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NITI KLINKAEW : EFFECT OF CRUDE CASTOR OIL ON WEAR OF
ENGINES FUELED WITH DIESEL - ETHANOL BLEND. THESIS ADVISOR :

EKARONG SUKIJIT, Ph.D., 214 PP.

CRUDE CASTOR OIL/WEAR/DIESEL ENGINE

Ethanol has been used as an alternative fuel in order to solve the global oil
pricing crisis which has a strong impact in Thailand. However, the use of ethanol as
fuel can also have negative effects on engines. For instance, ethanol is highly corrosive
and possesses low fuel lubricity. Therefore, these issues can potentially affect the
damage on engine components of fuel injection system. The objective of this research
is to improve the lost properties of diesel-ethanol blend by using crude castor oil and
can be used the ternary fuel blend in diesel engines without any engine modification.
Crude castor oil which possesses some better fuel properties with respect to ethanol can
participate in the improvement of fuel properties of diesel-ethanol blend. Furthermore,
crude castor oil without transesterification can reduce the complexity and cost of fuel
production process. According to the results, the optimum percentage of crude castor
oil and ethanol to be blended with diesel fuel can be obtained by considering basic
physical and chemical fuel properties and fuel lubricity. It was found that the addition
of 10% by volume of crude castor oil to diesel-ethanol blend which the percentage of
ethanol was fixed at 10% was the optimum blend because this blend showed best fuel
lubricity and its other main fuel properties were under the limitation of diesel fuel
specification. Consequently, this ternary fuel blend of diesel fuel blended with 10%
crude castor oil and 10% ethanol (D80E10C10) was selected to use in a diesel engine

with variable compression ratio to investigate engine performances, combustion



characteristics and exhaust emissions. Furthermore, the long-term use of DSOE10C10
was tested on a single-cylinder air-cooled diesel engine to evaluate wear of engine
components.

The variable compression ratio engine was operated at constant engine speed
of 1,500 rpm, engine loads of 25%, 50% and 75% of maximum engine torque and
compression ratio of 16, 17 and 18. The results showed that the increase in compression
ratio improved the engine performances when both diesel fuel and DS8OE10C10 were
tested. In addition, the longer ignition delay of DS8OEIOC10 was enhanced as the
compression ratio increased. In terms of exhaust emissions, the results revealed that
carbon monoxide (CO) and unburned hydrocarbons (HC) of DSOE10C10 were higher
than those of diesel fuel while oxides of nitrogen (NOx) and smoke of DSOE10C10
were lower than diesel fuel.

The long-term use of DSOE10C10 was tested on the single-cylinder air cooled
diesel engine coupled with water pump operated at water flow rate of 557 1/min, head
of 10 m (14.2 psi) and engine speed of 3,000 rpm. The results showed that concentration
of ferrous wear metals present in lubricating oil and weight loss of the measured engine

components were higher when the engine was operated with DSOE10C10.

School of Mechanical Engineering Student’s Signature I aowua?

Academic year 2019 Advisor's Signature [ JW{
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(a)Adhesive wear (b) Abrasive wear
—
(c) Fatigue wear (d) Corrosive wear
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Metal Engine

Aluminum (Al) Piston, Bearings, Bushings, Blocks (some), Housings, Oil pump,
bushings, Blowers, Thrust bearing, Ingested dirt

Chrome (Cr) Rings, Roller taper, Bearings (Some), Liners, Exhaust valves, Water
Treatment, Chemicals

Copper (Cu) Wrist pin bushings, Valve train, Bushings, Cam bushings, Bearings
(Near failure), Oil cooler, Thrust washers, Governor, Oil pump, Oil
additive (Some)

Lead (Pb) Bearing, Gasoline, Octane improver, Oil additive (Some), Thrust

washers

Silicon (Si)

Anti-foam additives, Ingested dirt, Octane improver, Coolant leak

Sodium (Na) Oil additive (Some), Coolant, Road salt, Ingested dirt
Tin (Sn) Pistons (Overlay), Bearings (Overlay), Bushings
Iron (Fe) Cylinder, Blocks, Gears, Crankshaft, Wrist pins, Ring (Cast),

Camshaft, Valve train, Oil pump, Liners

< A = & ¥ o " A VoA A &
A1519% 2.3 Tavizyiaa1g 9 nludeuluiiurasauuazurvasnervna lane dwtlou

(Fluid lift, 2020)

Aluminum (Al)

Wear Metal: Bearings, block, Blowers, Bushings, Clutches, cylinders,
pistons, housings, pump bushings, pump housing, motor housing, rotors
thrust bearings, thrust washers

Contaminants & Additives: Grease thickener, paint, road dust
Abrasives: Alumina, bauxite, catalyst, coal, fly ash, foundry dust,

granite

Barium (Ba)

Contaminants & Additives: Fuel additive, grease thickener

Oil additive: Detergent
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(Fluid lift, 2020)

Metal Engine

Boron (B) Contaminants & Additives: Coolant inhibitor, oil drum cleaner, water
treatment

Oil additive: Anti-wear, detergent, extreme pressure

Calcium (Ca) Contaminants & Additives: Cement dust, Fuller’s Earth, grease
thickener, gypsum, hard water, lignite, limestone, mining dust, road dust,
rubber, salt water, slag

Oil additive: Detergent, rust inhibitor

Chromium (Cr) Wear Metal: Exhaust valves, liners, low alloy steel, oil coolers, rings,
rods, roller/taper bearings, stainless steel

Contaminants & Additives: Water Treatment, paint, other chemicals

Copper (Cu) Wear Metal: Babbitt bearings (underlay), bearing cage, brass, bronze,
cam bushing, clutches, governor, guides, oil cooler, oil pumps, pump
pistons & thrust plates, steering discs, valve train bushings, wear plates,
wrist pin bushings

Contaminants & Additives: Paint

Oil additive: Anti-wear

Iron (Fe) Wear Metal: Bearing, block, brake bands, camshaft, cast iron,
crankshafts, cylinders, discs, gears, housing, hydraulic, pump (vanes,
gears, pistons) liners, oil pump, PTO, ring, screws, shafts, valve train,
valve, wrist pins

Contaminants & Additives: Asbestos, cleaning, detergent, mill scale,

ore dust, paint, rust

Lead (pb) Wear Metal: Babbitt, bronze alloy, journal, bearing overlay, solder

Contaminants & Additives: Balancing weights, gasoline additive,

paint, road dust
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(Fluid lift, 2020)

Magnesium (Mg) | Wear Metal: Turbine metallurgy
Contaminants & Additives: Fuller’s Earth, hard water, road dust,
seawater
Oil additive: Detergent

Molybdenum (Mo) | Wear Metal: Alloy steel, ring

Contaminants &Additives: Oil additive: Extreme pressure

Nickle (N1)

Wear Metal: Hardened steels, plating, stainless steels

Phosphorous (P)

Contaminants & Additives: Cleaning detergent,

Oil additive: Anti-wear, extreme pressure

Potassium (K)

Contaminants & Additives: Coolant inhibitor, fly ash, fuel element,

granite, paper mill dust, road dust

Silicon (Si) Wear Metal: Alloy steel
Contaminants & Additives: Asbestos, cement dust, coolant additive,
fly ash, glass, granite, grease, limestone, road dust, sealant, slat, synthetic
lubricant Oil additive: Anti-foam

Silver (Ag) Wear Metal: Alloy steel, bearing overlay, needle bearings, oil coolers
(solder), wrist pin bushings (EMD engine)

Sodium (Na) Contaminants & Additives: Activated alumina, coolant inhibitor, dirt,
fly ash, grease, oil additives, paper mill dust, road salt

Tin (Sn) Wear Metal: Bearing cage, babbitt, bearing flashing, piston overlay,
solder

Titanium (Ti) Wear Metal: Gas turbine, bearings, turbine blades
Contaminants & Additives: Paint

Zinc (Zn) Wear Metal: Brass, plating

Contaminants & Additives: Cathodic protection, galvanizing, grease

Oil additive: Anti-wear
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Properties Castor seed oil | Castor methyl ester Diesel
Density (g/ml) 0.96 0.913 0.830
Kinematic viscosity, ¢St at 38 °C 226.82 10.50 5.8
Gross calorific value (MJ kg_l) 36.20 39.16 46.22
Flash point (°C) 317 149 47
Acid value (mg KOH/g) 1.642 1.008 0.00
Free fatty acid content (%) 2.8 1.86 0.00

{ a @ o < ! . .
M350 2.6 ¥tavensa luiiuluiihiuanudaaz e (Mohamed Babiker Suliman., 2018)

Fatty acid Percentage
(C16:0) Palmitic 0.8
(C18:0) Stearic 1.1
(C18:1) Oleic 43
(C18:2) Linoleic 8.1
(C18:3) Linolenic 0.4
(C18:1) Ricinoleic 85.1
Saturated fatty acids (SFA) 1.9
Unsaturated fatty acids (UFA) 97.9
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Engine Specification
Engine Model KAWAMA 3.5D-PES0
Engine type 4-Stroke, 1 cylinder, Air Cooled, Direct injection
Bore x Stroke 68 x 54 mm
Total piston displacement 196 cc
Compression ratio 22:1

Rated power

3.0HP@3000 rpm

In water pipe diameter (inch) 3”
Out water pipe diameter (inch) 3”
Volume flow rate (m’/h) 45
Max lift head (m) 22
Total Head — Efficiency
25 50
20 40
E 15 30 &
= e
E 10 20 2
e &
5 10
0 0
0 5 10 15 20 25 30 40 45 50
Flow rate (m’/hr)

pt & ¥ A s < < ' a
qij‘]J‘l/] 3.5 nalaussouzfuiveunsowun KAWAMA 500D 1A0I5I50U 3,000 s9UNDUIN
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Head (m) Flow rate (m3/h) Efficiency (%)
0 45.5 0.00
2 44.5 11.01
4 4 20.79
6 39.5 29.33
8 36.5 36.13
10 334 41.33
12 29.3 43.51
14 25.2 43.65
16 19.7 39.00
18 14.6 32.52
20 7.7 19.06
21 3.6 9.35
22 0 0.00
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Engine Specification
Engine Model 240PE
Engine type 4-Stroke, 1-cylinder, Water Cooled, Direct injection
Bore x Stroke 87.5x 110 mm
Total piston displacement 661.5 cc
Compression ratio 12:1-18:1
Rated Power 3.5 kW @1500 rpm
Fuel injection timing (BTDC) 23 degree
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Model AG10

Make Saj Test Plant Pvt. Ltd.
Hot coil voltage max. 60 VDC
Continuous current amps 50A

Speed max 10,000 rpm
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Measurement Measurement
Accuracy Resolution
Parameter Rang
o, 0-25 vol% + 2 vol% 0.01 vol%
CO_H,-comp. 0-10,000 ppm + 10 ppm (0-199ppm) 1 ppm
+ 5 ppm of reading 200-2000ppm
+ 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 100-1,999 ppm
+ 10 ppm of reading (rest of range)
NO,,., 0-300 ppm + 2 ppm (0-39 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) 0-50 vol% + 0.3 vol% (0-39 vol%) 0.01 vol%
+ 0.5 vol% of reading (rest of
range)
HC Natural gas: + 400 ppm (100-4000 ppm) 10 ppm

100-40,000 ppm
Propane:
100-21,000 ppm
Butane:

100-18,000 ppm

+ 5 % of reading (rest of range)
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Technical Data

Measuring Range 0to6 RZ
Accuracy = 1 digit +0.2 RZ
Resolution 0.1 RZ

General Technical Data

Pump capacity 1.63+0.1 L

Reference filter At 990 mbar and +20 °C 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
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Pressure Sensor

Measuring range

0-250/0-300 bar

Sensitivity ~-20/~-19
Natural frequency ~ 160 kHz
Linearity <10.3/+0.5
Temperature range -20- 350 °C

Crank Angle Encoder
Make Kistler
Model Type 2614C11
Speed range 0-12,000 1/min
Temperature range -40-85°C
Mechanical Interface/Mounting diameter

60 mm

(mounting compatibility to Type 2614B1)

Encoder Electronics
Make Kistler
Model 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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Lead-Coarse wear particles (PPM)
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Copper-Fine wear particles (PPM)
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Load P, m BSFC BTE Temp. Exhaust | A/F Ratio
@ | awy | K e (%) (°C)
25 1.071929 | 0.677159 0.63172 19.95874 253.1637 38.02651
50 2.112457 0.93303 0.44168 28.54632 324.41 27.59826
75 3.179135 1.284509 0.404044 31.20538 430.4097 20.04657
AT N.2 ANTIOULVOUATOIBUAN IFU T UAANOATIdIUMTOR 17
Load P, m BSFC BTE Temp. Exhaust | A/F Ratio
@) | awy) | %) e (%) (°C)
25 1.054048 | 0.661564 0.627641 20.08844 242 .45 38.92292
50 2.114493 | 0.895525 0.423518 29.77049 318.0883 28.75407
75 3.180647 1.23702 0.388921 32.41875 418.4747 20.81615
MINN N3 ANTIDULVOUATDIBUAN IFU LAY AN AT IFIUMTON 18
Load P, m BSFC BTE Temp. Exhaust | A/F Ratio
@ | wy | ke (%) (°C)
25 1.036675 | 0.663875 0.640388 19.68858 226.2983 38.78745
50 2.09923 0.895884 0.426768 29.54375 295.1627 28.74255
75 3.119886 1.199807 0.384567 32.78576 395.8547 21.46179
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Load P, m BSFC BTE Temp. Exhaust | A/F Ratio
@ | awy | K e (%) (°C)
25 1.032364 | 0.677545 0.656305 17.87364 237.5193 38.00484
50 2.118711 | 0.912695 0.430778 27.23109 311.8223 28.21316
75 3.179541 1.251062 0.393473 29.81288 419.714 20.58251
AN N.5 ANTIOULVOUATOIBUAN IFU T UHAUNOATIFIUMTOA 17
Load P, m BSFC BTE Temp. Exhaust | A/F Ratio
@) | awy) | %) e (%) (°C)
25 1.052381 0.684746 0.650663 18.02861 246.0837 37.60518
50 2.12244 0.910208 0.42885 27.35354 311.409 28.29024
75 3.186127 1.268301 0.39807 29.46858 411.1033 20.30274
AN N.6 ANTIDULVOUATDIBUAN IFU T UHAUNOATIdIUMIOA 18
Load P, m BSFC BTE Temp. Exhaust | A/F Ratio
@ | wy | ke (%) (°C)
25 1.053886 0.66727 0.633152 18.52723 240.0723 38.59006
50 2.101625 | 0.888948 0.42298&1 27.73303 300.1903 28.96681
75 3.122619 1.219435 0.390517 30.03855 396.3703 21.11634
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PR o 3 Auanyaz M T
Fowds | dnndaumson | 1van (%)
P, s () HRR (J°CA)

25 43.65 107.84
16 50 47.89 115.74
75 50.73 118.52

25 45.87 110.05

Diesel 17 50 50.19 125.61
75 52.07 118.30

25 52.91 105.72

18 50 56.35 125.04

75 58.54 111.64

25 44.34 78.42

16 50 48.95 104.03

75 52.06 102.39

25 47.30 66.06

DSOE10C10 17 50 51.65 79.29
75 54.45 77.81

25 50.11 55.24

18 50 55.75 62.18

75 57.90 64.92
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A Trian wany lorde
Womaa | CR
(%) | NOL(PPM) | HC (PPM) | CO (PPM) | Smoke (INDEX)

25 71.68 7.93 26.58 3.97

16 50 90.24 9.88 29.46 4.79

75 96.14 11.97 86.23 5.79

25 74.21 6.01 23.84 4.09

Diesel 17 50 96.39 9.97 27.69 4.91
75 97.92 9.97 71.53 5.46

25 84.337 6.018 20.467 4.695
18 50 106.265 7.986 18.83 5.114

75 110.482 10.069 62.222 5.916

25 63.253 7.93 33.77 3.68

16 50 89.394 11.98 31.61 4.64

75 92.77 13.92 94.13 4.79

25 63.49 8.06 27.69 3.66

DSOEI0C10 | 17 50 91.03 9.97 3231 4.59
75 95.63 12.02 70 5.57

25 64.93 7.986 22.92 3.89

18 50 93.61 10.06 19.64 4.73

75 98.67 10.06 5731 5.57
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E4 1 OJ
WUAFANOULAZHAINMINAT O

%
NOUNATOL naINAToU
ANUGITOU 1siia Mag ANUGITeY | useia Mag
3200 2.54 0.851162 3200 2.44 0.817652
3100 3.45 1.119978 3100 3.25 1.055052
3000 448 1.407434 3000 43 1.350885
2900 5.42 1.645985 2900 5.21 1.582211
2800 6.23 1.826731 2800 6.06 1.776885
2600 5.8 1.579174 2600 5.9 1.606401
2400 4.4 1.105841 2400 4.08 1.025416
2100 2.02 0.444221 2100 2.13 0.468411
2000 1.78 0.372802 2000 1.5 0.314159
15719 1.2 Awsianazideun eseudi 1 hiurauouazndImsnagey
nouUNAgoL naanagoU
ANNIGITOU 1s9iia a9 ANNEITeY | u3eiia a9

3200 2.32 0.777439 3200 1.8 0.603186
3100 3.6 1.168672 3100 3.02 0.980386
3000 4.12 1.294336 3000 3.84 1.206372
2900 5.21 1.582211 2900 5.32 1.615616
2800 6.02 1.765156 2800 5.69 1.668395
2600 5.55 1.511106 2600 5.07 1.380416
2400 4.25 1.068142 2400 3.72 0.934938
2100 1.97 0.433226 2100 1.65 0.362854
2000 1.5 0.314159 2000 1.03 0.215723
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v) 1S09001:2015 Certified

FOCUSLAB”

FocusLab Ltd.

Fluid & Oil Analysis Technology

j coss ez £UnitlD  : QR168F-4151202766 Overhaul for DSOEL0C10
s Name . Suranaree University of Technology u
T ! - a =
o . P UnitType : Engine Diesel —
v Address - 111 Unitversity Avemue, )
'Eq Muang District, £ Unit Make . KAWAMA
R Nakhon Ratchasima 30000 T Unit Model : 500D

Site :

Oiltype /
Location - 2 Vi'sc%?ny . PTT D3PLUS SAE 40
Test code - E804 L

Oil System Capacity . 0.7 Liters

Notes (Finding, E

Suggestion and Recommendation)

Dirt {silicon} is present and resulting in abrasive wear.
Note oxidation detected and increase in viscosity.
Recommend check to determine how dirtis entering the system and correct the problem to prevent further dirt entry (Proactive).

Smea J.

Current Sample Previous Sample

Condition History Wear  Oil  Cont. "ol Cont. Wear Oil Cont
¢ o W  ® B : ©

Lab ID o 20051623 20051622 20051621

Bottle ID % 2 121698 120697 110217

Date Sampled E @ 13-May-20 07-May-20 25-Apr-20

Gil Hours (Kms) Ed =, 100 100 20

Unit Hours (Kms) & 220 [ 120 20

0il Change

Oil Added (Liters)
Filters Hours (Kms]

arse VWear
(RFS-AES)

Baseline and Alarm Limit

Alarm Limit

Alarm Limit Matrix -Sef
(Equipment type / oil type

Engine Diesel General PTT

D3 Plus SAE 40 (Suranaree)

mz—rmo>n

Iron 60.7 5.5 69.9 9.0 | 1010 81.6 0 >200 >200
Chromium FRM 126 G 0.0 156 W 08 | 144 8.2 0 >15 15
Lead PPM 0.0 0.7 0.0 0.2 0.0 0.7 0 50 >50
Copper PPM 0.8 0.2 i 0.2 | 1.0 0.3 0 >25 ) 525
Tin PPM 46 0.0 5.6 0.0 5.3 0.0 2 %25 10 25
Aluminum PPM 18.8 1.8 183 © 9.7 16.7 12.1 0 20 10 »20
Nickel PPM 0.2 0.0 0.0 0.0 0.2 0.0 0 >10 >5 >10
Silver PPM 0.3 0o | 0.4 0.0 04 0.0 2

Molybdenum PeM | g5 0o | 02 00 1.0 0.0 0

Titanium i 0.0 06 0.0 03 0.0 0

PQ Index Index. | 49 33 227

Qil Condition

Viscosity @ 40°C D-445 8l ‘ |

Viscosity @ 100°C sl 15.7 | 15.2 14.9 148 <125 <137 »163
Oxidation Abs 9g W 7.1 42 38 =1
Nitration Absicm \ a8 48 2.1 20 10 >25
Acid Number gy KOI big

Base Number 10.6 10.0 102 122 <2

Contamination

Water 0.066 | 0055 0.053 0.040 015 >025
Fuel , o010 0.10 0.10 >2 >5
Glycol | N/A N/A NA

Soot % L) 0.69 0.67 0.46 >3 6
Vanadium PPM 0 1] 1] b

Sodium D-5185 | PPM 2 19 | 1 0

Silicon D-5185 | PPM 926 W 125 572 W 9.2 928 W 436 9 >25 50 25 >50
Additive Element -

Boron D-5185 | PPM 0 0 0 b

Magnesium D-5185 | PPM 15 15 16 8

Calcium D-5185 | PPM 5205 4858 3977 3941

Barium D-5185 PPM 1 1 0 il

Phosphorus D-5185 | PPM 1097 1129 1124 805

Zinc D-5185 | PPM 1424 28 1396 92 1240 213 1080

Flash Point D-3828

Viscosity Index D-2270

Note: Alarm Limits are variable and dependent upon dataset size and to be used as general guideline.
Mo Sign  or : NORMAL of G [ lirsl level warning limil ) '
yol i on and ate basedon wk and informalion supplied.

W oor .; ‘Waming  [second kevelwaming limil }

Mo warranly is expressed of implied for Lhis reporl.

Focuslab Lid. Bangkok Thailand  www. focuslab.colh focuslab@locuslab.co.lh

FL-6.8

Page 1 of 5
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FOCUSLAB’ "
Fluid & Oil Analysis Technology
c - -
G Code  : 28223 ¢ UnitID  : QR168F-4151202766 Overhaul for DSOEL0C10
s Name  : Suranaree University of Technology v
!
g ; Unit Type - Engine Diesel
. 111 Unitversity Avernte .
'g Address  ; Muang Distncty 5 Unit Make - KAWARIA
R Nakhon Retchasima 30000 T Unit Model : 500D
Site
< o Oiltype! 8
Location 0 OuRe,  : PTTDIPLUSSAE4D
Test code - E804 &
Oil System Capacity : 0.7 Liters
250 Iron - Fine Wear (ICP-AES) Particles in PPM 556 Iron - Coarse Wear (RFS-AES) Particles in PPM
200 4 e Y e M. SR P S . T
150 150
100 \_. 100
50 50 \
0t T T 1 c T T 1
N N ™ N N N
=} =1 g =} =} =}
S =1 & S =1 =3
B o o S @ @
~ S 2 N S R
] S @ @ S @
20 Chromium - Fine Wear (ICP-AES) Particles in PPM 20 - Chromium - Coarse Wear (RFS-AES) Particles in PPM
15 15 = _
0 o
5 Eal
[ -
10 Copper - Fine Wear (ICP-AES) Particles in PPM 30 - Copper - Coarse Wear (RFS-AES) Particles in PPM
20 20 =
10 10+
0T T T 1 o T T 1
g 8 g 8 g g
S S S S S S
£ @ ¢ £ @ @
n S = m =) =
@ S @ @ S =
60 - Lead - Fine Wear (ICP-AES) Particles in PPM 50 - Lead - Coarse Wear (RFS-AES) Particles in PPM
40 - 40
20 + 20
o o J -
30 = Tin - Fine Wear (ICP-AES) Particles in PPM 30 - Tin - Coarse Wear (RFS-AES) Particles in PPM
20 o 20 =
10 - 0 -
o T T 1 ° T T 1

62-70-02
20-60-0Z
£1-60-0Z J

62Z2-70-0Z
£0-60-0Z
£1-60-02

Focuslab Lid. Bangkok Thailand  www.locuslab.co.lh focuslab@locuslab.co.th
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FOCUSLAB’ .
Fluid & Oil Analysis Technology
< : =
G Code  : 28223 £ UnitlD  : QR168F-4151202766 Overhaul for DSOE10C10
s Name  : Suranaree University of Technology v
T R
o ; Unit Type - Engine Diesel
. 111 Unitversity Avernue .
,S Address - s Dismc}! 3 Unit Make - KAWAMA
R Nakhon Retchasima 30000 T Unit Model : 500D
Site P
< o Oil type 8
Location : ? ischety @ PTTDIPLUSSAE40
Test code - E804 &
Oil System Capacity : 0.7 Liters
Water by Co-Dis KF Water by FTIR
150 0.30
1.00 0.20
0.50 0.10
i
0.00 - T : 1 0.00 T T 1
S N N N N N
g g g 3 3 3
o =3 =3 o S =
> i b £ 7 o
~ S iN ~N S AN
@ S =} @ S @
Fuel Contamination Soot Contamination
6.00 8.00
Wi [ B S R
4.00
2.00
2.00
0.00 0.00
Silicon ICP-AES Fine Silicon RFS-AES Coarse
100.0 60.0
40.0
i i e e o
20.0
0.0 0.0
Aluminum ICP-AES Fine Aluminum RFS-AES Coarse
25.0 25.0
20.0 R e
15.0 15.0
10.0 10.0
50 5.0
00 T T 1 0.0 T T 1
N N N N N N
g 5 o ¢ g g
& & ) S =1 &
b @ @ £ @ T
™ S = ™ o >
@ ol w @ ~ W

Focuslab Lid. Bangkok Thailand  www.locuslab.co.lh focuslab@locuslab.co.th
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FOCUSLAB’ .
Fluid & Oil Analysis Technology
[ : =
G Code  : 28223 £ UnitlD  : QR168F-4151202766 Overhaul for DSOE10C10
s Name  : Suranaree University of Technology v
!
g ) ; Unit Type - Engine Diesel
w Address . 111 Unitversity Avernue . A
E Muang District, f‘ Unit Make - KAWARIA
R Nakhon Retchasima 30000 T Unit Model : 500D
Site
< o Oiltype! 8
Location 0 OuRe,  : PTTDIPLUSSAE4D
Test code - E804 &
Oil System Capacity : 0.7 Liters
Qil Condi
e Viscosity at 40 C in ¢St 56 Viscosity at 100 C in St
15
1
10
05
5
0 T T 1 0 T T 1
g 8 2 8 8 2
& =3 =3 S =3 =3
S @ @ & o @
N ) p N S p
@ S b @ S @
Cxidation in Abs Nitration in Abs
15 30 -
b / Eo ]
5 10 -
0 [
Acid Number (AN) in mg KOH/g Base Number (BN) in mg KOH/g
15 = 15 =
14 10 - .
05 o 5
J 0
o 5 T 5 T S 1
i-pH e S S
N S o i
@ 2 @
7 4
05 =
0 T T 1
153 3 3
S = S
E @ @
5 5 L
@ 3 @
PQ Index =
200 Particle Quantifier
200
100
o+

624002
205002
£1°5002

Focuslab Lid. Bangkok Thailand  www.locuslab.co.lh focuslab@locuslab.co.th
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FOCUSLAB”. 5

Fluid & Oil Analysis Technology

Gt 2m2e s UnitlD : QR168F-4151202766 Overhaul for DSOE10C10
s Name  : Suranaree University of Technology y
E P Unit Type - Engine Diesel
w Address - 111 Unitversity Avemue, LI
4 Muang Distict £ Unit Make : KAWAWA
R Nakhon Ratchasima 30000 T Unit Model . 500D

Site : .

Location : o Qitype! . PTTDBPLUS SAE4D

Test code . E804 L

Oil System Capacity - 0.7 Liters

LabID : 20051623 Date sampled :  13-May-20 Hourson Oil: 100 Hourson Unit: 220 Bottle ID : 1216398

#huii 1: wihudn

wufjuazaas (Hanau) demalvidemsdnusauvunaiia (abrasive wear)
Foune wuiiRaandaiuuazdianuviinuactitiuaetu

Section 1 : Main Page

wuzthivamadauinimnuasdsanisnuingssuulaagols wasualuiailasiudvandsnliliiihgssuudnaaly

sud 2: uhuas Particle Count

#uil 3 : wihaae Ferrographic Analysis

#uil 4 : uhuas Varnish and Sludge Potential

s 5 : uthaae Gravimetric Analysis

Section 2 : Particle Count

Section 3 : Ferrographic Analysis

Section 4 : Varnish and Sludge Potential

Focuslab Lid. Bangkok Thailand  www.locuslab.co.lh focuslab@locuslab.co.th
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FOCUS‘M V) 1509001:2015 Certified FocusLab Ltd.

Fluid & Oil Analysis Technology

Zo—Hwco

@ m

Site 5
Location :

Test code : E804

Code  : 28223
Name . Suramaree University of Technology

Address - 111 Unitversity Avernue,
Muang District,
Nakhon Retchasima 30000 T Unit Model : 500D

:UnitlD :QR168F-4151202766 Overhaul for DSOE10C10
v
1

. Unit Type - Engine Diesel WARNING
£ Unit Make : KAWAMA

o Oiltype /
> Qiltypel - PTTD3PLUS SAE4D
L

Oil System Capacity - 0.7 Liters

Notes (Finding, Evaluation, Interpretation, Suggestion and Recommendation)

Dirt (silicon} is present and resulting in abrasive wear.
Note oxidation detected and increase in viscosity.
Recommend check to determine how dirt is entering the system and correct the problem to prevent further dirt entry (Proactive).

Semna J.

Current Sample Previous Sample Baseline and Alarm Limit

Condition History Wear Ol  Cont. W Oil  Cont. Wear Oil Cont.
I —

¢ ¢ . | & . . ¢ . . 5 Alarm Limit
Lab ID = 20051623 20051622 20051621 gl 1e o L it el Set Neme
Bottle ID 28 bl 121698 120697 110217 i Eul _vnemt\ pe / oil type!
Date Sampled : & 13-May-20 07-May-20 23-Apr-20 | Engine Diesel General PTT
Oil Hours (Kms) 3 = 100 100 20 | D3 Plus SAE 40 (Suranaree)
Unit Hours (Kms) e 220 120 20 N
Oil Change E

Oil Added (Liters)
Filters Hours (Kms]

Method

= ne Wear ear r oarse Wear
Unit  (CpaAgsy _ (RFS-AES)

Iron Doles | inPm 60.7 5.5 69.9 %0 | 1010 816 0 >200

Chromium D-5185 | PPM 126 € 0.0 15.6 W 08 | 14.4 8.2 0 15 >15
Lead D-5185 | PPM 0.0 0.7 0.0 0.2 0.0 0.7 9 >50 >50
Copper D-5185 | PPM 08 02 1.2 0.2 | 1.0 0.3 9 >25 ) 225
Tin D-5185 | FPM 46 0.0 5.6 0.0 5.3 0.0 0 25 >25
Aluminum D-5185 | PPM 18.8 1.8 183 © 2.7 16.7 12.1 2 20 >20
Nickel D-5185 | PPM 0.2 0.0 0.0 0.0 02 0.0 0 >10 >10
Silver D-5185 | PPM 0.3 7} Y| 0.4 0.0 0.4 0.0 0

Molybdenum BEBIRSE | | B 0.2 0.0 02 0.0 1.0 0.0 0

Titanium D-5185 | PRY 14 0.0 06 0.0 03 0.0 0

PQ Index D-8184 Index 49 33 227

Qil Condition

Viscosity @ 40°C l

Viscosity @ 100°C 15.7 15.2 14.9 148 <125 <137 163
Oxidation 9g W 7.1 42 38 il
Nitration 4.8 4.8 21 20 >25
Acid Number

Base Number
Contamination

10.0 10.2 122 <2 <61

;
Water W 0.086 ' ooss 0.053 0.040 >0.25
Fuel In-hoe , 010 0.10 0.10 >5
Glycol E-2412 NA N/A N/A

Soot E 069 067 | 045 33 %
Vanadium D-5185 0 0 0 bl

Sodium D-5185 2 19 1 0

Silicon D-5185 926 W 125 572 W 9.2 928 W 436 9 *25 50 »25 50
Additive Element -

Boron D-5185 | PPM 0 0 0 0

Magnesium D-5185 | PPM 15 15 16 8

Calcium D-5185 | PPM 5205 4858 3977 3841

Barium D-5185 | PPM 1 1 0 bl

Phosphorus D-5185 | PPM 1097 1129 1124 805

Zinc D-5185 | PPM 1424 28 1396 92 1240 213 1080

Flash Point
Viscosity Index

Saution -Caution

g

Note: Alarm Limits are variable and dependent upon dataset size and o be used as general quideline.

of H [ litsl level warning limil i W oor .: Waming  [second kevel warning limil )

Mo Sign o .; NORMAL
yol i on and

c
are based on i myke and informalion supplied. Mo warranly is expressed of implied b Lhis reporl.

Focuslab Lid. Bangkok Thailand v [ocuslab.colh focuslab@locuslab.co.lh

Page 1 of 5
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FOCUSLAB’ "
Fluid & Oil Analysis Technology
c - -
G Code  : 28223 ¢ UnitID  : QR168F-4151202766 Overhaul for DSOEL0C10
s Name  : Suranaree University of Technology v
!
g ; Unit Type - Engine Diesel
. 111 Unitversity Avernte .
'g Address  ; Muang Distncty 5 Unit Make - KAWARIA
R Nakhon Retchasima 30000 T Unit Model : 500D
Site
< o Oiltype! 8
Location 0 OuRe,  : PTTDIPLUSSAE4D
Test code - E804 &
Oil System Capacity : 0.7 Liters
250 Iron - Fine Wear (ICP-AES) Particles in PPM 556 Iron - Coarse Wear (RFS-AES) Particles in PPM
200 4 e Y e M. SR P S . T
150 150
100 \_. 100
50 50 \
0t T T 1 c T T 1
N N ™ N N N
=} =1 g =} =} =}
S =1 & S =1 =3
B o o S @ @
~ S 2 N S R
] S @ @ S @
20 Chromium - Fine Wear (ICP-AES) Particles in PPM 20 - Chromium - Coarse Wear (RFS-AES) Particles in PPM
15 15 = _
0 o
5 Eal
[ -
10 Copper - Fine Wear (ICP-AES) Particles in PPM 30 - Copper - Coarse Wear (RFS-AES) Particles in PPM
20 20 =
10 10+
0T T T 1 o T T 1
g 8 g 8 g g
S S S S S S
£ @ ¢ £ @ @
n S = m =) =
@ S @ @ S =
60 - Lead - Fine Wear (ICP-AES) Particles in PPM 50 - Lead - Coarse Wear (RFS-AES) Particles in PPM
40 - 40
20 + 20
o o J -
30 = Tin - Fine Wear (ICP-AES) Particles in PPM 30 - Tin - Coarse Wear (RFS-AES) Particles in PPM
20 o 20 =
10 - 0 -
o T T 1 ° T T 1

62-70-02
20-60-0Z
£1-60-0Z J

62Z2-70-0Z
£0-60-0Z
£1-60-02

Focuslab Lid. Bangkok Thailand  www.locuslab.co.lh focuslab@locuslab.co.th




178

FOCUSLAB’ .
Fluid & Oil Analysis Technology
< : =
G Code  : 28223 £ UnitlD  : QR168F-4151202766 Overhaul for DSOE10C10
s Name  : Suranaree University of Technology v
T R
o ; Unit Type - Engine Diesel
. 111 Unitversity Avernue .
,S Address - s Dismc}! 3 Unit Make - KAWAMA
R Nakhon Retchasima 30000 T Unit Model : 500D
Site P
< o Oil type 8
Location : ? ischety @ PTTDIPLUSSAE40
Test code - E804 &
Oil System Capacity : 0.7 Liters
Water by Co-Dis KF Water by FTIR
150 0.30
1.00 0.20
0.50 0.10
i
0.00 - T : 1 0.00 T T 1
S N N N N N
g g g 3 3 3
o =3 =3 o S =
> i b £ 7 o
~ S iN ~N S AN
@ S =} @ S @
Fuel Contamination Soot Contamination
6.00 8.00
Wi [ B S R
4.00
2.00
2.00
0.00 0.00
Silicon ICP-AES Fine Silicon RFS-AES Coarse
100.0 60.0
40.0
i i e e o
20.0
0.0 0.0
Aluminum ICP-AES Fine Aluminum RFS-AES Coarse
25.0 25.0
20.0 R e
15.0 15.0
10.0 10.0
50 5.0
00 T T 1 0.0 T T 1
N N N N N N
g 5 o ¢ g g
& & ) S =1 &
b @ @ £ @ T
™ S = ™ o >
@ ol w @ ~ W

Focuslab Lid. Bangkok Thailand  www.locuslab.co.lh focuslab@locuslab.co.th
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FOCUSLAB’ .
Fluid & Oil Analysis Technology
[ : =
G Code  : 28223 £ UnitlD  : QR168F-4151202766 Overhaul for DSOE10C10
s Name  : Suranaree University of Technology v
!
g ) ; Unit Type - Engine Diesel
w Address . 111 Unitversity Avernue . A
E Muang District, f‘ Unit Make - KAWARIA
R Nakhon Retchasima 30000 T Unit Model : 500D
Site
< o Oiltype! 8
Location 0 OuRe,  : PTTDIPLUSSAE4D
Test code - E804 &
Oil System Capacity : 0.7 Liters
Qil Condi
e Viscosity at 40 C in ¢St 56 Viscosity at 100 C in St
15
1
10
05
5
0 T T 1 0 T 1
g 8 2 8 8 2
& =3 =3 S =3 =3
S @ @ & o @
N ) p N S p
@ S b @ S @
Cxidation in Abs Nitration in Abs
15 30 -
b / Eo ]
5 10 -
0 [
Acid Number (AN) in mg KOH/g Base Number (BN) in mg KOH/g
15 = 15 =
14 10 .
05 o 5
J 0
2 5 ' 5 Y '
i-pH e S S
N S o i
@ 2 @
7 4
05 =
0 T T 1
153 3 3
S = S
E @ @
5 5 L
@ 3 @
PQ Index =
200 Particle Quantifier
200
100
o+

624002
205002
£1°5002

Focuslab Lid. Bangkok Thailand  www.locuslab.co.lh focuslab@locuslab.co.th
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FOCUSLAB”. 5

Fluid & Oil Analysis Technology

Gt 2m2e s UnitlD : QR168F-4151202766 Overhaul for DSOE10C10
s Name  : Suranaree University of Technology y
E P Unit Type - Engine Diesel
w Address - 111 Unitversity Avemue, LI
4 Muang Distict £ Unit Make : KAWAWA
R Nakhon Ratchasima 30000 T Unit Model . 500D

Site : .

Location : o Qitype! . PTTDBPLUS SAE4D

Test code . E804 L

Oil System Capacity - 0.7 Liters

LabID : 20051623 Date sampled :  13-May-20 Hourson Oil: 100 Hourson Unit: 220 Bottle ID : 1216398

#huii 1: wihudn

wufjuazaas (Hanau) demalvidemsdnusauvunaiia (abrasive wear)
Foune wuiiRaandaiuuazdianuviinuactitiuaetu

Section 1 : Main Page

wuzthivamadauinimnuasdsanisnuingssuulaagols wasualuiailasiudvandsnliliiihgssuudnaaly

sud 2: uhuas Particle Count

#uil 3 : wihaae Ferrographic Analysis

#uil 4 : uhuas Varnish and Sludge Potential

s 5 : uthaae Gravimetric Analysis

Section 2 : Particle Count

Section 3 : Ferrographic Analysis

Section 4 : Varnish and Sludge Potential

Focuslab Lid. Bangkok Thailand  www.locuslab.co.lh focuslab@locuslab.co.th
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ENGINE COMPONENTS MEASUREMENT RECORD

FUEL: Diesel
Pre-measurement Date:  6/05/62
Testing Beginning Date:  7/05/62
Testing Ending Date: 26/05/62
Total Running Hours: 220 Hour

'\ aqu.
Wil
ANNYII = Vaauag

9
WMUD = AU

Table 1 Cylinder Measurement

NOTE: Measurement Environment Temperature.

Pre-measurement: 30 °C
After-measurement: 30 °C
Cylinder Before Test After Test
Top 68.00 67.98
1 Middle 5 -
bottom y -

2R

Top comtion

Miacie position
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Table 2 Rings Measurements

NOTE: Measurement Environment Temperature.

Pre-measurement: 30 °C
After-measurement: 30 °C
noUNAADY NaINAAoL
Dimension
Top Second Oil Top Second Oil
Width 1.46 1.46 3.44 1.45 1.46 3.44
Thickness 2.85 2.87 2.90 2.83 2.84 2.88
Piston Clearance 1.27 1.27
Ring Clearance 0.064 0.076 0.012 0.076 0.064 0.051
Gap 0.229 0.254 0.305 0.254 0.381 0.330
Weight 6.1611 | 6.1603 | 8.8193 | 6.1414 | 6.1294 8.8369
ﬁm’" PRonmng Cyincoer: 2N
S S i\

. nll&——_——-j 7
“HEC T -

TR
. . N/

/N

Ring Groove Clearance {e.

Ring End Gap

Piston Clearance




Table 3 Piston Measurements

NOTE: Measurement Environment Temperature.

Pre-measurement: 30 °C

After-measurement: 30 °C

Before Test After Test
Cylinder
Parallel Perpend Parallel Perpend
Top 67.64 67.54 67.66 67.54
1 | Bottom 67.71 67.95 67.67 67.96
Weight 153.5836 153.3908
L [ =
{ |
LI AL‘
N f/)/_\l\ 3
LA o
<2
Table 4 Piston Pin Measurements
NOTE: Measurement Environment Temperature.
Pre-measurement: 30 °C
After-measurement: 30 °C
Cylinder Before Test After Test
Side (avg.) 18.03 18.03
1 | Middle 18.03 18.03
Weight 58.7466 58.7293
Schematic:
~de w-ddle side
4 4
t t t




Table 5 Gap Valve

NOTE: Measurement Environment Temperature.

185

Pre-measurement: 30 °C
After-measurement: 30 °C
Intake Valve Exhaust Valve
Before test After test Before test After test

Top 5.44 5.46 5.44 5.45
Middle 5.45 5.46 5.44 5.45

1 | Bottom 5.45 5.46 5.44 5.45
High 72.01 71.99 72.21 72.07
Weight 26.6414 26.6319 24.0047 23.9829

Intake valve Exhaust valve
Hour Hour
100 200 100 200
Before | After | Before After Before After Before After

Gap 0.178 0.203 0.203 0.254 0.203 0.381 0.203 0.254

TOP h = \SJA))
| . </
Middle — } N2
| Se b A
Bottom ﬁ - 4 % “/ | ‘l‘} X
@t
Vs lion —— 7 ‘Q
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ENGINE COMPONENTS MEASUREMENT RECORD

187

FUEL: D80+E10+C10
Pre-measurement Date:  21/04/63
Testing Beginning Date: 24/05/63
Testing Ending Date: 13/05/63
Total Running Hours: 220 hour

Table 1 Cylinder Measurement

' aqy.
vy
ANVE = UaaLuAT

Fd
1MUN = NN

NOTE: Measurement Environment Temperature.

Pre-measurement: 30 °C
After-measurement: 30 °C
Before Test After Test
Cylinder
Parallel Perpend Parallel Perpend
Top 67.93 67.93 67.88 67687
1 Middle - 3 - -
bottom = Y - -
N
7 B 3
Miczie posrtion
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Table 2 Rings Measurements
NOTE: Measurement Environment Temperature.
Pre-measurement: 30 °C

After-measurement: 30°C

Before Test After Test
Dimension

Top Second Oil Top Second Oil
Width 1.44 1.44 3.48 1.46 1.46 3.46
Thickness 2.88 2.85 2.71 2.89 2.84 2.70
Piston Clearance 0.203 0.203
Ring Clearance 0.079 0.064 0.051 0.076 0.064 0.051
Gap 0.102 0.076 0.178 0.187 0.229 0.279
Weight 6.1795 6.1595 9.0317 | 6.1559 6.1289 9.0169

(1181 prgaon Ang y

TS T

NN SRR

Thickness

Ring End Gap

Ring Groove Clearance [nce.

Piston Clearance
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Table 3 Piston Measurements

NOTE: Measurement Environment Temperature.

Pre-measurement: 30 °C
After-measurement:  30°C
Before Test After Test
Cylinder
Parallel Perpend Parallel Perpend
Top 67.69 67.61 67.69 67.61
1 | Bottom 67.71 67.95 67.69 67.97
Weight 158.7233 156.6672
e | T =
[ 1 ]
At
R
A
432

Table 4 Piston Pin Measurements
NOTE: Measurement Environment Temperature.
Pre-measurement: 30 °C

After-measurement: ~ 30 °C

Before Test After Test
Cylinder
Parallel Perpend Parallel Perpend
Side (avg.) 18.03 18.03 18.03 18.03
1 Middle 18.03 18.03 18.02 18.02
weight 58.7233 58.7140
Schematic:
—de wddle side
) 4 )
Z : t t




Table 5 Gap Valve

NOTE: Measurement Environment Temperature.
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Pre-measurement: ~ 30°C
After-measurement:  30°C
Intake Valve Exhaust Valve
Before test After test Before test After test
Top 5.48 5.47 5.44 5.44
Middle 5.49 5.49 5.43 543
1 | Bottom 5.49 5.58 5.43 543
High 72.01 72.01 72.21 72.09
Weight 26.6209 26.6207 23.9646 23.9605
Intake valve Exhaust valve
Hour Hour
100 200 100 200
Before | After | Before After Before After Before After
Gap 0.178 | 0.381 0.203 0.279 0.178 0.381 0.203 0.279
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Calculate Major Loss

Density (kg/m3) @ 30 °C 995.7 Duct L. (m) 7.19
g (m) 0.000152 Duct dia. (m) 0.08
Dynamic Vis.= (Ns/m’) 0.000798 Duct A. (m°) 0.005027
Flow rate (m3/s) V (m/s) Re f maior (m)
0.012638889 2.514427052 250988.974 0.0238 0.68938884
0.012361111 2.459164919 2454727328 0.0238 0.659810692
0.011666667 2.321009587 231682.1299 0.0239 0.588699301
0.010972222 2.182854254 217891.5269 0.0239 0.521636493
0.010138889 2.017067855 201342.8033 0.0240 0.446505339
0.009277778 1.845755243 184242.4557 0.0240 0.374994744
0.008138889 1.619180497 161625.8668 0.0241 0.289978066
0.007 1.392605752 139009.2779 0.0243 0.215851937
0.005472222 1.08866402 108669.9514 0.0246 0.133520159
0.004055556 0.806827142 80537.12134 0.0250 0.074694928
0.002138889 0.425518424 42475.05714 0.0265 0.021966254
0.001 0.198943679 19858.46828 0.0293 0.005318587
0 0 0 0.0232 0
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Calculate Minor Loss

Density (kg/m’) @30 °C 995.7

Duct dia. (m) 0.08

Duct A. (m°) 0.005027

Flow rate (m3/s) V (m/s) H,ior (m)
0.012638889 2.514427052 1.424299584
0.012361111 2.459164919 1.362380993
0.011666667 2.321009587 1.213604379
0.010972222 2.182854254 1.073427569
0.010138889 2.017067855 0.916567139
0.009277778 1.845755243 0.767487812
0.008138889 1.619180497 0.590627678
0.007 1.392605752 0.436897576
0.005472222 1.08866402 0.266999843
0.004055556 0.806827142 0.146650742
0.002138889 0.425518424 0.040790592
0.001 0.198943679 0.008916277
0 0 0
137197 1.3 M1 K Value voegUnsalamdens q
Fitting K

sharp entrance 0.5

90 °standard elbow 4 17 2.16

Coupling and Union 2 % 0.096

sharp exit 1

gate vale 2 A Ve open 48

K total 51.756
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Emission Benefits from the Use of Castor Oil in a
Compression Ignition Engine Fuelled with
Diesel-Ethanol Blends
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Institute of Engineering, Suranaree University of Technology, Nakhon Ratchasima, Thailand
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Abstract—Castor oil which is produced from non-food crop
and contains high proportion of ricinoleic acid was added to
ethanol-diesel blend, forming the ternary blend. The
extremely high viscosity and good lubricating properties of
castor oil were expected to restore the substantial reduction
in such fuel properties due to the presence of ethanol in the
blend. The basic physical and chemical properties of the test
fuels were measured according to ASTM standards and the
engine test was conducted on a four-cylinder direct injection
diesel engine with naturally aspirated and water-cooled
system. The experimental results showed that the high
viscosity, density, flash point of castor oil can help to
improve the properties of the fuel blend due to some poor
properties of ethanol leading to keep the fuel properties of

the ternary blend under the limit of diesel fuel specifications.

The emission benefits of the reduction in CO, NOx and
smoke emissi were obtained by the bustion of the
ternary blend without the significant increase in THC
emissions at high engine operating loads, compared to diesel
fuel combustion. It is evident that the incorporation of
castor oil and ethanol as blend c ts to reduce the use
of diesel fuel for compression ignition engines is a feasible
alternative for next generation fuels.

Index Terms—castor oil, ethanol, compression ignition
engine

1. INTRODUCTION

Alternative and renewable fuels have been proven to
replace the use of conventional fuels in both spark
ignition engines and compression engines. Among these
fuels, advanced biofuels such as bioalcohol and second-
generation biodiesel which are derived from waste,
agriculture residues and non-food crops have been
receiving more attention as sustainable alternative to
fossil fuels. Oxygen present in fuel molecules of
bioalcohol and biodiesel can participate in a cleaner
combustion process, resulting in a reduction of engine-
out emissions to meet increasingly stringent vehicle
emission standards. Bioalcohol, especially ethanol and n-
butanol, can be produced from waste or lignocellulosic
materials through advanced production techniques such
as acetobutylicum fermentation, genetic engineering of
Clostridium thermocellum and Guerbet reaction, and can

Manuscript received March 9, 2018; revised July 23, 2018.
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reduce the life-cycle greenhouse emissions which
depends on biological production processes [1]-[3].
Although, alcohols are usually used in spark ignition
engines there is an increasing interest in using them as
blend component for diesel fuel in Compression Ignition
(CT) engines [4]-[5]. Alcohol blends shows a potential
way to decrease Particulate Matter (PM) emissions
compared to diesel fuel, while may increase Total
Hydrocarbon (THC) at low engine operating condition
and there is no consensus about Carbon monoxide (CO)
and Nitrogen Oxide (NOx) emissions [6]-[8]. However,
some poor chemical and physical fuel properties of
alcohols such as viscosity, cetane number, flash point,
calorific value, miscibility and lubricity can limit the use
of alcohol with high percentage in compression ignition
engines.

To restore such poor fuel properties, biodiesel with the
absence of aromatic content, higher viscosity, higher
solubility with alcohol and higher flash point is an
interesting option to use with alcohols for promoting new
biofuels to replace the use of conventional fuels. Previous
studies have reported that the presence of mixtures of
several fatty acids in biodiesel, especially fatty acid with
long carbon-chain length, tends to increase lubricating

film thickness, resulting in the better lubricity of biodiesel.

This will introduce a reduction in friction and wear of
moving contact surfaces of fuel system components [9]-
[L1]. On the other hand, alcohol can improve the low
temperature properties of biodiesel such as cold filter
plugging point, cloud point, pour point and freezing point
[12]. In term of emissions, a clear reduction in particulate
matter emissions is obtained by the combustion of
biodiesel while an increase in oxides of nitrogen is
challenging for diesel engines operating with biodiesel
[13], [14]. Therefore, the synergistic effect of the
incorporation of alcohol and biodiesel may be found for
developing new biofuels to meet increasingly stringent
emission regulations.

Biodiesel derived from non-edible feedstock is more
attractive to use as sustainable fuels in diesel engines to
avoid the competition with human food or animal feed.
Non-food crop and excellent lubricity are promising
tactors for castor oil as an alternative feedstock of
biodiesel. Biodiesel derived from castor oil is a unique
biodiesel with more oxygen atom of hydroxyl group
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compared to other biodiesel feedstocks. The major fatty
acid composition of castor oil is ricinoleic acid
(hydroxylated fatty acid). Extremely high viscosity of
methyl ricinoleate (C18:1 OH) is caused to fail the use
castor oil methyl ester (COME) as biodiesel fuel in diesel
engines according to the European biodiesel standard,
EN 14214. However, this drawback of castor oil is
expected to recover a substantially reduction of viscosity
due to the addition of alcohol to diesel fuel. The
utilisation of COME as blend component to extend the
use of alcohol-diesel blend were studied in previous
works [15], [16]. The results showed that the combination
of alcohols with COME improved the most relevant fuel
properties of the blends which influence the combustion
process closer to diesel fuel. The presence of the
hydroxyl group in both alcohol and COME was to be
beneficial in terms of engine-out emissions which the
improvement of NOx-soot trade-off was obtained.

Instead of studying the effect of biodiesel on the
diesel-ethanol blends, the addition of crude castor oil to
ethanol blends was investigated in this study. The basic
physical and chemical properties of the tested fuels were
measured according to ASTM standards and engine
experiments were conducted to evaluate the combustion
and engine-out emissions of the triblends (diesel-ethanol-
castor oil) compared to diesel fuel combustion.

II.  MATERIALS AND METHODS

A.  Test Fuels

The presence of 10% of anhydrous ethanol by volume
in the diesel fuel was selected to study the effect of castor

oil on fuel properties, combustion characteristics and
engine-out emissions. With preliminary work on lubricity
experiment, the addition of 10% castor oil was enough to
restore the lubricity of the ethanol blends, there was no
significant improvement on the blend lubricity after this
percentage of castor oil. Consequently, the fuel blend of
10% castor oil, 10% ethanol and 80% diesel fuel
(D8BOE10C10) was used to operate with the engine. The
fatty acid profile of castor oil was detailed in Table I and
it can be confirmed that the majority of fatty acid present
in castor oil is ricinoleic acid with more than 85% wt.
The basic physical and chemical properties of test fuels
were measured according to ASTM standards and was
shown in Table II.

TABLEL  FATTY ACID PROFILES OF CASTOR OIL

Fatty acid % wt
Lauric Cl12:0 0.02
Myristic Cl14:0 0.06
Palmitic C16:0 1.63
Stearic C18:0 1.66
Oleic C18:1 3.85
Ricinoleic C18:1 OH 85.6
Linoleic C18:2 6.04
Linolenic C18:3 043
Arachidic C20:0 0.08
Gadoleic C20:1 0.58
Eicosadienoic C20:2 0.05

TABLEIL BASIC PHYSICAL AND CHEMICAL PROPERTIES OF TEST FUELS

Fuel Properties Units Test Method Diesel Ethanol Castor oil DSOE10C10
Kinematic viscosity @40 °C cSt ASTM D445 3.54 1.26 289 4.06
Flash point S ASTM D93 78 13.5 282 158
Specific gravity @15.6 °C - ASTM D1298 0.828 0.785 0.950 0.836
Density @15.6 °C kg/m® ASTM DI1298 8272 784.2 949.1 835.2
Cetane index - ASTM D976 60.18 8N 48N 552
Gross Calorific Value (MJ/kg) ASTM D240 45.39 26.83 36.16 42.23

B.  Experimental Setup for Engine Test

A four-cylinder direct injection diesel engine with
naturally aspirated and water-cooled system was used for
the engine test to evaluate combustion characteristics and
exhaust emissions of the triblend fuel, which were
compared to that of diesel fuel. The engine specification
is shown in Table III. The experimental installation is
drawn schematically in Fig. 1. A hydraulic dynamometer
equipped with a load cell was used to load the engine.
The engine was tested at 2000 and 2500 rpm with varying

©2018 International Journal of Llectrical Energy

five engine operating loads (30, 50, 70, 90 and 110 N.m)
which represents the range of the engine operating
condition from low to high levels. A Kistler 6052C
pressure transducer mounted at glow plug adapter and
connected via a Kistler 5064C charge amplifier to a data
acquisition board was employed to record in-cylinder
pressure traces. To calculate the combustion chamber
volume at any crank angle, a Kistler 2164CK1 crank
angle encoder set was mounted on the crankshaft adapter
to measure the crankshaft position. Other standard engine
test rig instrumentations were installed to monitor




199

International Journal of Electrical Energy, Vol. 6, No. 2, December 2018

temperatures (intake air and exhaust gas), pressure TABLE L. SPECIFICATION OF TEST ENINGE
(lubricating oil), humidity (intake air) and mass flow rate 4-Stroke, 4 - Cycle, Direct
(intake air and fuel). Engine-out emissions were Engine type Injection, Water Cooled,
measured by standard exhaust gas analysers: Testo 350 T R F‘“‘;‘;‘(‘)‘Y ':)‘;Pg““fd
for CO and NOx, Horiba Mexa-584L for HC and Testo uimber of ¢y ef_f ore X Stroke — 20X 0o mm.
Aa N N Total piston displacement 2.449 mr
308‘ for smoke emissions. In each condition tested, the Compression ratio 184
engine was stabilized by the observation of exhaust Fuel injection timing (bTDC) 14°
temperatures and exhaust emissions. Rated power 64.9 kW @4000 rpm
Max.Torque 171.5 N-m @2000 rpm
Exhaust Gas.
Analyser Fuel Tank

Fuel Flow Meter

Temperature & Humidity

Air Box

|

| S

} Lo Amplifier
|

|

Ll
| - — — [ Shat Encodag)- <2 A

E Engine oil Temperature & Pressurc [

Figure I. Schematic diagram of the experimental installation

as lower calorific value (more fuel needed to produce

1. RESULTS AND DISCUSSION same power) and higher viscosity (higher surface tension
affecting poor fuel atomisation) tend to increase bsfc with
A.  Engine Performance respect to diesel fuel, the better lubricating properties of
castor oil can play a role to reduce the power lost by
W Diesel DBOE10C10 e . i i
600 friction leading to the lower bsfc found in case of the
s00 ] Atz000mPm castor oil blend. This positive factor to bsfc may have

more effect when the engine is operated at high loads due
to more fuel containing castor oil will be injected to the

3
§ % combustion chamber [17]. The brake thermal efficiency
s % % which is inversely proportional to bsfc is shown in Fig. 3.
g Z . The lower bsfc obtained from the triblend fuel results in
2 L S the higher thermal efficiency compared to diesel fuel for
§ 500 ]  At2s00 RPm all engine loads tested
E aw I Diesel DBOE10C10
o 45
£ 300
g ;00 gg At 2000 RPM
v 30
100 25
2
Y g5
10
Load (N-m) g 2
g 0
Figure 2. Brake specific fuel consumption g 30 5 70 90 110
% a0
g . o © 5 1
Fig. 2 shows the brake specific fuel consumption (bsfc) 5 3 4 Avzscorem
of engine under the test. It can be seen that the bsfc £
decreases as the engine operating loads increase. The
higher engine speed results in the higher bsfc. The lower
bsfc implies that less amount of fuel is needed to generate
unit power output. The incorporation of castor oil-ethanol
blend shows the improvement of brake specific fuel
consumption at all engine operating loads tested (Fig. 2).
Although, some poor properties of the ternary blend such Figure 3. Engine thermal efficiency
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B.  Combustion Characteristics

Diesel e DBOELOCID

Dm0 | Tonm e | EN

3 | vosem o s

R of ot e 0

[S—— ok e e

Figure 4. In-cylinder pressure and heat release rate

W Diesel C80E10C10

1 2000 R

Pressure (8ar)

70
Load (N-m)

Figure 5. Peak of in-cylinder pressure

In-cylinder pressure and rate of heat release (ROHR) at
50 N.m and 110 N.m which is represented to mid and
high engine operating loads for both engine speeds tested
are shown in Fig. 4. The heat release rate was calculated
through the first law of thermodynamics and isentropic
relations, which was described in our previous work [18].
The peak of in-cylinder pressure increases as the engine
load increases for both engine speeds. The combustion of
more fuel which is needed to generate more power output
at higher engine loads can be used to justify the increase
in peak pressure inside the combustion chamber (Fig. 5).
The addition of castor oil to ethanol-diesel blend tends to
retard in the start of combustion (increase in ignition
delay) with respect to diesel fuel. This can be attributed to
the lower cetane index of castor oil and ethanol [16].
Consequently, the higher proportion of premixed
combustion than in the case of diesel fuel due to the
longer ignition delay of the blended fuel is observed.
With longer ignition delay, there is a higher volume of
premixed mixture ready to combust when combustion
starts. The ignition delay due to the combustion of ternary
blend decreases as the engine load increases. The similar
start of combustion with diesel fuel is found with the use

©2018 International Journal of Llectrical Energy

of the ternary blend at high engine loads (110 N.m) and
the higher peak pressure in the combustion chamber is
obtained. The presence of oxygen in both ethanol and
castor oil which may assist the combustion process can be
the reason for the higher peak of in-cylinder pressure than
that of diesel fuel.

C. Engine-out Emissions

Unburnt Hydrocarbon (UHC) or Total Hydrocarbon
(THC) emissions is a parameter to evaluate the
combustion efficiency. More hydrocarbon emissions
more incomplete combustion. The increase in engine
operating loads can reduce THC emissions (Fig. 6). The
higher thermal efficiency when the engine is operated at
higher engine loads (Fig. 3) can be used to justify such
reduction in THC emissions. The delay in the start of
combustion with using the castor oil-ethanol blend leads
to the increase in THC emissions compared to diesel fuel
due to less available time for complete combustion to
oxidise hydrocarbons. In addition, the high heat of
vaporisation of ethanol can be a factor to promote the
THC emissions. As ethanol was vaporised, the
combustion chamber was cooled down weakening the
combustion process, especially at low engine load
conditions [19]. Also, the high viscosity of castor oil with
high surface tension can affect the poor atomisation
resulting in the high THC emissions. Although, oxygen
present in both castor oil and ethanol can participate in
the more complete and cleaner combustion leading to the
reduction in THC emissions the effect of late start of
combustion, high heat vaporisation and high viscosity
seems to overcome the presence of oxygen in the ternary
blend. As a consequence, the higher THC emissions can
be obtained from the combustion of the ternary blend
with respect to diesel fuel.

W Diesel 4 D8OE10CL0

030

0.25 At 2000 RPM
0.20
015
0.10
0.05
000

w
=}

hydrocarbon (g/kW-h)

L
i
i

Load (N-m)

Figure 6. Unburnt hydrocarbon emissions

Another parameter used to evaluate the combustion
performance is CO emissions. The increase in CO
emissions implies the more incomplete combustion
occurred. The higher combustion efficiency at higher
engine loads leads to the decrease in CO emissions for
both fuels tested (Fig. 7). In contrast to THC emissions
for the high engine loads tested, the incorporation of
castor oil and ethanol as blend component in diesel fuel
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shows the lower CO emissions compared to diesel fuel.
This is likely to a consequence of the lower C/H ratio of
the ternary blend by the replacement of diesel fuel with
ethanol. It is suggested that this effect compensates for
the potential increase in CO emissions due to the high
heat of vaporization and the retard in start of combustion
obtained by the ternary blend [4].

W Diesel D8OE10C10

5

4 At 2000 RPM
£
g1
£o |
2 30 50 70 90 110
c5
.'%4 1 At 2500 RPM
EENN

3 4

=

Load (N-m)

Figure 7. Carbon monoxide emissions
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Figure 8. Nitrogen oxide emissions

Usually, the formation of NOx emissions is highly
dependent on the in-cylinder pressure and the peak of
heat release rate belonging to the premixed combustion
phase. It is clear that the increase in NOx emissions is
found with increasing the engine loads. This is mainly
due to more fuels needed for producing higher power
outputs at higher engine loads leading to the higher
combustion temperature which help to promote the NOx
formation (Fig. 8). There are some factors affecting the
NOx formation and can be used to support the trend of
NOx emissions by the combustion of the ternary blend.
The oxygen present in fuel molecules 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 is more
favourable the NOx formation. Conversely, the reduction

©2018 International Journal of Llectrical Energy

in NOx emissions can be obtained from combustion of
fuels with high heat of vaporisation because more heat
can be absorbed during the mixing process with the air,
resulting in the low combustion temperature. In case of
the ternary blend which is used to operate the engine
under the test conditions, the higher heat of vaporization
of ethanol is prominent to reduce the NOx formation.
Consequently, the lower NOx emissions of the ternary
blend than that of diesel fuel can be obtained. In addition,
the higher viscosity of the ternary blend than diesel fuel
can cause the difficulty of fuel atomization which may
reduce the charge temperature and is effective to NOx
mitigation [20].

The smoke emissions obtained by the combustion of
diesel fuel and ternary blend is shown in Fig. 9. The
increase in smoke emissions with increasing the engine
operating loads for both engine speeds tested is found.
This is attributed to the high overall equivalence ratio and
the number of fuel rich regions in the combustion
chamber when the engine is operated at high load,
resulting in the high critical conditions for soot formation
which relates to the increase in smoke emissions [15].
The addition of castor oil and ethanol in diesel fuel tends
to decrease the smoke emissions at all conditions tested.
This reduction is likely to be a consequence of the
presence of oxygen in fuel molecules of both castor oil
and ethanol. It has been previously reported that the
hydroxyl group which belongs to both castor oil and
ethanol in this study can improve the suppression of soot
formation [21], [22]. In addition, the incorporating
ethanol into the fuel blend reduces carbon content which
decreases the possibility of soot formation.
bsoL1oCLe

Smoke Index

30 50 70 90 110
Load (N-m)

Figure 9. Smoke emissions

IV.  CONCLUSIONS

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

» The high viscosity, density, flash point of castor

oil can compensate the substantial reduction of
such properties of ethanol leading to keep the fuel
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properties of the ternary blend under the limit of
diesel fuel specifications.

» The better lubricating properties of the ternary

blend due to castor oil can participate in the less
friction loss of moving engine components,
resulting in the lower brake specific fuel
consumption and higher thermal of efficiency with
respect to diesel fuel.

» The lower cetane index of the ternary blend tends

to extend the start of combustion with respect to
diesel fuel but the difference is smaller when the
engine is operated at high engine loads.

» The retard in start of combustion, poor atomisation

and high heat of vaporisation with ethanol blend
can be used to justify the higher THC emissions
from the combustion of the ternary blend with
respect to diesel fuel combustion, especially at low
engine loads.

» The low C/H ration with ethanol blend and the

presence of oxygen in fuel molecules can be used
to explain the reduction in CO emissions from the
use of the ternary blend.

» The clear benefits of NOx emissions was found

with the combustion of the ternary blend at all
conditions tested, as a consequence of the high
heat of vaporisation of ethanol.

» The presence of oxygen and the effective of

hydroxyl group belonging to castor oil and ethanol
to inhibit the soot formation can be reasons to
support the lower smoke emissions by the ternary
blend compared to diesel fuel.

The conclusions of the experimental results mentioned

above indicates that the combination of castor oil and
ethanol in fuel blend shows the synergistic effect in the
improvement of engine-out emissions and can be a
feasible alternative for next generation fuels.
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Abstract. Some properties such as poor lubricity and low viscosity limit the use of ethanol as
an alternative fuel in diesel engines. To improve such inferior properties, crude castor oil with
excellent lubricity and extremely high viscosity was added to diesel-ethanol fuel blend.
Investigation on combustion characteristics, engine performance and exhaust emissions of a
four-stroke single cylinder diesel engine fueled with ternary blend of diesel-ethanol-castor oil
was carried out in this research. The blend of 80% diesel, 10% ethanol and 10% castor oil
(DSOE10C10) was selected for the study. The results on fuel properties showed that the
presence of 10% castor oil in diesel-ethanol blend can improve the properties of the blend and
meet the diesel fuel specification. The delay in start of combustion was obtained with the use
of the ternary blend with respect to diesel fuel combustion, resulting in the lower peak of in-
cylinder pressure and temperature. The reduction in nitrogen oxides (NOx) and smoke was
found when the engine was operated with the ternary blend at all conditions tested.
Carbonaceous gas emissions, carbon monoxide (CO) and unburnt hydrocarbons (HC), was
increased with the combustion of ternary blend at low engine operating loads. However, the
difference in CO and HC with the combustion of diesel fuel and ternary blend was decreased
as the engine loads increased. The addition of crude castor oil to diesel-ethanol blend used as
alternative fuel in the diesel engine did not show the significant difference in brake specific
fuel consumption and brake thermal efficiency compared to diesel fuel.

1. Introduction

Nowadays, the resources of petroleum used as fuel are depleting with increasing demand, as well as
increasingly stringent regulations, pose a challenge to Thailand, which is the non-oil producing
country. With the commercialization of bioenergy, it has provided an effective way to fight against the
problem of petroleum scarcity and the influence on environment. Although there is an increase in
number of literatures to study engine performances and exhaust emissions when using biodiesel,
especially in this decade, advanced biofuels such as bio-alcohol and second-generation biodiesel
which are derived from waste, agriculture residues and non-food crops have been receiving more
attention as sustainable alternative to fossil fuels. Oxygen present in fuel molecules of bio-alcohol and
biodiesel can participate in a cleaner combustion process, resulting in a reduction of engine-out
emissions to meet increasingly stringent vehicle emission standards. Previous publications have
studied the use of diesel fuel blended with ethanol in diesel engines and the results found that the
addition of lower 20% ethanol to diesel fuel can be used in diesel engines without any engine
modification [1]. It was found that the presence of ethanol in fuel blend participates in the reduction in
carbon monoxide [2-3]. More emission benefits of ethanol was obtained due to higher heat of
Comem from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution

53 of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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vaporization which tended to reduce combustion temperature, being less favorable NOx formation [4].
However, the use of ethanol with high percentage as blend component in diesel fuel is not compatible
with fuel system and engine components. Fuel containing with high proportion of ethanol is need to
improve some key properties. To increase amount of advanced fuel used in vehicles and restore some
inferior properties of diesel-ethanol fuel blend, biodiesel derived from castor oil with excellent
lubricity and extremely high viscosity was studied [5]. The addition of 10%-15% castor oil methyl
ester was enough to improve the lubricity of the diesel-ethanol fuel blend while its viscosity was under
the limit of diesel fuel specification. The presence of castor oil methyl ester also increased calorific
value, cetane number and flash point of diesel-ethanol blend. Moreover, hydroxyl group belonging to
ricinoleic acid (C18:10H) which is main fatty acid present in castor oil can enhance soot oxidation
process.

To extend the benefit of castor oil and be more convenient for applying as blend component, crude
castor oil was added to diesel-ethanol fuel blend in this work. The physical and chemical properties of
ternary blend (diesel-ethanol-castor oil) were studied along with combustion and engine-out emissions
and the engine operating with diesel fuel was used as a baseline test.

2. Materials and methods

2.1. Test fuels

The presence of 10% of anhydrous ethanol by volume in the diesel fuel was selected to study the
effect of castor oil on fuel properties, combustion characteristics and engine-out emissions. With
preliminary work on lubricity experiment, the addition of 10% castor oil was enough to restore the
lubricity of the ethanol blends, there was no significant improvement on the blend lubricity after this
percentage of castor oil. Consequently, the fuel blend of 10% castor oil, 10% ethanol and 80% diesel
fuel (DS8OE10C10) was used to operate with the engine. The basic physical and chemical properties of
test fuels was measured according to ASTM standards and was shown in Table 1. The fatty acid
profile of castor oil was detailed in Table 2 and it can be confirmed that the majority of fatty acid
present in castor oil is ricinoleic acid with more than 85% wt.

Table 1. Physical and chemical properties of test fuels.

Test

Fuel Properties Units Method Diesel Ethanol Castor oil D8OE10C10
Kinematic viscosity ASTM
at 40 °C cSt D445 3.54 1.26 289 4.06
: o ASTM
Flash point @ D93 78 135 282 158
Specific gravity at ASTM
15.6.°C - D1298 0.828 0.785 0.950 0.836
Density at 15.6 °C kg/m® Sl 827.2 784.2 949.1 835.2
D1298
5 ASTM N CN
Cetane index - D976 60.18 8 48 55.2
Gross Calorific ASTM
Value (MJ/kg) D240 45.39 26.83 36.16 4223
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Table 2. Fatty acid profile of castor oil. (%wt).

Fatty acid % wt
Lauric C12:0 0.02
Myristic C14:0 0.06
Palmitic C16:0 1.63
Stearic C18:0 1.66
Oleic C18:1 3.85
Ricinoleic C18:10H 85.6
Linoleic C18:2 6.04
Linolenic C18:3 0.43
Arachidic C20:0 0.08
Gadoleic C20:1 0.58
Eicosadienoic C20:2 0.05

2.2. Experimental setup

The engine used for this study is a four-stroke, single-cylinder, water-cooled, direct injection
compression ignition engine. An eddy current dynamometer with a load cell was used to load the
engine. The tests were performed at rated speed of 1500 rpm and three different engine loads (25%,
50% and 75% of maximum engine torque). Commercial diesel fuel was used as a baseline comparison
with waste plastic oil for the engine run tests. An air box was used to measure the air flow rate to the
engine and volumetric fuel flow rate was measured using a burette and stopwatch. A pressure
transducer (mounted on the cylinder head) is connected to a charge amplifier which in turn is
connected to computer and a crank angle encoder is used to find crank angle with 1o revolution. The
schematic diagram of the test engine setup is given in Figure 1 and the technical specifications of the
engine are given in Table 3. The TESTO 350 analyzer was employed to measure nitrogen oxide
(NOx), carbon monoxide (CO), hydrocarbon (HC) and TESTO 308 was used to evaluate smoke index.
The specification of the gas analyzing device shown in Table 4. At every load, readings were taken
after the engine reached steady state. For every refueling, engine was kept running for 10 minutes such
that it consumes entire fuel entangled in fuel pipe lines. Repeatability of readings was guaranteed by
duplicating the investigations thrice.

Fuel Flow Meter

Fuel Tank 7 fatox
1

| Air Flow meter

S S —— W, S
[ ‘smoke Meter || Exhaust Gas Analyzer |

= Charge Amplifier

‘ Shaft Encoder }

Tl

Engine oil Temperature

T

Figure 1. I Schematic diagram of the engine test setup.
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Table 3. Technical specifications of the engine.

Engine Specification
Model Kirloskar TV1
Enpineitype 1 cylinder, 4 stro_kes, S
Water cooled, Direct injection
Bore 87.5 mm
Stroke 110 mm
Swept volume 661 cc
Rate output 3.5kW at 1500 rpm
Compression ratio 12:1-18:1
Start of injection 23 °“CA bTDC
Injection pressure 210 bars
Dynamometer Eddy current
Table 4. Specification of gas analysing devices.
Measured quantity Measuring range Resolution Accuracy
TESTO 350
NO 0 to 4000 ppm 1 ppm +5 ppm
NO, 0 to 500 ppm 0.1 ppm +5 ppm
CcO 0 to 10000 ppm 1 ppm +5 ppm
HC 100 to 21000 ppm 10 ppm + 400 ppm
TESTO 308
Smoke index 0to6 0.1 +0.2

3. Results and discussion

3.1. Engine performance

In the present investigation, experiments were carried out to understand engine performance,
combustion characteristics and exhaust emissions of the diesel engine by using diesel fuel and the
ternary fuel blend (D80OE10C10). The blend was used and the experimental observations were
collected so that the results were compared with that of diesel fuel. The engine was loaded in the range
of 25%, 50%, and 75% load for a constant speed of 1500 rpm. Figure 2 shows the relation between
applied loads and the brake specific fuel consumption. It can be seen that the brake specific fuel
consumption decreased as the engine operating loads increased. This was due to the fuel was
converted into thermal energy that improved efficiency. The lower brake specific fuel consumption
implies that less amount of fuel is needed to generate unit power output. Although, some pore
properties of the ternary blend such as higher viscosity and lower calorific value tend to increase brake
specific fuel consumption. The better lubricating properties of castor oil can play a role to reduce the
power lost by friction [6]. Inversely, brake thermal efficiency increased as the engine operating loads
increased (Figure 3). Brake thermal efficiency indicates the ability of combustion system to accept the
experimental fuel and provides a comparable means of assessing how efficiently the fuel was
converted into mechanical output [7-8]. Brake thermal efficiency increased as engine load increased
because more fuel was dispensed with increasing combustion temperature, resulting in high thermal
efficiency. Comparing diesel fuel and the ternary blend, the brake specific fuel consumption and brake
thermal efficiency was no significant difference between both fuels tested.
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Figure 2. Brake specific fuel consumption. Figure 3. Brake thermal efficiency.

3.2. Combustion characteristics
In-cylinder pressure (ICP) and rate of heat release (ROHR) for all engine operating loads are depicted
in Figure 4. The first law of thermodynamics was used to calculate the heat release rate with equations

(1).

dQ av. 1 dp
2.9, y & -
do  y-1 dO y-1 dO

where dQ/d6 s the rate of heat release, p is the in-cylinder pressure, 7 is the combustion chamber
volume, and ¢ is the crank angle. The constant specific heat ratio () of 1.35 was used for the

calculation. 100 consecutive engine cycles were performed in order to analyse the in-cylinder pressure
and rate of heat release.

M diesel [ D80E10C10
60

58
56
54
52
50
48
46
44

Peak in-cylinder pressure (bar)

25% 50% 75%

1 oad (%)

Figure 4. Peak of in-cylinder pressure.

Figurc 5 shows the combustion characteristics of test fucls. Longer ignition dclay (retard in start of
combustion) was obtaincd when the engine was operated with the ternary blend. Low cctane number
of ethanol and castor oil together with high heat of vaporization of ethanol can be used to justify the
increase in the ignition delay by the combustion of the ternary blend. In addition, lower calorific value
of both ethanol and castor oil can participate in lower energy released by the combustion, resulting in
lower combustion temperature and in-cylinder pressure. Lower pressure rise in combustion chamber
resulted in lower peak of heat release rate.
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3.3. Emissions

The formation of nitrogen oxides depends on the temperature in the combustion chamber of the engine.

The higher combustion temperature, the higher oxides of nitrogen will be produced. [9] There are also
some factors that affect the formation of nitrogen oxides. Combustion of oxygenated fuels such as
biodiesel with oxygen contained in fuel molecule, resulting in higher combustion temperature. Low
cetane value of fuel causes a long ignition delay, affecting the maximum heat release rate during the
combustion of pre-mixed mixtures (premixed combustion). The reduction of oxides of nitrogen can
occur by burning fuels with high latent heat of vaporization, such as ethanol, because the fuel that is
injected in the combustion chamber will absorb heat to converting liquid to gas phase, resulting in a
decrease in combustion temperature In addition, the high viscosity also affects the temperature in the
combustion chamber because the fuel injection into the combustion chamber is a large droplet which
leads to lower the temperature in the combustion chamber, leading to lower nitrogen oxides [10]. The
results in Figure 5 shows that the combustion of ternary blend produced lower oxides of nitrogen at all
engine operating loads. This is mainly due to the higher heat of vaporization of ethanol and high
viscosity of castor oil. It is notable that the effect of oxygen content which tends to increase the
combustion temperature and be more favorable the formation of nitrogen oxides, was compensated
with the effect of low heat of vaporization and high viscosity. Carbon monoxide emissions are
dependent on properties of fuel, amount of oxygen, combination of air and fuel, temperature and
turbulent air flow in combustion chamber. The results in Figure 7 shows that the slight increase in
carbon monoxide was obtained with the use of ternary blend at low and mid engine loads while the
reduction in carbon monoxide was found at high engine load, compared to diesel fuel. At low load,
temperature in combustion chamber may not be high enough to compensate the effect of high heat of
vaporization and high viscosity of fuel blend, resulting in low combustion temperature and less
complete combustion. When the engine was operated at high load and temperature in combustion
chamber was enough to compensate such effect, lower C/H ratio of ethanol may dominate and lead to
the reduction in carbon monoxide by the combustion of ternary blend. Figure 8 shows the variation of
unburnt hydrocarbon emissions with engine loads. Hydrocarbons emissions are organic compounds
that are caused by incomplete combustion. Higher hydrocarbon was found as engine load increased.
This is due to more fuel injected to produce more engine torque and power, resulting in higher
possibility of fuel not being burned. Comparing the two test fuels, it was observed that the combustion
of ternary blend produced higher hydrocarbon emissions than that of diesel fuel at all engine operating
loads. This is likely to be a consequence of high heat vaporization and high viscosity of fuel blend
which tends to increase incomplete combustion. Smoke measurement is an indirect way of measuring
of diesel particulate emissions. The results in Figure 9 shows that the reduction in smoke index was
obtained by the combustion of ternary blend compared to diesel fuel at all engine operating loads. The
main reason which can be used to support such reduction is the presence of oxygen in fuel molecules
of ethanol and castor oil. Hydroxyl group belonging to both ethanol and ricinoleic acid of castor oil
was reported to enhance the soot oxidation and inhibit soot formation [11-12].
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4. Conclusions
The study of the use of castor oil with ethanol as an alternative to reducing the use of diesel fuel can
be summarized as follows.

Excellent lubricity and high viscosity of crude castor oil can compensate the loss of such
properties of ethanol and the synergic effect was obtained in the study.

Slight improvement in brake specific fuel consumption and brake thermal efficiency was
found when the engine was operated with the ternary blend.

The combustion of ternary blend showed the delay in start of combustion, lower pressure rise
in combustion chamber and lower peak of heat release rate, compared to diesel fuel.

The benefit in nitrogen oxides and smoke emissions was obtained when the engine was
operated with ternary blend at all conditions tested.

The increase in unburnt hydrocarbon and carbon monoxide emissions were undesirable results
for using the ternary blend, especially at low engine operating load.

Footnotes should be avoided whenever possible. If required they should be used only for brief
notes that do not fit conveniently into the text.
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