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Abstract: India imports fossil fuels to meet its energy needs, and the need is anticipated to increase
over the coming years. The constant usage of crude fuel will initiate its depletion in due course,
necessitating the hunt for substitute fuels. One of the most promising alternatives to fossil fuels is
determined to be biofuels. Fuels made from second-generation feedstocks, particularly non-edible
oils, may change the game in this situation. The use of Simarouba non-edible oil as a substitute for
diesel in common rail direct injection (CRDI) engines is the subject of the current piece of research.
Running a CRDI engine with Simarouba biodiesel blends may not be suitable under the same
operating conditions as running a diesel engine. To optimize performance, the ideal conditions for
operating a CRDI engine with Simarouba biodiesel mixes needs to be discovered. The control settings
in this study that affect the engine’s performance viz., fuel temperature (FPT), fuel injection pressure
(IP), and injection time (IT) are designed using the Taguchi technique. Under full load conditions of
12 kg, for the biodiesel blends viz., SB5, SB10, and SB20, studies were conducted using the Taguchi
L9 orthogonal array (OA). Through experimentation, performance and emission responses were
obtained. For analysis, six engine responses were considered. The analysis shows that each response
is uniquely impacted by the engine control parameters. Therefore, it might be challenging to pinpoint
the ideal circumstances that would improve performance and lower emissions. Thus, this presents an
example of a multi-response optimization problem. For this reason, multiple response optimization
uses Taguchi-Grey Relational Analysis (TGRA). According to TGRA, the ideal settings to increase
engine performance while using Simarouba biodiesel blends as fuel are an FPT of 40 °C, an IT of 21°
bTDC, and an IP of 600 bar.

Keywords: Taguchi; Simarouba biodiesel; performance; control factors

1. Introduction

In India, the transportation sector is a key contributor to increased emissions. At
present, the energy utilized in the transportation sector comes mostly from petroleum, and
India sources most of its energy need from other countries. The climate is impacted by con-
stant usage of petroleum. There is an urgent need to decrease greenhouse gas emissions [1].
India has set a target to reduce GHG emissions and is committed towards decarbonization
of the transportation sector. Biofuels are being given substantial consideration because they
may provide an answer to several challenges, including the exhaustion of petroleum re-
sources, environmental concerns, problems with energy security, and rural unemployment.
There are many non-edible oil seeds with commercial value, including neem, Simarouba,
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mahua, jojoba, rubber seed, and tobacco seed [2]. These oils can be used in diesel engines,
which compresses air-fuel mix to produce the required power [3]. Recent studies and
research have demonstrated that blending biodiesel with diesel has advantages including
reduced viscosity, increased efficiency, and decreased emissions, among others [4]. Because
energy costs can be reduced, the use of biodiesel has a big impact on the economy. Because
biodiesel degrades more quickly and has virtually little sulfur when matched with diesel,
using it is excellent for the environment. Biodiesel is less harmful and is biodegradable.
In addition to significantly lowering energy costs, biodiesel also improves employment
opportunities in rural areas.

In this study, a two-stage transesterification procedure was used to turn Simarouba oil
into Simarouba biodiesel. To examine its impact on CRDI engines, neat Simarouba biodiesel
was mixed with diesel in various amounts, namely 5%, 10%, and 20%. The fuel parameters
of the mixes of Simarouba biodiesel were studied to assess their viability as an engine fuel.
Using the Taguchi method, studies incorporating control variables that have an impact on
the CRDI engine’s performance were planned. By conducting experiments according to the
L9 orthogonal array for the biodiesel blends B5, B10, and B20, how the performance and
emission reactions changed was noted. By adopting the grey relational method, the CRDI
engine’s many responses were reduced to a single response, or GRG [5,6].

Deng created the Grey Relational Analysis (GRA), which uses the Grey System Theory.
The GRA is exploited to solve difficult, grey-natured situations involving both known and
unknowable information [4]. Since the Taguchi technique provides distinct ideal settings
for every variable in response, it is appropriate to find the best values for single response
problems. However, multi-response optimization utilizing GRA is the best approach when
several responses have different properties [7-11]. GRA is employed to discover the most
important factor impacting the response variable by ranking the experiments as per grey
relational grade (GRG) value [10]. The best conditions for operating an engine by biodiesel
blends are found using TGRA analysis, which combines the GRA and Taguchi techniques.

2. Methodology

Through a two-stage transesterification process, Simarouba oil was treated to make
Simarouba biodiesel. To evaluate the impact on the engine, neat Simarouba biodiesel was
mixed in varied amounts, i.e., 5%, 10%, and 20% with diesel. Fuel preheating temperature
(FPT), injection pressure (IP), and injection time (IT) were the three engine control elements
or engine variables taken while designing tests with an L9 orthogonal array, utilizing the
Taguchi design of experiments (DOE) [12-15]. Regarding every one of these variables,
three levels were chosen. Injection pressures of 600 bar, 500 bar, and 400 bar; timings of
21° bTDC, 23° bTDC, and 25° bTDC; and temperatures of 30 °C, 35 °C and 40 °C were all
different. Based on the literature, the levels of the indicated engine variables were selected.
The experiments were performed utilizing SB-5, SB-10, and SB-20 biodiesel blends on a
CRDI engine in accordance with the specified conditions, as indicated in Table 1. The
performance and emission outputs were documented by experimentation. To discover the
optimal operating state for the CRDI engine, these responses were optimized by utilizing
the Grey Relational Analysis technique.

Table 1. Taguchi’s design.

Trials IP (A) IT (B) FPT (C)
1. 400 21 30
2. 400 23 35
3. 400 25 40
4, 500 21 35
5. 500 23 40
6. 500 25 30
7. 600 21 40
8. 600 23 30
9. 600 25 35
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The primary goal of employing the GRA in the TGRA method is to convert multi-
response optimization into a single-response problem by considering the GRG value [16].
Following the acquisition of experimental data for all biodiesel blends, the TGRA is carried
out as follows:

Experimental data’s normalization.

Grey relation coefficient (GRC) estimation for each response.

Grey relation grade calculation for each response.

Choosing the best levels depending on the gray relation grade.

Employing the signal to noise ratio (S/N ratio) to analyze the GRG.

By using an ANOVA with the GRG, the importance of the engine control component
is determined.

e  Verification of the best levels achieved by GRA [6-11].

The experiment-derived data were standardized in the array of 0 to 1 for GRA [17]. The
term “grey relational generation” refers to this process. Based on normalizing values, the
GRC, which determines a relationship between desired and actual values, is obtained. Then,
the GRG is assessed by averaging the GRC for every response. According to a literature
review, the distinguishing coefficient \ is typically assumed to be 0.5 to give each parameter
an equal amount of weight [4,5,7]. Therefore, 1} = 0.5 was taken for all responses in the
current investigation. With the aim of obtaining the best value, GRA transforms multiple
answer optimization into a single response [4,5]. The closest to optimal value of engine
control parameters are opted for through enhanced performance and decreased emissions
according to the greater GRG score. As a result, this methodology was utilized to optimize
the control variables of a CRDI engine. The relevance of emission and performance responses
is equivalent in this study. As a result, a 0.5 weight factor was allocated for each of the
engine’s performance and emission reactions. All the responses’ weighting factors must add
up to one. The weighting factor for a CRDI engine’s performance and emissions is presented
in Table 2. According to the GRA approach, the experiment with a large GRG value is
ranked first and shows which specific set of engine control parameters has a substantial
impact on the engine’s responses and is thought to be closer to the optimal value.

Table 2. Response weight factors.

Responses BTE BSFC CcO NOx UHC CO,
Weight factor 0.25 0.25 0.1 0.2 0.1 0.1

Employing the Signal to Noise Ratio to Analyze GRG

The S/N ratio, which is employed in analysis as a performance metric, is the deviation
of the measured value from the response variable’s desired value. The S/N ratio takes
experimental value variability and mean into account [12]. In the S/N ratio, the signal term
denotes the mean value and the noise term, with variation in the responses. This method
aids in identifying the signal component that mitigates the impact of the noise component
in the response. To lessen the impact of noise, a higher S/N ratio is needed [5].

The two types of criterions that are frequently utilized for S/N ratio analysis are
“higher is better” and “smaller is better”. The ideal applications for the higher is better
criterion are engine reactions like brake power and brake thermal efficiency. The smaller is
better criterion is ideally suited for performance responses like BSFC, including emission
responses like CO, CO,, NOx, and UHC. A higher S/N ratio generally means a better
performance, since there is more useful information than there is unwanted data [18].
S/N ratio analysis was applied in this study to examine the GRG values of each response
and determine the best combination of operating conditions. Considering the average
GRG value, the best levels of control parameters were picked using the higher is better
principle [18,19]. In the current study, an ANOVA was utilized to find out the degree to
which each control factor, namely, injection pressure, fuel temperature, and injection time,
influences the reactions of the CRDI engine [20].
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3. Experimental Setup

The CRDI engine configuration was used to assess the Simarouba biodiesel blends
SB5, SB10, and SB20 at a full load of 12 kg. Figure 1 depicts the CRDI engine exploited for
experimentation. Figure 2 depicts the AVL emissions analyzer that was utilized to evaluate
the emission responses. Table 3 presents the CRDI engine’s technical specifications. To
obtain baseline measurements, which serve as comparison points for biodiesel blends, the
engine was initially loaded with 12 kg and tested for diesel fuel. As presented in Table 1,
the studies were carried out using an L9 OA for the SB5, SB10, and SB20 blends.

Figure 2. Emission analyzer.

Table 3. CRDI engine specifications.

Properties Al 6061
Product CRDI VCR Engine
Type 1-cylinder 4-stroke Kirloskar make
Model 244
Cooling Water cooled
Power 3.5kW
Compression ratio 12:1 to 18:1
Standard IT 23° bTDC
Bore 87.5 mm
Capacity 661 cc

4. Results and Discussion

Based on the trial findings of B-5, B-10, and B-20 Simarouba blends, the best operating
factor conditions were selected. The GRG and the GRC for every reaction are presented for
each test using the SB5, SB10, and SB20 biodiesel blends, respectively, in Tables 4—6.
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Table 4. SB5 blend: GRC and GRG data.
Run Bsfc BTE coO NOx UHC CO, GRG Rank.
1 0.333 0.371 0.333 1.000 0.333 0.920 0.535 6
2 0.333 0.508 0.407 0.712 0.440 1.000 0.537 5
3 0.500 0.621 0.536 0.451 0.647 0.561 0.545 4
4 0.500 0.677 0.597 0.581 0.524 0.742 0.597 3
5 0.500 0.791 0.683 0.408 0.733 0.590 0.605 2
6 0.333 0.333 0.664 0.392 0.579 0.354 0.405 9
7 1.000 1.000 0.738 0.468 0.846 0.622 0.814 1
8 0.333 0.349 0.775 0.402 0.733 0.377 0.440 8
9 0.500 0.411 1.000 0.333 1.000 0.333 0.528 7
Table 5. SB10 blend: GRC and GRG values.
Run Bsfc BTE coO NOx UHC CO, GRG Rank.
1 0.333 0.333 0.333 1.000 0.333 0.529 0.486 7
2 0.400 0.343 0473 0.688 0.538 1.000 0.525 6
3 0.400 0.470 0.545 0.518 0.412 0.659 0.482 8
4 0.500 0.522 0.470 0.731 0.500 0.600 0.559 4
5 0.500 0.538 0.841 0.485 0.700 0.771 0.588 2
6 0.400 0.409 0.647 0.399 0.778 0.443 0.469 9
7 1.000 1.000 1.000 0.435 0.583 0.474 0.793 1
8 0.500 0.473 0.914 0.409 1.000 0.415 0.558 5
9 0.667 0.509 0.920 0.333 1.000 0.333 0.586 3
Table 6. SB20 blend: GRC and GRG data.
Run Bsfc BTE CcoO NOx UHC CO, GRG Rank.
1 0.429 0.411 0.407 1.000 0.333 0.926 0.576 3
2 0.429 0.417 0.373 0.668 0.385 0.714 0.492 7
3 0.429 0.426 0.333 0.532 0.405 0.806 0.474 8
4 0.600 0.417 0.783 0.608 0.556 1.000 0.610 2
5 0.600 0.498 0.484 0.446 0.484 0.410 0.501 6
6 0.333 0.333 0.562 0.402 0.484 0.385 0.390 9
7 1.000 1.000 0.811 0.475 0.714 0.556 0.803 1
8 0.429 0.491 1.000 0.401 0.882 0.333 0.532 4
9 0.429 0.458 0.859 0.333 1.000 0472 0.521 5

To discover the best engine control parameters for increased performance, the resulting
GRG data were examined [21]. Greater GRG data were the best choice since they indicated that
the relevant outcomes were approaching optimal levels [22]. It is known from Tables 4-6 that
experiment number 7 has a better GRG for SB-5, SB-10, and SB-20 blends with values 0.814,
0.793, and 0.803, respectively. Therefore, experiment 7 was rated first among all compared to
other experiments. The engine control settings that correspond with experiment number seven
are a fuel temperature of 40 °C, an injection pressure of 600 bar, and an injection timing of
21° bTDC. Consequently, the A3B1C3 was nearer to the ideal because of the GRA technique’s
examination of experimental data.

4.1. S/N Ratio Study

Figure 3 clearly illustrates how the GRG meant that the SB-5 blend increased as the
temperature of the fuel preheating process rose. It started to modestly decline with a rise in
IP before eventually rising. Figure 4 shows the S/N variation of GRG values for SB-5 blend.
The improved atomization, vaporization, and efficient fuel-air mixing of the SB-5 blend are
ascribed to the higher IP and fuel temperatures. This resulted in complete fuel combustion.
The GRG was decreased by raising the IT value or by adopting more advanced IT. Longer
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delays resulted from longer injection times because fuel was sprayed into the combustion
chamber, causing compressed air at a lower temperature and pressure. Additionally, the
engine cylinder accumulated more fuel because of the extended delay period. Because of
this the engine ran extremely loudly and the peak cycle pressure increased in the premixed
combustion stage. The SB5 blend was significantly more closely pumped at a slowed IT or at
21° bTDC, compared to at other ITs. Since the air within was efficiently compressed before
the SB5 biodiesel mix was introduced at a higher IP and was warmed at a temperature
of 40 °C, higher pressure and temperature were present in the combustion chamber’s
environment. The fuel atomized into finer droplets, evaporated more quickly, and mixed
appropriately under these conditions. Complete combustion and a decrease in emissions
resulted from the enhanced conditions inside the combustion chamber.

Main Effects Plot for GRG
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Figure 3. SB5 blend: GRG variation.
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Figure 4. SB5 blend: S/N variation.

Figures 5 and 6 display the primary effect graphs for the SB10 biodiesel, which show
the GRG and S/N ratios. The data demonstrate that while the GRG value decreases
as IT increases, IT rises when IP and FPT increase. Improved SB10 blend atomization,
vaporization, and mixing in the cylinder resulted from the improved IP and FPT, which
enhanced combustion. If the IT is started before the regular injection, there may be a
lengthier delay. Figures 7 and 8 demonstrate how a rise in fuel temperature raises the SB20
biodiesel’s GRG value. For IP, the GRG initially fell and subsequently rose. Additionally, a
decline in IT value raised the GRG. Complete combustion happened because the conditions
in the cylinder were better, which lowered pollutants. An increased engine output was
reached for SB-5, SB-10, and SB-20 blends at injection pressures of 600 bar, timings of 21°
bTDC, and temperatures of 40 °C for fuel preheating.
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Figure 6. SB10 blend: S/N variation.
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Figure 7. SB20 blend: GRG variation.
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Figure 8. SB20 blend: S/N variation.

4.2. Analysis of Variance (ANOVA)

To find out how significantly engine control parameters affect engine responses, an
ANOVA was used. It was employed to analyze the GRG data of the SB-5, SB-10, and SB-20
blends. Fuel temperature is the major factor that has the biggest effect on the GRG for
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the SB-5 blend. An injection timing of 37.01% and an injection pressure of 5.90% are the
next best factors. Because it is close to unity, an R? of 0.953 is acceptable for this model.
IP contributes the most (45.59%) to the SB-10 biodiesel, followed by FPT with 26.74% and
IT with 19.75%. The R? of the ANOVA model for the SB-10 blend was discovered to be
0.944, which is closer to 1 and suggests that the model can be implemented. IT makes a big
contribution to the SB-20 biodiesel, with a proportion of 62.65%, succeeded by IP at 23.64%
and FPT at 12.41%. The R? value for SB-20 blend was obtained as 0.987, which is nearer to 1
and shows a good degree of data fit for the model, allowing for it to be accepted.

4.3. Performance Analysis

The most helpful variables for engine combustion research are net heat release and
cylinder pressure information. The pressure created by the fuel during combustion inside
the chamber to achieve the desired work output in the piston is known as cylinder pressure.
Figure 9 displays the changes in pressure in the cylinder for diesel and various combinations
of Simarouba. The graph indicates that the Simarouba biodiesel blends” pressure curve is
comparable to that of diesel. A 63.2 bar cylinder pressure was attained for diesel. Greater
cylinder pressures of 64.29 bar, 64.57 bar, and 64.08 bar, respectively, were reached for SB5,
SB10, and SB20. From this, it can be said that diesel has a marginally lower cylinder pressure
at 8° aTDC than the blends. The blends of Simarouba biodiesel were injected at 21° bTDC
and fired a little bit later than diesel. The air in the cylinder was successfully compressed,
increasing its pressure and temperature. The rapid burning of fuel-air combinations that
built up over a delayed time released heat energy from the chemical energy of the fuel,
resulting in net heat release.

—
L —sB10
L.-. $B20
- . -DIESEL|

|
5’24— / \
8 1 L. [P NP B B |

-40 30 20 10 0 10 20 30 40
Crank Angle (deg)

Figure 9. Pressure variation in cylinder.

Figure 10 demonstrates that both diesel and mixes of biodiesel exhibited identical
trends in NHR. The maximal net heat production of the Simarouba blends was higher
in contrast to diesel. Heat release was determined to be 64.6 J/0CA, 63.2 J/oCA, and
53.6 ] /oCA for the SB-5, SB-10, and SB-20 blends, respectively.

SBS
30 - = =SB10

— —5B20

--------- Diesel

Net Heat Release (J/°CA)

Crank Angle (deg)

Figure 10. NHR of biodiesel.
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Higher oxygen concentrations and correct blend mixing with air in the cylinder
chamber are the causes of the biodiesel’s higher NHR. It is demonstrated that the SOC of
all the blends started off marginally after diesel. This gave the droplets of biodiesel fuel
and hot, pressurized, compressed air plenty of time to mix. So, compressed air effectively
mixes with the blends.

Figure 11 compares the BTE of the various mixtures of Simarouba and diesel. A
performance metric called BTE was utilized to quantify how effectively heat energy is
converted into work energy. Comparing it with diesel’s, the BTE of the SB-5, SB-10, and
SB-20 blends increased by 6%, 10.48%, and 6%, respectively. While the blends have a
marginally greater viscosity and a lower energy content than standard fuel, the mixed
effects of increased fuel injected pressure, delayed injection time, and elevated temperature
of blends have an improved BTE.

Brake Thermal Efficiency
28 SB10, 27.47

27
SBS, 26.16 SB20, 26.16

26

25 Diesel, 24.59
) i
23
Diesel SB5 SB10 SB20

M Diesel mSB5 mSB10 = SB20

Figure 11. Biodiesel blends: BTE.

The BSFC indication is used to determine how efficient any engine that consumes fuel
and generates power is. Figure 12 illustrates a comparison of the BSFC for various mixtures
of Simarouba and diesel. The energy contents of the biodiesel blends are somewhat lower
than that of diesel. This demonstrates that when the engine is performing at its peak, in
contrast to diesel, biodiesel uses less energy to generate the same amount of power. The
SB5, SB10, and SB20 blends of biodiesel exhibit a reduction in BSFC of 6.45%, 10%, and
3.13 percent, respectively, in contrast to diesel.

Brake Specific Fuel Consumption
0.34
Diesel, 0.33
0.33
SB20, 0.32
0.32
SB5, 0.31
0.31
SB10, 0.3
0.3
0.29

0.28
Diesel SB5 SB10 SB20

M Diesel mSB5 1 SB10 © SB20

Figure 12. Biodiesel blends: BSFC.

In this research, mixes of biodiesel were preheated to examine their performance and
emissions. The findings of this experimental study will be helpful for exploring the use of
Simarouba biodiesel in diesel engines under chilly weather circumstances.

5. Conclusions

The two-stage transesterification of Simarouba yields Simarouba biodiesel, which is
then mixed with diesel in amounts of 5%, 10%, and 20% to prepare the SB-5, SB-10, and SB-
20 blends. An engine using blends or mixtures of Simarouba biodiesel is possibly incapable
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of operating under the same conditions as that of diesel engines. So, it is crucial to ascertain
the optimal conditions for operating an engine powered by biodiesel blends. The data from
these experiments with biodiesel blends were subjected to Taguchi-Grey Relational Analysis
(TGRA). According to the findings, the ideal combination of injection pressure, timing, and
fuel temperature enhances the atomization, vaporization, and appropriate mixing of blends
and promotes better combustion. According to the TGRA, the A3B1C3 combination—IP
of 600 bar, IT of 21° bTDC, and FPT of 40 °C—is the best combination for making use of
various mixes of Simarouba biodiesel as an engine fuel to achieve enhanced performance
and lower emissions. The findings of combustion analysis show that Simarouba blends
have a slightly greater cylinder pressure than pure diesel and show better net heat release
(NHR) than diesel. Additionally, compared to diesel, the thermal efficiency is confirmed to
be is greater. Therefore, Simarouba biodiesel can be further investigated under cold start
situations and is a prospective diesel substitute.
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