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The primary aim of this experiment was to use response surface methodology (RSM) to optimize engine operating parameters for optimal performance and emission characteristics of a common rail direct injection (CRDI) diesel engine fuelled with sesame oil methyl ester (SOME)/diesel blends. The experiments were carried out on a water-cooled common rail direct injection engine with a 4-stroke, single-cylinder connected to an eddy current dynamometer. As input variables, the SOME% (0%–20%), fuel injection pressure (FIP) (500–600 bar), EGR rates (0%–14%), and engine load (0–12 kg) were used. The optimization method is utilized to maximize brake thermal efficiency (BTE) while minimizing BSFC, CO, HC, and NOx emissions. Experimental research data were used to create the RSM model through DoE (Design of experiments). The most relevant factors impacting the responses were identified using an ANOVA analysis. According to the optimization findings, the engine’s optimum working parameters were found to be a 20% SOME ratio, 577.5 bar FIP, 5.26% EGR rates, and 5.12 kg engine load. Under these operating circumstances, the optimal responses were determined to be 18.92% BTE, 0.3705 kg/kWh BSFC, 0.03190% vol. CO, 13 ppm HC, and 447.5 ppm NOx emission. At the same time, R2 values were 96.35%, 87.54%, 91.57%, 95.87%, and 93.73% for BTE, BSFC, CO, HC, and NOx respectively.
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HIGHLIGHTS

• CRDI engine characteristics study on sesame oil biodiesel blend with diesel.
• Development of RSM regression and optimization model.
• The engine’s optimum working parameters were found to be a 20% SOME ratio, 577.5 bar FIP, 5.26% EGR rates, and 5.12 kg engine load.
• The optimal responses were determined to be 18.92% BTE, 0.3705 kg/kWh BSFC, 0.03190% vol. CO, 13 ppm HC, and 447.5 ppm NOx emission.
• The R2 values were 96.35%, 87.54%, 91.57%, 95.87%, and 93.73% for BTE, BSFC, CO, HC, and NOx respectively.
1 INTRODUCTION
The whole world’s worries about energy insecurity along with the constant demands of meeting ever-stricter emission regulations have shifted the focus of the fuel business away from fossil-based fuels and toward innovative and renewable fuel sources for IC engine applications (Pali et al., 2021). Biodiesel impresses the attention of scientists and researchers in this area. These fuels are becoming increasingly appealing in the present global energy situation since they are renewable and biodegradable, as well as offering energy security and foreign exchange savings while also addressing environmental issues (Oni and Oluwatosin, 2020; Devaraj et al., 2021; Yadav and Gautam, 2022).
Biodiesel refers to a class of compounds known as alkyl esters of fatty acids, which are produced from vegetable oils or animal fats when treated with alcohol (Ganesan et al., 2021). The thermos-physical properties of biodiesel are similar to conventional diesel fuel. As a result, it may be utilised as a fuel for diesel engines without requiring any design or equipment adjustments (Bhan et al., 2022). In comparison to fossil diesel, biodiesel has a higher cetane number (CN), oxygenated, sulphur-free and lower aromatic content, which varies depending on the processing procedure and feedstock (Yesilyurt, 2020; Aljaafari et al., 2022). Several studies have found that using biodiesel as a fuel in diesel engines reduces hazardous exhaust emissions while maintaining engine performance that is comparable to diesel fuel (Rathore et al., 2019; Sayyed et al., 2022; Seeniappan et al., 2022). Hydrocarbon (HC), carbon monoxide (CO), and smoke opacity emissions were reduced in some tests, while NOx emissions rose with biodiesel fuels (Nanthagopal et al., 2020). Despite its many benefits over diesel fuel, it has several drawbacks such as low calorific value, poor cold flow characteristics, higher viscosity, oxidative stability, and maybe increased nitrogen oxides (NOx) emissions (Govindasamy et al., 2019). P Shrivastava et al. (2019) carried out experimental studies on a diesel engine powered by various biodiesel blends of Karanja and Roselle with diesel fuel and found reductions in BTE, EGT, indicated thermal efficiency, maximum rate of pressure rise rate, ID, NOx emission, and smoke levels of 4.3%, 1.2%, 0.71%, 4.93%, 2.47%, 6.01%, and 12.59% for LA20 (20% Roselle + 80% diesel) compared to diesel, and an improvement in BSFC 6.84% and CO2 emission by 3.74%. BTE, EGT, NOx, and smoke emissions were lowered by 1.82, 1.64, 3.83, and 13.63%, respectively, with the KB20 (20% Karanja + 80% diesel) while BSFC increased by 8.5%. Singh and Verma (2019) studied the impact of Momordica charantia (L.) seeds on a diesel engine mixed with conventional diesel as an alternative to biodiesel (20%). The experiment was carried out at varied engine loads and speeds. The results indicated that a 20% biodiesel mix significantly reduced NOx emissions (51.68%, 55.88%, and 55.68% at 1,200, 1,400, and 1,800 rpm), but other emission components such as CO, CO2, PM, and SO2 were comparable to diesel. The performance and combustion parameters were found to be inferior to those of diesel.
Sesame oil is used to make biodiesel in the current study. The sesame plant is grown in tropical to temperate climates. Sesame oil is produced in large quantities in India (25% of world production). Seeds of sesame include about 50% oil contents, as opposed to 20% oil found in soybeans Sesame oil, contains 47% oleic acid, 39% linoleic acid, 4% stearic acid, and 10% palmitic acid. Sesame seeds are planted in May and June and grow for about a year. The growing season is from July through August, with harvesting taking place in September-November (Mehra and Pant, 2021; Mujtaba et al., 2021). These biofuels demand a greater fuel injection pressure (FIP) due to their higher viscosity, however, the injection pressure is limited in diesel engines. These issues can be resolved by introducing a CRDI system, which can inject fuel at any crank angle or injection pressure. With enhanced FIP, the process of mixing fuel droplets with air enhances due to the higher charge temperature accessible under high load circumstances (Pavan et al., 2021). To overcome the NOx emission, exhaust gas recirculation (EGR) is used which is a dependable and cost-effective technique for decreasing NOx emissions in diesel engines (Ramachander and Gugulothu, 2022). Since the 1990s, it has been widely used in automobile and heavy-duty diesel engines. EGR is an exhaust control technology that uses a control valve and input manifold to allow a part of the exhaust flow inside the cylinder. By recirculating exhaust gases into the engine’s cylinder, a portion of fresh air is replaced by exhaust gas. This technique decreases the combustion temperature, which lowers the quantity of NOx produced, also lowers the gas pressure inside the cylinder and increases the ID (ignition delay) due to the reduced amount of oxygen (Jayabal et al., 2020). Venkatesan et al. (2021) investigated the properties of a 2-cylinder off-road vehicle CI engine (Simpson S217-tractor) by using two types of fuel were used: P75SNB25 (Pine + soapnut biodiesel) and SNB20 (diesel + soapnut biodiesel) with a fixed rate of 10% EGR under varied loads. When comparing P75SNB25 blend fuel to diesel fuel without EGR, it was discovered that at full load, there is a reduction in surface (3.44%), EGT (3.90%), and HC (20%) emission for P75SNB25 blend fuel at 10% EGR. There is also an increase in BTE (4.44%) and CO (8%) emissions. When compared to diesel operation without EGR, the blend SNB20 with 10% EGR reduces EGT, HC, and NOx emissions by 3.12%, 20%, and 10.55%, respectively. Shrivastava and Verma (2020) tested Roselle biodiesel combined with diesel in a CI engine, varying the FIP and load, and comparing the results to neat diesel. Boosting the FIP decreased the ID period, smoke emission, and thermal, and indicated efficiency while increasing the BSFC, EGT, cylinder pressure, and maximum rate of pressure increase, as well as CO2 and NOx emissions. At 220 bar FIP, CO2 emissions increased by 1.6%, but NOx and smoke emissions dropped by 3.18% and 2.20%, respectively, for RB20 blends compared to diesel fuel.
Previous research assessments found that biodiesel blend ratio, fuel injection pressure, and EGR all had a substantial influence on the diesel engine’s characteristics. As is well known, these factors influence engine reactions in CI engines. These parameters must be considered to produce sensitive results in alternative fuel experiments. However, if any or all of the factors are taken into account, the number of tests required might be in the thousands. This is inefficient in terms of both cost and time. As a result, computer modelling applications have grown in popularity in recent years. The ability to model experiments with high accuracy while undertaking fewer experiments has proven valuable (Samet and Yeşilyurt, 2020). The goal of this study, among the multiple input factors, is to limit the number of experiments and construct a mathematical model to produce optimal results. To decrease the number of trials, computer applications that can mimic many more experiments with a limited quantity of experimental data have been created. Among these programmes, RSM stands out owing to its capacity to optimise in less time since, unlike other apps, it develops the most appropriate matrix for testing. RSM is a statistical approach that produces and forms a model based on the correlation between output and certain under-control elements, capable of multivariate estimation and optimization (Srinidhi et al., 2021). Some research has been done on engine studies utilizing RSM-based models. Khanjani and Sobati (2021) utilized the RSM technique to investigate the influence of waste cooking oil biodiesel on the performance and combustion of a diesel engine. When compared to diesel fuel, engine torque decreased by 6.33%, but BP increased by 7.86%, and BSFC increased by 9.52%. CO, UHC, and NOx emissions are also reduced by 42.86%, 34.02%, and 25.33%, respectively. Singh and Tirkey (2022) utilized RSM and ANOVA sensitivity testing to find the best engine operating conditions for dual-fueled engines driven by low-grade coal-based producer gas (PG) and diesel. According to RSM findings, the best values of the independent variables are equivalence ratio (0.12), CR (17.01), and engine load (12 kg). The measured optimal response values for BP (3.54 kW), BTE (28.23%), BSFC (0.38 kg/kWh), CO (0.38 kg/kWh), UHC (28.23%), CO2 (0.0231% vol), and NO (4.2559 ppm). S Simsek et al. (2022) conducted an experiment to examine the effects of varying concentrations of graphene oxide (GO) on CI engine characteristics while using a 30% sesame oil (SO) + 70% diesel fuel combination with RSM to establish optimum operating parameters at various engine loads. Under optimal circumstances, the responses were 1,746.77 W, 968.73 g/kWh, 259.8°C, 0.0603%, 23.13 ppm, and 185.61 ppm for power, BSFC, EGT, CO, HC, and NOx, respectively. According to the validation research, the maximum error between the optimal and experimental findings is 4.69%. According to the study’s findings, it can be inferred that the RSM model can successfully represent a single-cylinder diesel engine, saving time and resources. RSM evaluated by Sharma et al. (2022) experimented with several fuels for the CI engine, including soya and soya ethanol mixes. According to RSM’s studies, employing dual-fuel in a non-modified diesel engine improves engine performance and emissions. According to the conclusions of the investigation, an 8% soya biodiesel combination in dual fuel mode at 1486 RPM, 49.5 mm manometer airflow, and 6.27 kg engine load provides overall good engine performance. The emission parameters for BTE, VE, CO, HC, and NOx are 24.29, 68.53%, 0.0715 vol. %, 51.6 ppmv, and 1,080 ppmv, respectively.
Following a study of the literature, it is concluded that there is a need for more research into the combined influence of blending ratio, FIP, EGR rate, and load on CRDI engine performance and emissions. Furthermore, the quantification of input parameters (% of SOME FIP, EGR rate, and load) for the desired outputs in terms of mathematical relations was not addressed for the selected combinations. Thus, the primary goal of this research article is to use modelling to optimise and explore the combined effect of different blending ratios, FIP, EGR rate, and load on engine performance and emissions, and to build an empirical link between output and input parameters. The novelty of this work is that it employs response surface methodology (RSM) to generate mathematical correlations between the independent variables and the responses, which were BSFC, BTE, CO, HC, and NOx emissions levels. Thus, multifunctional research was carried out to decrease the greenhouse gas effect and improve performance by utilising an ecologically friendly fuel, to acquire the best results with the least number of tests by optimising the working circumstances with RSM.
2 MATERIALS AND METHODOLOGY
2.1 Biodiesel production
Sesame oil was purchased from a local vendor in New Delhi to extract sesame biodiesel. Biodiesel can be produced from raw sesame oil through the transesterification process. In the transesterification process, the triglycerides of the oil or fats are converted into ester on reaction with a small chain of alcohol in the presence of a catalyst, producing glycerol as a by-product. In this work, 200 mL of raw sesame oil was taken into a beaker. The temperature of raw sesame oil was increased to 120°C and maintained there for around 30 min while continually stirring to reduce the water contents in the oil. After that, the oil was put through a filter to separate solid particles and dirt. Potassium-methoxide was created by dissolving potassium hydroxide (KOH) in methanol at a 20:1 ratio. When the temperature of the oil was approximately 60°C, it was blended with a potassium-methoxide solution using a magnetic stirrer. The mixture was rapidly agitated and kept at 60°C for 90 min before being transferred to the settling container to begin the separation of glycerol from sesame biodiesel. Because glycerol is denser than biodiesel, it settles towards the bottom of the container. After the separation procedure had been completed for 24 h, the container’s tap was opened, allowing the glycerol to drain (Bhatia et al., 2021).
To eliminate residues of methanol and KOH from biodiesel, it was washed three times with warm water. The oil was placed in a settling container for 4 h after each wash to separate the washing residue from the biodiesel as shown in Figure 1. The amount of water utilized in each wash was about 10%–20% of the total amount of oil. After separation, the water evidence was removed by opening the tap. Finally, the produced biodiesel was heated to 110°C for around 30 min while stirring frequently to evaporate any remaining water content. It was observed that biodiesel yield was 88.4% achieved. The ASTM standard technique was used to determine the characteristics of fuels, which are described in Table 1. Details of the equipment’s specifications used for fuel sample property measurement are shown in Table 2.
[image: Figure 1]FIGURE 1 | Water washing in separating funnel.
TABLE 1 | Physico-chemical Properties of different blends of Sesame biodiesel.
[image: Table 1]TABLE 2 | The Details of the equipment’s specifications used for fuel sample property measurement.
[image: Table 2]2.2 Experimental test rig
The experimental test setup is depicted in Figure 2. Experiments are conducted on CRDI diesel engine testing equipment at a constant speed of 1,500 rpm with a varying load to investigate the influence of fuel injection pressure, exhaust gas recirculation rate, and blend ratios on the emission and performance characteristics of the engine. The engine characteristics are shown in Table 3. To monitor RPM and load, the CRDI engine is utilised in conjunction with an Eddy current dynamometer. The cylinder pressure and temperature were measured using a pressure sensor and thermocouples, respectively. An exhaust gas analyzer was used to test exhaust gas emissions. Water was pumped through the engine block and cylinder head jackets to cool the engine. The “Engine Soft” lab view in a computer is used as an interface for all the equipment connected to it to capture output parameters. A low-pressure pump transports test fuel from the tank to a high-pressure CRDI pump, where it is filtered before entering the high-pressure pump. The injection time was set at 23 bTDC, and the compression ratio to 18. An externally cooled EGR system was employed in this investigation. Cooled EGR minimises peak in-cylinder temperatures and hence avoids NOx production by lowering the intake charge temperature.
[image: Figure 2]FIGURE 2 | The CRDI diesel engine setup. (A) Block diagram of CRDI engine. (B) Real engine test rig.
TABLE 3 | The technical specification of the CRDI diesel engine.
[image: Table 3]2.3 Uncertainty analysis
Estimating the percentage of mistakes can be used to estimate the accuracy of experimental results. Experiments are prone to errors owing to instrument calibration, environment, and observations. The experimental data’s error evaluations are computed using systematic equations. To estimate the real value, the uncertainty analysis uses the average of repeat measurements. For the error analysis, the mean of six observations of a given parameter was used. All of the engine parameters include error bars to show the degree of uncertainty in the stated measurement. Table 4 compares the accuracy of several measuring devices.
TABLE 4 | Accuracy of different measurement instruments.
[image: Table 4]A popular mathematical equation is used to determine many unidentified uncertainties from well-established quantities (Chaitanya and Mohanty, 2022). The square root technique is used to assess the correctness of these results as shown in Eq. 1.
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In the following formula, the symbol “Uy” denotes the deviation or uncertainty in the word “y,” which is reliant on the other component (xi). Five observations are reported in this experimental study under varied engine running settings. Repeated experiments are used to calculate the uncertainty for variables such as BTE, BSFC, HC, CO, and NOx. The following table summarises the experiment’s uncertainty when all variables’ errors are taken into account:
The uncertainty of the test
[image: image]
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The uncertainty levels of each component of equipment were calculated. The total uncertainty of the present experiment was determined to be 1.22%, which is significantly lower than the 5%. It is generally understood that the allowable range for uncertainty is less than the stated amount. As a result, the total uncertainty of the system was within reasonable parameters.
3 RESPONSE SURFACE METHODOLOGY
3.1 RSM model and experimentation
A response surface approach is a strong tool for optimizing process parameters in different research areas such as manufacturing, I C engine, microbial product, the medical sector, and so on. This method combines statistical and mathematical techniques for model creation, analyzing the influence of several independent variables, and determining optimal variable values. The RSM model was developed using data from the experimental investigation. The primary goal is to investigate the relationship between the responses and the input factors to reduce or optimise the response attributes. It can both develop and show a simple equation for the parameters to be optimised using a small amount of experimental data. Furthermore, it is an application that may use analysis of variance to determine the influence of working parameters on outputs (ANOVA) (S Uslu et al., 2022, S Sathyanarayanan et al., 2022). The RSM with DoE has been demonstrated to be an effective modelling technique. As a result, in the current study, RSM with “Minitab 20” was proposed for establishing the connection between the identified variables and the responses (Chelladurai et al., 2021). This technique not only saves money and time but also provides the necessary knowledge on interaction effects with a lesser number of tests.
For each of the four input variables, five levels were chosen in this experiment. The discovered variables and their levels are shown in Table 5. Table 6 summarises the data obtained for performance metrics such as BTE and BSFC, as well as emission characteristics such as HC, CO, and NOx, during the current study.
TABLE 5 | The input variables with their levels.
[image: Table 5]TABLE 6 | The actual values of independent variables along with their output responses.
[image: Table 6]The RSM technique of optimization entails three key steps: statistically constructing the experiments, predicting the coefficients in a mathematical model, forecasting the response, and verifying the model’s appropriateness (Eq. 2) inside the experimental setup (Figure 3).
[image: image]
where S denotes the system response and Xn denotes the component of action. One useful aspect of RSM is the ability to use the analysis of variance (ANOVA) approach to create an appropriate model between the response and independent variables. The 2nd order mathematical model presented in Eq. 3 may be used to calculate S and it is stated as follows (Pereira et al., 2021, MK Yesilyurt et al., 2022):
[image: image]
where S is the response, ao is the average of the responses, and ai, aii, and aij are the response coefficients. The 2nd, 3rd, and 4th terms, respectively, indicate linear, higher-order, and interaction effects and [image: image] is the error.
[image: Figure 3]FIGURE 3 | Description of optimization stages for the variables.
In this research, the influence of four factors on the efficiency and exhaust of a CRDI engine is evaluated in order of importance: SOME%, FIP, EGR, and engine load. A central composite design (CCD) with the face in the centre is chosen. Because it allows for the construction of a 2nd order model for the response, the CCD is most commonly used to obtain the response surface. This sort of design occurs when the distances from both axial points, which serve as the CCD’s factorial points, to the centre are the same central distance, resulting in the same chances in the available response at all places of a centred sphere at the origin. The following correlation (Eq. 4) is used to calculate the number of points necessary for the four parameters under consideration (Rejeb et al., 2021):
[image: image]
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where N signifies the number of runs, k is the number of variables, and ao is the number of repetitions at the central design point.
3.2 ANOVA results
When determining the relevance of a mathematical model, the most commonly used statistical procedures are analysis of variance (ANOVA) as shown in Tables 7, 8. When there are more than two treatments, ANOVA is used. The p-value is defined as the choice of elimination points for the null hypothesis to be rejected at the lowest degree of significance. For analysis, the level of significance must be specified; for example, 5% (p < 0.05) to show that the treatments vary statistically. From Table 6, it was found that the p-value of blend%, FIP, and load is less than 0.05 for BTE and only load for BSFC. It means that blend%, FIP, and load have a great impact on the response BTE and for BSFC, engine load plays a significant role. Similarly in Table 7, it was observed from the p-value that blend%, EGR, and load have a great effect on CO emission. The blend %, FIP, and load have more impact on HC emission. The load and EGR have more impact on NOx emission. As a consequence, when “p” determined by ANOVA is less than the level of significance, the results can be regarded significant; but, when “p” is larger than the level of significance, the null hypothesis is true and the results are not substantially different, so there are no reasons to reject it (Kumar et al., 2021a).
TABLE 7 | ANOVA of the developed models for BTE and BSFC.
[image: Table 7]TABLE 8 | ANOVA of the developed models for CO, HC, and NOx emission.
[image: Table 8]Tables 7, 8 also show the coefficient of determination (R2) for created models, demonstrating an excellent connection between the experimental and projected values of the feature. The correlation between experimental and predicted values for BTE (R2 = 0.96), BSFC (R2 = 0.8745), CO (R2 = 0.8973), HC (R2 = 0.9524), and NOx (R2 = 0.9856) was found to be excellent. The adjusted R2 is a variant of R2 that has been updated to account for the number of predictors in the model. BTE (adj. R2 = 0.9251), BSFC (adj. R2 = 0.7647), CO (adj. R2 = 0.8075), HC (adj. R2 = 0.9107), and NOx (adj. R2 = 0.9730) have high adjusted R2 values, indicating that these models are very accurate (Mutuk and Mesci, 2014; Pamnani et al., 2017).
3.3 Optimization and desirability approach
The optimization of real-world issues necessitates the use of numerous answers of interest. Techniques utilized include overlaying the contour plots for each answer, restricted optimization problems, and the desirability technique. The desirability technique is shown to offer advantages such as simplicity, software availability, and flexibility in weighing and assigning priority to individual responses. In this study, a desirability approach based on the response surface technique is utilized to optimize experiment parameters (SOME%. FIP, EGR, and load) for the measured characteristics of responses (maximize BTE, and minimize BSFC, CO, HC, and NOx). The optimization research is finished. The optimization research was carried out using MINITAB 20, in which each response is converted to a dimensionless desirability value (d) ranging between d = 0, indicating that the response is completely undesirable, and d = 1, indicating that the response is more desirable (Sharma et al., 2022). It was discovered that the desirability approach for this investigation achieved 0.7954.
Figure 4 depicts the outcomes of the RSM optimization method. When the test engine fuel input variables were set to 20% sesame biodiesel blend ratio, FIP 577.5 bar, EGR 5.26%, and load 5.13 kg, the best value of output variables was BTE (18.92%), BSFC (0.3705 kg/kWh), CO (0.03% vol.), HC (13 ppm), and NOx (447.5 ppm).
[image: Figure 4]FIGURE 4 | Numerical optimization ramp view for input factors and output responses.
4 RESULT AND DISCUSSION
In the current investigation, the impacts of experiment factors such as SOME%. FIP, EGR, and load on BTE, BSFC, CO, HC, and NOx were investigated. Table 5 displays the experimental responses of 31 runs in the design matrix, as well as the points on RSM-fitted models that correspond to them. 3-D surface view plots and accompanying contour plots were created using the four independent components. Two items were considered at a time in these plots, with the other two factors staying in the middle level and serving as hold parameters.
4.1 Interactive effect of various input factors on brake thermal efficiency (BTE)
BTE refers to the combustion system’s ability to take the test fuel and gives a comparable method for determining how efficiently the fuel’s energy was transferred to mechanical work. Eq. 5 are provided in the independent factors’ 2nd-order equations to recognise the BTE created by MINITAB 20.
[image: image]
Figure 5 shows the cumulative impact of various input variables on the BTE. Figure 5 (i) a and (i) b represent the surface plot and contour surface for the change in BTE due to variation in biodiesel ratio (sesame oil methyl ester) and EGR. The BTE of the engine was shown to decrease as the percentage of biodiesel in the blends increased. This might be due to biodiesel’s higher oxygen content, which may have resulted in improved combustion as compared to pure diesel. Furthermore, all biodiesel blends exhibited lower BTE, which might be attributed to biodiesel’s much worse efficiency, particularly at lower CR, due to a loss in calorific value and increased fuel consumption. When the EGR was increased during the SOME/diesel mix-driven CRDI operation, the BTE fell somewhat, which is almost definitely owing to the charge dilution influence decreasing combustion quality. Kumar et al. (2021b) found a similar trend when testing linseed biodiesel blends in CRDI engines.
[image: Figure 5]FIGURE 5 | Effect of input factors on BTE.
Figure 5 (ii) a and (ii) b illustrate the surface plot and contour surface for the effect of blend% and FIP on the BTE. The BTE improves as injection pressure rises at full load, as seen in the graph. By raising the fuel injection pressure, the degree of atomization is enhanced. This is because finer atomization reduces ignition delay by increasing the surface volume ratio. The 3-D response curves for the impact of SOME% and engine load are shown in Figure 5 (iii) a and (iii) b. Due to an increase in brake power, the BTE for diesel and biodiesel blends increases as the load increases. The highest efficiency for D90SOME10 test fuel operating at 550 bar FIP and 7% EGR rates were observed to be at a 12 kg load. Figure 5 (iv) a and (iv) b show the response surface graph for the effect of load and FIP on BTE.
4.2 Interactive effect of various input factors on brake-specific fuel consumption (BSFC)
The quantity of fuel required by the engine to create a unit power output is specified as BSFC. It is a measure of the combustion efficiency of the fuel. Eq. 6 are shown in the 2nd order equations obtained in the independent factors to recognise the BSFC created by MINITAB 20.
[image: image]
Figure 6 depicts the 3D response curves displayed with the interaction impacts of the process variable on the BSFC utilizing the design of expert (DOE) software against any two independent variables while maintaining other variables at their zero level. Figure 6 (i) a and (i) b demonstrate the impact of sesame biodiesel% and EGR rates on BSFC through response surface curves. It was discovered that when the proportion of SOME biodiesel in the test fuel increases, the BSFC value first gets increases. The main reason for this is that the calorific value of biodiesel declines as the proportion of biodiesel in blends increases, necessitating an increase in blend flow rate to maintain the same operating conditions in terms of power output for all test fuels. After 10% SOME, BSFC values gets decreased as shown in graph. Because oxygen enhances combustion efficiency, it takes up space in the mix and so slightly raises the apparent fuel consumption rate noticed when running a biodiesel engine. These findings are consistent with comparable observations recorded by Sharif et al. (2020) after testing Nodularia Spumigena microalgae in a diesel engine versus diferent vegetable oil derived biodiesel. The combined effect of blend ratio and EGR on BSFC are described in Figure 6 (i) a and (i) b through response surface and contour plot. The value of the BSFC rises as the EGR levels increase. This is because when the EGR rate increases, the combustion temperature, and oxygen concentration fall, leading combustion to degrade. Additionally, when the EGR rate increases, so do the combustion time, but volumetric combustion decreases, resulting in increased fuel consumption.
[image: Figure 6]FIGURE 6 | Effect of input factors on BSFC.
The combined effect of blend ratio and FIP on BSFC is depicted in Figure 6 (ii) a and (ii) b through response surface and contour plot. With an increase in FIP, the BSFC values decreased. This might be due to finer atomization and better mixing at greater FIP. Figure 6 (iii) a and (iii) b depict the change in BSFC at various blend% and engine loads. According to the result obtained, raising the engine load from zero to full load results in a declining trend in the BSFC. This might be owing to better atomization at greater pressures, which allows for a rapid rate of heat release. The impact of load and FIP on the variation of BSFC illustrates in Figure 6 (iv) a and (iv) b.
4.3 Interactive effect of various input factors on carbon dioxide (CO) emission
Carbon monoxide is produced when there is insufficient oxygen for the combustion cycle yet the fuel-air mixture is high enough for combustion to proceed in the engine. Because there is not sufficient oxygen for carbon to be converted to CO2, some of the fuel is not burned and some carbon is turned into CO. Poor mixing, concentrated rich patches, inefficient burning, and an inadequate supply of oxygen all contribute to carbon monoxide emissions. Eq. 7 are shown in the independent factors’ 2nd-order equations to recognise the reactions to CO emission created by MINITAB 20.
[image: image]
The interaction impact of all control settings on carbon monoxide emissions is depicted in Figure 7. Figure 7 (i) a and (i) b show the combined effect of mix ratio and EGR. Because of their increased oxygen content, biodiesel blends were shown to have reduced CO emissions when utilized as a test fuel. The presence of more oxygen in the fuel promotes complete combustion, resulting in decreased CO emissions. It was also demonstrated that raising EGR rates on a CRDI engine decreases CO oxidation owing to decreased oxygen concentrations, resulting in a modest increase in CO emissions.
[image: Figure 7]FIGURE 7 | Effect of input factors on carbon dioxide (CO) emission.
Figure 7 (ii) a and (ii) b depicts the variation in CO emission at various blend% and FIP. Based on this graph, it was determined that increasing injection pressure reduced CO emissions in the CRDI diesel engine. The greater the FIP, the better the fuel-air mixing and the easier and more thorough combustion of the tiny droplets. CO emissions are reduced as a result of these effects. These findings are congruous with Kim et al. (2019), who got a similar outcome by using a diesel/biodiesel blend with FIP. Figure 7 (iii) a and (iii) b show the combined effect of blend percentage and load on CO emission via a response surface and contour plot. CO emissions are higher at low engine load than at high engine load, as can be observed. The higher the engine load, the lower the CO emissions for all fuels. This is due to increased evaporation and mixing of air and fuels, resulting in greater in-cylinder temperatures. Figure 7 (iv) a and (iv) b show the influence of FIP and load on CO emission variation using 3-D response curves.
4.4 Interactive effect of various input factors on hydrocarbon (HC) emission
Increased HC emissions occur from improper combustion of fuel particles. Eq. 8 are shown in the independent factors’ 2nd-order equations in order to recognise the responses HC provided by MINITAB 20.
[image: image]
Figure 8 shows the 3D response curves with the interaction impacts of the process variable on the HC emission using the design of the expert (DOE) programme against any two independent variables while keeping the other variables at their zero levels. Figure 8 (i) a and (i) b demonstrate the fluctuation in HC emission owing to blend% and EGR using the contour surface and surface plot. The quantity of HC emissions decreases as the fraction of SOME biodiesel blends increases at all engine loads due to the increased oxygen content and higher CN. Because of the efficient atomization of the fuel, the decreased HC emission ensures that the combustion is great. In CRDI diesel engines, raising the EGR percentage increased HC emissions. This tendency might be attributed to the charge’s diluting influence on EGR use, which causes incomplete combustion and lowers BTE. Increased EGR rates can cause lower flame temperatures, leading to bigger flame-quenching zones where combustion is difficult. Appavu et al. (2021) found a similar trend when studying the effect of EGR on the emission of diesel engines.
[image: Figure 8]FIGURE 8 | Effect of input factors on HC emissions.
Figure 8 (ii) a and (ii) b show the change in HC emission as a function of blend percentage and FIP value. As demonstrated in the graph, increasing injection pressure lowered HC emissions. When the injection pressure was increased, the fuel-air mixing in the combustion chamber improved, resulting in reduced UHC emissions than when the injection pressure was low. Figure 8 (iii) a and (iii) b show the surface plot and contour surface of HC emission as a function of blend ratio and load. When it comes to engine load, HC grows as the load rises since there is a greater replacement of biodiesel, resulting in maximum combustion of the biodiesel/diesel mix fuel. High HC levels were also caused by flame quenching and incomplete combustion. Figure 8 (iv) a and (iv) b show the effect of FIP and load on the variation of HC emission through response surface graphs.
4.5 Interactive effect of various input factors on the oxide of nitrogen (NOx) emission
This is the most significant property of biodiesel and its blend in terms of emissions. Because NOx is the most hazardous gaseous emission from engines, engine researchers are always working to reduce it. The term “thermal NOx” refers to NOx produced in a combustion chamber by the high-temperature oxidation of nitrogen (N2). The production of NOx is strongly dependent on the temperature, oxygen content, and reaction time in the cylinder. Eq. 9 are depicted in the 2nd order equations acquired in the independent factors to recognize the responses NOx produced using MINITAB 20.
[image: image]
The interaction impact of all control factors on NOx emission variation is depicted in Figure 9. Using 3-D response curves, Figure 9 (i) a and (i) b show the cumulative effect of blend ratio and EGR on NOx emission. As the quantity of biodiesel in the fuel mix grew, so did NOx emissions. In the presence of the chemically bound oxygen content in biodiesel (SOME), NOx generation rose and became significant, leading to higher levels of NOx emissions than diesel fuel. The most important concern is the amount of NOx emissions created by biodiesel combustion in engines. The primary purpose of the EGR technology in this study was to reduce NOx emissions. When EGR is employed in CRDI engines, NOx emissions are reduced. This was most likely due to the low temperature of the exhaust since the oxygen content in the cylinder’s fresh air was decreasing. Because oxygen availability is lower at lower loads than at higher loads, NOx generation at higher loads may be greater than at partial loads. Inefficient fuel combustion happens due to a shortage of oxygen in the combustion chamber, resulting in a low flame temperature, which inhibits the formation of NOx. While higher EGR rates result in lower NOx emissions, they also result in increased BSFC and lower BTE. Bragadeshwaran et al. (2019) also observed a reduction in NOx emission with the employment of EGR on diesel engines fulled with lemon peel oil and diesel blend.
[image: Figure 9]FIGURE 9 | Effect of input factors on NOx emission.
The surface plot and contour surface in Figure 9 (ii) a and (ii) b show the impact of blend% and FIP on NOx emission. Increasing injection pressure, as shown in this graph, enhanced NOx emissions. The particle diameter reduced when the injection pressure was raised, and the biodiesel–diesel fuel spray vaporized quickly. Liquid fuel, on the other hand, cannot penetrate very far into the combustion chamber. As a result, increased injection pressure initially results in quicker combustion rates and higher temperatures. As a result, NOx concentrations begin to rise. Mirhashemi and Sadrnia (2020) found a similar trend with various biodiesel blends. The effects of blend % and load on NOx emission fluctuation are depicted in Figure 9 (iii) a and (iii) b. The NOx emission is determined by the combustion chamber temperature, which is regulated by the applied load. As a result, increasing the load will always result in increased NOx emissions. According to the study, NOx emissions increased with increasing engine load for all of the fuels examined. Through a surface plot and contour surface, Figure 9 (iv) a and (iv) b demonstrates the influence of FIP and engine load on NOx fluctuation.
5 CONFIRMATION OF THE OPTIMIZED RESULTS
The trials were repeated three times at the optimal parameters to confirm the optimized findings. The average of three measured outcomes was used to compute the actual responses. Figure 10 presents the average of the experimental values, and projected values, and Figure 11 shows the percentage errors of the corresponding output responses. Confirmation experiments were carried out on a diesel engine running on sesame biodiesel, with input parameters (20% SOME ratio, 577.5 bar FIP, 5.26% EGR rates, and 5.12 kg engine load) and performance and emission parameters (BTE, BSFC, CO, HC, and NOx) monitored. The RSM predictions were found to be within the allowed range with experimental findings when mean percentage errors were kept to a bare minimum. The verification findings showed that the models created were relatively accurate, with the percentages of prediction error in good agreement.
[image: Figure 10]FIGURE 10 | The validation of optimized results experimentally. 20% SOME ratio, 577.5 bar FIP, 5.26% EGR rates, and 5.12 kg engine load.
[image: Figure 11]FIGURE 11 | The percentages errors between optimized results and experimental results.
6 CONCLUSION
In this study, the effects of main operational factors including FIP, EGR, and load on the performance and emissions of a CRDI diesel engine were explored using biodiesel synthesized from sesame oil blended with pure diesel to determine the best sesame biodiesel/diesel blends for CRDI engine performance and exhaust emissions to reduce BSFC, CO, HC, NOx and maximize the BTE. The Design of Experiments (DoE) based on response surface methodology (RSM) was extremely useful in designing the experiment, and the statistical analysis assisted in identifying the significant parameters that have the greatest influence on engine efficiency and emissions. To describe the correlations between performance and emission parameters, including input components SOME mix concentration, FIP, EGR, and engine load, a 2nd model was effectively created. The following conclusions can be made from this work.
• BTE was found to be maximum (28.188%) at process parameters i.e. blending of SOME 20%, 550 bar FIP, EGR 7%, and 12 kg engine load. At this configuration, the BSFC was also found to be minimum. The value of CO was obtained to be minimum (0.049%) at the no-load condition. The EGR has a great impact on NOx emissions. At 14% EGR rates, the emission of NOx reduces by 11%.
• The optimized NOx emission was obtained at 447.5 ppm at 20% SOME ratio, 577.5 bar FIP, 5.26% EGR rates, and 5.12 kg engine load.
• At 20% SOME ratio, 577.5 bar FIP, 5.26% EGR rates, and 5.12 kg engine load, high desirability of 79.6% was reached.
• This situation was deemed to have the best characteristics for the test engine, with 18.92% BTE, 0.3705 kg/kWh BSFC, and 0.03190% vol. CO, 13 ppm HC, and 447.5 ppm NOx emission.
• The ANOVA study revealed that the equivalent values of R2 (96.35%, 87.54%, 91.57%, 95.87%, ad 93.73% for BTE, BSFC, CO, HC, and NOx respectively) and adjusted R2 in the current model suggest that the present proposed model could be effectively matched with the experimental outcomes.
• Under the 95% confidence level, all of the generated regression models for BTE, BSFC, CO, HC, and NOx were determined to be statistically significant.
Thus, by using the RSM technique, the number of experiments may be decreased, resulting in lower expenses and less time spent on future research. Furthermore, it is concluded that RSM is an effective optimization approach for CRDI engines operating under multi-objective optimization parameters. There is a future scope in the utilization of non-edible oil such as waste cooking oil. Other advantages of using waste cooking oil to generate biodiesel include waste product management and resource efficiency.
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NOMENCLATURE
ASTM American society for testing and materials
ANOVA Analysis of variance
BTE Brake thermal efficiency
BSFC Brake specific fuel consumption
CCD Central composite design
CRDI Common rail direct injection
CO Carbon monoxide
CN Cetane number
CR Compression ratio
CV Calorific value
DoE Design of expert
EGR Exhauts gas recirculation
EGT Exhaust gas temperature
FIP Fuel injection pressure
HC Hydrocarbon
IT Injection timing
ID Ignition delay
KOH Potassium hydroxide
NOx Nitrogen oxide
RSM Response surface methodology
SOME Sesame oil methyl ester
VCR Variable compression ratio.
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Sources CO (%) HC (ppm) NOXx (ppm)

F-value p-value F-value p-value F-value p-value

Model 14 9.99 0.000 2286 0.000 78.10 0.000
Linear 4 | 25.66 0.000 73.30 | 0.000 266,01 0.000
BLEND (%) 1 2172 0.000 2971 0000 1695 0001
FIP (bar) 1 | 405 0.061 | 3446 | 0000 897 0.009
EGR (%) 1 428 0.055 [ 743 | 0015 63.03 0000
Load (Kg) 1 72.60 [ 0.000 2158 0000 975.10 0.000 |
Square 4 [ 832 0.001 475 | 0010 582 0.004
BLEND (%)*BLEND (%) 1 181 0197 257 0129 070 0415
FIP (bar) FIP (bar) 1 [ 7.30 0016 [ 131 | 0269 078 0389
EGR (%)EGR (%) 1 097 0339 221 0156 001 0918
Load (Kg)*Load (Kg) 1 | 2830 0.000 1258 | 0003 2258 0.000

] 2-Way Interaction 6 [ 0.66 0.686 132 0305 102 0447
BLEND (%)*FIP (bar) 1 [ 050 0.488 422 | 0057 283 o112
BLEND (%)*EGR (%) 1 096 0342 105 0320 002 0901 |
BLEND (%)*Load (Kg) 1 050 0.488 105 0320 000 1.000
FIP (bar) EGR (%) 1 [ 050 0.488 | 026 | 0615 002 0901
FIP (bar)*Load (Kg) 1 096 0342 026 0615 000 0972
EGR (%)*Load (Kg) 1 [ 050 0.488 105 | 0320 327 0.090
Modal
SD (Standard deviation) 00725444 194722 27.6641
R 89.73% | 95.24% 98.56%
Adjusted R* 80.75% ‘ 91.07% 97.30%
Predicted R’ 40.87% 72.58% 9169%
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Measuring parameter Accuracy 6 Uncertainty

*Brake thermal efficiency (BTE) - 05
I Brake-specific fuel consumption (BSEC) | - 04
Speed indication | 005m 02
Exhaust gas temperature % 1
Dynamometer 2% 0.1
pressure sensor | 1 | 03 ‘
CO emission £001 vol% 03
HC emission 5 ppm 06
NOx emission 10 ppm 08
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Sources BTE (%) BSFC (kg/kWh;

p-value F-value p-value
Model 14 2745 0.000 7.96 0000
Linear 4 8040 0.000 2363 0000
BLEND (%) i 567 0030 062 0443
FIP (bar) 1 808 0012 0.00 [ 0994
EGR (%) 1 132 0267 1 0307
Load (Kg) 1 30654 0.000 92.80 0000
Square 4 1524 0.000 a2 0016
BLEND (%)*BLEND (%) 1 | 054 | 0474 143 0250
FIP (bar) FIP (bar) 1 119 [ 0292 051 0484
EGR (%)EGR (%) 1 278 0115 077 0394
Load (Kg)*Load (Kg) 1 6017 0000 1242 0003
2-Way Interaction 6 029 0935 001 [ 1.000
BLEND (%)*FIP (bar) 1 002 0883 002 0898
BLEND (%)*EGR (%) 1 000 0955 002 0889
BLEND (%)*Load (Kg) 1 163 0220 0.00 0961
*FIP (bar)"EGR (%) 1 002 0890 002 0898
FIP (bar)*Load (Kg) 1 002 0883 002 0898
EGR (%)*Load (Kg) 1 002 0878 000 [ 0.987
Modal
SD (Standard deviation) 187562 0.0305708
R 96.00% | 87.45%
Adjusted R* 9251% 76.47%
Predicted R’ 76.98% 27.70%
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Blend (%)  FIP (bar) GR (%) BTH ( BSFC (kg/kWh)
1 15 575 105 9 241596 03406 0343 2 629
2 10 550 70 6 231228 03816 0.1568 2 419
3 10 550 70 6 231228 03816 0.1568 2 419
4 10 550 140 6 220428 03963 02058 2 326
5 15 525 105 3 9.7848 04331 0.392 19 247
6 5 525 105 3 10.1844 0.4221 03038 2% 216
7 15 575 105 3 12.1608 04331 0.098 15 266
8 5 525 35 9 254124 0319 05096 I 34 680
9 5 525 105 3 10,1844 04221 03038 2 216
10 10 550 70 0 0432 0.66 0.049 13 175
1 10 550 70 6 231228 03816 01568 2 419
12 10 550 00 6 236628 0367 01176 19 485
13 5 575 35 9 277884 03196 0.4606 30 691
14 10 550 70 6 231228 03816 01568 2 419
15 10 550 7.0 12 28188 03045 o748 40 837
16 15 575 35 3 13.1544 0.4167 oosss | 13 359
17 5 575 105 9 266112 03322 05194 u 598
18 0 550 70 6 26892 036 o338 | 23 394
19 5 575 105 3 12.5604 04221 0m | 20 235
20 10 500 7.0 6 221508 03816 0.294 27 408
21 10 600 70 6 251748 0389 02156 19 444
2 5 525 105 9 242352 03322 05488 37 480
23 10 550 7.0 6 231228 03816 0.1568 2 419
2 10 550 70 6 231228 03816 0.1568 2 419
25 15 525 35 9 227448 03278 03332 2 704
2 15 575 35 9 25.0884 03278 03038 P53 722
27 15 525 105 9 217836 03406 03724 29 611
28 5 575 35 3 13,6512 0.4062 02352 17 328
29 10 550 7.0 6 231228 03816 0.1568 2 419
30 15 525 35 3 107784 0.4167 0.0882 16 340
31 20 550 70 6 21438 03887 0.0588 15 456






