Chapter 4

Multi-objective Optimization of Engine
Parameters While Bio-lubricant-Biofuel
Combination of VCR Engine Using
Taguchi-Grey Approach

S. Arumugam, G. Sriram, T. Rajmohan and J. Paulo Davim

Abstract The substitution of petroleum-based synthetic lubricant with the vege-
table oil-based bio-lubricant for an engine fueled with biodiesel is explored in this
study. Rapeseed oil was selected as a base oil candidate for the formulation of
bio-lubricant as well as biofuel. Further, this study investigated the multi-response
optimization of diesel engine for an optimal parametric combination to yield better
engine performance such as brake power, brake thermal, and mechanical efficiency
with minimum exhaust emissions like carbon monoxide (CO), hydrocarbon (HC),
and smoke and oxides of nitrogen (NO,) when the engine is fueled with rapeseed
oil biodiesel and lubricated with rapeseed oil-based bio-lubricant using
Taguchi-grey relational analysis. Three factors namely, lubricant, compression
ratio, and engine load were optimized using L;g orthogonal array. The response
table, response graph, and analysis of variance (ANOVA) are used to find the
optimal setting and the influence of engine parameters on the multiple performance
characteristics. The optimization results have shown that an increase in value of the
grey relational grade from 0.6105 to 0.85 confirms the improvement in engine
characteristics when using rapeseed oil-based bio-lubricant/biodiesel combination.
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1 Introduction

The rising world crude oil price, the growing environmental awareness, and the fast
depleting crude oil reserves have spurred renewed research interest and advances in
alternative lubricant and fuel development from renewable energy sources [1, 2].
The base oil used for the formulation of most lubricants is environmentally hostile
mineral oil. But, being a product of distillation of crude oil, the mineral oil is
expected to be used only as long as crude oil is available. Additionally, the disposal
of mineral oil leads to pollution of ecosystem [3]. Thus the search for environ-
mentally friendly substitutes to mineral oils as base oils in lubricants has become a
frontier area of research. Vegetable oils are perceived to be alternatives to mineral
oils for lubricant base oils because of certain inherent technical properties and their
ability for biodegradability. Compared to mineral oils, vegetable oils in general
possess high flash point, high viscosity index, high lubricity, and low evaporative
loss.

Nevertheless, the principal weakness of vegetable oils for lubrication has been
their tendency to oxidize at higher temperature, giving rise to gum, varnish, and
sludge formation at lower temperature [4]. Many literatures revealed that technical
solutions such as chemical modification and additivation have been suggested to
overcome poor thermo-oxidative stability and low temperature fluidity of vegetable
oils. Attempts have been made to improve the oxidative stability and low tem-
perature fluidity by transesterification of trimethylolpropane and rapeseed oil
methyl ester [5]. Efforts have been made to improve the low temperature fluidity
using an additivation method of blending the vegetable oils with diluents such as
poly-a-olefin, oleate, and diisodecyl adipate [6]. Alternatively, the unsaturation
present in the fatty acid molecule of the vegetable oil can be used to introduce
various functional groups by carrying out chemical modifications. Kim and Sharma
discussed the possibilities of utilization of epoxidized products of vegetable oils in
PVC formulations and bio-thermoset plastics [7]. Chen-Ching Ting and Chien-Chih
Chen investigated the viscosity analysis of a mixture of epoxidized and hydroge-
nated soybean oils as engine lubricants [8].

Although many valuable polymeric materials and lubricants derived from
chemically modified vegetable oil, the use of chemically modified vegetable oil as
automotive lubricants was not found as such in India. In this row, green crankcase
oil via chemical modifications of rapeseed oil such as epoxidation, hydroxylation,
and esterification process was formulated by Arumugam et al. [9]. Furthermore, the
issue of friction and wear characteristics of the diesel engine cylinder liner/piston
ring combination under chemically modified rapeseed oil bio-lubricant using a
high-frequency reciprocating tribometer is addressed in [10]. Twelve percent of
higher wear was observed with chemically modified rapeseed bio-lubricant than
that of commercial synthetic lubricant (SAE20W40). In order to improve the
antiwear behavior of chemically modified rapeseed oil bio-lubricant, nano-copper
oxide (CuO) was added [11].
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From the alternative fuel point of view, it is proven that biodiesel is a promising
fuel for diesel engine up to 20 % blend in connection with emission as well as
performance [12]. Agarwal reported that the use of biodiesel contributes to a large
reduction in engine wear and although vegetable oil creates various long-term
problems in engine components [13]. Hence, the examination of the impact of
vegetable oil-based bio-lubricant in a diesel engine fueled with biodiesel is still to
be understood. Also, the available synthetic lubricant is dedicated to petroleum
fuels. As far as the internal combustion engines are concerned, the thermal effi-
ciency and emission are the important parameters for which the other design and
operating parameters have to be optimized. The most common optimization tech-
niques used for multi-objective problems are response surface method [14], grey
relational analysis [15], nonlinear regression analysis [16], genetic algorithm [17],
and Taguchi method [18].

The review of literature clearly indicated that the researchers have put sincere
attempt to find out the suitable alternative to petroleum-based fuel and lubricants
without going through any engine modification. Also the information about the use
of bio-lubricant on engine performance and emissions is scarce. Therefore, it is of
prime importance to investigate the effect of bio-lubricant on diesel engine’s per-
formance and emissions when an engine is fueled with B20 rapeseed oil biodiesel
(20 % by vol. rapeseed oil methyl ester and 80 % by vol. diesel). Furthermore to
investigate whether the formulated bio-lubricant is in comparable performance with
synthetic lubricant or not, the objective of the present study is to determine the
optimum compression ratio, lubricant type, and engine load that would result in a
better engine performance along with minimum emission characteristics using
Taguchi-based grey approach.

2 Materials and Methods

2.1 Formulation of Rapeseed Oil Bio-lubricant

Rapeseed oil is chemically modified via epoxidation, hydroxylation, and esterifi-
cation process. The detailed procedure for the chemical modification process is
adopted from our earlier study [19]. The nano-copper oxide (CuO) ~ 40-70 nm of
0.5 % w/w was dispersed in CMRO as an antiwear additive using ultrasonic so-
nicator. Commercially available nanoparticles supplied by M/S US Research
Nanomaterial Inc., USA were used in this study. Ethylene glycol of 0.1 wt% as
dispersant has been added into the mixture to ensure the homogeneity of nano-
particles. The nanoparticles were ultrasonically vibrated using ultrasonic sonicator
(Model: PR-1000, 25 kHz; Make: OSCAR®) for 2 h. Figure la, b shows the
photographic view of chemical modification setup and Table 1 shows the properties
of synthetic lubricant and chemically modified rapeseed oil bio-lubricant. The
scheme of chemical modification is represented as follows (Scheme 1).
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Fig. 1 a, b Photographic view of chemical modification setup

Table 1 Properties of raw and CMRO

Properties Standard Raw CMRO SAE20W40
rapeseed oil | with

nano

CuO
Viscosity @100 ° C (cSt) ASTM D445 8 15.4 15.2
Pour point (°C) ASTM D97 -11 =15 -21
Flash point (°C) ASTM D92 320 242 250
Viscosity index ASTM D2270 220 179 133
Oxirane content (%) AOCS cd 9-57 - 5.81 5.76
Biodegradability (%) CEC-L-33-A93 |>95 >95 >95
Rotary bomb oxidation time ASTM D2272 16 35 38
(min)
Iodine value AOCS cd 1-25 120 5.1 -

2.2 Experimental Design and Methodology

Three input parameters namely lubricant type (A), compression ratio (B), and
engine load (C) were considered to be the main design factors for maximizing the
engine performance and minimizing the exhaust emissions of a variable compres-
sion ratio (VCR) engine. The control parameters and their levels selected for the
present investigation are given in Table 2. Altogether, seven (response) output
parameters were analyzed, namely performance characteristics, i.e., Brake power
(BP), brake thermal efficiency (BTE), and mechanical efficiency (ME); and exhaust
emission characteristics such as CO, HC, NOy, and smoke. Taguchi’s parameter
design was adopted to understand the effect of different input parameters on output
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Scheme 1 Chemical modification of rapeseed oil
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responses. Since multiple performance characteristics with conflicting goals were
present, Taguchi-grey method was adopted to generate a single response from

multiple performance characteristics.

An engine performance and emission test were executed on a computerized
four-stroke, single-cylinder, water-cooled, direct injection, VCR diesel engine
coupled to an eddy current dynamometer for loading purpose. An online data
acquisition system is used to connect the probes through an analog-to-digital
converter and the data are fed to the computer. A specialized labview-based engine
analysis software “Engine Soft LV” has been employed for online performance
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Table 2 Experimental design
parameters and their levels

Fig. 2 Experimental setup

S. Arumugam et al.

Design factor Levels

1 2 3
Lubricant (A) SAE20W40 Bio-lubricant | -
Compression 12:1 15:1 17.5:1
ratio-CR (B)
Load (%) (C) 0 50 100

AVL EMISSION
ANALYZER

analysis. AVL437 smoke meter and AVL444 DI gas analyzer were used for smoke
and emission measurements, respectively. The photographic view of VCR engine
experimental setup is shown in Fig. 2. The specifications of test engine are sum-
marized in Table 3. A Taguchi L;g orthogonal array was considered to have 18
rows corresponding to the total number of experiments.

An experiment was conducted as per the experimental design to determine
performance and emission characteristics with B20 rapeseed oil biodiesel (20 % by

Table 3 Specification of
VCR engine

Description Specification

Make and Kirloskar/PS234
model

Bore x stroke 87.5 x 110 mm
Rated power 3.5 kW@1500 rpm
Compression 12:1-18:1

ratio

Load indicator

Digital, range 0-50 kg, strain gauge type
load cell

Dynamometer

Eddy current dynamometer

Engine type

Four-stroke, single-cylinder, direct
injection, variable compression ratio diesel
engine
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Table 4 Experimental results

Expt. |Lubricant | CR |Load | Performance Emission characteristics
no. characteristics

BP BTE |ME |CO Smoke NO, |HC

&W) | (%) | (%) | (% (HSU in | (ppm) | (ppm)

vol.) %)

1 1 1 1 0.04 032 | 5.34 |0.55 9 50 190
2 1 1 2 1.78 | 1459 395 (022 |15 82 142
3 1 1 3 336 |22.67 |56.15 |0.17 |22 125 100
4 1 2 1 0.03 0.43 | 0.95 |0.26 9 10 168
5 1 2 2 1.76 |20.25 |39.33 |0.11 16 42 68
6 1 2 3 342 |26.74 |55.52 |0.07 |18 212 122
7 1 3 1 0.01 0.04 | 0.07 |0.06 7 18 21
8 1 3 2 1.75 | 21.49 |39.17 |0.03 11 158 36
9 1 3 3 344 |28.37 |57.75 |0.03 13 478 70
10 2 1 1 0.03 027 | 1.36 [0.54 |10 49 188
11 2 1 2 1.77 |16.05 |29.68 |0.21 16 80 140
12 2 1 3 3.4 2572 |57.12 |0.16 |22 130 101
13 2 2 1 0.01 0.13 | 042 |0.25 10 6 164
14 2 2 2 1.73 |19.88 |41.45 |0.1 16 38 62
15 2 2 3 345 [26.96 |59.81 [0.07 |18 210 120
16 2 3 1 0.01 0.27 | 0.5 |0.05 8 12 19
17 2 3 2 1.75 | 21.47 |47.43 |0.03 11 154 32
18 2 3 3 347 |29.78 |67.27 |0.03 13 480 68

vol. rapeseed oil methyl ester +80 % by vol. Diesel) as fuel and chemically
modified rapeseed oil bio-lubricant/SAE20W40 as lubricant. The experiments were
repeated twice to circumvent the possible experimental errors and an average values
are tabulated. In every test, a volumetric fuel consumption and exhaust gas emis-
sions were measured and the results are summarized in Table 4.

3 Grey Relational Analysis

Grey relational analysis was employed to convert a multiple-response process
optimization problem into a single-response problem with the objective function of
overall grey relational grade. The corresponding level of parametric combination
with a highest grey relational grade was considered as the optimum process
parameter [20].

Signal-to-noise ratio (S/N) is a measure used in science and engineering for
comparing the level of a desired signal to the level of background noise. Since the
present study aimed at optimizing seven output response parameters, it might so
happen that the higher S/N ratio for one characteristic (performance characteristics)
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may exhibit a lower S/N ratio for other characteristics (emission characteristics).
Therefore, the overall evaluation of the S/N ratio was required for the optimization
of multiple performance characteristics. The criteria for optimization of the emis-
sion characteristics were based on the smaller-the-better S/N ratio and it is
expressed as

S/N:—lologlli:y?] ()
M=

The S/N ratio with a higher-the-better for the engine performance characteristic
can be expressed as

S/N = —10log EZ 1/yi2] 2)

i=

where y; represents the measured value of the response variable i; r is the total
number of tests. The calculated S/N ratio using Egs. (1) and (2) is illustrated in
Table 5.

Therefore, when the target value of the original sequence was “the
larger-the-better,” the original sequence was normalized as follows:

Table 5 S/N ratio of experimental results

Expt. no. S/N ratio of responses in dB

BP BTE ME (¢0) Smoke HC NO,
1 —27.95 —9.89 14.55 5.19 —19.08 —45.57 —33.97
2 5 23.28 31.93 13.15 —23.52 —43.04 —38.27
3 10.57 27.1 34.98 15.39 —26.84 —40 —41.93
4 -30.45 =7.33 —0.445 11.7 -19.08 —44.5 -20
5 4.9 26.12 31.89 19.17 —24.08 —36.65 —32.46
6 10.68 28.54 34.88 23.09 —25.01 —41.72 —46.52
7 —40 —27.95 —23.09 24.43 -16.9 —26.44 -25.1
8 4.86 26.64 31.85 30.45 -20.82 -31.12 —43.97
9 10.73 29.05 35.23 30.45 —22.27 —36.9 —53.88
10 —30.45 -11.37 2.67 5.35 -20 —45.48 —33.8
11 4.95 24.1 29.44 13.55 —24.08 —42.92 —38.06
12 10.62 28.2 35.13 1591 —26.84 —40.08 —42.27
13 —40 -17.72 -7.53 12.04 -20 —44.29 —15.56
14 4.76 25.96 32.35 20 —24.08 —35.84 -31.59
15 10.75 28.61 35.53 23.09 -25.1 —41.58 —46.44
16 =40 -11.37 —6.02 26.02 —18.06 —25.57 —31.59
17 4.86 26.63 33.52 30.45 —20.82 —-30.1 —43.75
18 10.8 29.47 36.55 30.45 -22.27 —36.65 —53.62
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yl(k) — mlny,(k)
max y; (k) — min y; (k)

xi(k) = 3)

When the purpose was “the smaller-the-better,” the original sequence was nor-
malized as follows:

max y; (k) — yi(k)
max y; (k) — min y; (k)

xi(k) = (4>

where y;(k) = original reference sequence, x;(k) = sequence for comparison. i = 1,
2,....,myk=1,2,3, ..., n; m, n being total no of experiments and responses. min
yi(k) = smallest value of y;(k), max y;(k) = highest value of y;(k). Here, x;(k) was the
value after the grey relational generation. An ideal sequence was xy(k). The grey
relational grade revealed the relational degree between the experimental run
sequences (xo(k) and x; (k), i = 1, 2, ..., m). The normalized S/N ratio using Egs. (3)
and (4) is illustrated in Table 6. The grey relational coefficient was calculated as

C(k) _ Amin + 'PAmax (5)
! Aoi(k) + 'PAmax

Table 6 Normalized S/N ratio of experimental results

Expt. no. BP BTE ME CO Smoke HC NOy

1 0.238 0.314 0.631 1 0.2193 1 0.48

2 0.885 0.892 0.9225 0.6848 0.666 0.8735 0.5926
3 0.995 0.958 0.9736 0.5961 1 0.7215 0.6881
4 0.187 0.359 0.3796 0.742 0.2193 0.9465 0.1158
5 0.8838 0.9416 0.9218 0.4465 0.7223 0.554 0.441
6 0.9976 0.9838 0.971 0.29 0.815 0.8075 0.808
7 0 0 0 0.2383 0 0.0435 0.249
8 0.883 0.9507 0.921 0 0.394 0.2775 0.7413
9 0.9986 0.9926 0.9778 0 0.54 0.5665 1

10 0.187 0.288 0.432 0.9936 0.3118 0.9955 0.476
11 0.8848 0.9064 0.88 0.669 0.7223 0.8675 0.587
12 0.996 0.977 0.9761 0.5756 1 0.7255 0.697
13 0 0.178 0.26 0.7288 0.3118 0.936 0

14 0.8811 0.9388 0.9295 0.4136 0.7223 0.5135 0.418
15 0.999 0.9805 0.982 0.2913 0.824 0.8 0.8058
16 0 0.288 0.2862 0.178 0.1167 0 0.4183
17 0.883 0.9505 0.949 0 0.394 0.2265 0.7356
18 1 1 1 0 0.54 0.554 0.9932
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Table 7 Grey relational coefficient of experimental results

Expt. no. BP BTE ME CO Smoke HC NO,

1 0.3961 0.7549 0.8601 0.6459 0.4506 0.4080 0.4560
2 0.8130 1.213 1.273 0.8071 0.4814 0.4135 0.4573
3 0.99 1.634 2.28 2.062 1.026 0.5423 0.4890
4 0.3808 0.7445 0.8538 0.6439 0.4503 0.4080 0.456
5 0.8114 1.21 1.269 0.8053 0.4810 0.4134 0.4573
6 0.995223 1.650 2.354 2.326 1.346 0.6636 0.5232
7 0.3333 0.7142 0.8360 0.6385 0.4493 0.4078 0.4560
8 0.8103 1.208 1.267 0.8041 0.4807 0.4134 0.4572
9 0.9972 1.657 2.384 2.4553 1.588 0.7987 0.5674
10 0.3808 0.7445 0.8539 0.6439 0.4503 0.4080 0.4560
11 0.8127 1.212 1.272 0.8068 0.4813 0.4135 0.4573
12 0.9920 1.640 2.308 2.154 1.118 0.5723 0.4970
13 0.3333 0.7142 0.8360 0.6385 0.4493 0.4078 0.4560
14 0.8078 1.204 1.261 0.8014 0.4802 0.4133 0.4572
15 0.9980 1.66 2.396 2512 1.725 0.9032 0.6070
16 0.3333 0.7142 0.8360 0.6385 0.4493 0.4078 0.4560
17 0.8103 1.208 1.267 0.8041 0.4807 0.4134 0.4572
18 1 1.67 2.428 2.672 2277 1.898 1.815

where Agi(k) = IXo(k) — X;(k)ll was the difference of the absolute value between
Xo(k) and X;(k). Amin, Amax Were the minimum and maximum values of the absolute
differences (A,;) of all comparing sequences. The purpose of distinguishing coef-
ficient v (0 <y < 1) was to weaken the effect of A,.x when it became too large. In
the present analysis, the value of y was taken as 0.5. After averaging the grey
relational coefficient, the grey relational grade y, was being calculated.

The higher value of the grey relational grade was considered to be the stronger
relational degree between the ideal sequence x(k) and the given sequence x;(k). The
ideal sequence x(k) was supposed to be the best process response in the experi-
mental layout. Thus the higher relational grade implied that the corresponding
parameter combination was closer to the optimal. The calculated grey relational
coefficient using Eq. (5) is illustrated in Table 7.

In case of engine performance, the maximum amount of brake power, brake
thermal efficiency, and mechanical efficiency is observed at 100 % load (full load),
Bio-lubricant, and compression ratio of 17.5. In case of emission study, the mini-
mum amount of HC is emitted at no load, bio-lubricant, and compression ratio of
17.5; the minimum amount of CO is emitted at full load, bio-lubricant, and com-
pression ratio of 17.5; the minimum amount of NO, is emitted at no load,
bio-lubricant, and compression ratio of 15; and the minimum smoke emission is at
no load, synthetic lubricant (SAE20W40), and compression ratio of 17.5 under this
combination of study. Grey relational analysis is to be performed because of
multi-response data. Some of them are higher-the-better, and some of them are
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lower-the-better. Taguchi method cannot optimize them. The performance char-
acteristics like brake thermal efficiency, brake power, and mechanical efficiency
should be as high as possible, so the higher-the-better (HB) formula (Eq. 3) is used
to normalize it; HC, CO, NOy, and smoke emission should preferably be as low as
possible, and hence the lower-the-better (LB) formula (Eq. 4) is used to normalize
1t.

3.1 Grey Relational Grade

All the grey relation grades are needed to be converted into “ONE” grey relation
grade to perform the optimization process. The optimum combinations of engine
parameters also depend on the output responses. The engine performance and
exhaust emission parameters owe different weighting factors toward them as they
have different impacts upon the study. The weighting factors are to be decided as
per requirement. Our main goal is to substitute rapeseed oil-based bio-lubricant, yet
maintaining, more or less, the same performance as synthetic lubricant. Since
reduction of engine emission could be achieved by other means of emission control
techniques, in general, while converting multiple grey relation grades, the value of
weighting factor in engine performance was taken higher than that of emission
characteristics.

However, the present investigation is aimed at running the engine with rapeseed
oil biodiesel/bio-lubricant combination without any engine modification; hence, an
equal weighting factor (# = 0.5) was used for both performance as well as emission
characteristics [18]. When appropriate, weighting factor () was used with the
sequence values, the general form of grey relational grade became

2o =3B (6)
k=1

Then the grey relation grade with weighting factor should be put in the response
column and analyze it by the S/N ratio curve, and the S/N ratio is selected as
larger-the-better as the higher value of the grey relational grade is considered as the
stronger the relational degree between the ideal sequence and the given sequence.
After giving this weighting factor to the individual grey relation grade, the mean
grey relation grade and its rank was calculated and is given in Table 8.



116 S. Arumugam et al.

Table 8 Grey relation grade

) Expt. no. Grey relational grade Rank

and its rank ] 06105 3
2 0.7233 7
3 0.8105 2
4 0.5114 15
5 0.6699 9
6 0.7852
7 0.3532 18
8 0.6339 12
9 0.7614 6
10 0.5927 14
11 0.72061 8
12 0.8159 1
13 0.4862 16
14 0.6639 10
15 0.7876 3
16 0.3847 17
17 0.6371 11
18 0.7670 5

4 Results and Discussion

4.1 Analysis of Grey Relational Grade

The signal-to-noise ratio for overall grey relation grade is calculated using the
higher-the-better (HB) criteria. The results expressed in terms of S/N ratio and the
mean of grey relational grades. The response to the mean of the grey relational
grade is given in Table 9. The corresponding main effect plots are shown in Fig. 3.
In the main effect plot, if the line for a particular parameter is nearly horizontal, the
parameter has a less significant effect. On the other hand, a parameter for which the
line has the highest inclination will have the most significant effect.

From the main effect plot, the parameter C (load) has the most significant effect
among these three parameters followed by compression ratio (B). The optimum
process parameter combination of minimum emission and better engine perfor-
mance is the one which has the maximum value of signal-to-noise ratio and grey
relational grade. Thus, the optimum process parameter combination is found to be
A,B (5, i.e., bio-lubricant (A), compression ratio (B) at 12, engine load (C) at
100 %, i.e., full load condition.

Tillb!e 9 | Mean grey Level 1 Level 2 Level 3
relational 5
grade-Larger-the-better Lubricant 0.650 0.652 -

CR 0.712 0.65 0.589

Load 0.489 0.674 0.787
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Fig. 3 Main effect plot for mean grey relational grade

4.1.1 Effect of Engine Load on Grey Grade

The effect of load on grey grade is presented in Fig. 4a. It is observed that BP, BTE,
and ME are found to increase significantly with increase in load as lesser losses are
encountered at higher load. The same trend is reported by Labeckas and Slavinskas
with the use of biofuel/synthetic lubricant combination [21]. The main reason for
this is that relatively less portion of power is lost at higher load. But it is observed
that with increase in load, the smoke and NO, emissions increase, and however CO
and HC emissions decrease. With increase in load, smoke and NO, emissions
increase because a richer air—fuel ratio mixture is burnt in the cylinder which leads
to an increase in combustion chamber temperature. However, at higher loads,
higher temperature in the combustion chamber results in better combustion of fuel
leading to very low CO and HC emissions. This result agrees with the findings of
Mohanraj and Murugu Mohankumar [12]. Thus the overall engine performance is
better and reflects in higher value of weighted grey relational grade at higher load.

4.1.2 Effect of Compression Ratio on Grey Grade

The effect of compression ratio (CR) on grey grade is presented in Fig. 4b. It is
observed that with increase in CR, the brake power, brake thermal efficiency, and
mechanical efficiency increase. This trend is observed because, at higher CR, of
higher the combustion chamber temperature which results in better combustion of
fuel. Moreover, the conversion of chemical energy of biodiesel fuel into mechanical
energy is higher. Similarly, at higher compression ratios, HC, CO, and smoke
emissions are low, because of increased combustion temperature and pressure at
higher CR, and better combustion can be ensured. Also at higher CR, higher
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Fig. 4 Variation of grey Design Exprstld Solt e
grade on a CR with lubricant oy st

a
b engine load with lubricant ﬁ::mh ( )

¢ engine load with CR Akl Fater
C:lomd=1

Grey grade

Grey grade

Grey grade

combustion chamber temperature due to better combustion leads to an increase in
NOy emissions compared with lower CR. However, NO, emissions are lower with
lower CR. Therefore, the overall engine performance is better and reflects in higher
value of weighted grey relational grade at lower CR.
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4.1.3 Effect of Lubricant on Grey Grade

The effect of lubricant on grey grade is presented in Fig. 4c. There is not much of a
variation with two different lubricants used in this study. However, the experimental
results indicate a marginal improvement in BP, BTE, and ME with the use of
bio-lubricant as compared with SAE20W40. This improvement in engine perfor-
mance can be attributed to higher lubricity of biodiesel/bio-lubricant combination in
comparison with biodiesel/SAE20W40 which reduces the frictional losses that
ultimately leads to an improvement in brake power and consequently increases the
brake thermal efficiency [19]. Thus, the overall performance of the engine is
marginally improved when bio-lubricant is used which can be seen in the grey
relational grade plot.

5 Analysis of Variance for Grey Grade

The grey relational grade obtained using Eq. 6 is analyzed using analysis of vari-
ance (ANOVA) and the analysis of means (ANOM). ANOVA is used to reveal the
level of significance of influence of factors on a particular response. This is
accomplished by separating the total variability of the grey relational grades, which
is measured by the sum of squared deviations from the total mean of the grey
relational grade into contributions by each engine parameters and the error. The
response table of Taguchi method was employed here to calculate the average grey
relational grade for each factor level. In this, the grouping of grey relational grades
was done initially by the factor level for each column in the orthogonal array and
then by averaging them. Results of ANOVA (Table 10) indicate that engine load is
the highly influential parameter (percentage contribution is 80.5 %) followed by
compression ratio (13.37 %). This is evident from Fig. 5a—c. It is confirmed that the
improvement of mean grey relational grade is observed at full load condition as
shown in Fig. 5c¢ in comparison with no load or part load condition as shown in
Fig. 4a, b, respectively.

Table 10 ANOVA results for grey grade

Factors Degree of Sum of Mean F value | Prob-F | Contribution (%)
freedom squares squares

Model 5 0.3170 0.0634 37.47 <0.0001 | Significant

Lubricant 1 7.28E-07 |7.28E-07 | 0.0004 |0.9838 |2.15E-04

Compression 2 0.0451 0.0225 13.34 0.0009 |13.37

ratio

Load (%) 1 0.2718 0.1359 80.33 <0.0001 |80.58

Error 12 0.0203 0.0016 6.01

Total 17 0.3373 100
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Fig. 5 Improvement of mean
grey relational grade at a no
load b part load ¢ full load

A Lubricant

6 Confirmatory Test

Since the optimal level of engine parameters is selected, the confirmation experi-
ment is processed to verify the improvement of total performance characteristics.
The results of the confirmation experiments are expressed by the estimated grey
relational grade #,. The estimated grey grade 74, for the optimal levels of engine
parameters can be calculated using Eq. (7)
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Table 11 Comparison between engine characteristics using the initial and optimal level

Setting level Initial engine parameter | Optimal engine parameter
Prediction | Experimental
A,B,C, A>B,C;
BP (kW) 0.04 3.4 3.45
BTE (%) 0.32 25.72 27
ME (%) 5.34 57.12 59.8
CO (% by vol.) 0.55 0.16 0.15
Smoke (HSU) 9 22 20
NOy (ppm) 190 130 123
HC (% by vol.) 50 101 94
Grey relational grade improvement | 0.6105 0.85 0.88
N
Npredicted = Hm + Z (’70 - ”m) (7)
i=1

where 7, is the mean of grey relational grade at optimal level. The initial design
engine parameters are A; Bl C;, which is experiment No. 1 in Table 4.

The results of confirmation experiment as given in Table 11 indicate that the
brake power is increased from 0.04 to 3.4 kW, the brake thermal efficiency is
improved from 0.3 to 25.7 %, the mechanical efficiency is improved from 5.3 to
57 %, HC emission is decreased from 190 to 101 ppm, CO emission is decreased
from 0.55 to 0.16 % by vol., smoke emission is increased from 9 HSU to 22 HSU,
and NO, emission is increased from 50 to 130 ppm. The estimated grey grade
increases from 0.6105 to 0.85, which is the largest value obtained in all experi-
mental results as given in Table 8. It is found that there is an improvement of 5 %
observed in the weighted grey relational grade. This ensures the usefulness of grey
relational approach to the process optimization, where multiple quality criteria have
to be fulfilled simultaneously.

7 Conclusions

The outcome of the present investigation is as follows:

e The VCR engine can safely be operated at various compression ratios with the
formulated rapeseed oil bio-lubricant without any engine modifications and
significant changes in engine power and fuel economy.

e Even the marginal improvement in BP, BTE, and ME with the use of rapeseed
oil bio-lubricant as compared to SAE20W40. This can be attributed to the higher
lubricity of rapeseed oil-based bio-lubricant.
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Among the tested parameters, the engine load has the strongest correlation to the
engine performance and emission characteristics. The recommended levels of
engine parameters for maximizing the engine performance and minimizing the
engine exhaust emissions simultaneously are lubricant at level 2 (bio-lubricant),
compression ratio at level 1 (CR-12), and engine load at level 3 (100 % load-full
load), which shows that the use of rapeseed oil-based bio-lubricant improves the
performance in VCR engine fueled with rapeseed oil biodiesel.

An increase in the value of predicted weighted grey relational grade from 0.6105
to 0.88 confirms the improvement in the engine performance of VCR engine
using optimal values of engine parameters.

From this detailed study, it can be concluded that vegetable oil-based

bio-lubricant is a strong renewable candidate for the replacement of
petroleum-based lubricant in the near future, especially the developing country like
India, as India is an agricultural-based country.
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