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Abstract: Many researchers have been working on bio-based
lubricant which is complete or partial replacement for mineral-
based lubricant. Mineral-based lubricant is highly pollutant and
possesses environmental threat as it is not biodegradable, in the
initial days of the industrial revolution bio-based lubricants were
widely used, later it was replaced by more sustainable and easily
available but environmental polluting mineral oils, currently due
to environmental concerns and scarcity of mineral oils, bio-based
lubricant has gained importance. Bio-based lubricants are now a
day’s used for various applications such as transformer oil and
processes where there is complete loss of lubricants. They possess
very good properties in such applications, whereas bio-based
lubricants are also used internal combustion engines, pure bio-
based lubricant may not be suitable for long-duration, but
genetically and chemically modified bio-based lubricants will be
suitable for 1C engine. Though bio-based lubricant possesses
many good properties as a lubricant for 1C engine and various
other application, it is still at large to become commercial, more
study is required for checking performance of such pure and
modified bio-based lubricants ails, in this paper such study of
cotton seed Trimethylolpropane (TMP) ester oil and its effects on
performance of brake specific fuel consumption (BSFC), brake
thermal efficiency (BTh) and emission of gases like hydrocarbon
(HC), carbon monoxide (CO), carbon dioxide (CO2) nitrogen
oxides (NOx) are studied, bio-based have poor cold flow
properties and oxidation stability to improve these additives are
added. The experimental study shows that Cottonseed
Trimethylolpropane Ester  (CSTE) displays similar
characteristics of thermal efficiency, brake gspecific fud
consumption and emission of gases as compared to mineral-
based lubricating oil hence can be used in the 1C engine instead
of mineral-based lubricants.

Keywords : Cottonseed Trimethylolpropane ester (CSTE),
Brake thermal efficiency, BSFC, emissions hydrocarbon (HC),
carbon monoxide (CO), carbon dioxide (CO2), nitrogen oxides
(NOx).

l. INTRODUCTION

The combustion of mineral oil lubricants produces
particulate matter of zinc, phosphate, calcium, observed
quantity in ppm as calcium 1871,
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phosphorus 1118, zinc 877,,magnesium 72, boron 32,
ironl19,copper 18, lead 6, slicon 6, sodium 7, and
molybdenum 5, which are very harmful [1]. The bio-based
lubricant possess the required properties as lubricants and
can be used instead of mineral-based lubricant oils, bio-
based Iubricant oils have desirable properties as it is
biodegradable which is reguired for environmental concern,
they aso have very good lubrication properties such as
viscosity index, high lubricity, and flash point, load carrying
capacity is high, which make them suitable as lubricant [2].
Coefficient of friction for coconut oil is lower than 20W50
minera oil when used in two stroke IC engine, coconut oil
shows good boundary condition (tribological properties),
however to use coconut oil in IC engine additives are
necessary [3]. For bio-based lubricants possess oxidation
and low temperature performance problem, which can be
solved by chemical modification and additives [4], though
there are many good properties of bio-based lubricants, have
some disadvantages such as oxidation stability, poor cold
flow property, such problems can be solved by chemical
modification in which B hydrogen of glycerol can be
eliminated, double bond can be removed. The carbon chain
aso having a very important role for lubricant and aso
which is fatty acid and what polarity [5]. Oleo chemical
ester is having the highest degradation rate which are more
concern for the biosphere, aquatic life bio-based lubricant
has 4 times faster biodegradation rate compared to minera
oils [6]. Schramm has studied the emission of CO, CO-, and
NOx on a chassis dynamometer and on-road vehicle, by
taking samples periodically and oxidation stability was
checked, it was observed that there is no effect on wear as
well as exhaust gas emission except little loss in efficiency
and small rise in NOy emission [7]. The researcher observed
that prop ionic ester of methyl hydroxyl oleate has very
good oxidation stability at 175 °C, followed by 2-Ethylhexyl
ester which is 166 °C and levulinic ester LMO 162 °C [8].
Pongamia oil can be used neat as well as blend with mineral
ail, it was observed that with neat Pongamia oil in Cl engine
increases fuel consumption and gives a considerable brake
thermal efficiency at high load conditions. Friction power
loss is less in blend lubricants [9]. Mehejabben Kotwal and
Srinivas Darbha have studied a better and effective way to
produce bio based lubricants, they have observed that by
using Titanium silicate as catalyst and esterification of oleic
acid with glycerol at 453 K and reaction was carried out at
for 3 hours will lead to better yield and solution possess
required properties for lubricant [10]. All the above
examples show bio-based lubricants can be used alternative
to mineral-based lubricant oil, with different bio-based
lubricants and different experimental setup.
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Different oilsused by resear cher.
1.1 sunflower Qil.

Sunflower oil has better oxidation stability and lubricity as
compared to olive oil and high oleic sunflower oil, high
oleic sunflower oil is suitable for textile application as
lubricants without modification. Sunflower oil is most
suitable for chain saws application [11].

1.2 Soybean Oil.

Soybean oil isused for dielectric liquid in transformer oil , it
has high fire point, flash point so it would be better to
increase the life of transformer [12].

1.3 Palm Qil.

Palm oil is studied as a lubricant for extrusion process cold
forward and minimum quantity lubrication ( MQL) on high
speed drilling of titanium alloys [13, 14].

1.4 Rapeseed Oil.

Experiment on journal bearing was carried on with rapeseed
oil as lubricant in journa bearing which shows blend of
rapeseed oil with mineral oil even decreases friction even at
high temperature [15].

1.5 Viscosity Of Lubricant Oil.

Viscosity has crucial properties for lubrication and if it is
low it can make metal to metal contact which may lead to
wear and tear of contact surface. Viscosity of oil depends on
chain length, intermolecular interaction will have more
viscosity [16]. Chemically modification will lead to compact
structure, two or more double bond decreases viscosity
whereas one double bond increases viscosity, degree of
unsaturated-ness also affect the viscosity of lubricating oil,
for high temperature application epoxidized soybean oil can
beused [17].

1.6 Bio-based Oils As LubricantsIn | C Engine.

1.6 @) Palm oil used aslubricant in IC engine.

Many researchers used different bio based lubrication oil in
IC engine mostly in blend with mineral oil and compared
performance parameters such as brake specific fuel
consumption, brake thermal efficiency it was found that
these performance is similar with blend of palm oil 25 %
with mineral oil and also decrease in emission occurred
with palm oil blend [18].

1.6 b) Pdm oil has been studied to find tribologica
properties such as flash, fire, pour points, viscosity, with
blend from 25 to 50 % with mineral oil and compared with
100% mineral oil (MO), the study shows the crude pam oil
and blended oils shows good properties and can be used as
environmentally friendly oils[19].

1.6 ¢) Crankcase lubricating oil is used as Karanja oil and its
blend with mineral oil, the blend used in 4 stroke diesel
engine show better performance than mineral oil so we can
use blend of karanja oil with mineral oil for diesel engine for
short duration [20].

1.6 d) Pure cotton seed oil is used as lubricant without
modification, is studied in internal combustion engine and it
is compared with mineral oil, pure cotton seed oil shows
similar characteristics to commercial mineral oil for the
short duration of 100 hours. After that cottonseed oil gets
oxidised and gum like structure is formed when trial was
extended and efficiency of engine decreases due in proper
lubrication. So pure cottonseed oil is possible to use in
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internal combustion engine for short duration, whereas for
longer duration chemical modification isrequired [21].

1.7 Chemical Modification Of Vegetable Oils.

in case of biolubricant oxidation stability and poor pour
point is due to the fatty acid structure as shown in figure.

HD'J'L\—/\‘:/W‘:/W CHy
Docosahexaenoic Acid (DHA)
o
HOY — — — — — CHa
Eicosapentaenoic Acid (EPA)
0
HO — — —. _CHa

alpha-Linolenic Acid (ALA)
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HDfJJN\_/‘\H_/‘\:'A‘:/\\:'/k\H/\‘/CH'!

gamma-Linolenic Acid {GLA)

Fig.1 Fatty acid structure.

The double bond and B-CH group of the alcohol react easily
with oxygen which lead to oxidation. This can be reduced
by transesterification process of trimethylolpropane and
methyl ester of bio-based oils which will improve oxidation
and pour point of bio based lubricants [22]. The TMP ester
and Nano- particle improves coefficient of friction [23].The
mid and end chain akyl group can improve low temperature
properties due to steric barrier around individual molecules
and restrain crystallisation[24,25]. The pam kerne oil
trimethylolpropane (TMP) esters synthesis was performed,
temperature and vacuum pressure found to be affecting
reaction, approximately 98% w/w conversion to palm kernel
TMP triesters yield was obtained [26]. Padm oil TMP esters
pour point successfully reduced to -32 °C in high oleic
content pam oil based TMP esters. Pam oil TMP esters
viscosities of high oleic content are amost constant at 50
¢St and VI values are around 199 [27,28].

1.8 Transesterification Process.
Transesterification, in the presence of catalyst this
triglyceride molecule reacts with methanol to form methyl
ester and then to increase thermal stability,

ROCOR'

Hz(li—UCU'R' catalyst + HQ('l:-OH
HC-0OCOR" + 3 ROH = ROCOR"  + HC-OH
i |
Hy,C=OCOR™ R()EOR"' H,C-OH
triglyceride alcohol mixture of alky] glycerol
eslers

Fig 2. Esterification process.
trimethylolpropane, neopentyl glycol and pentaerythritol can
be used in second transesterification process in which
hydrogen atom in B position is replaced [29- 31].

From many years vegetable oils were used as lubricants,
whereas later use of vegetable oils became almost absolute
due to easy and better availability of mineral-based oails,
nowadays fossil fuels based oils are used for lubrication
purposes. Currently environmental concern and scarcity of
mineral oils have led to consideration of bio-based
lubricants[32].
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. SETUP FOR EXPRIMENTATION.

The engine specification as given in table has all measuring
sensor like pressure, air flow, fuel, temperature of engine
cooling water in ,out , flue gas exhaust temperature, water
for calorimeter, gas entering and leaving in calorimeter with
automatic data collection in software and AVL gas analyzer
is used to measure exhaust gases, which measure exhaust
gases like HC, CO,, CO, NOy, for loading eddy current
dynamometer is used. There are two more additiona
thermocouples are attached to measure surface temperature
of engine and lubricating oil temperature in sump.
Experiment is conducted first with mineral oil for 24 hours
and then with CSTE, and then average data for 24 hours is
compared for mineral oil average data.

2.1 Engine Data.

Make Kirloskar
Model Variable compression
ratio
Power 3.5KW
Speed 1500 rpm
Cycle 4 stroke
Cooling water cooled
Stroke length 110 mm
Cylinder dia 87.5mm
Lubrication 3.71 liters
Ignition Cl
Compression ratio | 12to 18:1
variable
Connecting rod 20 mm
Dynamometer arm length | 185 mm
Table 1 Engine specification.
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Fig. 3 shows the experimental setup of diesel engine.
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TI,T3 Inlet Water Temperature F2

Air Intake DP unit

T2 Outlet Engine Jacket Water Temperature PT  Pressure Transducer

T4 Outlet Calorimeter Water Temperature Wt Load

TS Exhaust Gas Temperature before Calorimeter N RPM Decoder

T6 Exhaust Gas Temperature after Calorimeter EGA  Exhaust Gas Analyzer (S gas)
Smoke meter

Fl Fuel Flow DP (Differential Pressure) unit M

Fig. 3 Engine setup for experiments.

2.2 Procedures to Prepare Cottonseed TMP Ester
(CSTE).

Cottonseed methy! ester is prepared from cottonseed oil and
methanol reaction, cotton seed oil is heated above 100 °C to
remove water residue for 30 minute and then it is reacted
with methanol with proportion of 3:1 ( cotton seed oil and
methanol) with catalyst as 1% NaOH, the solution is heated
at 60 °C for 1.5 hours, this will give us cottonseed methyl
ester. The upper layer of methyl ester is used for second
reaction with trimethylolpropane (TMP) with proportion of
4:1 at 150 °C for 3 hours and sodium methoxide as catalyst
1 % by weight. Vacuum pump is used to remove methanol
and then solution is dried with anhydrous sodium sulfate and
filtered to remove unwanted residuals, which gives us
cottonseed TMP ester.

Fourier-transform infrared spectroscopy (FTIR) done and
FT-IR spectra showed five important absorption bands. It
can be observed that the C-H stretching absorption occurs at
wavelength 2923.43 as shown in fig. 4, which is an
indication of required ester isformed.

Transmittance (%)
65 70 75 80 8 90 95 100

72261 ——
50562 ——

3500 3000 2500 2000
Wavenumber cm-1
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2.3 Cotton Seed Oil
Properties.

and Mineral Oil Lubricant

Cotton seed oil and minera lubricant oil properties are
measured as shown in table no 2.

Table. 2 Cotton seed oil and mineral lubricant oil

Thermal efficiency

£ 95
g 20 ‘,‘F’ .
'E 15
€ 10 =MD
£ s ——C5TE
'™
20
(=
0 2 4 6 8

BMEP (bar)

properties.

Pure SAE

Typical properties Cottonsee Cottonseed 20w4
: TMP ester

doil 0
Kinematic
Viscosity at 40 31.93 27.85 120
°C (cSt)
Kinematic
Viscosity at 90 °C 6.8 4.97 14-16
(cS)
Pour point °C -15 -10 -21
Flash point °C 300 210 280

II. TEST RESULT

The reading for all emission gases taken for MO oils and
lubricant oil is replaced by CSTE and 10 % MO oil blend,
table show readings of CSTE and 10 % MO oil blend
lubricant for 0 to 24 hours and at every hour, load is
changed from 0 to 20 kg on dynamometer. To increase
oxidation stability hydroquinone 0.5 % and viscosity
improver vinyl acetate 1% is used in CSTE and this data is
compared with mineral oil lubricant. with the help of engine
data collection and software , Brake thermal efficiency and
BSFC is measure, also emission data measured on AVL gas
analyser.

3.1 Brake Thermal Efficiency.

Brake thermal efficiency is the ratio between the measured
brake power to the product of the fuel flow rate and its
calorific value. The brake thermal efficiency is calculated
and plotted against brake mean effective pressure (BMEP)
as shown in Figure-3. It can be clearly seen that the brake
thermal efficiency of the CSTE is dlightly less for the mean
effective pressure from 2 bar to 4 bar. Beyond 4 bar mean
effective pressure, brake thermal efficiency of the CSTE is
almost the same as the brake thermal efficiency obtained
from mineral oil. When compared, between neat and
esterified forms of cotton seed oail, the esterified form has
dightly increased thermal efficiency. Altered chemica
properties during esterification improves lubricity of the
CSTE ail, thus providing good lubrication to the engine
body.
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Fig 3. Brake thermal efficiency

3.2 Brake Specific Fuel Consumption.

Brake specific fuel consumption (BSFC) is the ratio of the
rate of fuel consumption to the brake power produced. it
shows how good engine performance so that it is an
important parameter. As shown in figure 4 the variation of
BSFC with Brake mean effective pressure (BMEP). BSFC
for CSTE is almost similar to that of BSFC of minera oil at
the brake mean effective pressure around 2 bar. BSFC for
CSTE at the brake mean effective pressure from 2 bar to 4
bar is dightly more than that of BSFC of mineral oil.
Whereas, it is seen that BSFC for CSTE is alittle lower than
BSFC of mineral oil at the brake mean effective pressure
from 4 bar to 6 bar. Better lubricating properties of CSTE
based lubricants reduce the frictional losses. These factors
contribute to the reduction in BSFC.

BSFC Vs BMEP

0.7
06

Los

ra
8 02 =l CSTE

01

0 2 1 & B
BMEP (bar)

Fig 4. Brake specific fuel consumption

3.3 Hydrocarbon (HC) emissions.

HC emission for MO and CSTE shows in Fig.5, the average
value for 24 hours calculated and plotted for the comparison
between MO and CSTE, at a speed of 1500 rev/min. The
plots shows HC emissions between the two lubricants
almost same. The variation of HC emission with load show
initial increase then decrease and sharp rise at 20 kg load.
Similar patterns were observed in MO oil lubricants. The
plots indicate that HC emissions peaked at 4 kg to 8 kg load
and then dropped at 16 kg load, with further increased at 20
kg load, corresponding readings in table no 3. The graphs of
the two cases pure MO, blend CSTE shows in fig. 5 very
similar values indicating CSTE lubricating oil can be used
as subgtitute to MO lubricants . These readings were taken at
different time intervals.
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Table 3. HC emission MO and CSTE average values for

24 hours.
Load Kg HC MO HC CSTE
(Ppm) (Ppm)

0 25 18.375
4 45.16 27.125
8 41.66 38.91
12 27.66 33.2
16 31 318
20 71 84.25

90

80

70
— 50 —4—HCMO
£
a 50
2 a0 == HC CSTE
8 30
£ 20
E 10
w 0
T 9 10 20 30

Load kg

Fig 5. HC emission for MO and CSTE ail.

3.5 Carbon Monoxide (CO) Emissions.

The CO emission is special interest for environmental effect
and legidation. Fig. 6 shows the plots of CO emissions of
CSTE, and minera oil lubricant at the speed of 1500
rev/imin at different loading conditions and corresponding
readings in table no 4. These plots show very less difference
in CO emissions in MO used lubricant and CSTE
[ubricants.

Table4. CO emission MO and CSTE average values for

24 hours.
kg MO cocE

0 0.061 0.0366
4 0.038 0.023

8 0.05 0.062
12 0.0616 0.0883
16 0.16 0.185
20 153 14
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Fig. 6 CO emission for MO and CSTE

The plots showed decreased CO emissions versus load, as
load increased when running on CSTE and then pesked at
the higher load of 20 kg, the MO lubricant and CSTE oail
lubricant shows similar characteristics. The plots show an
increase in CO emissions as the load was increased. Due to
air/fuel (A/F) decreases with increasing load for al IC
engine CO emission increases with increasing load.

3.6 Carbon Dioxide (CO2) Emissions.

Fig. 7 shows 24 hours average of CO. emission is taken and
plotted against load for MO and CSTE oil and
corresponding readingsin table no 5.

Table5. CO2 emission MO and CSTE average values for

24 hours.
Load kg CO, MO CO, CSTE

(ppm) (ppm)
0 1.84 1.33
4 2.69 2.005
8 1.99 2.39
12 2.3 2.85
16 2.99 3.23
20 2.65 2.62
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35
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g 15 =02 MO
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0
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Load ( kg)

Fig. 7 CO2 emission MO and CSTE.

The MO lubricants show lower values CO; at 8 to 16 kg
load as compared to CSTE and again it matches with CSTE
at 20 kg load, there is an initial rise of CO, for MO oil and
then drop and again rise is observed, where are for CSTE it
shows continuous rise and at 20 kg load there is a drop in
CO,. There was no significant difference in average CO-
emissions between for MO and CSTE.

3.7. NOx Emission.

Fig 12 shows an average of 24 hours NOx emission vs
different loads for MO and CSTE oil and corresponding
values are shown in table no 6, it shows rise in NOx
emission as load increases reaches to fix and then drop at
highest load of 20 kg. The emission for MO and CSTE oil
shows similar nature.

Table 6 NOx emission MO and CSTE average valuesfor

3.8 Fuel consumption.

Compares fuel consumption by mass of MO lubricant and
CSTE lubricants, it is observed that there is a slight increase
in consumption which is indicated for reduction in
efficiency by 2 to 3 % compared to mineral oil lubricants.
This can be improved by adding some additives, in this test
additives like hydroquinone and vinyl acetate are used to
improve lubricant properties. This efficiency is very good as
compared to only pure cotton seed oil used in previous test.
The CSTE oil lubricants show results close to minerd oil
[ubricants.

3.9 Exhaust temperatures.

The heat release can be indicated by measuring the exhaust
temperature and it is measured at 30 mm away from the
combustion chamber and also effective cooling by
lubricating oil. The plot shows the exhaust temperatures of
CSTE operation at a speed of 1500 rev/min were slightly
lessthan MO lubricating oil operation at all load conditions
isshowninfig 9.

GOPM

ul
(=]

&
(=]

w
o

——WOT(MO)
~——WOT(CSTE)

[N
o

Water outlet temp °C

"
(=]

o 5 10 15 20 25
Load (Kg)

Fig. 9 Exhaust temperatures at different -load
conditions.

Engine cooling water temperature by keeping inlet water

24 hours. temperature same, cooling water outlet temperature show
similar temperature for mineral oil and TMP ester cotton
Load Kg NOx MO NOx CSTE seed lubricating oil. As shown in fig 10.
(ppm) (ppm)
0 27.33 41.83 600
4 108.3 94.54 500
L=
8 147.16 170.87 g- 400
[
12 293 354.16 2 300
by —— EGT (MO)
16 500 528.7 E 200 EGT (CSTE)
>
20 330.5 317.04 “
100
0
0 10 20 30
800 Load (kg)
500
£ 400
§3°° —+—Nox MO Fig. 10 Engine cooling water outlet temp (WOT).
“ 200 e 3.10 Behavior of lubrication oil.
100 The see effect of lubricating oil , surface temperature and
0 engine oil temperature was measured by attaching and
0 3 10 ond 15 20 % inserting thermocouple in engine sump, for 24 hours of

Fig.8 NOx emission for MO and CSTE oil.
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reading shows engine oil surface temperature as well as
lubricating oil temperature are within limits and compared
to minera base oil are amost the same, in starting phase
these temperature increases and later it get stabilize those we
find variation depending on load also, these temperature
increases with increasing load and decreases with decreasing
load. it was observed that there is small decrease in viscosity
also due to 0.5 % dilution of fuel in lubricating oil when test
was conducted for 24 hours.. The analysis also showed a
reduction in viscosity, the overal fuel consumption is
similar to mineral oil and this dilution does not affect much.
An assessment of engine condition revealed satisfactory
overall appearance, indicating reasonable behavior of
lubricating oil asawhole.

70

60

30 ——EO0T
== 5T

a 100 200 300 400 500 600 700
Time (Min)

Fig 11 Engineoil lubricant temperature (EOT) and
engine surface temperature (ST).

V. RESULT AND DISCUSSION

The emission characteristic for example at 12kg load on
dynamometer show HC of CSTE 33 ppm and for mineral
ail is 27.7 ppm HC emission, whereas CO emission 0.09
ppm and for minera oil 0.06 ppm and CO. 2.85 ppm for
CSTE and 2.3 ppm for MO, and NOy 354 for CSTE and 293
PPM for MO. The emission values are dightly more but
close to mineral values indicating CSTE is more stable than
pure cottonseed oil and can be used in IC engine.

e HC emissions for mineral oil and CSTE average
values are almost the same, there is more HC
emissions at low load condition but then it matches
with CSTE, at low load condition HC emission is
lessin CSTE.

e Average CO emission for mineral oil and CSTE is
similar at al load conditions

e Average CO, emission is more for minera oil at
low load condition and then it drop as load
increases and again it increases with load whereas
for CSTE it increases with load, overal CSTE and
mineral oil lubricant has similar CO, emission
though it varies as per load.

e NOx emission for mineral oil and CSTE is same,
CSTE has little more than minera oil at al load
conditions.

V. CONCLUSION

In the present study, experimental investigation was donein
evaluating the feasibility of the use of cottonseed TMP ester
oil based lubricants in a diesel engine. Experiments were
conducted by using Mineral oil and esterified oil in diesel
engine as a lubricant and the results have been compared. It
was observed that BTE in the case of esterified cotton seed
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oil as ae lubricant was highest followed by mineral oil
during part load and the same on full load. Similarly BSFC
was lower for the MO oils when compared to the CSTE ail
lubricant. Very similar emissions of hydrocarbon (HC) were
recorded when running on CSTE and mineral oil lubricants.
HC emissions were noted to increase with increased amount
of Load on the engine. The fuel consumption of CSTE is 3
% higher than MO lubricants. The exhaust temperatures for
both MO lubricants and CSTE oil lubricants were similar.
The analysis of lubricating oil after 24 hr runs showed a
very small reduction in oil viscosity caused by fuel dilution.
However, the engine oil temperature and engine surface
temperature condition showed satisfactory results, indicating
reasonable behavior of (CSTE) TMP ester cotton seed oil
[ubrication.
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