Original Article SCIENCE PROGRESS

Science Progress
2023, Vol. 106(1) 1-42

Response surface methodology © The Authong) 2023
application on lubricant oil cagepb comoumle st
degradation, performance, > e ssgepb comthomlsc
and emissions in Sl engine: ®SAGE
A novel optimization of

alcoholic fuel blends

Muhammad Ali ljaz Malik"? ), Muhammad Usman' @,

Maaz Akhtar3, Muhammad Farooq',
Hafiz Muhammad Saleem Igbal® Muneeb Irshad*
and Muhammad Haris Shah'

'Department of Mechanical Engineering, University of Engineering and
Technology, Lahore, Pakistan

2Department of Mechanical Engineering, Superior University, Lahore,
Pakistan

3lmam Mohammad Ibn Saud Islamic University, Riyadh, Saudi Arabia
4Department of Physics, University of Engineering and Technology,
Lahore, Pakistan

Abstract

For evaluating the significance of renewable alternative fuels for optimized engine performance and
lower emissions, methanol has been extensively utilized as a blend with gasoline in spark-ignition
engines. However, rare attempts have been rendered to examine the consequence of methanol—-
gasoline fuel blends (M6, M12, and M18) on lubricant oil operating for a longer period in engines.
The highest and least decrease of 9.62% and 6.68% in kinematic viscosity (KV) was observed for
MO and M8, respectively. However, the flash point (FP) of degraded lubricant oil for M6, M12, and
MI18 was 3%, 5%, and 7% higher than that of MO, respectively. Total acid number (TAN) and ash
content of degraded lubricant oil for M18 were the highest among M0, M6, and MI2. An inclusive
optimization of engine performance, emissions, and lubricant oil properties has been made for
various methanol-gasoline fuel blends at distinct operating conditions by employing the response
surface methodology (RSM) technique. RSM-based optimization portrayed the composite desir-
ability value of 0.73 for 2137.13 watt brake power (BP), 6.08 N-m torque, 0.37 kg/kwh brake-
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specific fuel consumption, 22.10% brake thermal efficiency, 4.02% carbon monoxide emission,
7.15% carbon dioxide emission, 134.12 ppm hydrocarbon emission, 517.02 ppm nitrogen oxides
emission, 12.44 cst KV, 203.77°C FP, 2.23 mg/g KOH TAN, and 2.65%wt ash content as responses
for fuel blend M8 at 3400 rpm and higher loading condition. RSM predicted results demonstrated
significant compliance with empirical findings, with absolute percentage error (APE) below 5% for
each response. However, the highest APE of 4.68% was obtained for FP owing to inefficient desir-
ability as a consequence of manual testing. The least APE of 1.57% was obtained for torque
because of the highest desirability. Overall, the RSM predicted results of the designed models
are effective and viable. RSM technique was found to be effective for the optimization of the
broader engine characteristics spectrum.
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Introduction

The efforts of the modern world are focused on fuel conservation, optimization of engine
performance, and exploration of alternatives to fossil fuels. Recently, many advance-
ments have taken place to modify engine design, fuel properties, and emission abatement
techniques. The energy demand of any country determines its socioeconomic growth.
The number of people worldwide has increased considerably in previous years, reaching
about 7.5 billion in 2017." Immense growth in population over the past two decades,
industrial development, and the quest to live luxurious life majorly contribute to the
increase in fossil fuel utilization.> The major challenge is the depletion of fossil fuels
due to augmented fuel consumption, strictness in emission regulations with every
passing day, and hike in their prices which canvassed the significance of eco-friendly
alternate fuels.® Tremendous research has already been done to estimate the remaining
lifespan of these fossil fuel reserves and alarming results revealed the exhaustion of
these reserves in the next 40 years.4 Many factors like fuel demand, environment,
economy, and geopolitical scenario influence the oscillation in price of fossil fuels.’
Increased consumption of fossil fuel put adverse effects on climate like global
warming, abrupt weather change, acid rain, cardiac and respiratory diseases, exhaustion
of fuel reserves, smog, and diminution of ozone layers.®’ The shifting trend toward alter-
native fuels significantly declines imports, balances the payments, improve environmen-
tal sustainability, create jobs, and boost exploration of indigenous renewable and hidden
resources.®’

The worldwide energy demand in just commercial transportation is projected to rise by
70% during 2010 to 2040, out of which 60% of this rise will affect heavy duty segment
alone.'® Ninety percent of the transport sector approximately rely on fossil fuels to
provide power to engines.'' Gasoline is gifted with a higher calorific value so that
more energy could be extracted from gasoline in comparison with other alternatives to
gasoline. The immense consumption of fossil fuel is not only accountable for its depletion
but it is also accountable for global warming and polluted environment.® In the consid-
eration of the electrification of motor transport sectors, current electricity generation cap-
acity will not be enough to deliver a complete electrical worldwide foot. The creation of
environmental concerns is not unlikely for electric automobiles. The establishment of
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appropriate alternative fuels for the existing vehicle motors is, therefore, highly vital for
reducing the fossil fuel consumption and environmental contamination for further 10-20
years.'>™'* Methanol served as an attractive alternative to gasoline because of naturally
optimized properties. The lesser refining operations required in the case of methanol is
mainly responsible for its lower price in comparison with gasoline. The production
cost of methanol is 350 USD/ton in China, approximately half from the petroleum
fuels.'> The estimated production cost of methanol is still lower than gasoline even in
terms of equivalence energy. Also, the production cost of methanol is about 50%
lower than the cost of petroleum fuels in Canada.'® The appropriate fuel combustion
owing to lower boiling point of methanol is mainly responsible for lower emissions from
methanol blended fuels. The higher oxygen proportion (50% by weight) in methanol
increased octane rating, flammability limit, and laminar flame speed along with lower
carbon-to-hydrogen ratio which mainly result in lower carbon monoxide emissions.'>!”
Furthermore, methanol exhibits higher latent heat of vaporization and lower vapor pressure
which restrict its utilization as a fuel in automotive owing to cold start issues. Different tech-
niques like fuel reforming, blend fuels, intake air, and fuel heating have been incorporated in
order to utilize methanol effectively as an alternative for fossil fuel.'® Methanol exhibits three
to five times higher latent heat of vaporization as compared to gasoline; this characteristic is
primarily accountable for higher volumetric efficiency. The fuel with the higher latent heat of
vaporization lowers the temperature of the intake manifold through cooling of the incoming
mixture to a dense mixture and ultimately result in higher power output.'® In this regard, alco-
hols are used as additives to modify fuel properties and optimize engine performance.”” The
fuel blends having different proportions of methanol in gasoline fuel allow spark Ignition (ST)
engine to run at augmented compression ratios without any knocking owing to higher octane
number.

Literature survey

Mallikarjun and Mamilla®' examined the impact of 3% to 15% methanol blends under
different load settings. They observed higher brake thermal efficiency (BTE), CO,,
and NOx besides decline in carbon monoxide (CO) and hydrocarbon (HC) emissions.
Shayan et al.>* recorded exhaust emissions for methanol—gasoline fuel blends. They mon-
itored decline in average HC (24.9%) and CO (23.7%) emissions, respectively. However,
increase of 7.5% and 17.5% was observed for CO, and NOx, respectively, in contrast to
gasoline. Altun et, al.>> evaluated impact of M10 and attained 13 and 10.6% lower HC
and CO emission respectively. Ahmed et al.>* employed various methanol blends in
single-cylinder SI engine ranging from 0% to 18% with equal intervals of 3%. They per-
ceived percentage rise in the NOx emissions were 5.49, 12.54, 19.19, 28.73, 35.81, and
41.13 for M3, M6, M9, M12, M15, and M18, respectively. The percentage decline in HC
emissions was 2.12, 4.97, 7.92, 11.05, 14.14, and 17.04. The percentage decrease in the
CO emissions was 4.66, 10.19, 15.17, 19.36, 23.87, and 29.05. The percentage decrease
in the CO, emissions were 2.23%, 5.05%, 6.65%, 11.18%, 14.07%, and 16.84%. The
percentage increase in torque was 5.62, 6.83, 7.28, 10.02, 6.73, and 2.73. The percentage
increase in brake power (BP) was 5.62, 6.83, 7.28, 10.02, 6.73, and 2.73. The average
BTE was 17.36, 18.33 18.96, 19.66, 20.03, 19.35, and 18.47%. While, the average
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brake specific fuel consumption (BSFC) was 0.458, 0.447, 0.438, 0.430, 0.428, 0.450,
and 0.481 kg/kWh. Abu-Zaid et al.*® achieved the finest results for M15 which comprised
of higher power output and lower BSFC. Elfasakhany® performed experiment on carbur-
etor type unmodified SI engine under wide open throttle setting to check the performance
of various lower concentrated methanol blended gasoline fuels (M3, M7, and M10). The
experimental results revealed that BP for M3, M7, and M 10 increased by 1.23%, 0.53%,
and 0.82%, respectively, at 3200 rpm. The torque for M3, M7, and M10 increased by
1.29%, 0.43% and 0.86% respectively at 3200 rpm. Similarly, the BP for M3, M7, and
MI10 increased by 2.13%, 2.55%, and 2.55%, respectively, at 2700 rpm. The torque
for M3, M7, and M10 augmented by 2.41%, 1.32%, and 1.32%, respectively, at
2700 rpm. Farkade and Pathre®® disclosed the increase in NOx for methanol mixed
fuel in contrast to gasoline was because of higher oxygen proportion and adiabatic
flame temperature.

The present work highlights the importance of lubricant oil in engine which is the
main characteristic of tribology. Lubricants capable of forming low-strength sheared
induced tribofilms and reducing the interfacial contact area at a given normal load will
improve tribological system lubricity during sliding. Lubricants have long been regarded
as an effective means of reducing friction and protecting wear in mechanical systems that
flows everywhere inside an engine and significantly affects the engine performance. The
lubrication in automotive is characterized into mixed regime, boundary regime, and elas-
tohydrodynamic regime.”’ Different lubrication regimes, depending upon the running
conditions, during one stroke can occur throughout the stroke. The mixed or boundary
lubrication regimes occur at start and end of the stroke while hydrodynamic lubrication
regime occurs at middle of the stroke.?® Consequently, hydrodynamic friction rises
because of the prevailing circumstances of low loading and elevated speeds.”” The
piston ring assembly at the top dead center and bottom dead center, asperity contact loca-
tion, comprises totally of viscous and boundary friction owing to the shearing of lubri-
cant. The boundary lubrication takes place for only thin oil films. The load is not
carried out by lubrication film but instead it is maintained on surface peaks.’® It is
assessed that frictional losses of up to 30% occur at piston ring assembly, emphasizing
on the importance of tribological performance.>' The deterioration of lubricant oil is
unavoidable but it should be prolonged through performance additives. During engine
operations, oxidation, contamination, and thermal cracking of lubricant oil performs a
substantial role in the lube oil degradation which may affect its chemical reactivity
through acid or base formation, variation in thermal conductivity, and viscosity.
Gulzar et al.>* employed lubricant oil of grade 15W40 in single-cylinder diesel engine
and operated engine on neat diesel, 20% palm biodiesel (PB20), and 20% jatropha bio-
diesel (JB20). They observed general declining trend in lubricant oil viscosity for all three
fuels due to fuel dilution in lubricant oil with time. More decline in the viscosity was
observed for biodiesel fuels. The general increasing trend of lubricant oil density was
observed. However, the lubricant oil utilized for biodiesel exhibited higher density due
to contamination and wear debris. Total acid number (TAN) usually increases with
time due to corrosion and oxidation. The higher TAN value for oil samples that operated
on B20 was responsible for higher corrosion rate and quicker oxidation which decreases
life of the lubricant oil during engine endurance tests. Usman and Hayat™ used 125cc
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motorbike engine to examine the impact of liquified petroleum gas (LPG) and gasoline on
emissions, performance, and lubricant oil deterioration. They observed a reduction of
17.4% and 10% in BP and torque, respectively, for LPG in contrast to gasoline when
fresh lubricant oil was used. Reduction of 21% and 10.6% in BP and torque, respectively,
was observed in the case of deteriorated lubricant oil. TAN was increased by 65.2% and
21.7% for gasoline and LPG, respectively. Flash point (FP) and ash contents were
decreased by 16% and 8.69% for gasoline, respectively, but they were augmented by
1.66% and 44.5% in the case of LPG. Kinematic viscosity (KV) is declined for both
the fuels. Hasannuddin et al.>* employed emulsion fuels in a 400cc diesel engine and
made comparison by evaluating the effect of emulsion fuel and diesel on lubricant oil.
They observed lower wear rate inside engine cylinder when emulsion fuels were used.
Iron (Fe), aluminum (Al), copper (Cu), and lead (Pb) wear debris concentrations were
declined by 8.2%, 9.1%, 16.3%, and 21.0%, respectively, for emulsion fuel in contrast
to diesel. The FP and viscosity of lubricant oil operated on the emulsion fuel is raised
by 2% and 14.31% in contrast to diesel fuel. The ash content and TAN in lubricant oil
is declined by 4.40% and 18% for emulsion fuel. Usman and Hayat>> used a 219cc single-
cylinder engine to record lubricant oil deterioration in the case of compressed natural gas
(CNG) and gasoline. They investigated wear debris (Fe, Al, Cu, and chromium (Cr)),
lubrication oil condition (KV, FP, and total base number (TBN)), and additives depletion
(zinc and calcium). The testing of lubricant oil depicted 4.9%, 9.5%, and 3.2% higher
KV, FP, and TBN for CNG respectively as compared to lubricant oil ran on gasoline.
Therefore, Fe, Cu, Al, and Cr is declined by 13.8%, 37.7%, 29.1%, and 30% in the
case of CNG, respectively. The zinc diminution was monitored at higher load for gasoline
(0.11%wt) and CNG (0.12%wt). A drastic decrease in calcium was observed for gasoline
(0.2127%wt) in comparison with CNG (0.2377%wt).

Response surface methodology (RSM) is a technique which provides optimized solutions
to a variety of industrial problems.*® It provides efficient and cost-effective solutions for
assessing experimental variables.>” The RSM analysis proposes optimized data sets with
the best system performance and saves both time and money.*® This method has been
applied in numerous studies for optimizing engine efficiency.” Najafi et al.* evaluated
engine performance and emissions with main objective to determine ideal conditions for
improved efficiency and lower emissions. The optimum values were determined at a 3000
rpm engine speed for 10% bioethanol-gasoline blend. The performance responses were
achieved as BP (35.26 kW), torque (103.66 Nm), BSFC (0.25 kg/kWh), CO (3.5%), CO,
(12.8%), HC (136.6 ppm), and NOx (1300 ppm). The performance of a SI engine employing
various fuel oil blends (0%, 25%, 50%, 75%, and 100%) under distinct loading conditions
(20%, 40%, 60%, 80%, and 100%) at fixed 2500 rpm were investigated using RSM by
Ardebili.*' The optimization results advised engine load of 47.21% and fuel oil level of
25%. The torque (16.49 Nm), BSFC (326.02 g/KWh), CO (0.88%), NOx (568.3 ppm),
and HC (165.49 ppm) were recorded at these optimal operating conditions. BTE and
torque declined along with drastically lower in-cylinder temperatures. NOX emissions
decreased by 41% when fuel oil content was increased from 20% to 100%, whereas HC
and CO emissions were augmented by 39% and 22%, respectively. RSM was effectively uti-
lized for the modeling and optimization of engine performance parameters, as evidenced by a
higher desirability value of about 0.63 in the regression model.
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The detailed study of literature revealed that the lubricant oil deteriorated by gasoline, LPG,
CNG, diesel, biodiesel, and emulsion fuels has been substantially investigated. However, no
serious attempt has been made to ascertain the effect of methanol-gasoline fuel blends on the
degradation of lubricant oil along with environmental emissions and engine performance.
Consequently, this study involves investigation of the very novel issue. The functioning tem-
perature and physicochemical traits of methanol mixed fuels are not analogous to pure gasoline
fuel. This highlights the substantial difference of lubricant oil degradation inside a SI engine
when fueled with methanol-gasoline blends and gasoline for 120 h of engine operations.

After empirical findings, the novel optimization of all three aspects including engine
performance, emissions, and lubricant oil deterioration is made through RSM approach.
A multilevel historical design is applied through Design Expert software for the optimiza-
tion of all parameters. The design is formed by user-defined discrete levels. Fuel blend,
engine speed, and load are the input factors with four levels (M0, M6, M12, and M18),
seven levels (2800, 2900, 3000, 3100, 3200, 3300, and 3400 rpm), and two levels (20 and
40 psi), respectively. The BP, torque, BSFC, BTE, CO, CO,, HC, NOy, KV, FP, TAN,
and ash content are the response variables of RSM model. RSM is employed for evalu-
ating the individual interactions between input and response variables along with statis-
tical significance of developed models. The finest fit model for every response is opted
and analysis of variance (ANOVA) is applied for better understanding of model charac-
teristics. Finally, the experiment was again performed only on optimized conditions
specified by RSM in order to validate its authenticity of prediction.

Methodology

The current experimental study involves investigation of gasoline engine (model: HONDA
GP160, 163cc, four strokes and air cooled with overhead valves) to determine its performance,
emissions, and lubricant oil degradation when charged with different methanol-gasoline fuel
blends. The comprehensive technical specifications of an engine are shown in Table 1.

Materials

Base gasoline (M0) was procured from Pakistan State Oil. Methanol was procured from
Merck chemicals. Both gasoline and methanol were mixed in accordance to percentage

Table I. Engine technical specifications.

Parameters Specifications Units
Bore 0.68 cm
Maximum net torque 10.3 N-m
Stroke 0.45 cm
Net power 3.6 kw
Displacement 163 cm?
Compression ratio 8.5:1 -
Engine running time before experiment 100 hours
Fuel tank capacity 3.1 L

Lubricant oil capacity 0.6 L
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by volume to give various proportions like 6% methanol mixed in 94% gasoline (M6),
12% methanol blended in 88% gasoline (M12), and 18% methanol blended in 82% gas-
oline (M18), with the aim to ascertain the emission attributes and performance of gasoline
engine as well as the deterioration of the lubricant oil. Both gasoline and methanol were
first mixed in the measuring cylinder with respect to their percentage volume in blended
fuel, and then the mixture was stirred continuously through magnetic stirrer (hot plate
model 78-1) for a period of 30 min in order to assure the homogenous mixture of
fuels. The four test fuels (MO, M6, M12, and M18) were added into the test engine
intake manifold through a transparent measuring cylinder of capacity 500 ml with least
count of 1 ml in order to calculate fuel flow rate. Table 2 presents the physicochemical
properties of four test samples with different blend ratios of methanol in gasoline.
Table 3 shows the attributes of lubricant oil (SAE 20W-40), and this certain lube oil
grade was used in the engine according to engine manufacturer’s recommendation.

Experimental arrangement

HONDA GP-160 (SI engine) was attached with 7-inch kart, water brake dynamometer of
DYNOMITE company in order to ascertain engine performance. Figure 1 shows experi-
mental arrangement of all instruments which coupled with an engine to ascertain the
results. Figure 2 shows the actual experimental test bench. DYNO-MAX 2010 software
was dedicated for operating and displaying all engine parameters. The sensors in the
dynamometer, transmitted signals to the data acquisition system, in order to record the
engine speed (rpm) and torque. The engine operated at different speeds range from
2800 rpm to 3400 rpm, and loads (lower load of 20 psi water pressure and higher load
of 40 psi of water pressure) were applied. The applied load change was achieved by
water pump of 1 horse power linked with dynamometer, that is, water was supplied to
dynamometer’s housing via load control valve and water whipped around toroidal
pockets inside the housing which were driven by an engine. The shear forces produced
in the water act as a load on the engine by opposing the motion of the engine shaft as
directed peripheral to housing radius of shaft. The probe of exhaust gas analyzer
(EGA) modeled as EMS-5002 was inducted into tail pipe of engine for the measurement
of emissions. The K type thermocouple was attached to engine for monitoring the engine
temperature for its operations within the safe limit.

Table 2. Physicochemical characteristics of test fuels.

Fuel property MO Mé MI2 MI8 MI00 Units Standard
Density 731 73466 73832 74198 792 kg/m* ASTM D1298
Lower heating value  44.04 4293 41.67 40.40 19.6 M)/kg ASTM D240
Oxygen content 0 3 6 9 50 % viv. ASTM D5622
(ATF) stoic 14.7:1  14.2:1 13.7:1 13.2:1 6.5:1  kgkg -

Viscosity 0.602 0.6015 0.6010 0.6005 0594 mPas ASTM D445
Flash point (FP) —46 —-42.66 —-3932 3597 9.7 °C ASTM D92
RON 92 93.8 95.6 97.4 11 - ASTM D2699
Latent heat of 300 348.6 397.2 445.8 1110 kl/kg ASTM 2890

vaporization




8 Science Progress 106(1)

Table 3. Physicochemical attributes of fresh lubricant oil sample.

Parameters Standards Data values Units
Kinematic viscosity (KV) ASTM D445 14.15 cst

TAN ASTM D974 1.75 mg/g KOH
Flash point (FP) ASTM D92 245 °C

Ash content ASTM D482 0.09 % wt

TAN: total acid number.

Fasoline

Magnetic
stirrer

Data acquisition Exhaust gas analyzer

Thermocouple

Load control valve P

sl énvgine

Dynamometer

Deteriorated
lubricant oil

Figure |. Experimental setup.

Test approach

The testing scheme was adopted to assess the engine performance and emissions, as well
as condition monitoring strategies and sampling method for lube oil as shown in Table 4.
Before beginning the experiment, the engine seals were examined for leaks and fresh air
filters were employed to ensure proper air flow to the engine. With reference to gasoline,
the comparison is made on how these methanol—gasoline fuel blends impact engine per-
formance (BP, torque, BSFC, and BTE), emissions (CO, CO,, HC, and NOx), and lubri-
cant oil condition. The brake power and torque were ascertained through dynamometer
from speed range between 2800 rpm and 3400 rpm and load range between 20 psi and
40 psi. For a time period of 1 min at a certain rpm, a probe of EGA was inducted in
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Data acquisition
systs

Exhaust gas analyzer
(EGA)

Engine exhaust

Carburetor
outlet o

EGA probe

Dynamometer
Thermocouple b

Figure 2. Engine on experimental test bench.

Table 4. Brief of engine testing plan.

Factors Description
Speed range 2800 to 3400 rpm with gap of 100 rpm
Fuel Gasoline (MO0), 6% methanol and 94% gasoline by volume (M6), 12%

methanol and 88% gasoline by volume (M12), and 18% methanol
and 82% gasoline by volume (MI8)
Loads applied Higher load (40 psi) and Lower load (20 psi)
Performance Torque, BP, BSFC, BTE
characteristics
Emission characteristics CO,, CO, HC, and NOx

Ambient temperature 25°C
Atmospheric pressure 101.325 kPa
Sampling plan for lube oil Lubricant oil extracted after 120 operating hours at various speeds
and loading conditions
Lubricant oil condition Kinematic viscosity (KV), flash point (FP), total acid number, (TAN),
monitoring and ash content

tail pipe to attain steady-state emissions (HC (ppm), NOx (ppm), CO (%), and CO, (%)).
Hence, torque, fuel consumption, and emissions were noted against applied loads and
respective speeds.

Furthermore, lube oil was withdrawn from the engine after 120 h of engine running at
specified speed and load in order to investigate its physicochemical properties. The
engine was first run for 120 h on MO, after which the lubricant oil was removed and
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tested for its physicochemical properties. Likewise, the same procedure adopted for M6,
M12, and M18 in order to test the variation in their physicochemical traits. The deterior-
ation rate of lube oil is calculated by comparing the variance in attributes of lube oil that is
operated on test fuels (MO, M6, M12, and M18) subsequently in contrast to fresh lubri-
cant oil as a baseline. Table 3 mentions physicochemical attributes of fresh lubricant oil.
Then, the emissions, engine performance along with lubricant oil degradation data was
imported to Design Expert software in order to implement RSM technique. 3D surface
view plots and comparison between actual and predicted values were developed depend-
ing on independent factors (fuel blend, load, and speed). An empirical model was best
fitted and ANOVA was used to examine the association among variables and responses.
At last, the multi-objective optimization was obtained by employing desirability function.
The RSM optimized results was then validated through experimentation.

Results and discussion

Four test fuels (M0, M6, M12, and M18) were employed in 163cc, air-cooled, four-stroke
SI engine to evaluate the lubricant oil degradation, emissions, and performance para-
meters. Then, these engine operating parameters were optimized and validated through
RSM technique. The comprehensive analysis on these aspects is stated below.

Impact on engine performance

The BP, torque, BSFC, and BTE are ascertained as engine performance parameters and
optimized through RSM technique.

BP. BP possesses a direct relationship with engine speed and torque. Figure 3(a) shows
the trend of BP for various methanol-gasoline fuel blends from speed ranging between
2800 rpm and 3400 rpm for lower load. As the concentration of methanol rises in the gas-
oline blend, the BP also augments but after certain percentage of methanol in gasoline
blends, the BP starts to decline. The BP in the case of M6 and M12 under lower load set-
tings was 8.34% and 17.30% higher than that of MO, respectively, while for M18, it was
3.67% lower than that of MO at lower load. The marginally lower BP in the case of M18
can be credited due to lower calorific value of methanol in contrast to gasoline.”*
Figure 3(b) indicates the trend of BP for test fuels range from MO to M18 with gap of
6% methanol concentration in gasoline blend and speed ranging between 2800 rpm
and 3400 rpm for higher load. The BP for M6, M12, and M18 at higher load was
6.84%, 8.85%, and 0.87% higher than that of MO, respectively. Figure 3(a) and 3(b)
show higher brake power in the case of all fuels under higher load as compared to
fuels under lower loading condition. MO, M6, M12, and M18 produced 35.75%,
33.88%, 25.97%, and 42.16% higher BP at higher load in comparison with lower load,
respectively.

The comparison between actual and RSM predicted BP is presented in Figure 3(c).
The color points from blue to red color represent the minimum BP of 1023.27 watt
and maximum BP of 2238.78 watt, respectively. Table 5 signifies ANOVA for
reduced quadratic model in the case of BP. The probability distribution with F and
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Figure 3. Comparison of brake power (BP) (a) at lower load, (b) at higher load, and (c) between
actual and predicted values.

Table 5. Analysis of variance (ANOVA) for reduced quadratic model in the case of brake power
(BP).

Source Sum of squares df  Mean square  F-value  p-value PC (%)
Model 2.04% 10° 4  5107x10° 11202 <0.05 Significant  97.6
A—speed  1.09x 10° I 1.096x 10° 24037 52.4
B—blend  59,833.12 I 59,833.12 13.13 2.86
C—load  8520x10° I 8.520x 10° 186.90 40.7
B2 93,860.76 I 93,860.76 20.59 4.48
Residual 50,144.85 I 4558.62 2.40
I

vl -

Cor total ~ 2.093 x 10°

p-values of 112.02 and smaller than, 0.05 respectively, indicates greater statistical
significance of measured BP. Moreover, the quadratic regression model appeared
to be a perfect fit with data points in close proximity with regression line. It indicates
the minimum possible deviations between predicted and actual data set values.

The p-values from Table 5 show that all three factors including speed, load, and fuel
blends are significant. Moreover, the R2 value of 0.97 was close to positive unity and
there was sufficient agreement between predicted and adjusted R%. The predicted R? of
0.95 was in fair compliance with adjusted R? of 0.96; that is the difference in between



12 Science Progress 106(1)

them was equivalent to 0.01. The speed and load were significantly contributed to aggre-
gated variations with PC% of 52.5% and 40.7%, respectively, in comparison with fuel
blend which was 2.86%. Despite of apparently efficient prediction capacity of the
model validated by graphs and statistical parameters, its results may be misleading
owing to the doubt that there could be some other model with more promising fit for
available data, that is, lack of fit is present in data. This issue has been addressed with
the lack of fit (F-test) performed with the significance level of 0.01. The hypothesis
testing was centered around:

e FO: The assumed relation is reasonable, that is, there is no lack of fit.
e F1: The relation assumed is not reasonable, that is, there is a lack of fit present in
the model.

For accepting or rejecting the null hypothesis (F0), the calculated p-value was used a ref-
erence. For the case of the BP, the p-value given by design expert is less than 0.01, which
is testimonial to fact that we fail to reject null hypothesis and do not have enough evi-
dence to prove the presence of lack of fit in the reduced quadratic model. The best
fitted quadratic model from the fit summary was selected due to aliased nature and
poor fit of cubic and linear models, respectively. The actual BP regression equation is
shown in equation (1):

BP = —1885.69 + 0.87 X speed + 54.20 X blend + 23.08 X load — 4.51
X blend” (1

Equation (1) indicates the impact of each independent variable on the response for
specified levels of each factor in terms of original units. The increased BP in the case of
methanol blends is due to more oxygen content and octane rating of methanol. Higher
octane rating ensures reduced knocking effect along with decrease in frictional losses. This
higher BP indicates efficient energy transformation of fuel to useful work. The methanol
possess three to five times higher latent heat of evaporation, which consequently allows the
air to cool down resulting in increased charge flux, volumetric efficiency, and BP.*** Fast
speed of laminar flame for methanol assists to complete the combustion process before any
major loss from cylinder walls.**

Torque. Figure 4(a) specifies the trend of torque for various methanol-gasoline fuel
blends at lower load setting. The torque augmented with the rise of methanol concentra-
tion in gasoline. However, after certain proportion of methanol in gasoline blend, the
torque declined. The torque for M6 and M12 under lower load setting was 8.33% and
17.12% higher than that of MO, respectively, while for M18, it was 3.74% lower than
that of MO at lower load. The marginally lower torque in the case of M 18 can be credited
due to lower calorific value of methanol in contrast to gasoline.24 Figure 4(b) indicates the
trend of torque for test fuels range from MO to M18 with gap of 6% methanol concentra-
tion in gasoline blend at higher load setting. The torque for M6, M12, and M18 at higher
load was 7.05%, 8.64%, and 0.85% higher than that of MO, respectively. It is apparent
from Figure 4(a) and 4(b) that higher torque produced by all the fuels at higher load in
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Figure 4. Comparison of torque (a) at lower load, (b) at higher load, and (c) between actual and
predicted values.

Table 6. Analysis of variance (ANOVA) for reduced quadratic model in the case of torque.

Source Sum of squares df  Mean square  F-value  p-value PC (%)
Model 10.75 4 2.69 93.21 <0.05  Significant  97.1
A—speed 1.8l | 1.81 62.63 16.4
B—blend  0.57 | 0.5662 19.63 5.11
C—load 8.06 | 8.06 279.38 728
B2 0.88 | 0.8803 30.53 7.95
Residual 0.32 11 0.0288 2.87
Cor total ~ 11.07 15

comparison with fuels which burned at lower load. The M0, M6, M12, and M18 pro-
duced 35.88%, 34.27%, 26.03%, and 42.35% higher torque at higher load in comparison
with lower load, respectively. The overall growing trend of torque with the progression in
speed and load can be credited due to the faster burning of fuel to fulfill high power
needs.'” The augmented torque for methanol blends due to improved combustion, ele-
vated oxygen proportion, and quicker promulgation of laminar flame.*~*’ The naturally
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higher octane rating of methanol is responsible for reduced knocking and advanced injec-
tion timing which mainly result higher cylinder pressure and torque.°

The comparison between actual and RSM predicted torque is presented in
Figure 4(c). The color points from blue to red color represent the minimum torque
of 3.49 N-m and maximum torque of 6.29 N-m, respectively. Table 6 signifies
ANOVA for reduced quadratic model in the case of torque. Moreover, the quadratic
regression model appeared to be a perfect fit with data points in close proximity
with regression line. It indicates the minimum possible deviations between predicted
and actual data set values.

The probability distribution with F and p-values of 93.21 and smaller than 0.05,
respectively, indicates greater statistical significance of measured torque. The
p-values from Table 6 show that all three factors including speed, load, and fuel
blends are significant. Moreover, the R* value of 0.97 was close to positive unity
and there was sufficient agreement between predicted and adjusted R?. The predicted R
of 0.94 was in fair compliance with adjusted R? of 0.96; that is, the difference in between
them was equivalent to 0.02. The speed and load were significantly contributed to aggregated
variations with PC% of 16.4 and 72.8%, respectively, in comparison with fuel blend which
was 5.11%. For the case of the torque, the p-value given by design expert is less than 0.05,
which is testimonial to the fact that we fail to reject null hypothesis and do not have enough
evidence to prove the presence of lack of fit in the reduced quadratic model. The best fitted
quadratic model from the fit summary was selected due to aliased nature and poor fit of cubic
and linear models, respectively. The actual torque regression equation is shown in equa-
tion (2):

Torque = —0.98 + 0.001 x speed + 0.17 x blend + 0.07 X load — 0.01 X blend*  (2)

Equation (2) indicates the impact of each independent variable on the response for specified
levels of each factor in terms of original units.

BSFC. The variation in the trend of BSFC for various methanol—gasoline fuel blends
at lower load setting is shown in Figure 5(a). The methanol-gasoline fuel blends
show slightly higher BSFC in comparison with gasoline mainly due to lower calor-
ific value and higher fuel-to-air ratio of methanol.>>** The lowest BSFC at
2800 rpm and lower load indicates highest fuel conversion efficiency. The BSFC
for M6 and M18 at lower load was 0.79% and 15.16% higher than that of MO,
respectively, while for M12, it was 1.10% lower than that of MO at lower load.
Figure 5(b) indicates the trend of BSFC for test fuels range from MO to M18 with gap
of 6% methanol concentration in gasoline blend at higher load setting. The fuel consump-
tion gets lower at higher engine speeds due to higher cylinder pressure and fuel density
which ultimately result into higher brake thermal efficiency.>** The BSFC for M18 at
higher load was 2.33% higher than that of MO, respectively, while BSFC for M6 and
M12 was 4.63% and 7.49% lower than that of MO at higher load. The lower BSFC for
leaner methanol blends can be reasoned to elevate the octane rating and volumetric effi-
ciency of methanol. However, BSFC is greater for higher methanol-gasoline fuel blends
due to lower calorific value of methanol.*’ The least BSEC for all test fuels was achieved
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Figure 5. Comparison of BSFC (a) at lower load, (b) at higher load, and (c) between actual and
predicted values.

Table 7. Analysis of variance (ANOVA) for reduced quadratic model in the case of BSFC.

Source Sum of squares  df = Mean square  F-value  p-value PC (%)
Model 0.0432 6 0.0072 49.10 <0.05  Significant  97.1
A—speed  0.0001 | 0.0001 0.4883 0.22
B—blend  0.0069 | 0.0069 47.21 15.5
C—load 0.0283 | 0.0283 192.68 63.6
AC 0.0056 | 0.0056 38.17 12.6
BC 0.0018 | 0.0018 12.10 4.04
B2 0.0048 | 0.0048 32.94 10.8
Residual 0.0013 9 0.0001 292
|

Cor total 0.0445

at 2800 rpm under lower load settings and at 3400 rpm under higher load settings. The MO,
M6, M12, and M18 demonstrated 16.07%, 17.28%, 19.66%, and 22.45% less BSFC at
higher load in comparison with lower load, respectively. The greater power output at
higher load generated lower BSFC.

The comparison between actual and RSM predicted BSFC is presented in Figure 5(c).
The color points from blue to red color represent the minimum BSFC of 0.36 kg/kwh and
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maximum BSFC of 0.56 kg/kwh, respectively. The minimal deviations of predicted
values from the actual data sets are testimonial to a good fit of the quadratic regression
model. The data points were in close proximity of regression line which indicated a
good fit of the quadratic regression model. Table 7 signifies ANOVA for reduced quad-
ratic model in the case of BSFC. Moreover, the quadratic regression model appeared to be
a perfect fit with data points in close proximity with regression line. It indicates the
minimum possible deviations between predicted and actual data set values.

The probability distribution with F and p-values of 49.10 and smaller than 0.05,
respectively, indicates greater statistical significance of measured BSFC. The p-values
from Table 7 show that all three factors including speed, load, and fuel blends are signifi-
cant. Moreover, the R* value of 0.97 was close to positive unity and there was sufficient
agreement between predicted and adjusted R?. The predicted R2 of 0.91 was in fair com-
pliance with the adjusted R? of 0.95; that is, the difference in between them was equiva-
lent to 0.04. The fuel blend and load were significantly contributed to aggregated
variations with PC% of 15.5% and 63.6%, respectively, in comparison with speed
which was 0.22%. For the case of the BSFC, the p-value given by design expert is
less than 0.05, which is testimonial to the fact that we fail to reject null hypothesis and
do not have enough evidence to prove the presence of lack of fit in the reduced quadratic
model. The best fitted quadratic model from the fit summary was selected due to aliased
nature and poor fit of cubic and linear models, respectively. The aliased quadratic model
not only allows the estimation of the influence of speed, load, and blend separately on
BSFC, but also allows the interaction between input variables and investigation of
their synergic effect on BSFC. The actual BSFC regression equation is shown ins equa-
tion (3):

BSFC = —0.04 4 0.0002 x speed — 0.002 x blend + 0.02 X load — 6.2 x 107°
X speed X load — 0.0002 X blend X load + 0.001 x blend? 3)

Equation (3) indicates the impact of each independent variable on the response for spe-
cified levels of each factor in terms of original units.

BTE. The variation in the trend of BTE for various methanol-gasoline fuel blends at
lower load setting is shown in Figure 6(a). BTE represents the effective conversion of
fuel energy to BP. BTE was found higher at lower speed and lower loading condition
due to the formation of lean mixture. The main reason for decreased BTE at higher
speed is fast and abrupt combustion.’® The average BTE of M0, M6, M12, and M18
at lower load was 17%, 18%, 19%, and 16%, respectively. The rise in BP and efficient
burning for M6 and M12 fuel blends is accountable for higher BTE. The isochoric com-
bustion and lower dissociation losses are responsible for increase in BTE.>! However, the
higher fuel consumption for M 18 fuel is accountable for lower BTE. Figure 6(b) indicates
the trend of BTE for test fuels range from MO to M 18 with gap of 6% methanol concen-
tration in gasoline blend at higher load setting. The average BTE of M0, M6, M12, and
M18 at higher load was 19%, 20%, 22%, and 21%, respectively. BTE exhibits inverse
relationship with calorific value and BSFC,52 therefore, reduction in heat dissipation
boosts the BTE. The methanol possesses higher latent heat of evaporation which is
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Figure 6. Comparison of BTE (a) at lower load, (b) at higher load, and (c) between actual and
predicted values.

Table 8. Analysis of variance (ANOVA) for reduced quadratic model in the case of BTE.

Source Sum of squares df = Mean square  F-value  p-value PC (%)
Model 61.42 5 12.28 12.59 <0.05  Significant  86.3
A—speed  2.29 | 2.29 2.35 322
B—blend  2.57 | 2.57 2.64 3.6l
C—load 40.67 | 40.67 41.69 57.1
AC 8.57 | 8.57 8.79 12

B2 7.74 | 7.74 7.93 10.9
Residual 9.75 | 0.9754 13.7

|

[V M=)

Cor total 71.18

responsible for more heat soaking up from the cylinder walls during compression.>”
Consequently, BTE increases due to lower work required for the compressing air—fuel
mixture. The heat losses from cylinder walls are lower in the case of methanol due to
quicker laminar flame speed and improved isometric effect.*® MO, M6, M12, and M18
demonstrated 2%, 2%, 3%, and 5% higher BTE at higher load in comparison with
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lower load, respectively. The maximum BTE of 23.55% is demonstrated by M12 at
higher load and at 3400 rpm.

The comparison between actual and RSM predicted BTE is presented in Figure 6(c).
The color points from blue to red color represent the minimum BTE of 15.75% and
maximum BTE of 23.67%, respectively. Table 8 represents the ANOVA for reduced
quadratic model in the case of BTE. The probability distribution with F and p-values
of 12.59 and smaller than 0.05, respectively, indicates greater statistical significance of
measured BTE. Moreover, the quadratic regression model appeared to be a perfect fit
with data points in close proximity with regression line. It indicates the minimum possible
deviations between predicted and actual data set values.

The p-values from Table 8 show that all three factors including speed, load, and fuel
blends are significant. Moreover, the R? value of 0.86 was close to positive unity and
there was sufficient agreement between predicted and adjusted R?. The predicted R? of
0.65 was in fair compliance with the adjusted R? of 0.79; that is, the difference in
between them was equivalent to 0.14. The fuel blend and load are significantly contrib-
uted to aggregated variations with PC% of 3.61% and 57.1%, respectively, in comparison
with speed which was 3.22%. For the case of the BTE, the p-value given by design expert
is less than 0.05, which is testimonial to the fact that we fail to reject null hypothesis and
do not have enough evidence to prove the presence of lack of fit in the reduced quadratic
model. The best fitted quadratic model from the fit summary was selected due to aliased
nature and poor fit of cubic and linear models, respectively. The aliased quadratic model
not only allows the estimation of the influence of speed, load, and blend separately on
BTE, but also allows the interaction between input variables and investigation of their
synergic effect on BTE. The actual BSFC regression equation is shown in equation (4):

BTE = 31.94 — 0.006 X speed + 0.56 X blend — 0.59 x load + 0.0002 X speed
x load — 0.04 X blend® 4)

Equation (4) indicates the impact of each independent variable on the response for spe-
cified levels of each factor in terms of original units.

Impact on exhaust emissions

The CO, CO,, HC, and NOx are ascertained as emission characteristics of an engine and
optimized through RSM technique.

The considerable decrement in CO emissions for various methanol-gasoline fuel
blends in the speed ranging between 2800 rpm and 3400 rpm can be seen from Figure 7(a).
The CO emission for M6, M12, and M18 was 8.68%, 18.62%, and 28.78% lower than that
of MO, respectively, at lower load. It can be credited due to greater latent heat of evaporation
of methanol which is accountable for amplified volumetric efficiency, greater molecular diffu-
sivity, extra homogeneous mixing, greater flammability limit, and improved combustion for
methanol mixed fuels.** Figure 7(b) indicates the trend of CO for the test fuels in the speed
ranging between 2800 rpm and 3400 rpm under high load setting. The M6, M 12, and M18 pro-
duced 22.18%, 26.16%, and 32.40% lower CO emission than that of MO, respectively, at higher
load. The decrease of 20.32%, 32.10%, 27.70%, and 24.37% CO emissions for MO, M6, M12,
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Figure 7. Comparison of CO emission (a) at lower load, (b) at higher load, and (c) between
actual and predicted values.

Table 9. Analysis of variance (ANOVA) for reduced quadratic model in the case of CO emission.

Source Sum of squares df = Mean square  F-value  p-value PC (%)
Model 15.17 3 5.06 225.28 <0.05  Significant  98.3
A—speed  7.13 | 7.13 317.54 46.2
B—blend  3.57 | 3.57 159.05 23.1
C—load 4.47 | 4.47 199.25 29
Residual 0.2694 | 0.0225 1.74

|

2
Cor total 15.44 5

and M18 was observed at higher load in contrast to lower load, respectively. The existence of
oxygen in methanol is accountable for lower fuel-to-oxygen ratio which considerably raises the
rich fuel zones in combustion chamber.* The lower carbon-to-hydrogen ratio of methanol is
also responsible for lower CO emission.”

The comparison between actual and RSM predicted CO emission is presented in
Figure 7(c). The color points from blue to red color represent the minimum CO emission
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of 2.01% and maximum CO emission of 5.42%, respectively. Table 9 signifies ANOVA for
reduced quadratic model in the case of CO emission. Moreover, the quadratic regression
model appeared to be a perfect fit with data points in close proximity with regression line.
It indicates the minimum possible deviations between predicted and actual data set values.

The probability distribution with F and p-values of 225.28 and smaller than 0.05,
respectively, indicates greater statistical significance of measured CO emission. The
p-values from Table 9 show that all three factors including speed, load, and fuel
blends are significant. Moreover, the R* value of 0.98 was close to positive unity and
there was sufficient agreement between predicted and adjusted R%. The predicted R? of
0.97 was in fair compliance with adjusted R? of 0.98; that is, the difference in between
them was equivalent to 0.01. The speed and load were significantly contributed to aggre-
gated variations with PC% of 46.2% and 29%, respectively, in comparison with fuel
blend which was 23.1%. For the case of the CO emission, the p-value given by design
expert is less than 0.05, which is testimonial to the fact that we fail to reject null hypoth-
esis and do not have enough evidence to prove the presence of lack of fit in the reduced
quadratic model. The best fitted quadratic model from the fit summary was selected due to

@
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Figure 8. Comparison of CO, emission (a) at lower load, (b) at higher load, and (c) between
actual and predicted values.
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aliased nature and poor fit of cubic and linear models, respectively. The actual regression
equation in the case of CO emission is shown in equation (5):

CO = —1.07 + 0.002 x speed — 0.109 X blend — 0.05 X load (@)

Equation (5) indicates the impact of each independent variable on the response for spe-
cified levels of each factor in terms of original units.

The variation in the trend of CO, emissions for various methanol—gasoline fuel blends in
the speed ranging between 2800 rpm and 3400 rpm is shown in Figure 8(a). The CO, emis-
sion for M6, M12, and M18 was 3.83%, 8.42%, and 12.5% lower than that of MO, respect-
ively, at lower load. The greater oxygen content and greater hydrogen-to-carbon ratio in
methanol is responsible for decremented CO, emissions for methanol blended fuels in con-
trast to gasoline.”® Figure 8(b) indicates the trend of CO, emission for the test fuels in the
speed ranging between 2800 rpm and 3400 rpm at higher load. The M6, M12, and M18 pro-
duced 6.89%, 9.85%, and 14% lower CO, emission than that of MO, respectively, at higher
load. The decrease of 15.20%, 17.90%, 16.53%, and 16.65% CO, emissions for M0, M6,
M12, and M18 was observed at higher load in comparison with lower load, respectively.

The comparison between actual and RSM predicted CO, emission is presented in
Figure 8(c). The color points from blue to red color represent the minimum CO, emission
of 5.11% and maximum CO, emission of 8.51%, respectively. Table 10 signifies ANOVA
for reduced quadratic model in the case of CO, emission. Moreover, the quadratic regression
model appeared to be a perfect fit with data points in close proximity with regression line. It
indicates the minimum possible deviations between predicted and actual data set values.

The probability distribution with F and p-values of 337.51 and smaller 0.05, respectively,
indicates greater statistical significance of measured CO, emission. The p-values from
Table 10 show that all three factors including speed, load, and fuel blend are significant.
Moreover, the R? value of 0.99 was close to positive unity and there was sufficient agreement
between predicted and adjusted R, The predicted R2 of 0.98 was in fair compliance with the
adjusted R? of 0.99; that is, the difference in between them was equivalent to 0.01. The fuel
blend and load were significantly contributed to aggregated variations with PC% of 13.3%
and 40.4%, respectively, in comparison with speed which was 0.018%. For the case of the
CO, emission, the p-value given by design expert is less than 0.05, which is testimonial to
the fact that we fail to reject null hypothesis and do not have enough evidence to prove
the presence of lack of fit in the reduced quadratic model. The best fitted quadratic model

Table 10. Analysis of variance (ANOVA) for reduced quadratic model in the case of CO,

emission.

Residual 0.12
Cor total 15.13

00111 0.8l

Source Sum of squares df = Mean square  F-value  p-value PC (%)
Model 15.01 4 3.75 33751 <0.05  Significant  99.2
A—speed  0.0028 | 0.0028 0.2480 0.018
B—blend  2.01 | 201 181.10 13.3
C—load 6.11 | 6.11 549.96 404
AC 6.88 | 6.88 618.72 45.5

|

|
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from the fit summary was selected due to aliased nature and poor fit of cubic and linear
models, respectively. The aliased quadratic model not only allows the estimation of the influ-
ence of speed, load, and blend separately on CO, emission, but also allows the interaction
between input variables and investigation of their synergic effect on CO, emission. The
actual regression equation in the case of CO, emission is shown in equation (6):

CO, = 29.43 — 0.006 X speed — 0.08 X blend — 0.74 X load + 0.0002 X speed
X load ©)

Equation (6) indicates the impact of each independent variable on the response for
specified levels of each factor in terms of original units.

HC emission is the result of unburned fuel vaporization and inadequate fuel burning.
The primary causes of HC emission are leakage from fuel valves, state of fuel during engine
warm up and cold start, deposition of unburned fuel in cracks, and engine misfire.>’
Furthermore, lower ignition energy, more homogeneous mixing, and shorter flame quenching
distance in the case of hydrogen inaugurates combustion contiguous to cylinder walls.
Consequently, stipulates suitable activation energy for fuel buming.58 The variation in the
trend of HC emissions for various methanol-gasoline fuel blends in the speed ranging
between 2800 rpm and 3400 rpm is shown in Figure 9(a). The HC emissions for M6,
M12, and M18 were 6.74%, 13.21%, and 20.47% lower than that of MO, respectively, at
lower load. The improved combustion in the case of methanol blended fuel is responsible
for HC emissions.” Figure 9(b) shows the trend of HC emission for the test fuels in the
speed ranging between 2800 rpm ando 3400 rpm at higher load. The M6, M12, and M18
produced 9.25%, 19.65%, and 28.61% lower HC emission than that of MO, respectively,
at higher load. The decrease of 10.36%, 12.78%, 17.01%, and 19.54% HC emissions for
MO, M6, M12, and M18 was observed at higher load in comparison with lower load, respect-
ively. The HC emission declines more rapidly at higher speed and higher loading condition
due to higher fuel conversion efficiency and combustion rate.>

The comparison between actual and RSM predicted HC emission is presented in
Figure 9(c). The color points from blue to red color represent the minimum HC emission
of 99 ppm and maximum HC emission of 210 ppm, respectively. Table 11 represents the
ANOVA for reduced quadratic model in the case of HC emission. The probability distribu-
tion with F and p-values of 147.64 and smaller than 0.05, respectively, indicates greater stat-
istical significance of measured HC emission. Moreover, the quadratic regression model
appeared to be a perfect fit with data points in close proximity with regression line. It indicates
the minimum possible deviations between predicted and actual data set values.

The p-values from Table 11 show that all three factors speed, load, and fuel blends are
significant. Moreover, the R? value of 0.98 was close to positive unity and there was sufficient
agreement between predicted and adjusted R2. The predicted R2 of 0.96 was in fair compli-
ance with the adjusted R? of 0.98; that is, the difference in between them was equivalent to
0.02. The speed and fuel blend were significantly contributed to aggregated variations with
PC% of 52.4% and 27.9%, respectively, in comparison with load which was 16.9%. For the
case of the HC emission, the p-value given by design expert is less than 0.05, which is tes-
timonial to the fact that we fail to reject null hypothesis and do not have enough evidence to
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Figure 9. Comparison of HC emission (a) at lower load, (b) at higher load, and (c) between
actual and predicted values.

Table I 1. Analysis of variance (ANOVA) for reduced quadratic model in the case of HC emission.

Source Sum of squares  df = Mean square  F-value  p-value PC (%)
Model 14,936.23 4 3734.06 147.64  <0.05 Significant  98.2
A—speed  7965.56 | 7965.56 314.95 524
B—blend  4245.04 | 4245.04 167.84 27.9
C—load 2575.56 | 2575.56 101.83 16.9
AC 150.06 | 150.06 5.93 0.98
Residual 278.21 | 25.29 1.8
|

v -

Cor total 15,214.44

prove the presence of lack of fit in the reduced quadratic model. The best fitted quadratic
model from the fit summary was selected due to aliased nature and poor fit of cubic and
linear models, respectively. The aliased quadratic model not only allows the estimation of
the influence of speed, load, and blend separately on HC emission, but also allows the inter-
action between input variables and investigation of their synergic effect on HC emission. The
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Figure 10. Comparison of NOx emission (a) at lower load, (b) at higher load, and (c) between
actual and predicted values.

actual regression equation in the case of HC emission is shown in equation (7):

HC = 358.95 — 0.04 X speed — 3.76 X blend + 1.89 X load — 0.001 X speed
X load @)

Equation (7) indicates the impact of each independent variable on the response for specified
levels of each factor in terms of original units.

The variation in the trend of NOx emissions for various methanol—gasoline fuel blends
in the speed ranging between 2800 rpm and 3400 rpm is shown in Figure 10(a). The NOx
emission for M6, M12, and M18 was 9.88%, 24.70%, and 31.72% higher than that of
MO, respectively, at lower load. The greater NOx emission for methanol blended gasoline
fuels mainly because of the dissociation of N, molecule into extremely reactive monoa-
tomic nitrogen (N). The oxygenated fuel on reaction with this N generates greater NOx.>
Figure 10(b) indicates the trend of NOx emission for the test fuels in the speed ranging
between 2800 rpm and 3400 rpm at higher load. The M6, M12, and M18 produced
20.13%, 31.73%, and 40.26% more NOx emission than MO, respectively, at higher
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load. An increase of 9.77%, 12.79%, 8.19%, and 8.92% NOx emissions were observed
for MO, M6, M12, and M 18 at higher load in comparison with lower load, respectively.
The methanol exhibits lower heating value which is the main cause for more methanol
blended fuel injection in engine cylinder. Therefore, the burning of more fuel and
greater temperature in engine cylinder catalyze the reaction between monoatomic nitro-
gen and oxygen. As a result, greater NOx emission generated for methanol blended fuel.
The greater fuel combustion rate at higher load increases the flame temperature because
of which the NOx emission rises.**

The comparison between actual and RSM predicted NOx emission is presented in
Figure 10(c). The color points from blue to red color represent the minimum NOx emis-
sion of 389 ppm and maximum NOx emission of 666 ppm, respectively. Table 12 signi-
fies ANOVA for reduced quadratic model in the case of NOx emission. The probability
distribution with F and p-values of 63.15 and less than 0.05, respectively, indicates
greater statistical significance of measured NOx emission. Moreover, the quadratic
regression model appeared to be a perfect fit with data points in close proximity with
regression line. It indicates the minimum possible deviations between predicted and
actual data set values.

The p-values from Table 12 show that all three factors speed, load, and fuel blends are
significant. Moreover, the R* value of 0.97 was close to positive unity and there was suf-
ficient agreement between predicted and adjusted R%. The predicted R2 of 0.94 was in fair
compliance with the adjusted R? of 0.95; that is, the difference in between them was
equivalent to 0.01. The speed and fuel blend were significantly contributed to aggregated
variations with PC% of 14.2% and 53%, respectively, in comparison with load which was
11.7%. For the case of the NO, emission, the p-value given by design expert is less than
0.05, which is testimonial to the fact that we fail to reject null hypothesis and do not have
enough evidence to prove the presence of lack of fit in the reduced quadratic model. The
best fitted quadratic model from the fit summary was selected due to aliased nature and
poor fit of cubic and linear models, respectively. The aliased quadratic model not only
allows the estimation of the influence of speed, load, and blend separately on NOx emis-
sion, but also allows the interaction between input variables and investigation of their
synergic effect on NOx emission. The actual regression equation in the case of NOx

Table 12. Analysis of variance (ANOVA) for reduced quadratic model in the case of NOx
emission.

Source Sum of squares df = Mean square  F-value  p-value PC (%)
Model 90,421.13 5 18,084.23 63.15 <0.05  Significant  96.9
A—speed  13,260.10 | 13,260.10 46.30 14.2
B—blend  49,395.50 | 49,395.50 172.48 53
C—load 10,868.06 | 10,868.06 37.95 1.7
AB 1358.94 | 1358.94 4.75 14.6
AC 5005.56 | 5005.56 17.48 5.37
Residual 2863.81 | 286.38 3.07
|

[V M=)

Cor total  93,284.94
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emission is shown in equation (8):

NOx = 1485.2 — 0.35 X speed — 9.16 X blend — 15.67 X load + 0.007 X speed
X blend + 0.006 X speed X load (®)

Equation (8) indicates the impact of each independent variable on the response for spe-
cified levels of each factor in terms of original units.

Impact on lubricant oil deterioration

The KV, FP, TAN, and ash content are ascertained as deteriorated lubricant oil character-
istics for the SI engine and are optimized through RSM technique.

Experimental and predicted KV. The KV is the utmost significant factor that impacts fluid
ability of the lubricant oil. The higher friction and wear inside an engine can be credited
due to unavailability of sufficient lubricant oil between mating parts.®® The KV of lubri-
cant oil was calculated using standard ASTM procedure D445. The variation in the trend
of the KV of lubricant oil that runs on various methanol-gasoline fuel blends at lower
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Figure 11. Comparison of kinematic viscosity (KV) (a) at lower load, (b) at higher load, and (c)
between actual and predicted values.
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load is shown in Figure 11(a). The decrease of 9.62%, 8.47%, 7.77%, and 6.68% in KV
of degraded lubricant oil was observed for MO, M6, M12, and M18 in contrast to fresh
lubricant oil at lower load, respectively. It can be credited due to fuel dilution and collapse
of lubricant oil molecular structure. However, the KV of degraded lubricant oil for M6,
M12, and M18 was 1.15%, 1.85%, and 2.94% higher than that of MO. The KV for metha-
nol blended gasoline fuels declines less because of assimilation of sludges, wear particles,
and oxides in the lubricant oil. Figure 11(b) indicates the trend of KV for test fuels range
from MO to M18 with gap of 6% methanol concentration in gasoline blend at higher load.
The decrease of 12.24%, 11.01%, 9.34%, and 7.23% KV was observed for M0, M6,
MI12, and MI18 in comparison with fresh lubricant oil at higher load, respectively.
However, the KV of degraded lubricant oil for M6, M12, and M18 was 1.23%, 2.90%,
and 5.01% higher than that of MO. The higher decrease in KV for gasoline and lower metha-
nol concentrated blended fuels under higher load setting can be reasoned by higher fuel con-
sumption and more fuel dilution in lubricant oil.

The comparison between actual and RSM predicted KV of lubricant oil is presented in
Figure 11(c). The color points from blue to red color represent the minimum KV of
12.31cst and maximum KV of 13.21cst respectively. Table 13 signifies ANOVA for
reduced quadratic model in the case of KV. Moreover, the quadratic regression model
appeared to be a perfect fit with data points in close proximity with regression line. It indi-
cates the minimum possible deviations between predicted and actual data set values.

The probability distribution with F and p-values of 86.09 and smaller than 0.05,
respectively, indicates greater statistical significance of measured KV. The p-values
from Table 13 show that all three factors including speed, load, and fuel blends are sig-
nificant. Moreover, the R value of 0.98 was close to positive unity and there was suffi-
cient agreement between predicted and adjusted R?. The predicted R2 of 0.95 was in fair
compliance with the adjusted R? of 0.97; that is, the difference in between them was
equivalent to 0.02. The fuel blend and load were significantly contributed to aggregated
variations with PC% of 27.5% and 13.7%, respectively, in comparison with speed which
was 2.50%. For the case of the KV of lubricant oil, the p-value given by design expert is
less than 0.05, which is testimonial to the fact that we fail to reject null hypothesis and do
not have enough evidence to prove the presence of lack of fit in the reduced quadratic
model. The best fitted quadratic model from the fit summary was selected due to

Table 13. Analysis of variance (ANOVA) for reduced quadratic model in the case of kinematic
viscosity (KV).

Source Sum of squares df = Mean square  F-value  p-value PC (%)
Model 1.03 5 0.2055 86.09 <0.05  Significant  98.1
A—speed  0.0262 | 0.0262 11.00 2.50
B—blend  0.2884 | 0.2884 120.80 27.5
C—load 0.1436 | 0.1436 60.17 13.7
BC 0.0437 | 0.0437 18.32 4.16
B2 0.0212 | 0.0212 8.90 2.02
Residual 0.0239 | 0.0024 2.28
|

[V M=)

Cor total 1.05
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aliased nature and poor fit of cubic and linear models, respectively. The aliased quadratic
model not only allows the estimation of the influence of speed, load, and blend separately
on KV of lubricant oil, but also allows the interaction between input variables and inves-
tigation of their synergic effect on KV of lubricant oil. The actual KV regression equation
is show in equation (9):

KV = 13.6 — 0.0001 X speed — 0.01 X blend — 0.02 X load + 0.001 X blend
x load + 0.002blend? 9)

Equation (9) indicates the impact of each independent variable on the response for spe-
cified levels of each factor in terms of original units.

Experimental and predicted FP. FP is the least temperature beyond which vapors of the
lubricant oil quickly ignites in the presence of ignition source. The FP of lubricant oils
operated on various test fuels is determined by following ASTM D92 standard. The
maximum operating limit of lubricant oil is dependent on FP as it determines the fire
safety of oil applications. The lower FP signifies a hazard during operations of lubricant
oil which could be responsible for a malfunction in system. The variation in the trend of
the FP of lubricant oil for various methanol-gasoline fuel blends at lower load is shown in
Figure 12(a). The higher decrease in FP of lubricant oil in the case of M0 is eminent from
Figure 12(a). The blending of volatile fuel in lubricant oil mainly responsible for decrease
in its flash point.35’61 The decrease of 14%, 11%, 9%, and 7% FP was observed for
degraded lubricant oil for MO, M6, M12, and M18, respectively, in comparison with
fresh lubricant oil at lower load. However, the FP of degraded lubricant oil for M6,
M12, and M18 was 3%, 5%, and 7% higher than that of MO, respectively, at lower
load. It can be credited due to more latent heat of evaporation and less volatile nature
of methanol. Figure 12(b) indicates the trend of FP for the test fuels range from MO to
M18 with gap of 6% methanol concentration in gasoline blend at higher load. The FP
of degraded lubricant oil for MO, M6, M12, and M18 are declined by 18%, 14%,
12%, and 8% in comparison with fresh lubricant oil at higher load, respectively.
However, the FP of degraded lubricant oil for M6, M12, and M18 was 4%, 6%, and
10% higher than that of MO, respectively, at higher load. M18 behaves better as fuel
in terms of FP when compared with other test fuels due to less volatile nature and
more latent heat of vaporization of methanol.

The comparison between actual and RSM predicted FP of lubricant oil is presented in
Figure 12(c). The color points from blue to red color represent the minimum FP of
198.45°C and maximum FP of 227.85°C, respectively. Table 14 signifies the ANOVA
for reduced quadratic model in the case of FP. Moreover, the quadratic regression
model appeared to be a perfect fit with data points in close proximity with regression
line. It indicates the minimum possible deviations between predicted and actual data
set values.

The probability distribution with F and p-values of 135.87 and smaller than 0.05,
respectively, indicates greater statistical significance of measured FP. The p-values
from Table 14 show that all three factors such as speed, load, and fuel blends are signifi-
cant. Moreover, the R* value of 0.98 was close to positive unity and there was sufficient
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Figure 12. Comparison of flash point (FP) (a) at lower load, (b) at higher load, and (c) between
actual and predicted values.

Table 14. Analysis of variance (ANOVA) for reduced quadratic model in the case of flash point
(FP).

Source Sum of squares df = Mean square  F-value  p-value PC (%)
Model 988.05 4 247.01 135.87 <0.05  Significant 98
A—speed  63.40 | 63.40 34.87 6.29
B—blend  267.72 | 267.72 147.26 26.6
C—load 198.46 | 198.46 109.16 19.7
B? 7.68 | 7.68 423 0.76
Residual 20.00 | 1.82 1.98
|

v —

Cor total 1008.04

agreement between predicted and adjusted R%. The predicted R2 of 0.96 was in fair com-
pliance with the adjusted R? of 0.97; that is, the difference in between them was equiva-
lent to 0.01. The fuel blend and load were significantly contributed to aggregated
variations with PC% of 26.6% and 19.7%, respectively, in comparison with speed
which was 6.29%. For the case of the FP of lubricant oil, the p-value given by design
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expert is less than 0.05, which is testimonial to the fact that we fail to reject null hypoth-
esis and do not have enough evidence to prove the presence of lack of fit in the reduced
quadratic model. The best fitted quadratic model from the fit summary was selected due to
aliased nature and poor fit of cubic and linear models respectively. The actual FP regres-
sion equation is shown in equation (10):

FP = 236.19 — 0.006 X speed + 1.07 x blend — 0.35 X load + 0.04 X blend*>  (10)

Equation (10) indicates the impact of each independent variable on the response for spe-
cified levels of each factor in terms of original units.

Experimental and predicted TAN. TAN specifies the mass of acids exist in lubricant oil and
it was determined by following ASTM D974. TAN is directly linked with lubricant oil
oxidation and also accountable for varying chemical configuration of lubricant oil.*" The vari-
ation in the trend of the TAN of lubricant oil for various methanol-gasoline fuel blends at
lower load is shown in Figure 13(a). The increase of 19.12%, 26.31%, 31.31%, and
39.51% was observed for TAN of degraded lubricant oil for MO, M6, M12, and M18
when compared with fresh lubricant oil at lower load respectively. However, TAN of

TAN (mg/g KOH)
TAN (mg/g KOH)

Speed (rpm) Blend (%) Speed (rpm)

(C) 2.6 _{ Color points by value of
TAN:

Predicted TAN (mg/g KOH)

Actual TAN (mg/g KOH)

Figure 13. Comparison of total acid number (TAN) (a) at lower load, (b) at higher load, and (c)
between actual and predicted values.



liaz Mdlik et al. 31

degraded lubricant oil for M6, M12, and M18 was 7.19%, 12.19%, and 20.39% higher than
that of MO, respectively, at lower load. The higher TAN for methanol blended fuel indicates
greater wear rate, contaminants, and sludges inside the engine. Figure 13(b) indicates the
trend of TAN for test fuels range from MO to M18 with gap of 6% methanol concentration
in gasoline blend at higher load. TAN of degraded lubricant oil for MO, M6, M 12, and M18
raised by 21.22%, 29.31%, 37.42%, and 45.24% in comparison with fresh lubricant oil at
higher load, respectively. TAN of degraded lubricant oil for M6, M12, and M18 was
8.09%, 16.20%, and 24.02% higher than that of MO, respectively, at higher load.

The comparison between actual and RSM predicted TAN of lubricant oil is presented
in Figure 13(c). The color points from blue to red color represent the minimum TAN of
2.08 mg/g KOH and maximum TAN of 2.55 mg/g KOH, respectively. Table 15 shows
ANOVA for reduced quadratic model in the case of TAN. Moreover, the quadratic
regression model appeared to be a perfect fit with data points in close proximity with
regression line. It indicates the minimum possible deviations between predicted and
actual data set values.

The probability distribution with F and p-values of 192.39 and smaller than 0.05,
respectively, indicates greater statistical significance of measured TAN. The p-values
from Table 15 show that both load and fuel blends are significant. Moreover, the R?
value of 0.98 was close to positive unity and there was sufficient agreement between pre-
dicted and adjusted R The predicted R2 of 0.96 was in fair compliance with the adjusted
R? of 0.97; that is, the difference in between them was equivalent to 0.01. The fuel blend
and load were significantly contributed to aggregated variations with PC% of 39.1% and
8.18%, respectively. For the case of the TAN of lubricant oil, the p-value given by design
expert is less than 0.05, which is testimonial to the fact that we fail to reject null hypoth-
esis and do not have enough evidence to prove the presence of lack of fit in the reduced
quadratic model. The best fitted quadratic model from the fit summary was selected due to
aliased nature and poor fit of cubic and linear models, respectively. The actual regression
equation for TAN is given by equation (11):

TAN = 2 + 0.02 X blend + 0.004 X load + 0.001 X blend* (1D

Equation (11) indicates the impact of each independent variable on the response for spe-
cified levels of each factor in terms of original units.

Table 15. Analysis of variance (ANOVA) for reduced quadratic model in the case of TAN.

Source Sum of squares df = Mean square  F-value  p-value PC (%)
Model 0.3257 3 0.1086 192.39 <0.05  Significant 98
B—blend  0.1301 | 0.1301 230.49 39.1
C—load 0.0272 | 0.0272 48.20 8.18
B2 0.0087 I 0.0087 15.40 2.62
Residual 0.0068 | 0.0006 2.05

I

(% I 8]

Cor total  0.3324
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Figure 14. Comparison of ash content (a) at lower load, (b) at higher load, and (c) between
actual and predicted values.

Experimental and predicted ash content. Ash content is key factor to evaluate the pureness
of lubricant oil. It indicates the solid residue that persisted in lubricant oil as a result of
fuel burning.®* It also signifies noncombustible constituents that persisted as an ash after-
ward fuel burning. The constituents are sludges, atmospheric dust, thermally decomposed
particles, and wear debris. ASTM D482 standard was opted to determine the ash content
of lubricant oil operated on test fuels. The variation in the trend of the ash content of lubri-
cant oil which operated on various methanol—gasoline fuel blends at lower load is shown
in Figure 14(a). The increase of 1.96%, 2.49%, 2.94%, and 3.45% was observed for ash
content in degraded lubricant oil for MO, M6, M12, and M18 in comparison with fresh
lubricant oil at lower load, respectively. However, the ash in degraded lubricant oil for
M6, M12, and M18 was 0.53%, 0.98%, and 1.49% higher than that of MO, respectively,
at lower load. Figure 14(b) indicates the trend of ash content for the test fuels range from
MO to M 18 with interval of 6% methanol concentration in gasoline blend at higher load.
The increase of 2.01%, 2.61%, 3.10%, and 3.93% was found for ash content for MO, M6,
M12, and M18 when compared with fresh lubricant oil at higher load, respectively.
However, the ash content in degraded lubricant oil for M6, M12, and M18 was 0.60%,
1.09%, and 1.92% higher than that of MO, respectively, at higher load. The higher ash
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Table 16. Analysis of variance (ANOVA) for reduced quadratic model in the case of ash content.

Source Sum of squares df = Mean square  F-value  p-value PC (%)
Model 7.09 4 1.77 66.28 <0.05 Significant  95.9
A—speed  0.29 | 0.2940 10.99 3.98
B—blend  3.15 | 3.15 117.59 42.6
C—load 0.22 | 0.2214 827 3

B2 0.29 | 0.2972 (NN 4.02
Residual 0.29 | 0.0268 3.98

|

v —

Cor total 7.39

content in the case of methanol blended fuel indicates more wear rate, contamination,
unburned particles, and sludges inside the lubricant oil for these blended fuels.

The comparison between actual and RSM predicted ash content of lubricant oil is pre-
sented in Figure 14(c). The color points from blue to red color represent the minimum ash
content of 1.96%wt and maximum ash content of 4.34%wt, respectively. Table 16 shows
ANOVA for reduced quadratic model in the case of ash content. Moreover, the quadratic
regression model appeared to be a perfect fit with data points in close proximity with
regression line. It indicates the minimum possible deviations between predicted and
actual data set value.

The probability distribution with F and p-values of 66.28 and smaller than 0.05,
respectively, indicates greater statistical significance of measured ash content. The
p-values from Table 16 show that all three factors speed, load, and fuel blends are sig-
nificant. Moreover, the R? value of 0.96 was close to positive unity and there was suf-
ficient agreement between predicted and adjusted R?. The predicted R? of 0.92 was in
fair compliance with the adjusted R? of 0.95; that is, the difference in between them
was equivalent to 0.03. The speed and fuel blend were significantly contributed to
aggregated variations with PC% of 3.98% and 42.6%, respectively, in comparison
with load of 3%. For the case of the ash content of lubricant oil, the p-value given
by design expert is less than 0.05, which is testimonial to fact that we fail to reject
null hypothesis and do not have enough evidence to prove the presence of lack of
fit in the reduced quadratic model. The best fitted quadratic model from the fit
summary was selected due to aliased nature and poor fit of cubic and linear
models, respectively. The actual regression equation for ash content is given by equa-
tion (12):

Ash content = 0.37 + 0.0004 X speed + 0.05 X blend + 0.01 X load + 0.008
X blend® (12)

Equation (12) indicates the impact of each independent variable on the response for
specified levels of each factor in terms of original units.
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Table 17. Optimization setup.

Lower Upper Lower Upper
Name Goal limit limit weight weight Importance
A: Speed Isinrange 2800 3400 | | 3
B: Blend Isinrange 0 18 | | 3
C: Load Isinrange 20 40 | | 3
Brake power (BP) Maximize 102327  2238.78 | | 3
Torque Maximize  3.48983 6.28787 | | 3
BSFC Minimize  0.35922  0.5568 | | 3
BTE Maximize 15.7543 23.6583 | | 3
co Minimize 2.0l 5.42 | | 3
CO, Minimize  5.11 851 I | 3
HC Minimize 99 210 | | 3
NOx Minimize 389 666 | | 3
Kinematic Minimize  12.3131 13.2053 | | 3
viscosity (KV)
Flash point (FP) Maximize 198.45 227.85 | | 3
TAN Minimize 2.08468  2.55224 | | 3
Ash content Minimize  1.9613 4.3414 | | 3

TAN: total acid number.

RSM-based optimization

The RSM-based optimization is a robust approach to recognize the optimized conditions
by altering the input factors for achieving desirable output(s). It establishes relation
between input and response variables and also provides a path for understanding the
detailed trends. In the current work, the numerical optimization function of Design
Expert software was utilized for optimizing the emission and performance characteristics
of an engine along with physicochemical characteristics of lubricant oil. The optimization
setup, as shown in Table 17, is aimed at maximizing torque, BP, BTE, and FP while min-
imizing BSFC, CO, CO,, HC, NOy, KV, TAN, and ash content. All the output variables
have been given equal importance and are assigned with the default weight of 3. The opti-
mized operating conditions for engine as recognized by RSM model were 40 psi load,
3400 rpm, and methanol—gasoline blend with 8% methanol in 92% gasoline by volume
(MS8). The response variables corresponding to these optimized conditions were
2137.13 watt BP, 6.08 N-m torque, 0.37 kg/kwh BSFC, 22.10% BTE, 4.02% CO emis-
sion, 7.15% CO, emission, 134.12 ppm HC emission, 517.02 ppm NOx emission,
12.44 cst KV, 203.77°C FP, 2.23 mg/g KOH TAN, and 2.65%wt ash content. The statis-
tical reliability of optimization for the overall responses was analyzed through composite
desirability (D). It is a unitless value ranging from O to 1, with value close to 1 representing
the most effective optimization. In the present study, composite desirability comes to be
0.73, which is a clear indication that optimization settings have attained favorable out-
comes for all responses. Moreover, for deep insight into optimization model and appre-
hending the impact of individual response variables, individual desirability (d) of each
response has been studied and plotted in Figure 15. The maximum and minimum
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Figure 15. Desirability chart.

individual desirabilites were observed for torque (0.94) and FP (0.57), respectively. These
numerical values show that reducing the torque would impart the greatest variations in the
model while maximizing the FP would be responsible for minimum variations. Studied
from emissions perspective, it is evident that highest d of 0.6976 was observed for HC
emissions while lowest (0.570) for carbon monoxide emissions, with NO, and CO,
having intermediate values. Thus, the d-values for emissions establish the fact that for
increasing the reliability of RSM model in terms of collective optimization, the most reli-
able path would be to contain HC emission as that would important the highest desirable
variation.

The contour plot for optimization is shown in Figure 16, which shows the variation of D
with speed and blend plotted over the entire range. The defined color coding regime shows
that at higher speed, higher loading condition, and blend percentages below 9%, the light
green color predominantly holds and could be declared as region of higher composite desir-
ability. Onwards from these extremes, the whole region is blue which shows the D values
close to 0. Thus, from contour desirability plot, a comprehensive variation of D values could
be studied for the whole experimental range.
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Table 18. Comparison between RSM optimized and experimental values.

Input factors (blend (M8), load (40 psi), and speed

(3400 rpm))

Responses RSM predicted Experimental APE
Brake power (BP) (watt) 2137.13 2172.61 1.66
Torque (N-m) 6.08 6.18 1.57
BSFC (kg/kwh) 0.37 0.38 2.74
BTE (%) 22.10 22.65 251
CO (%) 4.02 420 4.51
CO, (%) 7.15 747 4.44
HC (ppm) 134.12 139.36 391
NOx (ppm) 517.02 539.35 4.32
Kinematic viscosity (KV) (cst) 12.44 12.95 4.16
Flash point (FP) (°C) 203.77 21331 4.68
TAN (mg/g KOH) 2.23 2.32 4.23
Ash content (% wt) 2.65 2.76 4.15

APE: absolute percentage error; RSM: response surface methodology; TAN: total acid number.
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Once we are done with the optimization, next it would be necessary to validate the
reliability of obtained results. Therefore, an experimentation corresponding to identified
optimized conditions would be the most effective way. RSM-based multi-objective opti-
mized results were then validated through experiment. The engine was operated at the
optimal values of load, speed, and fuel blend concentration for recording the response
variables. The absolute percentage error (APE) among empirical results and RSM pre-
dicted results were calculated (Table 18). The predicted results demonstrated a reasonable
compliance with empirical results, with APE of all responses under 5%. However, the
maximum APE of 4.68% was obtained for FP which might be owing to inefficient desir-
ability as a consequence of manual recording during experimentation. The least APE of
1.57% was obtained for torque because of highest desirability. Overall, the RSM pre-
dicted results under developed models are effective and viable.

Conclusions

This study has significantly evaluated the impact of distinct test fuels (M0, M6, M12, and
M18) on engine’s performance and emissions accompanied by their influence on lubri-
cant oil degradation through novel integration of experimental and statistical techniques.
The main outcomes of this study are:

e BP showed distinctively improved performance with 6.84% and 8.85% higher
power for M6 and M12 in comparison with gasoline at low load.

e BTE showed average increase of 19%, 20%, and 22% for M6, M12, and M18
when compared with base fuel at higher loading conditions.

e Methanol blending emerged favorable in terms of clean environment with 8.68%,
18.62%, and 28.78% reduced carbon monoxide emissions for M6, M12, and M18
in comparison with MO.

e Similarly, the greenhouse emissions for M12 and M 18 showed average 9.85% and
14% reduction compared to gasoline.

e The lubricating oil degradation rate was higher for methanol blended fuels when
compared with MO for straight 120 h of engine operation.

e TAN of degraded lubricant oil for M6, M12, and M18 was 8.09%, 16.20%, and
24.02% higher than that of MO, respectively, at higher load. While the ash
content in degraded lubricant oil for M6, M12, and M18 was 0.60%, 1.09%,
and 1.92% higher than that of MO, respectively, at higher load.

e The RSM identified M8, speed of 3400 rpm, and load of 40 psi as optimized con-
ditions for best engine performance, reduced emissions, and minimum lubricating
oil deterioration.

e The operating parameters corresponding to RSM optimized conditions were 2137.13
watt BP, 6.08 N-m torque, 0.37 kg’/kwh BSFC, 22.10% BTE, 4.02% CO emission,
7.15% CO, emission, 134.12 ppm HC emission, 517.02 ppm NOx emission,
12.44 cst KV, 203.77°C FP, 2.23 mg/g KOH TAN, and 2.65%wt ash content.

e The composite desirability (0.73) was in close proximity of unity which showed
reliable and efficient multi-objective optimization.
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e The comparison between predicted and empirical results showed overall APE
below 5% which validated the accuracy of RSM prediction.

In context of conclusions drafted from the current study, it could be established that utilization of
RSM for engineering applications governs an easy and reliable optimization involving various
factors and trends. Moreover, the technique becomes of primal importance and could be effect-
ively used for prediction beyond the designated parameters range and thus could save enormous
time and capital. Similarly, the study gives an important insight into lubricating oil deterioration
with oxygenated fuel which could be extended in future for developing oils with novel additives
that could resist the wear damage and improve the overall life cycle of oil.
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