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Abstract The fast exhaustion of fossil fuels and problems with environment are
activating the researches on alternative fuels. The exploitation of wastes will lead
the saving in the original feed stocks used. The waste oil will be the source for extra
damages to the environment when it discarded in the ground or in water sources. Out
of many waste oils (waste cooking oils, waste transformer oils, waste engine oils), the
waste ayurvedic oil (WAQO) observes a minimal attention as alternate fuels utilized.
In a year, more than one lakh liters of ayurvedic oil after treatment is getting wasted
in India, and disposing the oil becomes very crucial process. The WAO has converted
as methyl ester using transesterification process as waste ayurvedic oil methyl ester
(WAOME). Furthermore, the lubricating engine oil, i.e., SAE20W40, was contami-
nated with WAO as an identified percentage of 15 and 30%. Further, the utilization
of real-time cylinder liner/piston ring tribo pair material is investigated using pin-
on-disc tribometer under standard test condition. The tribological experimentations
were done as per the standard ASTM G99 with an applied load of 50, 100, and 150 N;
sliding speed 500 rpm; sliding distance 1000, 2000, and 3000 m; and for the period
of totally five hours. For this present investigation, response surface methodology-
based D-optimal design was used to get the optimized results. The test results clear
that the WAOME contaminated lubricant gives the reduction in friction and wear
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rate when compared with synthetic oil. After the investigation, the wear surfaces of
pin were examined by scanning electron microscopy (SEM). The complete results
of this investigation expose that the addition of 30% waste ayurvedic oil with the
synthetic-based lubricant results a healthier performance and good anti-wear char-
acteristics. The waste ayurvedic oil blend can be utilized as an alternate fuel which
is ecofriendly in the nature and partial replacement of petroleum-based fossil fuels.

Keywords Waste ayurvedic oil -+ RSM - D-optimal - Pin on disc * Friction
coefficient + Specific wear rate

1 Introduction

In ever growing industrialization and the present world condition, it largely depends
on petroleum-based fossil fuels in a wide areas of power generation, fuels for vehi-
cles, and ever burning area of agriculture sectors. The hike in the fuel price, partial
standby of petroleum oils, and constantly fluctuating emission regulations enforced
the investigators which made keen to travel on alternative fuels [1]. The cumula-
tive attention in the research on alternate fuels given that it not meant only for the
escape from the petroleum-based fossil fuel crisis and similarly reduce the gases
being discharged in the process of combustion of these fuels [2]. The conventional
oil from petroleum oil producing fields presently establishes roughly 85% of the
global liquid fuel mix and is predictable to weakening at a rate of 4.07% per year
after 2010 [3]. Obviously, researchers have found different biomass-based liquid
fuels such as alcohol, biodiesel, and other liquid fuels synthesized and characterized
from the various crops, plants, and different waste oil sources as alternate fuel [4].
On the other hand, the use of edible and non-edible vegetable oil makes the method
of production of biofuels that are more expensive. An investigation on production of
biodiesel from several resources reveals that the input source itself costs nearly 75%
of the entire cost of production of biodiesel [5]. The utilization of low-cost feedstock
such as waste frying oils, waste vegetable oils, waste transformer oils, waste engine
oils, and non-edible oils in biodiesel process should help as inexpensive in price with
petroleum-based diesel [6—8]. Among many researches based on the many oil and
waste oil studies, the waste ayurvedic oil (WAQO) has gained a miniature attention to
the researchers. Balakumar et al. [9] investigated the most common way to produce
biodiesel via transesterification process, which refers to a catalyzed chemical reac-
tion connecting to WAO and an alcohol to fatty acid methyl esters and glycerol. In IC
engines, the various engine components produce friction between the metal-metal
contact, which in-turn reduces the engine life, and hence, lubricity behavior of fuel
is one of the most predominant factors in extending engine reliability [10].
Masarof et al. [11] investigated the wear and frictional characteristics of palm
and calophyllum inophyllum biodiesel blends in addition to performance and emis-
sion behavior. They confirmed that 20% of palm oil biodiesel blend displayed the
favourable engine performance, lower emissions together with better lubricating
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performance. Dae et al. [12] investigated the utmost typical factor of friction and
wear loss in engine cylinder liner and piston ring combination pair with the synthetic
oil lubricant SAESW40. Holmberg et al. [13] approximately 70% of the mechanical
power loss in the engines is especially due to friction. The more frictional losses of
about 30% of engine is engine bearings and cylinder liner-piston ring pair. There are
many parameters that are influencing the friction and wear characteristics in pin on
disc to optimize the process parameters, and the design expert software was used
to optimize the optimum values. Arumugam and Sriram [14] investigated the rape-
seed oil-based biolubricant, which decreases the coefficient of friction and wear as
compared to biodiesel and diesel-contaminated lubricating oil and synthetic lubricant
(SAE20W40). By viewing the surface, the rapeseed oil-based biolubricant produces
evener surface than biodiesel-contaminated lubricating oil. Myers et al. [15] and
Rajmohan et al. [16] investigated about the response surface methodology (RSM) is
an important division of experimental design. An optimal experimental plan can be
calculated by the use of the methodology of optimal experimental design for param-
eter approximation. From the above studies, it is clear that the RSM-based mathe-
matical model is used for modelling and analyzing the tribological characteristics of
cylinder liner and piston ring tribo pair lubricated by synthetic oil contaminated by
WAOME.

2 Materials and methods

The input waste source, i.e., WAO, was received from Sri Jayendra Saraswathi
Ayurveda College and Hospital, Chennai, India. The WAO was filtered to elimi-
nate unwanted impurities. Initially, to convert the WAO, the methoxide of 400 ml
and WAO 1400 ml was mixed entirely and heated in a triple neck flask at 55 °C
for one hour using transesterification test setup, and the heated mixture was trans-
ferred to a separating funnel to settle for half a day to separate the glycerol.
Then, the detached methyl ester was collected and heated for 60 °C and above
to eliminate the additional alcohol. The bubble wash was done with distilled
water to remove the excess alcohol, catalyst. Finally, the WAOME was contami-
nated with SAE20W40 blends that were prepared. In this investigation, WAO was
added with a synthetic lubricant (SAE20W40) in the ratios of SAE20W40; WAO15
(SAE20W40+WAOME15%); WAO30 (SAE20W40+WAOME30%). Table 1 shows
the properties of WAO biodiesel blends and diesel fuel.

Table 1 Properties of WAO

biodiesel blends and diesel Properties SAE20W40 | WAO15 | WAO30

fuel Specific gravity at 20 °C | 0.843 0.856 0.897
Viscosity @40 °C, cSt 164 171 118
Flash point, °C 218 232 258
Total acid number 0.5672 0.5604 0.6812
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Table2. Numerical factors, Factors Level 1 Level 2 Level 3

categorical factor, and levels

considered during the design ~ Load (N) 50 100 150

of experiments Sliding distance (m) | 1000 2000 3000
Lubricating oil SAE20W40 | WAO15 | WAO30

The typical pair of cylinder liner/piston ring pair material is studied using pin-on-
disc tribometer. The disc was made of AISI-316 material and the pin was made of
AISI-304 were machined as specified by the tribometer machine supplier, and the heat
treatment was carried out for the pins to achieve the essential hardness. Specifications
of the pin-on-disc tribometer are: maximum load = 50-150 N; maximum sliding
distance = 1000-3000 m; maximum disc rotating speed = 500 rpm;

The purposes of using RSM is to improve the quality, including decrease in vari-
ability and improvement in the process and product performances. Further, the D-
optimal design is used as another method to formulate the optimal design when some
categorical factors are considered in the testing. An RSM-based D-optimal design
was used for designing the tribological experiments to be investigated using pin-on-
disc tribometer to optimize the output responses of coefficient of friction (COF) and
specific wear rate (SWR). An experimental plan of three factors like two numerical
and one categorical factor in D-optimal design based on RSM was used to do the
experiments using pin-on-disc tribometer. The load and sliding distance were nomi-
nated as the numerical factors, and the lubricating oil was categorical factor. Both the
factors were considered at three levels as given in Table 2, and as per the D-optimal
design, 22 experimentations were carried out and listed in Table 3.

3 Results and discussion

In order to discuss about the tested materials, it needs to analyze the coefficient of
friction, specific wear rate, and analyze its surface roughness and SEM morphology.
The values of statistical correlation coefficients, ‘R?’, value 0.831264972 and specific
wear rate, ‘R*>’ value 0.785877281 for the optimized model clearly gives the clue
about the correctness of the recommended model. In this investigation, the concluding
quadratic models given in the real terms about coefficient of friction and specific wear
rate are represented in Eqs. 1-2. Each categorical factor has a separate equation that
estimates the output responses based on the lubricant samples and the numerical
factors. The positive and negative values indicate that the increase in the COF and
SWR in association with the variable input parameters.

(WAO)COF = 0.28573917 + 2.5075E %
x Load — 5.93472E~% x Slidingdistance
+ 1.98487E~ x Load x Slidingdistance @))



Optimization on Tribological Characteristics of Waste Ayurvedic ... 543

Table 3 D-optimal design matrix

Run Load (N) Sliding distance (m) Lubrication oil COF SWR (mm?3/Nm)
1 150 1000 SAE20W40 0.209 0.00029
2 150 1000 WAOL15 0.197 0.00031
3 91 3000 WAO30 0.154 0.00013
4 50 3000 SAE20W40 0.251 0.00023
5 150 3000 WAOL15 0.236 0.00035
6 50 1838 WAO30 0.174 0.0002
7 150 3000 SAE20W40 0.298 0.00026
8 50 1000 WAOL15 0.211 0.00011
9 150 2164 WAO30 0.239 0.00014
10 50 1000 SAE20W40 0.173 0.00033
11 100 2000 WAOL15 0.192 0.00012
12 108 1000 WAO30 0.265 0.00028
13 100 1535 SAE20W40 0.223 0.00025
14 71 2938 WAOL15 0.211 0.00018
15 100 2043 WAO30 0.202 0.00021
16 100 2516 SAE20W40 0.238 0.00027
17 111 2813 WAOL15 0.216 0.00036
18 108 1000 WAO30 0.225 0.00032
19 91 3000 WAO30 0.164 0.00031
20 50 1000 WAOL15 0.202 0.00019
21 150 1000 SAE20W40 0.178 0.0003
22 50 1838 WAO30 0.232 0.00024

(WAO)SWR = 0.28573917 + 2.5075E %
x Load — 5.93472E~% x Slidingdistance
+ 1.98487E7"7 x Load x Slidingdistance )

The discrepancy in COF and SWR with applied load and sliding distance for the
different contaminated lubricant with WAOME and synthetic lubricant mixtures is
represented as a 3D graph in Fig. 1a, b. From Fig. 1a, it can be seen that the COF
rises with increase in sliding distance and increasing load and reaches the extreme
level. For maximum sliding distance with maximum load, the COF is high due to
more pressure acting between the disc and pin materials. The COF value fluctuates
between 0.154 and 0.298. The synthetic lubricant gives more COF than the WAOME
due to more ester content present in the mixture. The results were consistent with
Singh et al. [17].
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Fig. 1 3D response surface plot for a COF, b SWR

3.1 Specific Wear Rate

Figure 1b represents the 3D response surface plot of specific wear rate regarding
sliding distance and load configuration. From the graph when the applied load and
sliding distance increases, the SWR reaches the maximum level. However, for higher
load, the SWR is high, and it is minimally reduced with increase in the sliding
distance. The SWR value fluctuates between 0.00011 and 0.00036 mm?/Nm. The
reduction in the SWR is due to WAOME acting as a better anti-wear additive between
the mating parts [17].

Figure 2 shows the ramp function that signifies each input and output parameter
responses. The dot on each ramp specifies the desired input parameters corresponding
to the minimal COF and specific wear rate. From the ramp function plots, it is clear
that a load of 750 N, sliding distance of 3000 m, lubricating oil of SAE20W40+30%
WAOME were essential to reduce the COF as 0.153995 and specific wear rate of
7.4283 x 10 mm?/Nm and the corresponding desirability value is 0.917.

Load =75 Sliding distance = 3000 c=3

Desirability = 0.917

0154 0.298 2E-005 0.00036

COF =0.153995 SWR = 7.42832E-005

Fig. 2 Ramp function
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3;?1{;4 Surface roughness WAO30 WAOI5 SAE20W40
Ra (um) 3.164 3.491 3.536
Sa (nm) 107.41 196.7 427.1
Sq (nm) 163.88 260.17 569.2
Sp (nm) 1081.7 1262.4 1779.2
@ (b) ,‘ ©
Y D e s GO T e
Y b/ e/ %

Fig. 3 Surface profile a WAO30, b WAO15, ¢ SAE20W40

In accumulation to the SEM analysis, the surface profile for the investigated
pin was studied to estimate the surface roughness such as synthetic lubricating oil
and contaminated oil. The surface profilometer evaluates the texture of the surface
profiles and produces many parameter such as average roughness (Ra), root mean
square height (Sq), arithmetic mean height (Sa), and maximum peak height (Sp) as
given in Table 4.

The surface profiles of tested pins are shown in Fig. 3a—c. From the surface
profilometry, it is understood that average roughness values are minimal for WAO30
lubricant about 3.164 pm compared to WAO15 and SAE20W40. Similarly, for
other lubricants, viz WAO15 and SAE20W40, the Ra value is about 3.491 pwm and
3.536 pm, respectively.

3.2 SEM analysis

After the optimization process, the experiments with various parameters were inves-
tigated, and the optimal pin samples were examined using scanning electron micro-
scope (SEM) which is shown in Fig. 4a—c. There were more pits, and deep grooves
and cracks were observed in the synthetic lubricant. However, the WAO contaminated
lubricant gives better scuffing between the mating parts which leads less cavities and
shallow grooves [11]. From the SEM images, it is clear that when the ester concen-
tration increases which means the higher viscosity that results to maintain a good
fence between the mating parts like disc and pin materials.
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Fig. 4 SEM images of pin a SAE20W40, b WAO15, ¢ WAO30

4 Conclusions

The response surface methodology-based D-optimal method was applied to optimize
the coefficient of friction and specific wear rate using pin-on-disc tribometer. The
results were concluded as follows:

The RSM-based D-optimal model was used to analyze the WAO contaminated
lubricant which gives the desirability value of 0.917.

The optimized values of load, sliding distance, and lubricants were 75 N, 3000 m,
and WAO?30, and the values of COF and SWR were noted as 0.153995 and
7.42832E-005.

As per the surface profile, the WAO30 produces the minimal average roughness
value as 3.164 pm than the other blends.

The morphology of the wear surface of tested pins were investigated using SEM.
The worn surface of the pin material lubricated with WAO30 is shows as smoother
surface as compared to other blended lubricant and synthetic lubricant.
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