blend
component in diesel fuel was maximized. The variation of
COEE concentrations ranged from 5%-15% volume were
blended with diesel fuel. Two key properties of fuel blends,
consisting of fucl lubricity and kinematic viscosity, were
determined according to American Society for Testing and
Materials (ASTM) and the results were compared o the
limitation prescribed by the diesel fuel specification to avoid
any engine modification when COEE blend was used in the
engine test. The effect of COEE concentration present in
diesel fuel on lubricity and viscosity was demonstrated in
Figure 5. The results shows that the smallest wear scar
diameter generated by the lubricity test was obtained by the
addition of 8% COEE to diesel fuel (C8) while its viscosity
was within acceptable limits prescribed by specification of
standard diesel fuel. Consequently, the 8% COEE blended
with diesel fuel was selected for the engine test to evaluate
the effect of COEE present in diesel fuel on engine
performance and engine-out emissions. The basic physical
and chemical properties of diesel fuel and 8% COEE were
measured according to ASTM standards and were shown in
Table 2.
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Figure 5. Lubricity and viscosity of COEE blends.
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Table 2. Basic physical and chemical properties of test fuels

Fuel Properties Method Diesel 8%COEE
Kinematic viscosity @40 °C (cSt) ASTM D445 4.185 4.407
Density @15.6 °C (kg/m’) ASTM D129% 829 839
Speeific gravity @15.6 °C ASTM D1298 0.830 0.340
Distillation 90% Recovered (“C) ASTM D86 348 328
Cetane Index ASTM D976 5918 5347
Flash point (°C) ASTM D93 68 ’1
Gross Calorific Value (MJ/kg) ASTM D240 45.39 45.17

Engine Test

A single cylinder direct injection diesel engine with
naturally aspirated and water-cooled system was used for
the engine test to evaluate engine performance and engine-
out emissions of the optimum fuel blend (8% COEE)
selected by the consideration of fuel lubricity and viscosity
of fuel blends. The engine was operated with diesel fuel and
the results were used as reference value so that the results
obtained by the engine fueled with the optimum COEE
blend were compared. The engine specification is shown in
Table 3. The experimental installation is drawn
schematically in Figure 6. A eddy current dynamometer
equipped with a load cell was used to load the engine. The
engine was lested at constant speed of 1500 rpm with
varying three engine operating loads (50%, 75% and 90% of
maximum engine torque) which represents the range of the
engine operating condition from middle to high levels.
Engine-out emissions were measured by standard exhaust
gas analyzers: Testo 350 for CO and NOx, Horiba Mexa-
584L for HC and Testo 308 for smoke emissions. In each
condition tested, the engine was stabilized by the
observation of exhaust temperatures and exhaust emissions.

Table 3. Test Engine specification.

Engine Specification
Model Kirloskar TV1
Engine type 1 cylinder, 4 strokes,
Walter cooled,
Direct injection
Bore 87.5 mm
Stroke 110 mm
Swept volume 661 cc
Rate output 3.5 kW at 1500 rpm
Compression ratio 12:1-18:1
Fuel timing for standard engine 23°BTDC
Injection pressure 210 bar
Dynamometer Eddy current
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Figure 6. Schematic diagram of the experimental engine
installation,

RESULTS AND DISCUSSION

Engine Performance

The results showed that the addition of 8% COEE to diesel
fuel increased brake specific fuel consumption at middle
engine load without significant penalty in brake thermal
efficiency. The lower bsfc was found by the use of COEE
blend at higher engine operating loads, resulting in the
higher thermal efficiency compared to diesel fuel (Figure 7).
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Figure 7. Engine performance: a) Brake specific fuel
consumption b) Brake thermal efficiency.
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Combustion Characteristics

In-Cylinder pressure and heat release rate of the combustion
of 8% COEE compared to diesel fuel is shown in Figure 8.
It seems that the presence of 8% COEE does not
significantly affect the combustion characteristics of
blended fuels with respect to that of diesel fuel. Small
difference in start of combustion with retard for COEE
blend was found at middle engine load while similar start of
combustion for both test fucls was obtained at higher engine
loads. Obviously, the combustion of 8% COEE generated
higher in-cylinder pressure than diesel fuel combustion at all
engine loads tested. The addition of COEE to diesel fuel
increased the oxygen content which tended to increase
combustion temperature, resulting in the increase in in-
cylinder pressure.
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Figure 8. In-cylinder pressure and heat release rate.
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Emissions

The variation of unburnt hydrocarbon (HC) emissions with
engine loads and test fuels is shown in Figure 9. It can be
seen from Fig. 9 that HC emissions of 8% COEE were
decreased by 12.50 to 20.00%, compared with diesel fuel.
The presence of oxygen in COEE blend resulting in more
complete combustion can be used to justify the reduction in
HC emissions when the addition of COEE biodiesel to
diesel fuel was applied. Although, high viscosity of COEE
biodiesel with high surface tension can affect the poor
atomization resulting in the high THC emissions, the elfect
of oxygen content seems to overcome high viscosity of the
blend. As a consequence, the lower THC emissions can be
obtained from the combustion of the diesel fuel blended
with COEE biodiesel.
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Figure 9. Variation of unburnt hydrocarbon emissions.

Figure 10. shows the variation of carbon monoxide (CO)
emissions with engine loads and test fuels. Similar trend to
HC emissions, the combustion of 8% COEE generated
lower CO emissions that that of diesel fuel. CO emissions
were decreased by 8.57 to 52.50%, compared with diesel
fuel. This is likely to be a consequence of oxygen content
present in  COEE blend which improve complete
combustion.

W Diesel S8%COEE

Carbon monoxide (g/kW-h)
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Figure 10. Variation of carbon monoxide emissions.
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Smoke is the parameter that used to predict the trend of
particulate matter (PM) emissions. The variation of the
smoke emissions with engine loads and test fuels was shown
in Fig.11. It can be seen that small improvement of smoke
emissions was obtained by the combustion of 8% COEE
compared with diesel fuel. The reduction in smoke
emissions with the use of COEE blend is likely to be a
consequence of the presence of oxygen in fuel molecules of
COEE. It is notable that more biodiesel addition to
commercial diesel fuel (B7) does not meet the significant
improvement in smoke emissions for the engine and
operating loads used in this study.
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Figure 11. Variation of smoke emissions.

NOx emission is the main emission of compression ignition
engine or diesel engine because diesel engine operated at
high combustion temperature which is more favourable the
NOx formation. The variation of the NOx emission with
engine loads and test fuels was shown in Figure 12. It can be
seen that NOx emissions of 8% COEE were decreased by
25.93 to 46.56%, compared with diesel fuel, Commonly,
The oxygen present in fuel molecules of biodiesel can
improve the combustion process resulting in the increase in
the combustion temperature and the retard in start of
combustion due to low cetane number can promote the high
peak of premixed combustion, which tend to increase NOx
emissions. However, the decrease in NOx emissions was
found with the use of COEE blend in this study. The reason
which may be used to explain such NOx reduction is higher
viscosity of COEE blend than diesel fuel. Higher viscosity
of fuel molecule can cause the difficulty of fuel atomization
which may reduce the charge temperature and is effective to
NOx alleviation [10].
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Figure 12. Variation of oxides of nitrogen emissions.

CONCLUSIONS

The incorporation of castor oil based ethyl ester biodiesel as
blend components to reduce the use of diesel fuel in a
compression ignition engine was investigated in this study
and the following conclusions can be drawn.

e The optimum transesterification conditions with
consideration of the reaction yield was 1:12 oil to
ethanol molar ratio, 1.50%  KOH, reaction
temperature of 40 °C and reaction time of 150
minutes.

e The presence of 8% COEE in diesel fuel showed the
best lubricity with smallest wear scar diameter and its
viscosity was under the limitation of diesel fuel
specification prescribed by the European standard.

e The addition COEE to diesel fuel tended to reduce
fuel consumption, resulting in the increase in thermal
efficiency.

e Carbonaceous gas emissions and smoke emissions
were reduced by the addition of COEE, mainly due
to the presence of oxygen in COEE.

e The reduction in NOx emissions was obtained with
the combustion of COEE blend, supposedly due to
higher viscosity of COEE blend resulting in lower
charge temperature.

e (Castor oil ethyl ester has been shown a feasible
alternative for biodiesel due to the most relevant
benefits of engine performance and engine-out
emissions,
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