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Influencing parameter optimisation of CRDI engine fuelled with lemongrass biodiesel
blends

Paramasivam Prakash © and Chinnathambi Dhanasekaran

Department of Mechanical Engineering, VELS Institute of Science, Technology & Advanced Studies (VISTAS), Chennai, India

ABSTRACT ARTICLE HISTORY
Based on the central composite design of the experiment of 50 input combinations, the behaviour of com- Received 8 April 2022
mon rail direct injection compressed ignition engine was examined, and maximum engine performance  Accepted 17 October 2022
and minimal emission were found using multi-objective RSM. The optimal input combination was iden- KEYWORDS

tified after thorough testing. It consisted of 12.3 kg engine load, 60% lemongrass biodiesel, 1000 bar FIP, Lemongrass biodiesel; CRDI
6°bTDC FIT, and 0% exhaust gas recirculation. A second order quadratic model with R? values of 0.99, 0.99, engine; RSM; performance
0.84,0.98,0.82,0.93 and 0.94 for Torque, BMEP, BTE, mechanical efficiency, BSFC, CO and NOx, respectively, and emission characteristics;
was developed by taking into account all of the input parameters for all of the investigated responses. This optimisation; ANN

model can be used to predict output responses within the experimental analysis ranges, with a maximum

combined desirability of 0.863. ANN model may be successfully implemented for better prediction of the

engine each output response than RSM-based prediction.

Highlights

e CCD-based DOE was made in the design expert 13 version by considering major influencing CRDI engine
parameters. RSM was used to create a second-order polynomial quadratic model for forecasting torque,
BMEP, mechanical efficiency, BTE, BSFC, CO and NOx. Furthermore, there was no apparent difference
between the fitted values and the experimental data.

e The optimisation was done to enhance the BMEP, Torque, BTHE, and mechanical efficiency and minimise
the BSFC, CO and NOx.

e The optimum combination for the best performance is obtained when running the engine at the
following settings such as 100% EL, 60% fuel blend, 6°bTDC of FIT, 1000 bar FIP and 0% EGR.

e The ANOVA study’s findings indicate that EL has a 99% impact on BMEP and torque. The effect of EL on
BTHE is 60.3%. EL affects 94.4% of mechanical efficiency. EL controls 55.9% of SFC. CO is influenced by
EL, EGR and IT, respectively, by 60.58%, 10% and 5.3%. EGR and IT both affect NOx by 50.5% and 23.9%,
respectively.

e CRDI engine output response prediction accuracy of ANN is better than RSM

Nomenclature FB60%  (60% of Lemongrass Biodiesel + 40% of Diesel)
FB fuel blend FB30% (30% of Lemongrass Biodiesel 4+ 70% of Diesel)
FIP fuel injection pressure B100 100% of biodiesel

EGR exhausts gas recirculation ECU electronic control unit

CcCch central composite design

CRDI common rail direct injection diesel engine Symbols

BMEP brake mean effective pressure

co carbon monoxide L\‘-m Newton metre

HC hydro carbon C degree Celsius

NOx oxides of Nitrogen mm millimetre

BP brake power cm centimetre

ppm parts per million @ at . .

LGO lemon grass oil cC cubic centimetre

bTDC before top dead centre Kg k!logram

PM particulate matter Kw kilowatt

V)
S/N ratio  signal to noise % percentage
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EL engine load

FIT fuel injection timing

RSM response surface methodology
BBD Box behnken design

BTE brake thermal efficiency

BSFC brake specific fuel consumption
EGT exhaust gas temperature

LOME linseed oil methyl ester

COy carbon dioxide

DOE design of experiment

CR compression ratio

LGO25 lemongrass oil 25%-+75% diesel

ANOVA analysis of variance

KOH potassium hydroxide

ASTM  American standard test method

FB45%  (45% of Lemongrass Biodiesel + 55% of Diesel)
FB15% (15% of Lemongrass Biodiesel + 85% of Diesel)
Cao calcium oxide

1. Introduction

Fuels are used for various applications, including power gener-
ation, automotive transportation, industrial processes, and res-
idential use. As the population transitions to a more affluent
lifestyle and technology progresses, fuel consumption increases
hour by hour. As a result, fuel plays a significant role in all facets
of human life. Currently, India imports petroleum from foreign
countries to meet its energy demands. Almost three by fourth
of India’s energy demand is met by refining imported crude oil.
Hence a significant portion of our GDP (gross domestic product)
is spent on crude oil imports from other nations.

According to data, we spent INR 427.45 billion on petroleum
imports in September 2020, compared to INR 614.68 billion in
2014. India’s GDP was predicted to be Rs 26.9 trillion in the first
quarter of fiscal year 20-21. We have spent an average of Rs
427.45 billion per financial year from this fund. It is obvious from
this data that the government’s expenditure on gasoline imports
has decreased dramatically as a result of the COVID19 pandemic
crisis. Countries all around the world have seen economic slow-
downs, and oil-exporting countries, particularly those in the Gulf,
have seen a drop in demand for petroleum products. The price
of crude oil per barrel has fallen as a result of these factors. How-
ever, once negative economic conditions such as COVID19 and
the global economic crisis have passed, the price of crude oil
may climb, forcing developing countries such as India to spend
large sums on petroleum products, perhaps returning to for-
mer highs. To overcome their excessive reliance on petroleum
exporting countries for crude oil imports, petroleum-importing
countries must focus more on alternative sources such as solar,
wind, gas and biofuels, which are environmentally beneficial and
referred to as green energy. In a life cycle analysis, these sources
produce a lower percentage of carbon monoxide, hydrocarbons
and carbon dioxide.

We can protect the environment by using these green
energies, particularly biodiesel. As a result, countries all over
the world must create policies to promote biodiesel research
and development. The following reasons explain why coun-
tries around the world should focus more on green energies
like biodiesel: conventional energy generation has resulted in

increased carbon emissions; nonrenewable energy sources such
as coal, nuclear energy and fossil fuels contribute to environ-
mental degradation by emitting more carbon. The use of this
energy has a negative influence not just on the environment
but also on humans, animals and species’ livelihoods. Because
of our overdependence on conventional energy, particularly
petroleum products, the entire globe has been exploring viable
strategies to avoid ozone layer depletion, acid rain and climate
change. Other advantages of biofuel include its environmental
friendliness, lack of sulfur and particle content, and the fact that
it may be generated at any time with a lower fuel preparation
plant installation cost.

As a result of the growing population, the demand for
petroleum oil is increasing, resulting in increased air pollution,
prompting the search for cleaner fuel. Due to the alarming sit-
uation of energy driving the scientist to find locally available,
environment friendly and must be renewable sources of fuel, the
nature of the feedstock. Performance and emissions depend on
the usage of different types of engines, biodiesel chemical com-
position, type of diesel fuel and measurement techniques. Hence
it is difficult to establish the relationship between these; more-
over, density depends on the chain length of the esters, presence
of high saturated esters leads to increased cetane number, lower
iodine number and density than unsaturated esters, but high
unsaturated esters lead to better viscosity, cold flow proper-
ties and poor oxidation stability (N. Kumar, Varun, and Chauhan
2013). Lemongrasses are mostly available in south India, par-
ticularly Cochin, Karnataka and Tamilnadu, due to the produc-
tion and exportation of lemongrass, also called Cochin grass.
Lemongrass oil contains rich bioactive compounds and is gen-
erally used in cosmetic, pharmaceutical and food preservation
applications (Mukarram et al. 2022). Essential oils of Cymbo-
pogonnardus are valuable alternatives in handling pest insects
in the stored room and acting as a repellent (Caballero-Gallardo
et al. 2021). To improve performance and exhaust, diesel fuel
is blended with biodiesel fuel. And also, Cl engine performance
depends on various combinations of influencing parameters like
the quantity of fuel injected, timing of fuel injection in the com-
bustion chamber, fuel injection pressure, dimension of the com-
bustion chamber, dimension of nozzles and pattern of fuel spray
etc., (Ganesan, Senthil Kumar, and Hemanandh 2020). Investi-
gated by changing the kapok methyl ester blend (at B20, B30,
B40) and by changing injector hole number (at 4, 5, 6), revealed
that maximum brake thermal efficiency were achieved at higher
fuel blend and higher fuel injector hole and also HC, CO, NOx,
smoke and brake specific fuel consumption decreased signif-
icantly by increasing the number of injector hole (Narayanan,
Ramesh, and Sakthivel 2019). Better fuel burning in the cylinder
was reported using seven hole nozzle (S, K, and R 2019). Lemon
grass biodiesel plus mint biodiesel called dual fuel blended
with diesel at different proportions and concluded based on
experimental engine run as thermal brake efficiency and NOx
increases, but the CO, HC, CO,, fuel consumption decreases with
anincrease of fuel blend (Senthil Kumar and Ramesh Bapu 2020).
Investigated the LGO blended with diesel in direct injection sin-
gle cylinder agricultural diesel engine, fuel prepared at B25, B50,
B75,B100 and diesel as a reference fuel. Concluded that LGO can
be used as a fuel by directly mixing with diesel in a diesel engine
without any modifications and also observed the NOx, heat



release rate and cylinder pressure increase. Still, calorific value,
iodine index, BTE, CO, HC and smoke emissions were lower than
diesel in all four test fuel combinations (Sathiyamoorthi et al.
2021b). Methyl ester of Palmarosa bio material blends with con-
ventional diesel investigated in a single cylinder diesel engine by
varying injection pressure of 200, 225, 250 bars in a combustion
chamber with a fixed volume and observed longer and shorter
spray tip penetrations. Revealed that spray cone angle of 17.5
and 11.4 ms for Palmarosa biodiesel and diesel. The fuel spray’s
main influencing parameters are the fuel’s density and viscos-
ity. Increasing injection pressure leads to faster combustion with
a shorter duration than lower injection pressure (Sathiyamoor-
thi et al. 2021a). Fuel spray penetration length depends on
nozzle hole diameter and injection pressure, and penetration
length was increased with high FIP and larger hole diameter
(Algayyim, Wandel, and Yusaf 2018; Ge et al. 2020). Investigated
CRDI engine by varying engine load, biodiesel blend concentra-
tion and EGR and revealed that these engine parameters and fuel
properties have a greater influence on PM emissions and the PM
emissions are reduced at 30% palm biodiesel blend and 10% of
EGR. The performance of the test fuel was further improved by
adding a nano-sized emulsion additive (Elkelawy et al. 2020). The
performance of blended algae biodiesel was further improved
by adding 15 ml of n-pentane per litre of blended fuel (Elkelawy
et al. 2021). Cao heterogeneous catalyst-based transesterifica-
tion was carried out for the production of biodiesel. concluded
the optimum performance and emission parameters as 2.258 kW
of BP, 29.05% of BTE, 6.31 PPM of HC, 159.5 PPM of NOx at
8.05 kg of load, CR of 18, 180 bar FIP based on the desirability
approach using RSM (Singh et al. 2020). 93.2% of biodiesel from
Pithecellobiumdulce seed oil was achieved at 1:6, 60°C, 0.8 wt%,
90 min of molar ratio, reaction temperature, catalyst, reaction
time and reported that CO, HC and NOx decreased but the
CO;, and smoke intensity increased (Chandra Sekhar et al. 2018).
93.38% biodiesel yield from the mixture of sunflower and soy-
bean oil following BBD-based RSM, and reported the optimum
point is 203.5 ml of methanol per litre of oil, 0.57 wt% homoge-
neous catalyst, 52 min reaction time and 530 rpm of speed. CCD-
based performance and emission optimisation of EL of 2.05 kW
and 70% blend ratio recommended that sunflower/soybean oil
biodiesel blended upto 70% with diesel (Elkelawy et al. 2020).
Sunflower and soybean oil mixture-based biodiesel production
optimisation and analysed of diesel engine performance and
emissions by blending 30, 50 and 70% with diesel fuel (Elkelawy
et al. 2019). Cotton seed biodiesel produced by the transesterifi-
cation process and the blends of biodiesel behaviour by adding
bioethanol were investigated. And reported the oxygenated
blend effect as higher SFC, BTE and CO emissions are lower,
and HC emissions slightly increased. The oxygenated fuel blends
gave a promising alternative for diesel fuel irrespective of CO,
and HC emissions (Elkelawy et al. 2018). CO, HC and NOx emis-
sions are decreased by adding an additive of nanothiocyanate
due to surface/volume ratio and micro explosion phenomena
(Elkelawy et al. 2021). Liquid or solid-based additives improve
combustion and emission problems such as poor combustion
and anincrease in NOx and HC. Reported that CO, HC and, smoke
density, NOx decreased by increasing the dose of Cyclo hexane
due to the fast combustion process (Elkelawy et al. 2021).
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Prepared Lemon grass oil 25% and diesel blend as fuel in
that anti-oxidants were added at 500, 1000, 2000 ppm by weight
basis and investigated the prepared fuel in the direct injec-
tion diesel engine. As a result, butylatedhydroxyanisole had
better stability than butylatedhydroxytoluene anti-oxidant addi-
tives. But 2000 ppm butylatedhydroxytoluene added to LGO25
showed a significant increase in BTHE, CO, smoke and HC with
a decrease in NOx emissions of 11%, a decrease in exhaust gas
temperature, and a decrease in brake specific fuel consump-
tion compared to lemongrass oil without anti-oxidant additives
(R. Sathiyamoorthi and Sankaranarayanan 2016). By feeding
the synthesised LGO25, cerium oxide added emulsified LGO25,
diethyl ether added emulsified LGO25, and diesel fuel, the com-
bined effect of Nanoemulsion and EGR on performance, emis-
sion, and combustion characteristics in a diesel engine was
studied. The di ethyl ether added nano emulsified LGO25 with
EGR resulted in lower NOx, smoke emissions, HC and CO by
30.72%, 11.2%, 18.8% and 33.31%, respectively but increased
BTE, BSFC, cylinder pressure and heat release rate by 2.4, 10.8,
4.46 and 3.29% compared to LGO25 as fuel (R. Sathiyamoorthi,
Sankaranarayanan, and Pitchandi 2017). Compression ignition
engine emission parameters mainly depend on fuel injection
and injection pressure timing. CO, HC and smoke emissions
decrease and NOx increases at the higher injection pressure
and advancing injection timing (Sathiyamoorthi and Sankara-
narayanan 2016). Small amounts of ethanol in LGO-diesel blends
improved LGO25 performance, resulting in an increased cylin-
der pressure, heat release rate, BSFC, BTE, NOx, CO,, combustion
length and ignition delay time, but lower smoke and HC than
diesel and LGO25 (R. Sathiyamoorthi and Sankaranarayanan
2017). Increased injection pressures from 45 to 65 MPa at 50 and
100 Nm of operation with 20 and 50% palm biodiesel resulted in
a decrease in BSFC, HC, PM, CO and a little rise in NOx emissions
in CRDI engines (Algayyim, Wandel, and Yusaf 2018). The effects
of the performance and emission behaviour when using vari-
ous biodiesel feedstock, such as biodiesel from Jatrophacurcas,
Palmyra, Mahua methyl ester, Cashew nut shell and Algae-based
biofuel blended with base diesel fuel, have been reported by
varying engine influencing input parameters (Senthil kumar and
Thirumalini 2020; Prem Anand et al. 2018; Singh et al. 2020a;
Prasada Rao and Prasad 2021; Prasada Rao and Prasad 2022;
Indrareddy, Venkateswarlu, and Konijeti 2020; Arul Peter et al.
2020; Prakash and Dhanasekaran 2019; Sivaram et al. 2020). A
delayed injection reduces emissions without sacrificing perfor-
mance (Senthil kumar and Thirumalini 2022; Senthil kumar and
Thirumalini 2020) (Table 1).

Lemongrass biodiesel’s ignition, efficiency and emissions
attributes have never been studied in a CRDI engine by adjust-
ing engine input parameters, according to the literature review,
to the best of my knowledge. As a result, this research was car-
ried out in a CRDI engine with a data gathering system and
an open ECU under atmospheric circumstances, using the RSM
design matrix, changing the FIP, FIT, EL, fuel blend and EGR while
maintaining a steady rpm of 1500 and a CR of 18. None of the
researchers looked into utilising lemongrass biodiesel in a CRDI
engine with these input parameters. Finding the best engine
operating conditions for diverse fuel sources is also critical for
improving the environment and the economy.
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Table 1. literature survey on parameter optimisation.

Fuel type, blend & ref

Input parameter

Engine details

Optimum parameters

Output responses

Inferences

Linseed oil methyl
ester, LOME of 5, 10,
15, 20 & (Manish
Kumar et al. 2022)

Simarouba methyl
ester & (Keerthi
Kumar et al. 2021)

Mahua oil methyl ester,
B20MOME & (Kumar
etal. 2019)

Pork lard, rape seed
oil biodiesel, B60%,
B80% & (Duda et al.
2021)

Tallow biodiesel, B20 &
(Kanthasamy, Arul
Mozhi Selvan, and
Shanmugam 2020)

Honge methyl ester,
B10, B20, B25 & (S.
Kumar and Dinesha
2018)

Polanga biodiesel,
B0,B10, B20 &
(Sharma et al.
2020b)

Nicotianatabacum
biodiesel, B0, B10,
B20, B30, B40 &
(Sharma et al. 2020a)

Moringaoleifera
biodiesel, MB50 &
(Teoh et al. 2021)

Neat lemon grass
oil, LGO25 &
(Ramalingam et al.
2022)

BLEND, FIP, EGR, LOAD

4.16, 5.2 kW BP load;
FIP 205, 220, 240,
260bar; injector hole
3,4,5,6; hole dia 0.2,
0.25,0.3mm

Toroid shape piston,
FIP 200, 400, 600 bar,
FIT 15, 20, 25 bTDC

1500, 3000 rpm; 50,
100 & 200 Nm load

EGR 5, 15, 25%; FIP 400,
500, 600 bar; load 0,
25,50, 75, 100%; FIT
10, 15, 20°bTDC,

Blend; EL 50, 75, 100%;
CR16,17,18;IT
24,27,30°bTDC

Blend; FIT 19, 23,
27°bTDC, FIP 160,
180, 200 bar; EL 20,
60,100%

Blend; EL 20, 40, 60,
80, 100%; FIT 15, 19,
23,27,31° bTDC; FIP
16,18,20,22,24MPa

Torque 6.59, 10, 15,
20, 23.41 Nm; SOI
3.625,5,7,9,10.38
°bTDC; FIP 264, 400,
600, 800, 936 bar;
1000 rpm

IP 200, 225, 250; EGR
0,10, 20; IT 20, 23,
26°bTDC

Kirloskar, VCR, CRDI
1 cylinder, water
cooling, 3.5 kW, 1500
RPM, CR = 18, FIT
23°bTDC

TV, Kirloskar, single
cylinder, four stroke,
CR = 17.5,5.2 Kw,
1500 rpm,

Kirloskar, VCR, CRDI
one cylinder,
water-cooling,
3.5kW@1500 rpm,
661cc, injector holes
6;diameter 0.128 mm

ADCR, four-cylinder,
capacity 2636 cm?,
max torque 250Nm

Kirloskar, CRDI, single
chamber, water-
cooling, CR = 17.5,
Power 3.7 kW

Diesel engine Water
cooled, single cylinder,
dynamometer load

Kirloskar, 4 stroke, DI,
water cooled, eddy
current dynamometer
load; CR 17.5; 5.2 kW
@1500 rpm

Kirloskar, 4 stroke, DI
diesel engine, water
cooling, eddy current
dynamometer type
load, CR 17.5; 5.2 kW
at 1500 rpm

Single cylinder, 638cm3,
CR = 17.7:1, power
7.5 kW @ 2400 rpm,
re-entrant type piston

Kirloskar, 1 cylinder, 4
stroke, DI, air-cooled,
stroke 11 cm, bore
8.75cm, 4.4 kW at
1500 rpm

5.45% LOME,
57.78 MPa FIP,
6.505% EGR,
6.909 kg load

6 hole, 240 bar
FIP, 0.2 mm hole
diameter

800 bar, 15°bTDC

Pork lard biodiesel can
be used instead
of rape seed
biodiesel in terms
of performance &
emissions.

600 bar, 25% EGR

Load 86.3%; blend
15%; CR 16; IT
26.24°bTDC

EL 80%, B23.33%; IT
22.35°bTDC, FIP
192.7 bar

EL 45% B30, IP 240 bar,
30°bTDC

IT 5°bTDC; FIP 400 bar

IP 250bar; IT 26°bTDC;
EGR 8.12%

ITE, NOx increases and
HC decreases at all
loads

BTE increased, HC,
CO decreased, NOx
marginally increased

BTE increased, EGT
increased

Biocomponent rich
biodiesel based
optimisation may be
required

CO and smoke
decreased

BTE 31.5%; NOx
220.6 ppm

UHC 40.8 ppm; EGT
441.3K; Pmax
5.53 MPa; BTE
29.55%

BTE 24.1%; HC
39.4 ppm vol.;
EGT 479 K; Pmax
4.81MPa

Higher BTE, NOx and
decreased smoke
than diesel fuel for
all loads of operation
for MB50

Adding EGR decreases
performance, Nox
& increases other
emissions

RSM may be used to
estimate CRDI engine
efficiency and emission
parameters while using
linseed-based fuel.

Simarouba methyl ester
engine’s performance
was improved by raising
the FIP, number of
injector holes, and
reducing the orifice
diameter.

High injection pressure
and fuel injection closer
to TDC resulted in better
performance.

The use of alternative
fuel has no negative
impact on the engine’s
performance. In
medium-duty engines,
animal fatty fuel
components are a
superior alternative to
rapeseed methyl ester.

High injection pressure
resulted in improved
combustion due to
better atomisation.

BTE is mostly influenced
by load, while NOx is
influenced by load, CR,
and IT. For BTE and NOx,
a second order model
was created using RSM
with a desirability of
0.63. CCD, provides more
accurate forecasts than
box behnken.

Engine input setting can
be optimised using the
statistical tool of RSM

Using RSM, a second order
model was created for
BTE, HC, Pmax, and EGT
with desirability of 0.69.

RSM can be used for the
optimisation of engine
parameters successfully

RSM is quite helpful
in determining the
significant factors
influencing engine
emissions and DOE.

2. Materials and methods

Lemongrass can be planted in dryland areas. For plantation,
less water is sufficient, it can grow upto 2-metre length, and it
has been harvested in three months once. For the experimental
analysis, non-consumable Lemongrass oil has been purchased
directly from a local vendor in Tamilnadu. It was derived from

grass through a steam distillation process and then converted
into biodiesel via a general transesterification process as per
ASTM standards; the properties of the prepared biodiesel were
compared to baseline diesel, as shown in Table 2. The data
indicates that the attributes of processed biodiesel are closer
to those of base fuel. Generally, the biodiesel yield depends
on the type and amount of catalyst, oil-alcohol ratio, reaction



Table 2. Properties of lemongrass biodiesel.

Standard  Lemongrass ASTM
Properties Unit diesel biodiesel standard
Acid value mg of KOH/gm of oil 0.6 0.58 D6751
Free fatty acid % 0.3 0.29 -
Specific gravity - 0.816 0.873 D287
Density kg/m3 816 873 D287
Lower calorific KJ/kg 42856 39406 D 4809
value
Higher calorific KJ/kg 45309 41855 D 4809
value
Flash point °C 53 100 D 93-58T
Fire point °C 56 103 D 93-58T
Kinematic viscosity m?/s 0.00000209 0.00000391 D445
@ 40°C
Dynamic viscosity Pascal second 0.00173 0.00341 D445
at40°C

temperature, stirring speed, and time is taken to process (Marri,
Kotha, and Gaddale 2022) revealed optimum combination of
process parameters for getting maximum biodiesel yield of
96.01% vol. by using RSM for sterculiafoetida biodiesel such as
26% of methanol ratio, 800 rpm of stir speed, 1.09% of catalyst,
63°C of reaction temperature, and 135 min of reaction time. The
raw oil molecule bonding was broken in the transesterification
process by adding methanol and catalyst with suitable tem-
perature and agitation-end of the process of alcohol reaction
with natural oil obtained, the lemongrass biodiesel and glycerol.
Obtained biodiesel was used for experimental work, and the sep-
arated glycerol can be used for the pharmaceutical industry. A
container was filled with 1 L of raw oil; potassium hydroxide alka-
line catalyst of suitable grams. In a separate beaker, appropriate
ml of methanol was taken. Potassium hydroxide was mixed with
alcohol and stirred until thorough mixing. A mechanical stirrer
was used to agitate the raw oil container, while a heating coil was
used to heat it simultaneously. The speed of the stirrer was kept
to a minimum throughout the initial phases. Once the temper-
ature reached 60 degrees Celsius, the KOH and alcohol solution
was poured into the raw oil container and sealed tightly to pre-
vent evaporation during the reaction. Then the air-tight sealed
container was stirred at high speed, around 720 rpm, with a con-
stant temperature of 60 degrees Celsius to avoid evaporation.
After about two hours of oil-alcohol-catalyst solution stirring at
a constant temperature of 60°C, the solution was transferred to
a glass container. This container is kept without disturbance for
one day to separate biodiesel at the top, and glycerol at the bot-
tom of the vessel. Finally, the glycerol was removed for obtaining
the biodiesel after the water wash heat treatment process was
repeated until there was no glycerol content in the biodiesel. The
image of the prepared biodiesel blend is shown in Figure 1.

3. Experimental setup

The experimental work in a single-cylinder, water-cooled, CRDI
compressed engine with variable CR is shown in Figure 2. The
work was done by changing the fuel sample, fuel injection pres-
sure, fuel injection time, engine load and exhaust gas recircula-
tion rate while maintaining a steady engine rpm of 1500 and a CR
of 18. The experimental setup includes all necessary devices for
measuring air flow, fuel flow, combustion pressure, crank angle
and applied load, as indicated in Table 4. Interfacing using a
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high-speed data collecting system, these detected signals are
transferred to the computer system. It also comes with a stan-
dalone panel box that includes a dual fuel tank, an air box, a
manometer, a fuel measuring unit, transmitters, a Piezo pow-
ering unit, a rota metre, calorimeters, and a process indicator,
among other things. This configuration makes use of a pro-
grammable open electronic control unit for fuel injectors, diesel
injection, common rail with the rail pressure sensor, pressure
regulating valve, crank position measuring sensor, wire harness,
and fuel pump, and the accuracy of the instrument used is shown
in Table 3. Apex Innovations, Engine soft was used for monitor-
ing the work, reporting, data entry and data logging, as well as
processing the various required engine performance and com-
bustion parameters of air-fuel ratio, combustion analysis, heat
balance sheet, volumetric efficiency, mechanical efficiency, indi-
cated thermal efficiency, indicated power, fuel flow, Torque, BP,
BTE, friction power, indicated mean effective pressure and indi-
cated mean effective pressure. A gas analyser and a smoke metre
were also utilised to record contaminants throughout various
operating conditions when analysing exhaust emissions. Atmo-
spheric conditions were used for the experiment, and the read-
ings were taken after sufficient time had passed for the system to
reach a steady state. Apart from the engine load and exhaust gas
recirculation, the remaining activities are monitored and con-
trolled by a Nirai7r-based electronic control unit. In this experi-
ment, 2.5,4.9,7.4,9.8 and 12.3 kg of engine load are represented
by 20, 40, 60, 80 and 100% load. For the analysis, water-cooled
EGR was achieved by changing the control valve. The intake
charge is reduced via cold EGR (Rajesh Kumar and Saravanan
2015) (Tables 3—-11).

3.1. Analysis and evaluation of the model

P and F values are mainly generally considered in analysing the
developed model. Typically, p values less than 0.05 as significant.
Beyond 0.05, the p-value is considered insignificant, and the F
values above 0.05 are considered favourable. Hence, EL and FB
are crucial terms for BMEP and Torque in that aspect. EL and IT
are much more significant terms for SFC and the BTE than any
other parameters addressed in the investigation. Various engine
parameters affecting mechanical efficiency among the different
parameters EL, FIT and FB are identified as the most significant.
The primary influencing process important parameters for CO
pollution are EL, EGR, and FIT, and for NOx emissions, they are
EGR, IT, IP and FB. ANOVA table for output responses considered
indicated in Tables 12 and 13. The regression values found for
the analysed output responses of Torque, BMEP, BTE, mechanical
efficiency, SFC, CO and NOx were 0.99, 0.99, 0.84, 0.98, 0.82, 0.93
and 0.94. Generally, a signal-to-noise ratio of more than 4 is con-
sidered preferable. Obtained S/N ratios were 192.180, 190.067,
13.910, 45.646, 13.230, 19.818 and 2.606 for Torque, BMEP, BTE,
mechanical efficiency, SFC, CO, NOx.

Torque(Nm)
= —1.61117 4 (0.016275*FB) + (0.233607*EL)
+ (0.00228806*IP) + (0.0460243*IT)
— (0.0239063*EGR) — (4.89583e — 05(FB*EL))
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Figure 1. Lemongrass biodiesel blends.

Figure 2. Snapshot of the experimental setup (Manish Kumar et al. 2021a).



Table 3. Instrumental uses and accuracy.
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Table 6. Specifications of exhaust analyser.

Name of device/

instrument Company/model Used for Accuracy
Pressure sensor PCB Pizotronics In cylinder Pressure —0.01
USA/M111A22
AnalogTemperature ~ WIKA, Pune Water and exhaust 0.50%
Transmitter gas temperature
Speed Indicator Selectron, Mumbai RPM indicator 0.05%
Encoder Kubler Germany Crank angle and 0.25%
RPM
Dynamometer Technomech Loading-Unloading
Load cell Sensortronics, Measure load 0.25% F.S.
Chennai/60001 (0.125kg)
Load Indicator ABUS Technologies  Display applied 0.2%F.S
Inc. load
Differential Yokogawa/EJA110A-  Flow rate of fuel 0.10%
Pressure DMS5A-92NN
Transmitter
Pressure Wika instruments, Flow rate of air 0.50%
Transmitter SL1, Pune
Rotameter PG-1-21 Eureka Flow rate of water 2% F.S.
Pune

Component Specifications
Device AVL DIGAS 444N
Display LCD display
Interface usB

Operating Voltage 100-300V AC
Power consumption 10 W Maximum
Dimensions 270 x 85 x 320 mm

Table 7. Summary of responses fit statistics.

Mech SFC NOx in

Torque  BMEP BTE Eff. (kg/ COiIn% PPM

Components  (Nm) (bar) (%) (%) kWh) vol vol
R? 0.9993 0.9992 0.8401 0.9875 0.8278 0.9352 0.9454
Adjusted R? 0.9987 09987 0.7299 0.9788 0.709 0.8905 0.9077
Predicted R®Z 09975 09974 0.452 09611 03824 07862 0.8155
Precision 192.1799 190.0675 13.9104 45.6461 13.2304 19.8178 22.2058

Table 8. Summary of various responses model

Response  Source SS DF MS F-value p-value
Table 4. Specifications of experimental setup.
Torque  Model 806.08 20 403  1940.59 < 0.0001 Significant
Engine components Specifications Lackof Fit 0.5264 22 0.0239 2.21 0.1429 not significant
Make Kirloskar BMEP Model 29.09 20 1.45 1898.13 < 0.0001 Significant
Type CRDI VCR engine. single chamber. 4 stroke Lack of Fit 0.0192 22  0.0009 2.05 0.167 not significant
e water-coolng tpe CR (12.18) ' BTE  Model 52075 20 2604  7.62 <0.0001 Significant
Dimensions Swept length 1190)rl7’1)m' cylinder dia 87.5 mm, swept Lackoffit ~ 96.08 = 22 437 101 0.0021 S?gn?ﬁcant
volume 661.5cm3 ! ! Mech Eff. Model ) 4156.8 20 207.84 11435 <0.0001 Slgnlﬁca.nt
Combustion chamber Hemisphericallbowl 'connecting rod length 234 mm Lackof fit  41.46 22 188 117 0.4426 npt s'lgnlﬁcant
Power 3.5 KW @1500 rpm ! SFC Model ) 0274 20 0.0137 6.97 < 0.0001 S!gn!ﬁcant
Compression ratio 18 Lackof Fit  0.056 22 0.0025 1877 0.0003 S!gn!ﬁcant
Load Eddy current dynamometer type, arm length 185 mm o Model ) 1088 20 05439 2092 < 0.0001 Slgm.ﬁca.nt
EGR type water cooled ! Lackof Fit 0.6761 22  0.0307 2.76 0.0853 npt s'lgnlﬁcant
ECU Model Nira i7r solenoid injector driver with programmable NOx Model 7518406 20 3.75E+05 2591 <0.0001 Significant
Lack of Fit 3.72E405 22 16884.32 244 0.1146 not significant
open ECU software
Piezo sensor Combustion range 350 bar with low noise cable
Crank angle sensor Resolution 1°, Speed 5500 RPM with TDC pulse . L
Data acquisition NI USB-6210, 16-bit, 250ks/s Table 9. Constraints and desirability.
Temperature Sensor RTQType, PT100, Type K Lower Upper Lower Upper Impor- Desira-
Load sensor strain gauge type type, 0-30 Kg Name Goal limit limit weight weight tance bility
Fuel tank 15 L. Dual compartment
Nozzle 7 Hole & diameter 250 micrometer A:FB inrange 0 60 1 1 3 1
Rotameter Engine cooling 40-400 LPH, Calorimeter 25-250 LPH ~ B:EL inrange 20 100 1 1 3 1
Temperature Transmitter ~ type 2 wire, Input RTD PT 100, Range 0-100°C, CIp inrange 400 1000 1 1 3 1
output 4-20 mA D:T inrange 6 30 1 1 3 1
Software Enine soft for performance analysis E:EGR inrange 0 16 1 1 3 1
Pump Kirloskar, Monoblock Torque (Nm) maximise  4.61 2242 1 1 3 0.98
Setup overall dimension W2000 X D2500 X H1500 BMEP (bar)  maximise 0.88  4.26 1 1 3 0.98
BTE (%) maximise  11.7 32.79 1 1 3 0.70
Mech Eff. (%) maximise 24.59 67.52 1 1 3 0.96
Table 5. Accuracy of exhaust measuring device. SFC (kg/kWh) minimise 026 0.74 1 1 3 0.89
COin% minimise  0.04 0.37 1 1 3 0.72
Parameters Measurement Resolution ~ NOxinPPM  minimise 29 1836 1 1 3 0.84
(€0) 0-15% Vol. 0.001%Vol.
NOx 0-5000 ppm Vol. 1 ppm Vol.
Engine speed 400-6000 rpm 11pm — (1.56944e — 06*IP?) — (0.00143229*IT?)
Oil temperature 0-125°C 1°C
BMEP (bar)

+ (2.08333e — 06(FB*IP))

+ (0.000364583(FB*IT)) — (0.000505208(FB*EGR))

— (2.60417e — 06(EL*IP)) — (0.000164062(EL*IT))

+ (1.17188e — 05(EL*EGR)) — (8.68056e — 06* (IP*IT))
— (7.8125e — 06(IP*EGR)) + (0.000664063 (IT*EGR))

— (0.000215278*FB?) — (2.57812e — 05*EL?)

+ 0.000390556*IP + 0.00823611*IT

— 0.00252083*EGR

—0.294278 + 0.00291111*FB + 0.0444375"EL

— 1.04167e — 05*(FB*EL) + 5.55556e — 07* (FB*IP)
+ 7.63889¢ — 05*(FB*IT) — 0.000114583* (FB*EGR)
— 6.25¢ — 07*(EL*IP) — 3.125¢ — 05*(EL*IT)
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Table 10. Input parameters levels.

Table 12. ANOVA for Torque, BMEP, BTE.

Levels Torque (Nm) BMEP (bar) BTE (%)

Name Units Factor -2 -1 0 1 2 Source  F-value p-value F-value p-value  F-value  p-value
FB % A 0 15 30 45 60  Model 1940.59 < 0.0001 1898.13 < 0.0001 7.62 < 0.0001
EL % B 20 40 60 80 100 A-FB 8.39 0.0071 7.52 0.0104 191 0.1777
P Bar C 400 550 700 850 1000 B-EL 38779.77 < 0.0001 3793193 < 0.0001 109.46 < 0.0001
IT bTDC D 6 12 18 24 30 CIP 213 0.1553 1.88 0.181  0.0959 0.7591
EGR % E 0 4 8 12 16 D-IT 1.88 0.1808 1.88 0.181 9.5 0.0052

E-EGR 2.53 0.1225 2.56 0.1206  0.7026 0.4088
Table 11. Experimental design matrix.

Table 13. ANOVA for mechanical efficiency, SFC, CO, NOx.
RUN FB (%) EL (%) IP (bar) IT (bTDC) EGR (%)

Mecheffi. (%) SFC (kg/kWh) CO (%) NOx (PPM)

1 30 60 700 18 8
2 45 80 550 24 12 Source F-value p-value F-value p-value F-value p-value F-value p-value
3 45 40 850 12 4
4 45 40 550 2% 4 Model 11435 <0.0001 6.97 <0.0001 20.92 <0.0001 2591 < 0.0001
5 45 40 550 2 1 A-FB 11.28 0.0022 0.8599 03614 0.2224 0.6407 8.64 0.0064
6 45 40 850 2% 12 B-EL 2187.75 <0.0001 94.11 <0.0001 271.09 <0.0001 2.19  0.1495
7 15 80 550 12 12 CIp 0.2532 0.6187 03256 0.5726 142 0.2437 1094 0.0025
8 45 0 850 12 12 D-IT 35.09 <0.0001 428 0.0476 23.7 <0.0001 132.02 < 0.0001
9 45 30 850 12 4 E-EGR 0.0169 0.8973 147 02351 4491 <0.0001 277.60 < 0.0001
10 15 40 850 24 12
1 30 60 700 18 8
12 45 40 850 24 4
13 45 40 850 12 12 BTE (%)
14 15 40 550 12 4 _ * *
15 45 40 550 12 12 = —2.71812 + 0.314928™FB + 0.40686™EL
16 4 80 350 24 4 — 0.00476444*|P + 0.485312*IT
17 30 20 700 18 8
18 30 60 700 18 16 + 0.263479*EGR — 0.00239375™ (FB*EL)
19 30 60 700 18 8
20 15 80 850 24 12 — 0.000213611*(FB*IP) — 0.00124306" (FB*IT)
21 15 80 850 12 4
22 45 80 550 12 12 — 0.00626042* (FB*EGR) + 0.000241458 (EL*IP)
23 45 40 550 12 4 e
24 30 60 700 18 8 — 0.00466146 (EL™IT)
25 30 60 1000 18 8
26 30 60 700 18 8 — 0.00653906™ (EL*EGR) — 9.375e — 05™ (IP*IT)
27 30 60 700 30 8 * (| p¥ -
28 30 100 700 18 8 + 0.000748958* (IP*EGR) — 0.0276302* (IT*"EGR)
29 15 40 850 12 4 *rp2
30 30 60 700 6 8 + 0.0003961117FB
31 15 80 550 24 4 xry 2 *1D2
32 15 80 550 24 12 — 0.00179125"EL* — 5.01111e — 06™IP
33 45 80 850 24 12 * 72 * 2
34 15 40 550 12 12 — 0.000805556™IT“ + 0.0219375"EGR
35 0 60 700 18 8 0
36 15 40 850 12 12 Mech Eﬁ'( %)
37 15 40 250 24 12 =13.1763 — 0.012*FB + 0.723339*EL
38 15 80 550 12 4
39 30 60 400 18 8 +0.0132661%IP — 0.43283*IT — 0.451771*EGR
40 15 40 850 24 4
41 30 60 700 18 8 + 0.000776042* (FB*EL) — 0.00015375*(FB*IP)
42 45 80 550 12 4
43 30 60 700 18 8 + 0.00299653* (FB*IT) + 0.00188021* (FB*EGR)
44 15 80 850 12 12
45 45 80 850 24 4 + 8.05208e — 05*(EL*IP) 4 0.00504948 (EL*IT)
46 30 60 700 18 8
47 60 60 700 18 8 + 0.00195703* (EL*EGR) — 0.000237847* (IP*IT)
48 15 40 550 24 4 * ID* P—
49 15 30 850 24 4 — 0.000224479™ (IP*EGR) + 0.0033724" (IT*EGR)
50 30 60 700 18 0

— 1.5625e — 05* (EL*EGR) — 6.94444¢ — 07* (IP*IT)
— 1.04167e — 06" (IP*EGR) + 0.000104167* (IT*EGR)
— 3.8888%¢ — 05*FB% — 3.125e — 06*EL?

— 2.77778e — 07*IP? — 0.000277778*IT?

+ 0.00046875*EGR?

+0.000863611*FB% — 0.00342516*EL?
— 4.78056e — 06*IP? + 0.0108316*IT?
+ 0.0229648*EGR?
SFC (kg/kWh)
= 0.871403 — 0.00462222*FB — 0.0134521*EL
+ 0.000504444*|P — 0.00720139*IT
— 0.00795833*EGR + 4.375e — 05* (FB*EL)



+ 5.55556e — 07* (FB*IP) + 7.6388% — 05
*(FB*IT) 4 0.000145833* (FB*EGR)
— 5.41667e — 06* (EL*IP) + 6.77083e
— 05*(EL*IT) 4 0.00021875* (EL*EGR)
— 2.77778e — 06*(IP*IT) — 1.97917e — 05* (IP*EGR)
+ 0.000572917*(IT*EGR) — 8.33333e — 06*FB?
+ 7.96875e — 05*EL? 4 2.77778e — 08*IP?
+1.73611e — 05*IT? — 0.000507813*EGR?
In(CO in % vol)
= —2.71786 + 0.0321448*FB — 0.0127162*EL
+ 0.000160862*IP — 0.0842286*IT — 0.0723638
*EGR — 0.000270825* (FB*EL) — 7.50942¢
— 06*(FB*IP) — 6.06494e — 05* (FB*IT)
— 0.000396788" (FB*EGR) — 2.22326e — 05* (EL*IP)
— 0.000218301* (EL*IT) 4+ 0.00126983* (EL*EGR)
+ 8.08157e — 05*(IP*IT) + 5.0915e — 05* (IP*EGR)
+ 0.000257162*(IT"EGR) — 9.28523e — 05*FB?
+ 0.000426357*EL? — 1.86682e — 07*IP?
+ 0.00170016*IT? + 0.000657658*EGR?
NOx
= —601.175 4 30.5422*FB + 12.8991*EL + 0.0124444
*IP + 14.0788*IT + 67.3938*EGR — 0.112396
*(FB*EL) — 0.000597222* (FB*IP)
— 0.535069* (FB*IT) 4 0.321354* (FB*EGR)
4 0.0161563* (EL*IP) + 0.535677* (EL*IT)
— 1.00664" (EL*EGR) + 0.0342014* (IP*IT)
— 0.0385938* (IP*EGR) — 4.17057* (IT*EGR)
— 0.334139*FB? — 0.175141*EL2
— 0.000608056*IP? + 0.435938*IT?
+ 0.387109%EGR?

3.2. Effect of process parameter on torque

All other input components such as fuel blend, FIP, FIT and
EGR are less critical than engine load when it comes to Torque.
Figure 3(b) shows a 3D surface of Torque versus engine load and
injection pressure while maintaining a hold value of 30% fuel
blend, injection timing at 18°bTDC, and EGR at 8%. Figure 3(a)
shows a 3D surface graph of torque variation versus fuel blend
and engine load with the remaining parameters (injection pres-
sure, injection timing, and EGR) set to mid-level hold values.
According to the ANOVA table based on the P value, Torque
is primarily influenced by engine load and fuel blend. All other
input parameters for the investigation are considered sec-
ondary. Because Torque is related to engine load, an increase
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in EL will enhance Torque. Figure 3(c) indicates engine loads
and their interactive effect on Torque by retaining FIP, EGR and
FB as mid-level hold values. Figure 3(d) shows the change of
Torque versus engine load, EGR, when the fuel blend is 30%, IP
is 700 bar, and injection timing is 18 degrees bTDC. During the
experimental investigation, the maximum and minimum Torque
obtained was 4.61 and 22.42 Nm, respectively. Advancement of
FIT results in improved homogenous air-fuel mixture formation,
which supports better combustion quality (Wasiu et al. 2018;
Rostami, Ghobadian, and Kiani 2014). Diesel fuel delivered more
Torque than biodiesel due to its higher energy content (Igbokwe
and Nwafor 2016; Arul Nicholas et al. 2022).

3.3. Effect of process parameter on BMEP

The mean pressure developed during the cyclic process is called
mean effective pressure. Like Torque, the rising trend of brake
mean effective pressure also depends mainly on engine load
than on all other parameters considered for the analysis, as
shown in Figure 4. It was observed that compared to engine load,
the remaining parameter’s effect on BMEP was at a minimum
level. Increased engine load increased BMEP (Kumar 2021). It is
highly related to Torque (Rostami, Ghobadian, and Kiani 2014).
The maximum and minimum BMEP obtained during experimen-
tal work was 4.26 and 0.88 bar, respectively. When FIP, FIT,
and EGR are at mid-level, the variation of EL, and FB effect on
BMEP response surface, as shown in Figure 4(a). The FIP and EL
effect on BMEP when holding remaining input at the mid-level
is shown in Figure 4(b). The impact of FIT and engine load on
BMEP when keeping the remaining factor at mid-level is shown
in Figure 4(c). The outcome of the EGR and EL effect on BMEP is
shown in Figure 4(d) by keeping FB, FIT and FIP at mid-level as
hold value. With the use of EGR, the maximum in-cylinder heat
release rate was steadily reduced (Ge et al. 2020). Before and after
TDC injection experimentation, maximum cylinder pressure was
seen at 6°bTDC (Raeie, Emami, and Sadaghiyani 2014). From the
ANOVA table based on the p-value, BMEP mainly depends on
engine load and fuel blend than other parameters.

3.4. Effect of process parameter on BTE

The 3d surface graph of brake thermal efficiency versus engine
load and fuel blend by keeping the remaining parameter at mid-
level as shown in Figure 5(a). It has been observed that BTE rises
as load increases, a tendency that has also been reported by (M.
Kumar et al. 2021b; S. Kumar and Dinesha 2018). The maximum
brake thermal efficiency was observed when the engine was
operated with 0% bio components in diesel fuel as fuel rather
than the increased presence of bio components in diesel fuel
for all loads of engine operations. This was due to the reduced
energy content of the lemon grass biodiesel. The addition of bio-
material in the diesel fuel turns into an increase in density. It
decreases the calorific value of supplied energy, causing lower
BTE at a full load of engine operations (M. Kumar et al. 2022;
M. Kumar et al. 2021b) decrease in thermal efficiency with an
increase in blend concentration is due to a rise in viscosity, lower
atomisation, and incomplete combustion. Interactive response
of FIP, engine load on BTE when holding remaining input fac-
tors at mid-level as illustrated in Figure 5(b). The increase in
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Figure 3. 3D surface graph of Torque vs. process parameters.

BTE along with engine load was further increased by increasing
the fuel injection pressure minimum of 400 bar to a maximum
1000 bar level of analysis. The injected fuel mixing rate with
air at high FIP makes a more delicate spray, and a favourable
combustion situation turns into atomisation of fuel spray and
better mixing of compressed high pressure, temperature air
leads to complete combustion of injected fuel. Maximum brake
thermal efficiency was produced at 1000 bar injection pressure
and 100% engine load. An increasing trend of BTE was seen
by increasing FIP (Manish Kumar et al. 2021b; Dond and Gul-
hane 2022). The performance of the engine was improved by
increasing FIP (Kanthasamy, Arul Mozhi Selvan, and Shanmugam
2020; Kumar et al. 2019; Agarwal et al. 2015; Keerthi Kumar
et al. 2021; Arul Nicholas et al. 2022). Advancing the fuel injec-
tion timing from 6°bTDC to 30°bTDC and the engine load from
20% to 100%, the brake thermal efficiency output response, as
shown in Figure 5(c), by keeping the remaining variable at mid-
level as hold values. The maximum brake thermal efficiency was
achieved when the fuel was injected nearer to TDC. Significantly
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(d

higher BTE was seen when injecting fuel nearer to TDC than
advancing (Rostami, Ghobadian, and Kiani 2014; Dond and Gul-
hane 2022). Throughout the analysis, maximum brake thermal
efficiency was achieved at 6°bTDC and engine load at 100%
due to maximum brake power, such a trend also observed by
(Teoh et al. 2021; Kumar et al. 2019; Dond and Gulhane 2021).
An increasing trend of BTHE was seen for retarded FIT upto
10°bTDC for acid oil biodiesel at 600 bar; further, it enhanced
upto 900 bar (Rajesh et al. 2018). At high FIP, injecting fuel nearer
to TDC gives a favourable combustion situation inside the com-
bustion chamber, but at low injection pressure, injecting fuel
too away from TDC provides a good condition, so the optimum
combination needs to be analysed (Agarwal et al. 2015). Adding
4, 8, 12, and 16% EGR decreased brake power due to a lack
of adequate oxygen inside the combustion chamber, resulting
in an unfavourable state for fuel combustion, as illustrated in
Figure 5(d). The addition of EGR along with a lower biomate-
rial fuel blend leads to enhancement in BTE than the addition of
EGR along with an increase of fuel blend due to calorific value (N.
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Figure 4. 3D surface graph of BMEP vs. process parameters.

Saravanan et al. 2008). Without re-circulating exhaust gas inside
the combustion chamber, given higher BTE. The engine’s perfor-
mance marginally decreases EGR’s introduction (Rajesh Kumar
and Saravanan 2015; Arul Nicholas et al. 2022). An increase in
PM and a decrease in efficiency were reported with the addition
of EGR (De Serio, de Oliveira, and Sodré 2017). The highest and
lowest BTE stands at 11.7% and 32.79% during the experimenta-
tion. Maximum BTE has been achieved generally while increas-
ing engine load, decreasing bio-fuel concentration, injecting fuel
nearer to TDC, and decreasing EGR. The ANOVA table based on
the p-value shows that the BTE is mainly influenced by engine
load and injection timing.

3.5. Effect of process parameter on mechanical efficiency

Mechanical efficiency mainly depends on engine load followed
by IT and IP than other parameters considered based on sig-
nificant p-value in the ANOVA table. Maximum mechanical effi-
ciency was seen by increasing the engine load, IT (too away
from TDC), IP and decreasing the EGR, as shown in Figure 4. The
variation of mechanical efficiency versus engine load and fuel
blend by keeping the remaining input parameter at mid-level,
as shown in Figure 6(a). The biomaterial blend increase turns
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into a rise in mechanical efficiency, and the maximum mechani-
cal efficiency was seen at the engine operation’s high fuel blend
and load. The 3d surface responses of injection pressure ver-
sus engine load interaction on mechanical efficiency when the
remaining input process parameter is kept at mid-level as shown
in Figure 6(b). The maximum mechanical efficiency was obtained
when the fuel injection pressure and engine load were both
high, a tendency also noted by (Manish Kumar et al. 2021b). The
variation of mechanical efficiency for FIT versus EL by keeping
remaining control factors at mid-level, as shown in Figure 6(c).
Injecting the fuel away (6-30 degrees) from before TDC turns
into an increasing trend of mechanical efficiency was seen than
injection at nearer to before TDC for all loads of engine oper-
ations. The maximum and minimum mechanical efficiency are
seen when operating the CRDI engine at 30 degree bTDC, 100%
of engine load, and at 6 degree of FIT, 20% of engine load. The
surface graph variation of mechanical efficiency between EGR
and engine load by keeping remaining affecting input factors
at mid-level is shown in Figure 6(d). The most excellent and
poorest mechanical efficiency during the trial was 67.52 and
24.59%, respectively. Improved performance and emissions of
CRDI engine with shorter ignition delay were observed at FIP of
500 bar and 16°bTDC (Marri, Kotha, and Gaddale 2018).
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Figure 5. 3D surface graph of BTE vs. process parameters.

3.6. Effect of process parameter on SFC

The variation of SFC versus fuel blend and engine load when
keeping the remaining input parameter as hold values at the
mid-level is illustrated in Figure 7(a). SFC decreased when the
load was increased from minimum to maximum for all the test
samples. At high engine loads, SFC increases when increasing
the bio component in the diesel fuel than pure diesel alone as
fuel. But at a low engine operation load, more SFC was observed
for pure diesel than biodiesel. The lowest SFC was observed
when operating an engine without adding biomaterial in diesel
as fuel due to property variations like calorific value and density.
Due to the higher heating value of diesel giving better econ-
omy than biodiesel blends (Igbokwe and Nwafor 2016; Rostami,
Ghobadian, and Kiani Deh Kiani 2014), high mixtures of alco-
hol lead to an increase in SFC (Siva Prasad, Srinivasa Rao, and
Raju 2021). The SFC variation concerning FIP, EL, by considering
remaining affecting parameter at a medium level as hold value
as shown in Figure 7(b). With increasing FIP, the duration of fuel
infusion falls somewhat. Due to the high fuel thickness and lower
volatility of biodiesel compared to mineral diesel, a high concen-
tration of biomaterials in test fuel resulted in poor atomisation
fuel-air interaction characteristics, which prolonged the com-
bustion duration of biodiesel blends in CRDI engines (Agarwal
etal. 2015). When operating the engine at 100% load, SFC drops

BTE (%)
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-
o

16 100
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with the increase in FIP from 400bar-1000 bar, such a trend also
seen by researcher (Yoon, Ge, and Choi 2019; Dond and Gulhane
2021).Advancing fuelinjection timing, SFCincreases for blended
fuel than diesel, as shown in Figure 7(c), by keeping remaining
input factors at a medium level. The Lowest SFC was achieved
at 6°bTDC and 80% of engine load, advancing fuel injection tim-
ing from 6°bTDC to 30°bTDC leads to augmenting in SFC trend
was observed as shown in Figure 7(c), retarded FIT gave less SFC
than advanced FIT (Dond and Gulhane 2022). At 100% engine
load, SFC was increased with the addition of EGR by consider-
ing the remaining process parameter at mid-level, as shown in
Figure 7(d). The lowest SFC was achieved, operating the engine
at 80-90% of engine load, without adding EGR. At the low load of
the engine operation, increasing the EGR rate resulted in a drop
in SFC than operating an engine without EGR. Still, at the high
load of CRDI engine operation, SFC was significantly increased
with the addition of the EGR rate (N. Saravanan et al. 2008) with-
out the addition of EGR, the SFC was lower due to lean burn
operating conditions. Even with EGR, the BSFC decreases when
using the engine at a higher load than a low load (Ge et al. 2020).
The lowest and highest SFC of 0.26 and 0.74 kg/kWh were seen
throughout the experimental work. Engine load, injection tim-
ing, EGR, FB, and IP all play a role in SFC. SFC was reduced during
a full load of engine operation by boosting injection pressure
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Figure 6. 3D surface graph of Mechanical efficiency vs. process parameters.

and lowering fuel IT (i.e. closer to TDC), fuel blend, and EGR addi-
tion. The optimum BTHE and BSFC was seen at 100% EL, 10%
EGR, 30% fish biodiesel + 0.5% ethyl hexyl nitrate (Karthikeyan
etal. 2019).

3.7. Effect of process parameter on CO emissions

Figure 8 shows the CO emissions when the effect of any two
input factors, such as FB, EL, FIP, FIT and EGR, by keeping the
remaining three process parameters at mid-level. Figure 8(a)
shows an increase in CO emission with increasing engine load
for all experimental blended fuels when the remaining param-
eters are kept at mid-level as hold values. A decreasing trend
of CO emission was seen by increasing FIP, biodiesel concentra-
tions due to proper mixing of air-fuel, higher oxygen content,
and complete combustion (Yoon, Ge, and Choi 2019; Dond and
Gulhane 2021; Siva Prasad, Srinivasa Rao, and Raju 2021). Increas-
ing the bio-fuel presence in diesel fuel showed a drop of CO
emissions, such a trend also seen by (Arul Nicholas et al. 2022).
Due to the high oxygen levels in biomaterial, CO pollutants were
lower with increasing bio concentration than pure diesel alone
at maximum engine operation load. The most elevated CO was
measured using petroleum as fuel and operating the engine

A: Fuel Blend (%)
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at a high load. Increasing the fuel injection pressure from 400
to 1000 bar reduced CO emissions. At maximum engine load,
by increasing FIP towards maximum, there was a considerable
reduction in CO emissions due to a favourable combustion situa-
tion caused by anincrease in pressure. A decrease in CO emission
was reported by increasing FIP (Kanthasamy, Arul Mozhi Selvan,
and Shanmugam 2020; Sathiyamoorthi and Sankaranarayanan
2016). The lowest CO emission was seen at a lower injection pres-
sure of 400 bar and a lower engine load of 20%. Advancing fuel
injection timing, i.e. away from TDC, increases CO emission, as
shown in Figure 8(c). The maximum CO emission was observed
at maximum engine load and FIT at 30°bTDC. The rising trend
of carbon monoxide emission was seen by increasing the per-
centage of EGR addition in the combustion chamber due to the
lack of oxygen required for complete combustion, as shown in
Figure 8(d); such a trend has also been observed by (Ge et al.
2020). The maximum CO emission was observed at 100% engine
load and 16% EGR. At full load, CO emission were tremendously
decreased operating engine without addition of EGR (N. Sara-
vanan et al. 2008). The lowest and highest carbon monoxide
emissions reported while conducting experimental work were
0.04% and 0.37%. The CO emission mainly depends on EL, EGR,
and FIT, followed by FIP and fuel blend in the aspect of p-value
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Figure 7. 3D surface graph of SFC vs. process parameters.

significance. A decrease in CO emission was seen by increasing
the biofuel concentration and FIP and decreasing the IT (inject-
ing fuel nearer to TDC), EGR rate, and engine load. Tables 5
and 6 illustrate the precision and features of exhaust gas analy-
sers. At optimum ternary blends of (cottonseed oil 5% + Mahua
15-20% + n-butanol 15-20%), CO emissions decreased with the
expense of HC (Balaji and Veeresh Babu 2022). An increase of
ethanol addition in the blends leads to a reduction of NOx with
the expense of HC and CO (Rajesh et al. 2018).

3.8. Effect of process parameter on NOx

Figure 9 represents the NOx response concerning two input fac-
tors while keeping the three influencing parameters at a medium
level. An intense increase in NOx pollutant emissions was seen
by increasing the engine load; such a trend was also seen by (Ge
et al. 2020; S. Kumar and Dinesha 2018). A tremendous increase
in NOx emissions was observed by increasing the engine load
from 20% to 100%, and these emissions are reduced significantly
by increasing the biodiesel blend. The addition of biodiesel
blend upto 30% leads to an increase in NOx emissions beyond
that level of the addition of biomaterial, emission decreases for
allloads of engine operations, as shown in Figure 9(a). The lowest
NOx was observed at 100% of engine load and 60% of fuel blend

B: Engine Load (%)

SFC (kg/kWh)

100

" 60
B: Engine Load (%)

SFC (kg/kWh)

100

B: Engine Load (%)

due to low combustion temperature turning into a poor chemi-
cal reaction between nitrogen and oxygen components caused
by lower calorific value biomaterial than diesel fuel. Maximum
NOx was observed at 100% of engine load and zero percent-
age of fuel blends due to high combustion temperature caused
by high calorific value diesel fuel. NOx pollutant for biodiesel is
lesser than diesel (Arul Nicholas et al. 2022). The formation of
NOx pollutants depends on the product’s oxygen content and
the ignition temperature. And a slight increase in NOx emis-
sion was observed by adding a small amount of biodiesel to the
supplied fuel; similarly, the same increasing trend of NOx was
observed by increasing engine load and FIP (Yoon, Ge, and Choi
2019). Increasing FIP from 400 bar to 1000 bar and advancing
IT from 6°bTDC to 30°bTDC turns into a tremendous increase in
NOx emission due to the high FIP and FIT creates enough time for
thorough mixing of air-fuel components, leads to a favourable
situation for complete combustion turns into high combustion
temperature causes nitrogen and oxygen components reactions
very vicariously, and lesser ignition delay is shown in Figure 9(c)
while keeping remaining input factors at mid-level as hold val-
ues. Higher FIP promotes finer spray and atomisation leads to
an enhanced mixing rate causes fuel to burn better, resulting in
increased thermal efficiency and NOx emissions (Agarwal et al.
2015; Siva Prasad, Srinivasa Rao, and Raju 2021). Advancing FIT
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Figure 8. 3D surface graph of CO vs. process parameters.

gave higher NOx than retarded fuel injection due to decreased
delay period and lower combustion temperature (S. Kumar and
Dinesha 2018; Marri, Kotha, and Gaddale 2021). At high FIP same
trend was seen by (Manish Kumar et al. 2022; Kanthasamy, Arul
Mozhi Selvan, and Shanmugam 2020; Marri, Kotha, and Gaddale
2021). Increasing the fuel injection pressure reflects an increase
in NOx emissions. The maximum NOx was observed at 1000
bar, 80% of engine load and the least NOx was observed at 400
bar and 100% of engine load. Augmentation trend of NOx was
observed by advancing fuel injection timing from 6, 12, 18, 24 to
30°bTDC, i.e. away from TDC and maximum NOx was observed
while injecting fuel at 30°bTDC, at 80% of engine load. Increas-
ing IP, EL turns into an enhancement of NOx emissions, as shown
in Figure 9(b). Variation of EGR and IT effects on NOx is shown
in Figure 9(iv). Maximum NOx was observed at zero percentage
of EGR and injection of fuel too away from TDC of 30°bTDC. An
intense decrease of NOx emissions was observed with the addi-
tion of EGR from 4%, 8%, 12% to 16%, causing lower oxygen
presence inside the cylinder to cause incomplete combustion to
occur, as shown in Figure 9(d), the such trend also observed by
(Ge et al. 2020). The increase of IP from 150 bar to 250 bar results
in an increase in the BSFC, HC, CO, NOx, smoke density and
decreased the BTE, CO,, EGT (Elkelawy et al. 2021). The addition
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of EGR decreases NOx emissions due to lower combustion tem-
perature caused by inert gas inside the cylinder (N. Saravanan
etal. 2008). The same trend has been seen in Manish Kumar et al.
(2022). NOx pollutant mainly depends on EGR, IT, IP, fuel blend
followed by Engine load based on the significance of p-value.
The decreasing trend of NOx was seen by increasing the bio-
fuel concentration and EGR rate and decreasing the engine load,
IP, and IT (nearer to TDC). Smoke and NOx levels were reduced
in oxygenated blends at the same time (Elkelawy et al. 2018).
The primary influencing parameters for managing NOx and PM
were found as injection timing, CR, EGR and FIP, based on the
SN ratio Because of the high ignition temperature, oxygen con-
centration, and reaction time in biodiesel-fueled engines, it is
recommended to control high ignition temperature using one
of two methods: injection of water or emulsion of biodiesel with
water, or delayed biodiesel injection of engine operation, which
results in a lower reaction time and lower combustion tempera-
ture (Fernando, Hall, and Jha 2006). NOx emissions for Pongamia
biodiesel were lower when the injection was delayed than stan-
dard injection (Suryawanshi and Deshpande 2005). As a result,
FIT changes have a bigger impact on NOx emissions. By delay-
ing FIT by around 2°CA for canola biodiesel, 11% of NOx and
2.7% of BSFC were reduced. Engine downsizing, exhaust gas
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recirculation and delayed FIT towards TDC are all used to control
high NOx levels, and split injection is found to be superior to EGR
and delayed injection (Sindhu, Amba Prasad Rao, and Madhu
Murthy 2018). At 100% engine load, bsfc and NOx decreased
due to a retarding FIT in a heavy-duty diesel engine (Fayad
2019). To identify the best condition, researchers looked at what
happened before and after TDC FIT and discovered that early
injection produced more NOx than late injection (Raeie, Emami,
and Sadaghiyani 2014). For B100, soybean biodiesel gave lower
NOx at retarded injection (Qi et al. 2011; Xiao et al. 2020). Using
biodiesel and oxygenated additives, researchers varied the FIT
(2.5-22.5°bTDC) and EGR (0-30%) and found that injecting closer
to TDC resulted in significantly lower NOx than injecting fur-
ther away. All oxygenated fuels produced less NOx, although the
benefit claimed by adding up to 15% EGR on NOx can be accom-
plished by merely infusing fuel at 2.5°bTDC from 22.5°bTDC. As a
result, pumping fuel closer to TDC is more effective than adding
EGR for reducing NOx emissions. EGR reduces NOx while signif-
icantly increasing CO during full load operation, which is one of
the optimisation aims. When utilising rice bran biodiesel without
blending with diesel, the key influencing parameter for limiting
NOx at no load and part load is EGR. However, FIT is the influenc-
ing parameter at full load rather than EGR and FIP (S. Saravanan,

NOXx in PPM vol

NOx in PPM vol

E: EGR (%)

D:IT (bTDC)

Nagarajan, and Sampath 2013). According to prior studies, even
when the engine is operated at full load with B100 alone as
fuel and EGR, oxygenated additives, the effect on NOx is mostly
managed by injecting fuel closer to TDC; this pattern was also
observed in my findings (Gnanasekaran, Saravanan, and llangku-
maran 2016; Dond and Gulhane 2021). lower ignition delay due
to delayed FIT results in decreased premixed combustion and
heat release rate. Retardation also leads to an increase in brake
thermal efficiency and a reduction in NOx emissions.

3.9. RSM desirability and ANN

In the aspect of fuel injection parameter optimisation in CRDI
diesel engines, RSM is an effective approach (Teoh et al. 2021;
Saiteja and Ashok 2022; Ramachander et al. 2021). It is an
essential tool for multi-objective optimisation of CRDI engines
fuelled with linseed biodiesel (Manish Kumar et al. 2021a).
Using linseed-based fuel, RSM can predict CRDI engine perfor-
mance and emission parameters (Manish Kumar et al. 2022).
Engine input setting can be optimised using a statistical tool
of RSM (Sharma et al. 2020b; Sharma et al. 2020a; Teoh et al.
2021; Ramalingam et al. 2022). Hence, it is clear that the RSM
tool can be used for designing the experiment and analysing



multi-objective problems, prediction and optimisation. Bio-
component-rich biodiesel based optimisation is required (Duda
et al. 2021). CCD comparatively gives accurate predictions (S.
Kumar and Dinesha 2018). Experimental work was conducted
based on a central composite design matrix. And using the
obtained experimental data, the numerical multi-objective opti-
misation was carried out using an RSM optimiser to know the
level of desirability with the objective of minimising the out-
put responses of specific fuel consumption, carbon monoxide,
oxides of nitrogen and maximising the responses of torque,
and brake mean effective pressure, brake thermal efficiency
and mechanical efficiency by maintaining equal importance or
weightage to all the response factor. The individual desirabil-
ity of 0.98, 0.98, 0.70, 0.965, 0.89, 0.70, 0.85 for torque, brake
mean effective pressure, brake thermal efficiency, mechanical
efficiency, specific fuel consumption, carbon monoxide, oxides
of nitrogen were shown in Table 9. Maximum desirability of 0.863
was seen out of 100 solutions by increasing engine load (20% to
100%), increasing fuel blend (0-60%), increasing injection pres-
sure (400 bar to 1000 bar), injecting fuel nearer to TDC (30°bTDC
to 6°bTDC) and decreasing exhaust gas recirculation (16-0%).

To validate RSM analysis, experimental work was conducted
at RSM predicted optimum combinations three times, and the
error was within the level of acceptance, as shown in Table 14.
The RSM optimised result to meet goals was 59.991%, 99.984%,
999.9 bar, 6°bTDC and 0.008% of FB, EL, IP, IT and EGR, respec-
tively.

Levenberg-Marquardt backpropagation algorithm model
developed For predicting output response one by one, MATLAB
R2019b was utilised. The following steps were taken: load data,
partition data into input and output, define network structure,
train and test the network by modifying hidden layer size until
appropriate regression values were obtained, lastly, error calcu-
lation between target and output, and graph presentation. The
ANN technique can be more accurately forecast process output
responses than RSM-based prediction. Table 15 shows the cal-
culated regression values of ANN with hidden layer size and iter-
ations for CRDI engine performance parameters of mechanical
efficiency, BTE, SFC and CO, NOx emission parameters.

Table 14. RSM predicted VS experimental values.

Components Predicted Experimental Error (%)
FB (%) 59.991 60
EL (%) 99.984 100
IP (bar) 999.992 1000
IT (°bTDC) 6 6
EGR (%) 0.008 0
Torque (Nm) 22.184 21.783 1.81
BMEP (bar) 4217 4.138 1.87
BTE (%) 26.642 26.122 1.95
Mech Eff. (%) 66.085 65.601 0.73
SFC (kg/kWh) 0311 0.321 3.22
COin % vol 0.078 0.080 2.56
NOx in PPM vol 310.674 317.333 2.14
Table 15. ANN regression

Mech. efficiency BTE SFC co NOx
R (ANN) 0.99425 0.90405 093853  0.97169  0.95377
Hidden layer 5 32 5 10 7
Iterations 21 5 12 10 14
R? (RSM) 0.9875 0.8401 0.8278 0.9352 0.9454
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4. Conclusions

RSM optimiser was used to optimise parameters of a single
cylinder 4 strokes, water cooling type CRDI compressed igni-
tion engine based on a design matrix by varying the blends
of lemon grass biodiesel, engine load, FIP, FIT and EGR up to
16%. An ANOVA analysis was conducted to discover the major
influencing input components on output responses.

For forecasting torque, BMEP, mechanical efficiency, BTE,
BSFC, CO and NOx, RSM was utilised to build a second-order
polynomial quadratic model. In addition, there was no dis-
cernible discrepancy between fitted values and experimental
data. RSM was verified by performing experimental work at the
best possible combination, and the error was within acceptable
bounds.

The impact of engine load and biodiesel blend on torque
and BMEP output responses is stronger than the rest of the
parameters evaluated.

The effects of engine load and injection timing on brake ther-
mal efficiency and specific fuel usage are more potent than other
variables evaluated.

The impact of engine load, injection time, and fuel blend on
mechanical efficiency is greater than the impact of the other
characteristics evaluated.

CO emissions are influenced more by engine load, injection
time and exhaust gas recirculation than by fuel blend and injec-
tion pressure.

NOx emissions are influenced by exhaust gas recirculation,
injection timing, injection pressure and fuel blend, followed by
engine load.

Based on the desirability method, the best process parameter
for highest performance and least emissions is 12.3 kg of engine
load, 60% biodiesel blend, 1000 bar injection pressure, 6°bTDC,
and without the addition of EGR.

ANN predicts mechanical efficiency, BTE, SFC, CO and NOx to
be 0.68, 7.6, 13.3, 3.90 and 0.88% higher than RSM.

When the input configuration is 15% of blends, 80% of
EL, 850bar of FIP, 12°bTDC of FIT, and 12% of EGR, the mini-
mum indicated BSFC and maximum BTHE are 0.26 kg/KW.hr and
32.79%, respectively. The settings of 30% mixes, 20% EL, 700
bar FIP, 18°bTDC of FIT, and 8% EGR has been reported to have
maximum BSFC and minimum BTHE of 0.74 kg/KW.hr and 11.7%,
respectively.

Lemongrass biodiesel can be used as an alternative fuel in
CRDI engines, according to a feasibility study of high percent-
age lemongrass biodiesel blends conducted at varied retarded
FIT and FIP up to 1000 bar.

According to the results of the ANOVA study, EL has a 99%
influence on BMEP and torque. EL's impact on BTHE is 60.3%. EL
influences 94.4% of mechanical efficiency. EL has a 55.9% sway
over SFC. EL, EGR and IT respectively influence CO by 60.58%,
10% and 5.3%. EGR and IT both have a 50.5% and 23.9% impact
on NOx.

This optimised result is only appropriate for the 1500 rpm and
18:1 compression ratio of the CRDI engine parameters that were
investigated in the investigation.
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