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Abstract  

This study investigates the feasibility of using grape biodiesel from the wine industry as a 

sustainable and cost-effective alternative to traditional fuels. The research focuses on optimising 

key parameters like blend ratio, injection timing, injection pressure, engine load, and exhaust gas 

recirculation in a Common Rail Direct Injection engine to achieve low emissions without 

compromising performance. Due to grape biodiesel's higher viscosity, different energy content, 

and varying ignition delays compared to diesel, precise adjustments are essential for complete 

combustion and reduced emissions. This study uses response surface methodology and a Central 

Composite Design matrix to find the best values for a number of parameters in modern CRDI 

engines that use advanced electronic control units. Through fifty input combinations, the study 

aims to minimise specific fuel consumption, hydrocarbons, nitrogen oxides, and carbon monoxide 

while maximising brake thermal efficiency, brake mean effective pressure, and mechanical 

efficiency. The optimal configuration includes a fuel injection timing of 6° bTDC, an engine load 

of 82%, 6.7% EGR, 1000 bar injection pressure, and a 33% grape biodiesel blend. These optimum 

input conditions yielded outputs of 3.55 bar BMEP, 31.85% BTE, 64% mechanical efficiency, 

0.278 kg/kWh SFC, 0.127% CO, 357 ppm NOx, and 8 ppm of HC. These adjustments ensure low 

emissions and efficient engine operation, highlighting grape biodiesel's potential as a viable 

alternative fuel. 
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Keywords: optimization; CRDI engine; Biodiesel; Performance and emission characteristics; 

ANN; RSM, Pollution 

Nomenclature 

CRDI - Common rail direct injection 

ECUs - Electronic control units 

CCD - Central composite design  

RSM - Response surface methodology 

BTHE, BTE - Brake thermal efficiency 

BMEP - Brake mean effective pressure  

SFC - Specific fuel consumption 

HC - Hydro carbon 

CO - Carbon monoxide 

NOx, NO - Nitrogen oxides 

ANN - Artificial neural network 

IC - Internal combustion 

CCRD - Central composite rotatable design 

DOE - Design of experiment 

B25 - Biodiesel 25% + diesel 75% 

B50 - Biodiesel 50% + diesel 50% 

B70 - Biodiesel 70% + diesel 25% 

FB -     Fuel blend 
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FIT - Fuel Injection timing 

FIP - Fuel Injection pressure 

bTDC - Before top dead center 

CR - Compression ratio 

EL - Engine load 

BP - Brake power 

BMEP - Brake mean effective pressure 

EGR - Exhaust gas recirculation 

GSB - Grape seed biodiesel 

ppm – parts per million 

exp - Experiment  

Introduction 

To protect human beings, animals, and all living organisms, forest areas of the plantation should 

be maintained or switched over to the use of low polluting substances as utmost priority for 

maintaining environment pollutions within limits or at least in human circumstances. Global 

warming and ozone layer depletion are mainly due to the emission of stringent pollutants into the 

atmosphere caused by transportation vehicles and industry outlets. To avoid rapid global warming 

and ozone layer depletion, it is an urge to use biodegradable biofuel as compression ignition engine 

instead of the majority of crude oil-derived diesel fuels in the way to reduce dependency on other 

countries for crude oil fuel, increase economic growth in the competitive environment, supply 

biofuel at a nominal rate than diesel, increase employability level and an income of the farmers.    

Generally, IC engines are mainly used in agriculture, heavy transportation, power production, and 

some household applications. Also, due to the increase in population, the necessary activity of 

internal combustion engine application increases, causing demand for internal combustion engine 

fuels. Hence before exhausting the crude oil-based fuel, there is an urge to find an alternative. It is 
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more beneficial to find out alternative energy in a blended form with crude oil derived or in neat 

biodiesel by considering the engines' operating constraints.  

Almost recently, researchers tried to utilize all plant sources or animal fat-derived fuels and 

concluded their result, such as biofuel output responses mainly depends on the nature of the biofuel 

source, the composition of fuel properties like kinematic viscosity, density, calorific value, cetane 

number, iodine value, pour point, saponification value. The fatty acid value is mainly influenced 

by fuel fatty acid components such as saturated, unsaturated, monounsaturated, and 

polyunsaturated. so based on fatty acid profile composition, it easily predict the fuel properties and 

is also used to choose the optimum catalyst concentration, the molar ratio of alcohol and raw oil, 

operating temperature, stirring speed and time for the transesterification process. To avoid 

clogging, degumming, and sedimentation caused during long time storage and winter climatic 

conditions and to improve biodiesel quality, the transesterification process is usually followed due 

to its advantageous nature over other techniques like thermal cracking, etc. Based on the report of 

a biofuel researcher, saturated dominant biodiesel fuel has a poor cloud point than unsaturated fuel. 

Generally, unsaturated fatty acid dominant fuel has better cloud point but both cloud and pour 

point of used fuel is one of the criteria to decide. So equal saturated and unsaturated fatty acid 

content fuels are advised to use in diesel engines to avoid climatic-based engine problems.  

Biodiesel yield is mainly influenced by the type of catalyst and their proportion, time of operation, 

and alcohol concentration. Many researchers from chemical engineering backgrounds 

concentrated on these parameters and found the optimum variable combination for different 

biodiesel by following the design of the experiment. Recently statistical analysis-based parameter 

optimization is followed in preparing biodiesel from different sources and engine-influencing 

parameters. 

The grape seed contained 15.8% of oil content and used CCRD-based DOE. Then due to the low 

free fatty acid nature of Vitis vinifera oil, following single step transesterification process revealed 

the optimum input combination for yielding 97.7% of biodiesel as 1.045 g of sodium hydroxide, 

the molar ratio of 0.2758 volume basis, 66.6 minute of reaction duration with a constant speed of 

450 rpm and the temperature of 60oC (Venkatesan, A, and Sivamani 2022). Optimised the input 

parameters of chemical reactions used the ANN, RSM, and ANFYS to predict the output response 

of biodiesel yield and revealed that in the aspect of prediction ANN, ANFIS is better than RSM 
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(Hariram, Bose, and Seralathan 2019). By following the catalytic cracking process, evaluated the 

white grape seed biodiesel and the direct injection diesel engine performance was evaluated at 

17.5:1 compression ratio, 1500 rpm, 215.7 bar injection pressure, 23obTDC, and concluded that 

B25 Grape seed biodiesel blend BTE is similar to diesel fuel, SFC at full load for B25, B50 

identical to diesel fuel and the remaining outcome of CO, HC & smoke increases except for NOx 

when the blending increases (Sreedhar and Durga Prasad 2015). An effective way to reduce 

dependency and energy demand is the production of biodiesel from vegetable oil. The feasibility 

of grape seed, Philipping tung, and Kesambi biodiesel by comparing these properties with palm 

biodiesel revealed that GSB possesses the highest oxidation stability of 4.62 hours than philipping, 

kesambi biodiesel. Oxidation stability further improved to 6.24 hours by adding 0.2 wt % of 

pyrogallol antioxidant, but for the remaining fuel, a higher wt % of antioxidant required to improve 

the stability. GSB contain primarily unsaturated fatty acid, and GSB, Philippi blend met the ASTM 

standard until 50% blend (Ong et al. 2020). B25 of GSB blend in a deep bowl combustion chamber 

is a better option than a standard piston combustion chamber and toroidal combustion chamber in 

terms of better combustion performance and emissions; however, changing other engine 

parameters may be experimented with for better use of GSB (Sankar Ganesh, Ganesh Babu, and 

Karu 2019). In 4 cylinder 4-stroke diesel engine, B70 GSB, given better performance in terms of 

maximum power and minimum emissions and fuel consumptions, also used a novel ANN to 

predict optimum blend ratio. It is a reliable alternative source to produce quality biodiesel (Fadairo 

and Ip 2021). GSB5, 10% and waste cooking biodiesel 5%, 10% were investigated in 4-cylinder 

engines and reported that due to less ignition delay, GSB5% is better in terms of performance and 

combustion (Azad and Rasul 2019). IT and IP play the main role in engine performance and 

emissions. Investigated by varying IP 275-1000bar, IT 6obTDC to 5.5oATDC. Early injection leads 

to high NOx, and also at high IP, delay time decreased, and maximum energy was released (Raeie, 

Emami, and Karimi Sadaghiyani 2014). DOE-based RSM techniques help reduce the number of 

experiments required. For a single cylinder direct injection diesel engine using B20 neem biodiesel 

as fuel, the optimum input combination was 225bar IP, 23obTDC, 18.5CR (Sathiyamoorthi et al. 

2019). Heterogeneous catalysts are used for the production of biodiesel from Jatropha and the input 

parameter considered is FIP, CR, and EL for getting maximum BP, BTE and minimum NOx, HC. 

Finally, the optimum factor is 18 CR, 180bar FIP and 8.11kg EL (A. Singh, Sinha, and Choudhary 

2021). Simulation analysis was done by varying CR (12-16.5), FIP (500-1400bar), IT (0-

Jo
urn

al 
Pre-

pro
of



30obTDC) and EGR (0-25%) based on DOE. Increasing CR, FIP and advancing IT turns into NOx, 

and peak pressure increases except for soot. The optimum combination for favorable peak 

pressure, NOx, and soot were CR14.25, FIP 1153.15bar, IT 13.69obTDC, and EGR 16.91% (Ganji 

et al. 2017). All the blends of B10, B15 and B20 GSB compared with diesel have given higher 

SFC, CO, HC and smoke density except NOx in the marine engine (Karthikeyan et al. 2015). 

Effect of IT, EGR, IP on control of NOx investigated fuelled with crude rice bran methyl ester 

based on DOE-Taguchi L9 orthogonal array after examination concluded that at no load and part 

load EGR is the most influencing factor. Still, at full load, IT is the most influencing factor in the 

control of NOx. Based on the Signal to noise ratio for NOx, BTE, and smoke density, the optimum 

condition at full load standard IT, 10% EGR, 240-250 bar IP. At no and part load, the optimum is 

standard IT, 10% EGR, 220-230 bar IP (De Serio, de Oliveira, and Sodré 2017). Nano emulsive 

blends of GSB B5 are optimum at 23obTDC to control NOx and HC, and CO were reduced to 

20.7% and 6.2% compared to diesel. Addition of EGR BSFC increases than the addition of nano 

emulsion GSB without EGR. Using a ternary blend of (70% diesel + 20% of waste low-density 

poly ethylene + 10% of 1-decanol) on a volume basis, performed experiments for output of ignition 

delay period, NOx, HC, CO, and BTE at the engine's maximum power output by varying the CR 

and EGR, then found the optimum as 19:1 CR and 10% EGR as the better for ternary blends. Also, 

while increasing CR, ignition delay period, HC, CO, and smoke decreased except for BTE and 

NOx (Shanmugam et al. 2021). Based on the RSM approach, the optimum condition is 13% GSB, 

245bar IP, and 850 W EL for the output of BSFC, EGT, CO, HC, NOx and smoke (USLU and 

YEŞİLYURT 2020). Sometimes nanoparticles are added as additives for enhancing performance 

and minimise emissions, and this enhancement effect depends on the type of base fuel chosen, the 

type of nanoparticle and their size (Venkatesan et al. 2017). RSM was used for analyzing CRDI 

engine performance and emission characteristics fuelled by linseed methyl ester at the fixed FIT 

of 23ObTDC at a constant speed of 1500 rpm, a compression ratio of 18 by varying influencing 

parameter of fuel blend, EGR, load, FIP and revealed the optimum combination at 5.45% of linseed 

methyl ester, 57.78MPa of FIP, 6.505% of EGR, 6.909kg of load (M. Kumar et al. 2022). (N. et 

al. 2021) Simarouba methyl ester was used in Kirloskar single cylinder direct injection diesel 

engine by varying load, FIP, nozzle hole, and orifice diameter and concluded that the increase in 

performance was seen by raise of FIP, increasing injector holes, and reducing the orifice diameter 

then the optimum variables found were 6 number of the hole, 240 bar of FIP, 0.2mm of hole 
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diameter. 20% mahua methyl ester in CRDI engine by varying FIP at 200, 400, 600bar and the  

FIT at 15, 20, 25-degree bTDC investigated and concluded that 800bar, 15 degree before top dead 

center as an optimum condition for better performance (P. Kumar et al. 2019). Emissions of a 

medium-duty engine were investigated by varying speed and load. The comparative analysis 

between rape seed biodiesel and animal raw fat pork lard-derived fuel were compared and 

concluded that bio-component rich concentration-based biodiesel optimization is required. Animal 

fat-derived fuels are superior to Rape seed-based biodiesel (DUDA et al. 2021). Varying EGR 

investigates 20% tallow biodiesel blend, FIP, FIT, load in CRDI engine then reported that 25% 

EGR, 600bar FIP, and 20obTDC gave a better-expected performance (Kanthasamy, Selvan, and 

Shanmugam 2020). (S. Kumar and Dinesha 2018) RSM was used for the optimization of engine 

influencing parameters fuelled by Honge methyl ester by adjusting blend, engine load, IT, and 

compression ratio, then revealed the optimum condition such as 86.3% load, 15% of honge methyl 

ester, a compression ratio of 16, IT of 26.24obTDC. Optimum combination for 17.5 compression 

ratio Kirloskar engine at 1500 rpm operation with nicotianatabaccum biodiesel were 45% of engine 

load, 30% of biodiesel blends, 240bar injection pressure, 30 degree before TDC (Sharma, Singh, 

Kumar Singh, et al. 2020). (Teoh et al. 2021) Found the optimum combination for moringa 

biodiesel 50% at 17.7 compression ratio by varying FIT from 3.625 to 10.38-degree bTDC, FIP 

from 264 to 936bar such as injection timing at 5-degree bTDC, 400 bar injection pressure. The 

optimum combination for neat lemon grass oil blended with diesel at 25% were 250 bar injection 

pressure, 26 degree before TDC, and 8.12 percent of EGR (Ramalingam et al. 2022). DOE-box 

Behnken RSM-based optimization in CRDI engine by using diesel as fuel is 20Nm EL, 750 bar 

IP, 12.5obTDC, and also retarded IT leads to peak pressure shifted towards expansion stroke. The 

load has 56, 67, and 59% influence on NOx, CO, and HC, respectively, 95% of mechanical 

efficiency effect influenced by IP and the IT has 73% influence on BSFC and load has 99% 

influence on BP, BMEP (Ramachander et al. 2021). Engine emission mainly depends on the start 

of the main injection followed by IP, and performance attributes especially depend on IP and % of 

injection quantity (Dond and Gulhane 2021). An increase of EL leads to shortened ignition delay 

at all fuel IT. Also, for B30, high-density poly ethylene oil with retarded IT and low EGR rates are 

best to control NOx (Kulandaivel et al. 2020). In Argemone biodiesel of B20, the rise of pressure 

reduced the ignition delay and premixed heat release phase (M. Singh and Sandhu 2021).  Various 

optimisation technique and diesel engine efficiency characteristics using various fuel and additives 
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are revealed (Abbas and Khan 2023; Faiz et al. 2024; Sivaram et al. 2020; Arul Peter et al. 2020; 

P Prakash and Dhanasekaran 2022; Paramasivam Prakash and Dhanasekaran 2023)  (Sivaram et 

al. 2020; Arul Peter et al. 2020; P Prakash and Dhanasekaran 2022; Paramasivam Prakash and 

Dhanasekaran 2023)   

The CRDI engine has gained widespread adoption in the automotive industry due to its remarkable 

efficiency and low emissions. Traditionally, these engines are optimized for conventional diesel 

fuel. However, the growing need for sustainable energy solutions has spurred interest in alternative 

fuels, such as biodiesel. Biodiesel offers numerous advantages, including reduced dependency on 

foreign oil, lower emissions of harmful pollutants and greenhouse gases, and potentially enhanced 

engine efficiency due to its higher oxygen content. 

Despite these benefits, research on the performance of CRDI engines using Grape biodiesel is 

relatively sparse. The optimization of engine parameters for biodiesel-fueled CRDI engines is 

critical for realizing substantial improvements in both engine performance and emissions. Various 

factors-including operating environmental conditions, engine design and size, type of fuel used, 

and other parameters-affect the output responses of CRDI engines. Standard diesel engine settings 

are typically optimized for diesel fuel and may not be suitable for other fuel blends, such as those 

containing biodiesel. Given that the physical and chemical properties of biodiesel vary depending 

on the feedstock, it is essential to optimize engine parameters specifically for Grape biodiesel 

blends to achieve efficient performance and low emissions. 

This study focuses on the optimization of engine parameters using a desirability-based RSM 

approach, specifically examining diesel blended with various proportions of grape biodiesel. The 

input parameters considered for optimization include engine load, fuel blend, fuel IP, IT, and EGR. 

The output performance parameters considered are BMEP, BTE, SFC, mechanical efficiency, and 

emissions of CO, NOx, and HC. 

The novelty of this research lies in its comprehensive and systematic approach to optimizing the 

combustion of grape seed biodiesel in a CRDI diesel engine. Unlike conventional studies that focus 

on more common biodiesel sources and direct injection engines, this study investigates the less 

commonly explored grape seed biodiesel, providing new insights into its unique combustion 

characteristics. These characteristics include higher viscosity, different energy content, and distinct 
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emission profiles, especially at high injection pressures up to 1000 bar. By utilizing a sophisticated 

multi-parameter optimization framework, the study employs a CCD matrix and RSM to fine-tune 

key engine parameters such as injection timing, injection pressure, engine load, and EGR. Modern 

ECU technology allows for precise adjustments, enhancing both engine performance and emission 

reductions. 

Through testing fifty input combinations, the study systematically identifies the optimal settings, 

recommending specific parameters: 6° bTDC injection timing, 82% engine load, 6.7% EGR, 1000 

bar injection pressure, and a 33% biodiesel blend. This rigorous approach ensures a balanced 

improvement in BTE, BMEP, and mechanical efficiency, while reducing SFC, HC, NOx, and CO 

emissions. Consequently, this research significantly advances the practical application and 

understanding of grape seed biodiesel in CRDI engines, offering valuable contributions to the field 

of alternative fuels. 

Materials  

The raw seed oil was converted into biodiesel by a general transesterification process for removing 

the gummy content, glycerol and to reduce the viscosity of the test fuel. Prepared biodiesel 

properties like acid value, specific gravity, density, calorific value, viscosity and flash point was 

analyzed by following ASTM standard and the comparison with base fuel is shown in table 1. 

Approximately all the properties are nearer to diesel fuel is a good sign for use as an alternative 

fuel. The Flash and fire point of the grape seed biodiesel is higher than the reference fuel; hence 

there is no storage issue with the biodiesel. The calorific value of pure grape seed biodiesel is 

lower, and the density of biodiesel is higher than base fuel, so blending is necessary to avoid 

excessive fuel consumption and achieve better performance and emissions. 

Table 1: Properties of Grape Biodiesel 

Properties Unit 
Standard 

Diesel 

Grape seed 

Biodiesel 

ASTM 

Standard 

Acid Value              mg of KOH/gm of oil 0.6 0.48 D6751 

Free Fatty Acid % 0.3 0.24 -- 

Specific Gravity -- 0.816 0.869 D287 

Density kg/m3 816 869 D287 
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Lower Calorific Value calorie/gm   10,236 8712 D 4809 

Higher Calorific Value calorie/gm 10,822 9298 D 4809 

Flash Point o C 53 95 D 93-58T 

Fire Point o C 56 100 D 93-58T 

Kinematic viscosity @ 

40o C 
CSt 2.09 3.62 D445 

Dynamic viscosity at 40o 

C 
cP 1.73 3.15 D445 

 

 

Figure 1a: grape seed biodiesel blends  

Experimental setup and procedure  

The device used for experimental work is shown in figure 1. The practical work was conducted 

under atmospheric conditions by modifying the engine's input such as injection pressure, injection 

timing, engine load, fuel blend, and EGR at a fixed speed of 1500 rpm and a compression ratio of 

18 according to the design matrix developed in RSM by the high accurate central composite 

method. By altering the influencing parameter, there were fifty observations, and the data were 

analyzed by IC engine software developed by the apex. Design expert software was used to model 

design of experiment by following efficient central composite design method shown in table 12, 
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Random order-based experimental work was conducted and recorded the outcome. Specifications 

and accuracy of experimental setup have shown in table 2, 3 and 4. Five parameter and five level 

used for CCD based DOE is shown in table 5. 

 

Figure 1: photograph of Experimental setup 

Table 2: Instrumental Accuracy 

Name of 

device/Instrument 
Company/Model Used for  Accuracy 

Pressure sensor 
PCB Pizotronics 

USA/M111A22 

In cylinder 

Pressure 
-0.01 

Analog Temperature 

Transmitter 
WIKA, Pune 

Water and exhaust 

gas temperature 
0.50% 
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Speed Indicator Selectron, Mumbai RPM indicator 0.05% 

Encoder Kubler Germany 
Crank angle and 

RPM 
0.25% 

Load cell 
Sensortronics, 

Chennai/60001 
Measure load 

0.25% F.S. 

(0.125 kg) 

Load Indicator ABUS Technologies Inc. 
Display applied 

load 
0.2% F.S 

Differential Pressure 

Transmitter 

Yokogawa/EJA110A-

DMS5A-92NN 
Flow rate of fuel 0.10% 

Pressure Transmitter 
Wika instruments, SL1, 

Pune 
Flow rate of air 0.50% 

Rotameter PG-1 to 21 Eureka Pune Flow rate of water 2% F.S. 

 

Table 3: specifications of experimental setup  

Engine Components Specifications 

Make Kirloskar 

Type  
CRDI VCR engine, single chamber, 4 stroke, water cooling type, CR 

(12-18) 

Dimensions 
Swept length 110 mm, cylinder dia 87.5 mm, swept volume 661.5 

cm3. 

Combustion chamber Hemispherical bowl, connecting rod length 234 mm 

Power  3.5 KW @1500 rpm 

Compression ratio 18 

Load Eddy current dynamometer type,  arm length 185 mm  

EGR type water cooled  

ECU Model Nira i7r  

Piezo sensor   Combustion range 350 bar with low noise cable 

Crank angle sensor  Resolution 1 Deg, Speed 5500 RPM with TDC pulse 

Data acquisition NI USB-6210, 16-bit, 250ks/s 

Temperature Sensor RTD Type, PT100, Type K 
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Load sensor strain gauge type type, 0-50 Kg 

Nozzle  7 Hole & diameter 250 micrometer 

Rotameter Engine cooling 40-400 LPH, Calorimeter 25-250 LPH 

Temperature Transmitter type 2 wire, Input RTD PT 100, Range 0-100 deg C, output 4-20 mA 

Setup overall dimension  W2000 X D2500 X H1500 

 

Table 4: range and resolution of exhaust gas analyzer 

Parameters Measurement Resolution 

CO 0 … 15 % Vol. 0.001%Vol. 

HC 0 … 20000 ppm Vol. 1 ppm/10 ppm (0-2000ppm)/(>2000ppm) 

NO 0 … 5000 ppm Vol. 1 ppm Vol. 

Engine speed 400 … 6000 rpm 1 rpm 

Oil temperature 0 -125 deg. C 1 deg. C 

Lambda 0 … 9.999 0.001 

 

Table 5: Influencing parameter level for DOE 

      Levels 

Name Units Factor -2 -1 0 1 2 

FB % A 0 15 30 45 60 

EL % B 20 40 60 80 100 

IP Bar C 400 550 700 850 1000 

IT bTDC D 6 12 18 24 30 

EGR % E 0 4 8 12 16 

 

Table 6: Summary of developed model 

Response Source SS df MS F-value p-value 

SFC 
Model 0.1801 20 0.009 5.57 < 0.0001 

Lack of Fit 0.0274 22 0.0012 0.4476 0.9293 

BMEP 
Model 29.05 20 1.45 2770.65 < 0.0001 

Lack of Fit 0.0108 22 0.0005 0.7843 0.6925 
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BTHE 
Model 0.0003 20 0 5.14 < 0.0001 

Lack of Fit 0.0001 22 2.38E-06 0.4025 0.9515 

MECH 

EFFI. 

Model 4398.79 20 219.94 84.86 < 0.0001 

Lack of Fit 66.26 22 3.01 2.37 0.1222 

CO 
Model 0.3393 20 0.017 23.38 < 0.0001 

Lack of Fit 0.0192 22 0.0009 3.3 0.0551 

HC 
Model 402.59 20 20.13 3.68 0.0007 

Lack of Fit 120.69 22 5.49 1.01 0.536 

NO 
Model 4.20E+06 20 2.10E+05 14.66 < 0.0001 

Lack of Fit 3.13E+05 22 14203.48 0.9644 0.5655 

 

Table 7: ANOVA of Responses 

  
Sour

ce 
Model 

A-

FB 
B-EL C-IP D-IT 

E-

EGR 

A

2 

B

2 

C

2 

D

2 

E

2 

Interacti

on 

SFC 

F 

value 
5.57 

0.81

78 
67.53 5.75 13.95 

0.013

9 
 

* * 

   

p 

value 

0.000

1 

0.37

33 
0.0001 

0.023

1 

0.000

8 

0.906

9 
    

BMEP 

F 

value 

2770.

65 

0.47

69 

55390.

65 

0.934

7 

0.019

1 

0.934

7 
 

* 

 

* 

  

p 

value 

0.000

1 

0.49

53 
0.0001 

0.341

6 

0.891

1 

0.341

6 
    

BTHE 

F 

value 
5.14 

0.32

5 
63.38 6.07 12.2 

0.176

6 
 

* * 

    

p 

value 

0.000

1 

0.57

3 
 0.0001 

0.019

9 

0.001

6 

0.677

4 
     

MECH.E

ff. 

F 

value 
84.86 

0.75

89 

1624.7

9 

0.259

8 
32.66 

0.278

1 
 

* 

   

DE 
p 

value 

0.000

1 

0.39

08 
 0.0001 

0.614

1 

0.000

1 

0.601

9 
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CO 

F 

value 
23.38 4.33 341.06 

0.235

8 
7.13 37.48  

* 

   
AE, BE, 

CD p 

value 

0.000

1 

0.04

65 
 0.0001 

0.630

9 

0.012

3 

0.000

1 
    

HC 

F 

value 
3.68 5.6 6.25 

0.223

9 
11.88 10.97 

* 

   

* AE,CD 
p 

value 

0.000

7 

0.02

49 
0.0183 

0.639

6 

0.001

8 

0.002

5 
   

NOx 

F 

value 
14.66 

0.96

31 
3.89 2.14 61.45 

193.2

6 
 

* 

  

* BE, DE 
p 

value 

0.000

1 

0.33

45 
0.0582 

0.154

4 

0.000

1 

0.000

1 
      

*- significant  

Table 8: Predicted Fit statistics 

Components SFC BMEP BTHE 
MECH 

EFFI. 
CO HC NO 

R² 0.79 0.9995 0.7799 0.9832 0.9416 0.7173 0.91 

Adjusted R² 0.6509 0.9991 0.628 0.9716 0.9013 0.5223 0.8479 

Predicted R² 0.4171 0.9984 0.3908 0.9432 0.7856 0.0783 0.7186 

Adeq 

Precision 
11.7029 229.6802 11.1866 39.3372 20.1354 8.3114 16.7612 

 

Performance and Emission characteristics 

The CRDI engine was operated based on the design matrix, and their RSM 3-dimensional surface 

graphs are discussed below. Fuel blend, engine load, injection pressure, injection timing, and 

exhaust gas recirculation are the considered input parameters. The response surface graphs are 

plotted by viewing the two input parameters while maintaining the remaining three input 

parameters at the mid-level of the ranges, as shown in figures 2 to 29. Summary of developed 

model, ANOVA and fit statistics are shown in table 6, 7 and 8. For the entire developed model p-

value is less than 0.0001. 
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Figure: 2 EL vs FB effect on Mechanical efficiency 

The interaction effect of biodiesel mixed with diesel blends and engine load on mechanical 

efficiency is shown in figure 2. At maximum load of CRDI engine operation, there was a 

significant increase in mechanical efficiency with the increase of biodiesel blend in diesel as fuel 

due to lubricant effect caused by blended fuel. The maximum and minimum mechanical efficiency 

during experimental work were 25.98 to 68.87%. Jo
urn
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Figure: 3 Effect of IP, EL on Mechanical efficiency 

There is a slight increase in the mechanical efficiency of the CRDI engine with the rise of fuel 

injection pressure towards the maximum of 1000bar pressure from 400bar at full load, shown in 

figure 3. By comparing EL and IP, the EL is the main influencing effect on mechanical efficiency. 

Mechanical Efficiency =18.3979 + -0.160608 * FB + 0.808128 * EL + -0.00315417 * IP + -

0.226406 * IT + -0.61801 * EGR + 0.00188021 * (FB*EL) + 4.125e-05 * (FB*IP) + 0.00133681 

* (FB*IT) + -0.00188021 * (FB*EGR) + 7.09375e-05 * (EL*IP) + 0.000888021 * (EL*IT) + 

0.000542969 * (EL*EGR) + -0.000409375 * (IP*IT) + 0.000230729 * (IP*EGR) + 0.0236849 * 

(IT*EGR) + 0.000411389 * FB^2 + -0.00351234 * EL^2 + 2.89167e-06 * IP^2 + 0.0131267 * 

IT^2 + 0.00547266 * EGR^2 
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Figure 4: Effect of IT, EL on Mechanical efficiency 

Advancing injection timing too away from top dead center there is a considerable increase in the 

mechanical efficiency of CRDI engine than injecting fuel nearer to TDC at a full load of engine 

operations due to better lubrication is shown in figure 4. 
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Figure 5: Effect of EGR, IT on mechanical efficiency 

Advancing injection timing from 6 to 30 degrees before top dead center and increasing the EGR 

rate from zero to 16 percent turns into increased mechanical efficiency, as shown in figure 5. From 

figure 5, it is clear that the maximum mechanical efficiency was observed at 30 degrees before 

TDC and 16% of EGR. EGR effect on mechanical efficiency at injection timing near TDC gives 

less variation than advancing away from the TDC effect.  

 

Figure 6: effect of EL, FB on BTHE 

The response variation of engine load versus fuel blend is shown in figure 6. Maximum BTE was 

seen when operating the engine at around 80 to 85% engine load and petroleum diesel as fuel. An 

increasing trend of BTE was seen when increasing engine load for all the fuels used for analysis, 

but thermal efficiency decreased for every test fuel beyond 85% of engine load. Figure 6 shows 

that BTHE variation for B0, B15, B30, B45, and B60% is less than engine load. The maximum 

and minimum BTE observed during experimental work were 13.3 to 27.04 percent. 
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Figure 7: effect of IP, EL on BTHE 

IP versus EL on BTHE is shown in figure 7. Maximum BTE was seen at a lower injection pressure 

of 400bar and 100% engine load. When injection pressure increased, there was no considerable 

change in BTHE. Even the 1000bar function reported BTE is slightly less than 400bar of process. 

(BTE)-1.44 =0.00613328 + 2.16357e-05 * FB + -0.000388959 * EL + 5.41489e-05 * IP + 

0.00011785 * IT + -0.000426754 * EGR + 5.62696e-07 * (FB*EL) + -7.35464e-08 * (FB*IP) + 

3.19594e-06 * (FB*IT) + 6.27071e-07 * (FB*EGR) + -7.14331e-08 * (EL*IP) + -1.98234e-06 * 

(EL*IT) + 4.15004e-06 * (EL*EGR) + 8.83715e-08 * (IP*IT) + 1.62689e-07 * (IP*EGR) + -

9.4547e-07 * (IT*EGR) + -1.2876e-06 * FB^2 + 2.59567e-06 * EL^2 + -3.27739e-08 * IP^2 + 

4.53311e-07 * IT^2 + 2.01443e-06 * EGR^2 
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Figure 8: effect of IT, EL on BTHE 

IT versus EL on BTE is shown in figure 8. An increase in BTE with a rise in engine load is further 

increased when injecting fuel nearer to TDC than injecting too far away from the top dead center. 

For all the engine load operations, BTHE was slightly less when injecting fuel at 30 degrees before 

TDC than 6 degrees before TDC. Injection timing variation on BTHE is very minimum to the 

engine load effect. An ignition delay is less due to high temperature and pressure leading to 

considerable increase in BTHE when the fuel is injected near the TDC than advanced injection, 
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Figure 9: Effect of EGR, EL on BTHE 

EGR versus EL on BTHE is shown in figure 9. Adding EGR reduces the increase in BTE with a 

rise in load. Maximum BTE was observed at around 80% engine load and without the addition of 

EGR. The addition of EGR at low load and moderate load has not much effect on BTE, but the 

addition of EGR at high load has a greater effect on BTE; that is the addition of EGR at full load 

leads to a reduction of BTE due to lack of oxygen, energy density, and combustion temperature. 
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Figure 10: effect of EL, FB on BMEP 

The interactive effect of EL versus FB on BMEP is shown in figure 10. From the graph, it is clear 

that BMEP depends mainly on engine load than on other responses considered for the analysis. 

There is an increasing trend of BMEP when increasing engine load and no change in direction for 

all the test samples. BMEP has linear relationship with engine load. 

BMEP= 0.1781 + -0.00157778 * FB + 0.0407208 * EL + -0.000193333 * IP + -0.00606944 * D 

+ 0.0039375 * EGR + 8.33333e-06 * (FB*EL) + 1.11111e-06 * (FB*IP) + -2.77778e-05 * (FB*IT) 

+ -2.08333e-05 * (FB*EGR) + 4.16667e-07 * (EL*IP) + -5.20833e-05 * (EL*IT) + -6.25e-05 * 

(EL*EGR) + -1.38889e-06 * (IP*IT) + -6.25e-06 * (IP*EGR) + 5.20833e-05 * (IT*EGR) + 

1.33333e-05 * A^2 + 2.3125e-05 * EL^2 + 1.33333e-07 * IP^2 + 0.000291667 * IT^2 + 0.0001875 

* EGR^2 

 

Figure 11: effect of IP, EL on BMEP 

The interactive effect of IP versus EL on BMEP is shown in figure 11. For all the variations of IP 

from 400 bar to 1000 bar and increase of EL there was a gradual increase in BMEP reported. The 

effect of IP on BMEP is very less than engine load. During analysis, 0.89 to 4.24bar BMEP was 

seen as the highest and lowest levels 
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Figure 12: effect of IT, EL on BMEP 

The interactive effect of EL versus IT on BMEP is shown in figure 12. From the graph, it is clear 

that variation of injection timing effect on BMEP is less influential than engine load. Engine load 

is the primary influencing parameter for the considered IT ranges and EL. 
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Figure 13: effect of EGR, EL on BMEP 

EGR vs EL effect on BMEP is shown in figure 13. Adding EGR at various recirculation rates has 

no considerable impact on developed BMEP than as influenced by engine load. Engine load is the 

primary influencing parameter compared with EGR on BMEP. 

 

Figure 14: effect of EL, FB on CO 
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The interactive effect of EL versus FB on carbon monoxide is shown in figure 14. Maximum CO 

was reported at a higher percent blend of B60 and 100% of engine load. Increased CO and 

increased EL are significantly reduced by using petrodiesel as fuel than grape seed biodiesel 

blended with diesel blends. Beyond 80% of engine load, all test fuel samples saw a tremendous 

increase in CO. Still, and Unblended diesel fuel gave lower CO than blended grape seed biodiesel 

due to property variation from diesel fuel.  

Sqrt(CO) = 0.642498 + 0.000304169 * FB + -0.0067767 * B + -0.000606295 * IP + -0.0172857 

* IT + 0.00943354 * EGR + 1.83016e-05 * (FB*EL) + 5.16172e-07 * (FB*IP) + 2.93841e-05 * 

(FB*IT) + -0.000203647 * (FB*EGR) + -1.07085e-06 * (EL*IP) + 1.97352e-05 * (EL*IT) + 

0.000252238 * (EL*EGR) + 1.4536e-05 * (IP*IT) + -6.75546e-06 * (IP*EGR) + -0.000146631 * 

(IT*EGR) + -1.21149e-06 * FB^2 + 7.11409e-05 * B^2 + 3.09763e-07 * IP^2 + 0.00022537 * 

IT^2 + -0.00028573 * EGR^2 

 

 

Figure 15: effect of IP, EL on CO 

The interactive effect of IP versus EL on CO is shown in figure 15. Increased CO along with 

increased engine load is decreased by the variation of IP minimum 400 bar to a higher level of IP, 

but still, CO is high than the low load of operation. The maximum and minimum CO reported 
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during experimental work is 0.04 to 0.32% on volume-based. The ultimate CO was registered at a 

low injection pressure of 400 bar and a high engine load of 12.3 kg.  

 

Figure 16: effect of IT, EL on CO 

The interactive effect of injection timing versus engine load on CO is shown in figure 16. Increased 

CO and engine load increase are further increased by advancing fuel injection towards 30 degree 

from 6 degree before TDC. The maximum CO emission was reported at 30 degree bTDC and 

100% of engine load. At partial load operation the variation of injection timing not cause greater 

effect than at above 65% of CRDI diesel engine load effect on CO. Also above 60% of engine 

load, CO formation due to injection time variation is very minimum than engine load effect.  
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Figure 17: effect of EGR, EL on CO 

The interactive effect of EGR vs EL on CO response is shown in figure 17. An increase in CO 

along with engine load is considerably further enhanced with the addition of EGR. The maximum 

carbon monoxide emission was seen at full engine load (12.3kg) and complete (16%) exhaust gas 

recirculation. The addition of EGR leads to the shortage of oxygen required for combustion turns 

into an enhancement in carbon monoxide emissions. At a full load of engine operation without 

exhaust gas recirculation gave lower CO, but still, it is higher than quiet load operation with EGR. 

The addition of EGR upto 60% of engine load does not affect CO formation more than that of 

EGR beyond 60% of engine load. At low load, there is no more significant CO formation variation 

than at full load due to EGR addition  
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Figure 18: effect of IP, FB on HC 

IP vs FB effect on hydrocarbon emission is shown in figure 18. At 60% of FB with the increase of 

injection pressure towards 1000bar turns into a reduction in HC emission. The maximum and 

minimum value of 7 and 23ppm of HC was observed during experimentation. The lowest HC was 

reported when the engine was operated at approximately 25% biodiesel blend for various IPs 

considered for the investigations. There is a decrease in HC emissions upto 25 to 30% of biodiesel 

blends; beyond that, increased FB leads to increased HC emissions. Maximum HC was seen at 

60% FB, which is considerably reduced by the increase of supplied fuel injection pressure. The 

high injection pressure turns into a fine spray and reduces the viscosity; therefore, mixing with air 

is very easy, so better combustion is possible than low injection pressure.   
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Figure 19: effect of IT, EL on HC 

For the various engine load and injection timing corresponding, HC emissions is shown in figure 

19. The maximum hydrocarbon emission was seen when conducting an experiment at a higher 

engine load and injecting fuel too away from TDC. At a full load of engine operation by advancing 

fuel injection from 6 to 30 degree before TDC there is a considerable increase in HC emission. At 

30 degree before TDC increasing EL from 20 to 100% of engine load, there is a substantial increase 

in HC emission. The high density and viscosity of grape seed biodiesel blended fuel will not mix 

properly with compressed air, leading to poor combustion.  Jo
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Figure 20: effect of EGR, EL on HC 

EGR versus EL effect on hydrocarbon emission is shown in figure 20. Even with EGR upto 16%, 

the reported HC emission was lower than without re-circulating exhaust gas inside the combustion 

cylinder at the entire load operation of the engine. Small Addition of EGR turns initially decreases 

in HC emission. Still, after a specific limit, there is slight stagnancy in HC emission, so there is 

space for the researcher to find the optimum combination. The inlet air temperature slightly 

increases due to the addition of EGR, resulting in better combustion and lower HC formation at 

full load than without the addition of EGR. 
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Figure 21: effect of IT, IP on HC 

IT versus IP effect on HC response is shown in figure 21. The lowest and highest HC was seen at 

1000bar IP, 6 degree before TDC and 1000bar, 30 degree before TDC. At 1000bar IP, injecting 

the fuel at various injections timing 6 to 30 degree before TDC turns into a gradual increase of HC 

emission. Similarly, at 30 degree before TDC with the rise of IP 400 to 1000bar, there was a 

considerable increase in HC emissions due to unfavorable combustion situations for the considered 

parameter constraints.  

HC=38.0001 + -0.284444 * FB + -0.210729 * EL + -0.0224444 * C + -1.35937 * IT + 0.0229167 

* EGR + 0.0015625 * (FB*EL) + -0.000180556 * (FB*IP) + 0.00590278 * (FB*IT) + -0.0140625 

* (FB*EGR) + 1.04167e-05 * (EL*IP) + 0.00494792 * (EL*IT) + -0.00195313 * (EL*EGR) + 

0.0009375 * (IP*IT) + -0.000260417 * (IP*EGR) + -0.0299479 * (IT*EGR) + 0.00636111 * A^2 

+ 0.00107812 * EL^2 + 8.05556e-06 * IP^2 + 0.0189236 * IT^2 + 0.0582031 * EGR^2 
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Figure 22: effect of FB, EGR on NOx 

With the incremental addition of EGR rate by 4% from 0 to 16%, a tremendous decrease in NOx 

pollutants was seen, as shown in figure 22. The lowest NOx was seen at the operating condition 

of 60% FB and 16% of EGR rate due to inadequate combustion temperature. NOx formation 

occurs mainly at high temperatures. Therefore, introducing EGR in the combustion chamber 

creates a shortage of oxygen, leading to a poor combustion reaction. In addition, EGR with 

biodiesel blends causes low combustion temperature at a high level of EGR. Still, there is no 

significant change without adding EGR. 66 and 1390ppm were the highest and lowest NOx seen 

during experimentation. 

NOx=-467.456 + -0.103889 * FB + 11.7157 * EL + 1.29022 * IP + 47.0233 * IT + -38.9125 * 

EGR + 0.0430208 * (FB*EL) + -0.000486111 * (FB*IP) + -0.137847 * (FB*IT) + -0.164063 * 

(FB*EGR) + 0.00536458 * (EL*IP) + 0.15026 * (EL*IT) + -0.784766 * (EL*EGR) + -0.0281597 

* IP*IT) + 0.0145312 * IP*EGR) + -2.14453 * (IT*EGR) + 0.00697222 * FB^2 + -0.125453 * 

EL^2 + -0.000730278 * IP^2 + 0.269271 * IT^2 + 3.34805 * EGR^2 
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Figure 23: effect of IP, EL on NOx 

The engine output response of NOx when varying the engine load versus injection pressure is 

shown in figure 23. Based on the design of the experiment-based run, it is observed that change of 

injection pressure towards 1000 bar from 400 bar with an increment of 150 bar there is no more 

significant effect on NOx formation for all the loads of operations. Still, the maximum NOx was 

observed at 60% of engine load and around 800 bar injection pressure. Also, when increasing 

engine load, NOx emissions increase upto 60% EL; beyond that, NOx emissions start to decrease 

for all the injection pressure ranges. Until the certain injection pressure level, there is an efficient 

combustion reaction, and beyond that level, no much more significant NOx emission was reported. 

Therefore, optimum injection pressure for the chosen parameters needs to be evaluated. 
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Figure 24: effect of IT, FB on NOx 

Advancing fuel IT from 6 to 30 degree before the top dead center, the reported responses of NOx 

tremendously raised, then this rise in emission was considerably reduced with the increase in 

addition of biodiesel blend such as 0%, 15%, 30%, 45%, and 60%, due to lower calorific value 

than baseline diesel fuel. For all the experimental fuel samples, Injection of fuel just nearer to TDC 

produces lower NOx than injecting too away from TDC due to quiet residence time causes 

moderate combustion effect turns into lower combustion temperature as shown in figure 24. An 

advanced injection leading to proper mixing result in attains the NOx formation reaction 

temperature limits. At 6 degree bTDC for all the test fuel samples, there is not much effect as seen 

at 30 degree bTDC. Therefore, injecting fuel near TDC gives favorable NOx emissions rather than 

advancing the fuel injection timing away from TDC. 
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Figure 25: effect of EL, IP on SFC 

The interactive effect of EL versus IP on SFC is shown in figure 25. Increasing engine load 

corresponding energy demand is fulfilled by extraction of energy, by proper combustion of fuel. 

Hence fuel requirement at a higher load is lesser than a low operation load for all the fuel injection 

pressure. From the graph, it is clear that with increasing IP, there is a corresponding increase in 

SFC, but fuel consumption started to decrease considerably beyond a certain level. So there is 

some opportunity for the researcher to identify the optimum combination. 
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Figure 26: effect of EL, EGR on SFC 

In the normal thermodynamic cyclic process of engine operation, when the exhaust gas is re-

circulated with the increment of 4% from 0% to 16%, there was a considerable increase in SFC 

requirement at full load. A decrease in SFC was seen with the addition of EGR at a low operation 

load, as shown in figure 26. Therefore optimum EGR percentage rate needs to be investigated 

throughout the engine load ranges by considering all other influencing parameters. To fulfill the 

required thrust at full load slight increase in fuel consumption was reported to overcome EGR 

introduced the effect of lower combustion rate due to shortage of oxygen leads to improper 

combustion. 
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Figure 27: effect of EL, IT on SFC 

The interactive effect of EL versus IT on SFC is shown in figure 27. For all the loads of engine 

operation with the advancement of fuel injection by the interval of 6 degree from 6 to 30 degree 

before the top dead center resulted in a significant increment in requirement of SFC. In low load 

of operation, all the fuel energy is not utilized as in a high load of the cyclic process; therefore, 

higher SFC occurs at a low load. The lower SFC was reported when operating the engine towards 

the maximum load and injecting fuel near TDC before advancing FIT. Early injection causes 

certain rise in pressure before the piston reaching TDC leading to more energy consumption but 

actually pressure rise required at the TDC. Jo
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Figure 28: effect of EL, FB on SFC 

With the increase in engine load, there was a considerably tremendous decrease in SFC of the 

engine, as shown in figure 28. It was seen that the biodiesel blend percentage increase causes a 

slight rise of SFC towards at full load of operation due to the lower calorific nature, high density 

and viscosity of the prepared grape seed biodiesel blend. There is no considerable increase of SFC 

for biodiesel blend for all loads of process than diesel alone as fuel. At full load, even the addition 

of 60% biofuel in diesel reported lower brake SFC than the low load of operation without biofuel 

blend. 

SFC= 0.303751 + -0.00104444 * FB + -0.00943229 * EL + 0.00126389 * IP + 0.000878472 * IT 

+ -0.0136667 * EGR + 5.20833e-06 * (FB*EL) + -1.80556e-06 * (FB*IP) + 7.98611e-05 * 

(FB*IT) + 1.5625e-05 * (FB*EGR) + -1.77083e-06 * (EL*IP) + -3.38542e-05 * (EL*IT) + 

0.000105469 * (EL*EGR) + 1.73611e-06 *(IP*IT) + 2.60417e-06 * (IP*EGR) + -3.90625e-05 * 

(IT*EGR) + 1.36111e-05 * FB^2 + 6.39062e-05 * EL^2 + -7.52778e-07 * IP^2 + 5.03472e-05 * 

IT^2 + 0.000347656 * EGR^2 

RSM and ANN Analysis 

Jo
urn

al 
Pre-

pro
of



The parameter considered for this analysis for improving the performance of the engine, such as 

FB, EL, IP, IT, and EGR as influencing parameters of the CRDI engine and the output process 

responses such as SFC, BMEP, BTHE, Mech. Effi., CO, HC, NOx. Numerical optimization was 

done in the way of improving performance characteristics and to reduce the emission nature of 

CRDI engine run with blends of grape seed biodiesel and the details about the importance of 

different responses considered for evaluation as well as the desirability of each parameter to fulfill 

the goal is shown in table 9. Multi-objective numerical optimization in engine performance with 

different sources of biodiesel has been done by (Ramalingam et al. 2022), (Teoh et al. 2021), and 

the second order equations can be done by RSM (Sharma, Singh, Kumar Singh, et al. 2020), 

(Sharma, Singh, Tyagi, et al. 2020). Different methods are used in developing the design matrix 

in RSM, and an effective way is the central composite design (S. Kumar and Dinesha 2018). CRDI 

engine parameters were analyzed by RSM based tool using linseed biodiesel (M. Kumar et al. 

2022). RSM Optimized result is shown in figure 29. The maximum combined desirability of 0.824 

was seen when adjusting the input engine setting of 33.3% of grape seed biodiesel blend, 82% of 

engine load, 1000 bar of injection pressure, and 6-degree bTDC of injection timing, 6.7% of EGR. 

The individual desirability of each response is shown in table 9. Confirmatory experimental run 

conducted at the optimum combination and the error percentage between experimental and 

predicted for all the output is less than 5% as shown in table 11. 

Table 9: Goal, weightage, and desirability of RSM analysis 

Name Goal 
Lower 

Limit 

Upper 

Limit 

Lower 

Weight 

Upper 

Weight 
Importance 

Desirabilit

y 

A:FB is in range 0 60 1 1 3 1 

B:EL is in range 20 100 1 1 3 1 

C:IP is in range 400 1000 1 1 3 1 

D:IT is in range 6 30 1 1 3 1 

E:EGR is in range 0 16 1 1 3 1 

SFC minimize 0.24 0.66 1 1 3 0.91 

BMEP maximize 0.89 4.24 1 1 3 0.8 

BTHE maximize 13.3 34.74 1 1 3 0.93 

Mech. Effi. maximize 25.98 68.87 1 1 3 0.89 
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CO minimize 0.04 0.32 1 1 3 0.57 

HC minimize 7 23 1 1 3 0.96 

NOx minimize 66 1390 1 1 3 0.78 

 

Table 10: Comparisons of R-value of ANN and RSM 

  SFC BMEP BTHE 
MECH. 

Effi. 
CO HC NO 

R (ANN) 0.88 0.99 0.84 0.99 
0.9657

1 
0.76 0.948 

Hidden layer 6 2 13 4 19 3 3 

Epoch Iterations 9 67 7 28 6 10 10 

R (RSM) 0.79 0.99 0.77 0.98 0.94 0.71 0.91 

ANN % prediction 

accuracy than RSM 
11.4 0 9.1 1.02 2.73 7.04 4.175 

 

Table 11: error of experimental and predicted value 

  
FB 

(%) 
EL (%) 

IP 

(bar) 

IT  

(bTDC) 

EGR 

(%) 

BMEP 

(bar) 

BTE 

(%) 

Mech 

Eff. (%) 

SFC 

(kg/kWh) 

CO in 

%  

NOx  

(PPM) 

HC  

(PPM) 

Exp. 33 82 1000 6 7 3.49 30.44 63.23 0.289 0.132 366 8 

Predicted 33.3 82.0015 999.98 6 6.707 3.559 31.85 64.0609 0.278 0.1277 356.8 7.64 

Error (%)           2.05 4.600 1.31 3.917 3.03 2.496 4.5 

 

Table 12: Design of experiment  

Random 

Run 
FB (%) EL(kg) FIP(MPa) FIT(o bTDC) EGR (%) 

1 30 7.4 70 18 8 

2 45 9.8 55 24 12 

3 45 4.9 85 12 4 

4 45 4.9 55 24 4 

5 45 4.9 55 24 12 
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6 45 4.9 85 24 12 

7 15 9.8 55 12 12 

8 45 9.8 85 12 12 

9 45 9.8 85 12 4 

10 15 4.9 85 24 12 

11 30 7.4 70 18 8 

12 45 4.9 85 24 4 

13 45 4.9 85 12 12 

14 15 4.9 55 12 4 

15 45 4.9 55 12 12 

16 45 9.8 55 24 4 

17 30 2.5 70 18 8 

18 30 7.4 70 18 16 

19 30 7.4 70 18 8 

20 15 9.8 85 24 12 

21 15 9.8 85 12 4 

22 45 9.8 55 12 12 

23 45 4.9 55 12 4 

24 30 7.4 70 18 8 

25 30 7.4 100 18 8 

26 30 7.4 70 18 8 

27 30 7.4 70 30 8 

28 30 12.3 70 18 8 

29 15 4.9 85 12 4 

30 30 7.4 70 6 8 

31 15 9.8 55 24 4 

32 15 9.8 55 24 12 
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33 45 9.8 85 24 12 

34 15 4.9 55 12 12 

35 0 7.4 70 18 8 

36 15 4.9 85 12 12 

37 15 4.9 55 24 12 

38 15 9.8 55 12 4 

39 30 7.4 40 18 8 

40 15 4.9 85 24 4 

41 30 7.4 70 18 8 

42 45 9.8 55 12 4 

43 30 7.4 70 18 8 

44 15 9.8 85 12 12 

45 45 9.8 85 24 4 

46 30 7.4 70 18 8 

47 60 7.4 70 18 8 

48 15 4.9 55 24 4 

49 15 9.8 85 24 4 

50 30 7.4 70 18 0 
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Figure 29: RSM optimized result 

An artificial Neural Network algorithm was used to predict engine output responses. Random 

dividerand data division, levenberg-marquardt training, mean squared error performance, and 

MEX calculations were used in the algorithm. Training, validation,and test regression analysis 

were performed by changing the hidden layer until the desired predicted regression values were 

obtained. The predicted value of each engine output response is more accurate in ANN than 

response surface methodology-based prediction. Neural network-based prediction are 11.4%, 

9.1%, 1.02%, 2.73%, 7.04%, 4.175% higher than RSM prediction for SFC, BTHE, MECH. 

Efficiency, CO, HC, and NOx, respectively, and the comparison of ANN versus RSM is shown in 

table 10. 

CONCLUSIONS 
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Experimental work is done in CRDI engine supplying grape seed biodiesel at fixed compression 

ratio 18, speed 1500 rpm by varying main influencing parameters, and after 50 input combination 

variation run in engine, the following conclusions are drawn.  

• Biodiesel was made in accordance with ASTM standards, and the test fuel characteristics 

of the prepared biodiesel were discovered to be within ASTM standard criteria. 

• Design expert software was used for the development of the RSM (central composite type 

design) experimental matrix of 50 input combinations. 

• RSM was utilised for forecasting and to develop a second-order quadratic equations for 

each engine outputs responses, such as BMEP, mech. effi., BTE, BSFC, CO, HC, and NOx. 

• EL is the primary influencing parameter for torque, BP, BMEP, and mechanical efficiency. 

The remaining parameters have the least influence on these parameters. Apart from types 

of fuel used, at high IP, the Torque, BP, BMEP are depends primarily on EL. 

• At high injection pressure fueled operations, the EL and FIT possess more influence on 

controlling engine efficiency than other parameters considered.  

• Air pressure and temperature are higher near TDC than they are at the beginning of the 

compression process, which results in better air-fuel mixing near TDC than they were 

earlier in the process. Better combustion, in turn, causes an increase in BTE and a decrease 

in SFC at high loads. 

• When operating at high injection pressures (40–100 MPa), enhanced BTE results from 

above-half loads near TDC injection and below-half loads in the early stages of fuel 

injection during the compression process. 

• Low load energy requirements are met by biodiesel blends alone in high IP operations (40–

100 MPa), but above half load, somewhat lower BTE and higher SFC are noted due to 

lower energy density than in diesel fuel operations. 

• An ANOVA study helps identify the parameters that have the maximum influence on each 

output response. EL has 1.21, 6.10, 64.40, 69, 94, 68, and 99.9 percentage influences on 
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NOx, HC, CO, SFC, Mech. effi., BTE, and BMEP. FB has a 5.4% influence on HC. IT has 

26%, 12.61%, 12.56%, 2%, 11.58%, and 19% influence on friction power, BTE, SFC, CO, 

HC, and NOx. EGR has 89%, 7%, 11%, and 60% influence on vol. effi., CO, HC, and 

NOx. 

• A learning-based ANN technique was used to predict outcomes, and the projected values 

were more accurate than RSM. ANN could be more successfully used for predicting output 

responses than the prediction by RSM via. Neural network-based prediction are 11.4%, 

9.1%, 1.02%, 2.73%, 7.04%, 4.175% higher than RSM prediction for SFC, BTHE, mech. 

efficiency, CO, HC, and NOx, respectively 

• Using the RSM desirability approach, the optimal settings for the CRDI engine were 

determined to yield improved reactions. These settings included 1000 bar of IP, 6obTDC 

of IT, 33% of a mix of grape biodiesel with 77% diesel, 6.7% of EGR, and 82% engine 

load. These ideal input conditions resulted in engine outputs of 3.55 bar BMEP, 31.85% 

BTE, 64% mechanical efficiency, 0.278 kg/kWh SFC, 0.127% CO, 357 ppm NOx, and 8 

ppm HC. 

• The RSM desirability method-based optimal engine operation employing diesel mixed 

with GSB is validated using experiments at the optimal settings, and the error between 

experiment and RSM is less than 5%. 

• When operating engine at 60% EL, 70 MPa IP, 18o bTDC, 8% EGR, The addition of grape 

seed biodiesel to diesel increases the oxygen presence in the prepared fuel, allowing for a 

complete combustion reaction. However, excessive addition of low-calorific grape seed 

biodiesel to diesel results in lower energy density, which leads to GSB B60 reporting lower 

peak cylinder pressure than GSB B30 and diesel. The GSB B30 has a 0.5% greater peak 

cylinder pressure than the diesel. However, the GSB B60 has a 1.1% lower peak cylinder 

pressure than the diesel.  

• The investigation's optimal outcome is only suitable for the 1500 rpm, and CR 18:1 of the 

CRDI engine, with various input parameter ranges and output parameters considered. 

• The use of second-generation Grape biofuel is a substitute for potential applications for 
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better economic and environmental aspects hence this can be used as an emergency or 

alternative fuel for diesel engines. Hence recommending engine manufacturers to design 

or end users to operate at this optimum conditions.  

Future work 

Blending of second-generation biofuel with third and fourth generation biofuel in the 

aspect of enhancing the quality of biofuel and evaluate the efficiency characteristics and 

identifying optimum conditions by considering all the possible real time affecting 

parameters as future scope of this work. 
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