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Abstract  

The aim of this investigation was to model and optimize engine parameters on an engine fueled from waste cooking 

oil (WCO) doped blend (WCO20) with hybrid nano particles consisting of cerium oxide and aluminum oxide. 

Experimental investigation was performed on a variable compression engine at varying load conditions. To 

understand the combined impact of several engine conditions on performance and emissions, several engine trials 

ought to be performed. However, engine tests are tedious and expensive the more variables there are being 

evaluated. Modeling and use of advanced statistical tools can reduce the number of engine trials and make engine 

research more cost effective. Hence, in this examination, design of experiments (DOE) using the response surface 

method (RSM) was performed to model and optimize WCO20 performance and emissions parameters. This was 

done by utilizing a variable compression engine and selecting three variables (hybrid nano particle blends [fuel 

blend]), compression ratio (CR) and load as input parameters while the analyzed responses were brake thermal 

efficiency (BTE), brake specific fuel consumption (BSFC), nitrogen oxides (NORXR), unburnt hydrocarbons (UBHC), 

carbon monoxide (CO) and smoke. Optimization of engine response parameters was done utilizing Derringers 

desirability approach. From the analysis of results it was revealed that a desirable CR of 14.71, load of 74.98 % and 

hybrid blend of 60 ppm yielded the best engine responses with BTE of 33.63 %, BSFC of 0.292 kg/kWh, NORXR of 

700 ppm, UBHC of 25 ppm, CO of 0.361 % and smoke opacity of 33.9 %. Once the optimal variables were 

determined, confirmation tests were performed to compare the experimental values against those found by the 

optimization process. The R2 value, which provides an indication of the quality of the model against experimental 

data, showed that these were in high agreement. The outcomes acquired from this examination showed that RSM is 

a viable technique for improvement of parameters of biodiesel blends doped with nano particles in diesel engines. 

Keywords: Waste cooking oil biodiesel, properties, performance, emissions, modelling and optimization, response 

surface method, nano particles, compression ratio. 
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NOMENCLATURE AND ABBREVIATIONS 

 

ALR2ROR3R  Aluminum oxide 
ANOVA Analysis of variance 
ASTM American Society for Testing and 

Materials  
BD Biodiesel 
BSFC Brake specific fuel consumption 
BTE Brake thermal efficiency 
CeOR2R Cerium oxide 
CN Cetane number 
CO Carbon monoxide 
CO2 Carbon dioxide 
CV Calorific value 
DOE Design of experiments  
FD Fossil diesel 
FFA Free fatty acid  
kW Kilowatt  
KOH Potassium hydroxide 
NaOH Sodium hydroxide  
 

NOx Nitrogen oxide 
NR2R Nitrogen gas 
UBHC Unburnt hydrocarbon WCO20 Waste 

cooking oil biodiesel blend of 80 % fossil 
diesel and 20 % biodiesel 

WCO20H20 Waste cooking oil biodiesel blend of 
80 % fossil diesel and 20 % biodiesel 
containing 10 ppm cerium oxide and 10 ppm 
aluminum oxide 

WCO20H40 Waste cooking oil biodiesel blend of 
80 % fossil diesel and 20 % biodiesel 
containing 20 ppm cerium oxide and 20 ppm 
aluminum oxide 

WCO20H60 Waste cooking oil biodiesel blend of 
80 % fossil diesel and 20 % biodiesel 
containing 30 ppm cerium oxide and 30 ppm 
aluminum oxide 

WHO World Health Organization 
 

 

 

1. INTRODUCTION 

 

The current continuous expansion in the global population has promoted interest in transportation fuel 

because the fossil diesel (FD) fuel global demand is anticipated to reach around 50 million oil-equivalent barrels 

each day by 2040 (Brown 2014). The downside of increased FD utilization in the transportation area is that such fuel 

is a significant cause of greenhouse gas emissions. These emissions have greatly impacted on human health 

globally. The WHO states that there are about 4.2 million deaths yearly because of air contamination mostly coming 

from combustion engines exhaust gases (Zhang et al., 2020). To make diesel engines sustainable, three options are 

available for emission reduction and performance improvement: engine modification, fuel adjustments and/or 

exhaust after-treatment measures. Fuel modification is gaining most attention because it is easily achievable 

considering that it is possible to implement on the engines already on the road (Shaafi et al., 2015). Biodiesel (BD) 

fuel has emerged as the frontrunner to replace FD in combustion ignition engines. BD is a nontoxic, sustainable 

biodegradable methyl ester derived from vegetable oil and animal fats (Saraee et al., 2015). Combustion of BD and 

its blends with FD result in significant reduction in exhaust gas emissions. BD burning results in a decrease in 

discharge of carbon dioxide (COR2R) and hydrocarbon emissions, but drawbacks are high viscosity, low energy 

content, low volatility, poor cold flow properties and high NORXR emissions, as shown in Table 1. 

 

http://www.ijiset.com/


IJISET - International Journal of Innovative Science, Engineering & Technology, Vol. 8 Issue 3, March 2021  

ISSN (Online) 2348 – 7968 | Impact Factor (2020) – 6.72 

www.ijiset.com  

357 
 

Table 1. Drawbacks of using neat biodiesel / diesel blends as fuels (Tomar & Kumar, 2020)

 
Increased engine deterioration is also a major drawback for BD due to its high viscosity. High viscosity 

also results in poor spay atomization leading to incomplete combustion. Viscosity influences formation of fuel 

droplets as higher viscous forces disturb the rate of fragmentation which results in formation of large fuel droplets. 

Most of above-mentioned operational drawbacks can be corrected by blending the BD or BD-FD mixes with fuel 

additives, a process called fuel adulteration or fuel reformulation. Fuel reformulation is cheap and simple to execute 

(Ying et al., 2006). Over the last 20 years, researchers in the nanotechnology field have investigated the intriguing 

properties of nano particles, including their high surface area to volume ratio, exceptional thermal conductivity 

features, high melting point, and good stability properties which can all be utilized to improve properties of fuels 

(Yetter et al., 2009). According to (Yetter et al., 2009), adding metallic nanoparticles inside the burning chamber 

expands the heat transfer rate which shortens the ignition delay. This enables performance enhancement and 

emissions reduction.  

 

Metal oxide nano additives are reported to increase surface area to volume ratio by donating their oxygen 

atoms to the fuel mixture (Shaafi & Velraj, 2015). Decrease in ignition delay and better burning features are some of 

the unique properties of nano materials which have been utilized by ignition design specialists (Mehta et al., 2014). 

The most well-known utilized metal-based nano added substances are boron, iron, aluminum and ferric chloride as 

well as metal oxide-based nano added substances, for example, cerium oxide, titanium oxide, zinc oxide, and 

manganese oxide. Metal oxide nano additives are preferred due to their better composition which promotes 

improved fuel combustion (Saraee et al., 2015). Several metallic nano added substances, including cerium and 

aluminum, have been researched (Saraee et al., 2015). For viable fuel and nano added substance blends, ultrasonic 

machines and surfactants are used for better outcomes. The added substance must fulfill certain necessities in order 

to meet all requirements for fuel debasement: 1) reduction in exhaust gas emissions 2) Must not decrease in 

particulate filter operational effectiveness 3) hold the chemical stability of the base fuel 4) be able to retain engine 

operational conditions (Chłopek et al., 2005). Introduction of fuel additives assist in rectifying the drawbacks 

mentioned above as well as ensuring that the BD conforms to international standards.  

 

Various investigations have found that waste cooking oil (WCO) BD is a viable alternative source of fuel 

for compression ignition (CI) engines (Enweremadu & Rutto, 2010; Ghobadianet al., 2009; Lin et al., 2011). 

However, increment of the WCO BD proportion in diesel-biodiesel blends produces higher exhaust gas temperatures 

and NORX Remissions in a CI engine. Increased BSFC has also been reported with WCO methyl esters when 

contrasted with FD because of the lower heating value of biodiesel and its blends. Likewise, BTE reduction with 
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higher WCO increase in blends have been noted. Di et al., (2009) performed an experimental investigation on the 

impact of WCO on engine performance and emission features. Engine tests were performed with WCO20 and 

WCO30 fuels and it was reported that BSFC increased with BD proportion in the blend. The research also reported 

that BTE decreased with increase in BD and this was accredited to the lower energy value of BD fuel and its blends 

with FD. Another experimental study by Muralidharan and Vasudevan (2011) performed using WCO BD blends of 

20 %, 40 %, 60 % and 80% by volume in a single cylinder engine revealed that lower blends of WCO with FD could 

be used an alternative fuel for diesel engines.  

 

The performance and emission behaviour of an engine is affected by many variables such as compression 

ratio, load, blend, injection pressure and injection timing and speed (Heywood 2018). Among the different variables 

that influence performance and emission behaviour compression ratio (CR), load and level of dosage of additive are 

essential (Pandian et al., 2011). Several studies have been performed on the impact of nano additives on 

performance and emission behaviour of BD fuels (Zhang et al., 2020). Therefore, an efficient multivariate 

examination could give thorough, reasonable, and clear information on the combustion behaviour of the engine in 

comparison with the methodology of varying one parameter at a time. One such technique for analysing the impact 

of several parameters on engine performance and emission behaviour is design of experiments (DOE). DOE 

strategies are utilized for displaying and examining several parameters by utilizing exploratory outcomes. In this 

technique a strategic array of variables is varied at each stage thus unveiling the impact of such variable at each step. 

Among the DOE strategies available, response surface method (RSM) has proven to yield reliable and efficient 

optimal engine parameters capable of ensuring maximum engine performance coupled with exhaust emission 

reduction (Awad et al., 2017). Other DOE methods such grey relational analysis (Pathak et al., 2018), non-linear 

regression (Tosun et al., 2016), and the Taguchi method (Ganapathy et al., 2009) may require a combination of at 

least two of them in order to perform meaningful engine data analysis. RSM is a numerical modelling tool that 

reduces the overall number of experiments by combining the impact of several factors (Singh et al., 2018). This 

multivariate measurement technique at the same time advances the impacts of different components and the 

connection between the factors to accomplish the best framework for execution.  

 

Various analysts have found that the RSM method to be an effective tool for modelling and predicting 

engine parameters. Bharadwaz et al.( 2016) performed a study to optimize engine performance and emission 

parameters by combining the effects of compression ratio, load and palm oil biodiesel-methanol using RSM and 

found that optimal engine performance and emission values were recorded as 9.03 kg load, 5 % methanol blending 

at a CR of 18. Sivaramakrishnan and Ravikumar (2014) carried out an investigation into the influence of CR on the 

performance and emission behavior of biodiesel blends with FD. Performing experiments by varying BD percentage 

in 10 % increments from 20 % BD to 50 % BD and CR between 17.5 to 18.1, the authors produced effective 

optimization of the parameters. A desirability factor of 0.97 was revealed at CR of 17.9, with B10 at 3.18 kW brake 

power. At these optimized parameters responses of 33.65 % of BTE, 0.2718 kg/kWh of 0.109 % CO, 158 ppm of 

UBHC and 938 of ppm of NORXR were unveiled. It was concluded from this analysis that the RSM is an appropriate, 

economical, and effective method of modelling and optimizing engine data sets. Analysts have noticed a significant 
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expansion in BTE because of addition of nano particles to base fuels. Nano particles have high thermal conductivity 

values which expands thermal conductivity of the combination (base liquid + nanoparticle), subsequently expanding 

the heat transfer rate which thus decreases ignition delay consequently increasing rate of pressure rise and peak of 

pressure. Another RSM study was conducted by Kumar and Dinesha (2018) to evaluate optimal engine conditions 

capable of maximizing engine performance and reducing emissions showed that a CR of 16, load of 86.3 %, 

blending ratio of 15 and injection timing were the best engine variables to maximize BTE and reduce NORXR 

emissions. A study by Nayyar et al. (2017) to evaluate the combined impact of load, compression ratio, and 

blending, showed that with a 20 % n-butanol-diesel mix (B20) at a higher-pressure proportion of 19.5 BTE was 

improved by 5.54 % and smoke and nitrogen oxides diminished by 59.56 % and 15.96 %, respectively at 100 % 

load.  

 

From the above literature it can be deduced that RSM is a fundamental modelling tool that can be utilized 

to perform modeling and optimization of engine data. It was also shown that nano particle addition to biodiesel 

blends result in significant improvement in engine performance and reduction in exhaust emission characteristics. 

No literature is available on the optimal levels of nanoparticle addition to base fuels. Excessive levels of nano 

particle addition may lead to abnormal combustion profiles. Consequently, more exploratory examination is required 

to evaluate optimal values of nanoparticles levels in BD blends to bring about an improvement in performance and a 

decrease in emissions and assess the interaction of these effects with effects of CR and load. This work therefore is 

aimed at modelling and optimization of the combined impact of load, compression ratio and hybrid nano additive on 

the performance and emission behavior of a blend (WCO20). The engine performance parameters under 

consideration were brake thermal efficiency (BTE) and brake specific fuel consumption (BSFC) while emission 

parameters under observation were nitrogen oxides (NORXR), unburnt hydrocarbons (UBHC), carbon monoxide (CO) 

and smoke.  

 

2. MATERIALS AND METHODS 

 

2.1 Waste Cooking Biodiesel Production  

Mixed waste cooking oil (WCO) was initially heated then assessed for free fatty acid content (FFA) using 

the titration method follow by a one step or two step transesterification process. The titration was performed with 

0.1 NKOH, phenolphthalein, and isopropyl liquor as per the ASTM D974 standard. Initially acid value was 

calculated as shown in Equation 1. 

 

Acid Value = 56.1 𝑋 0.1 𝑁 20.07 𝑚𝐿 
10 𝑔

                 (1) 

 

 The whole biodiesel production process is shown in Figure 1. 
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Figure 1. Waste cooking oil biodiesel production 
 

 

Acid value was found to be 10.86 which is equivalent to 5.43 FFA content. This value was higher than 1 which 

warranted a two-step process. Pretreatment was undertaken using HCL until acid value became 0.994 which gave an 

FFA of 0.497. Thereafter the transesterification was performed by utilizing a cone shaped flask with a reflux 

condenser and thermometer with magnetic stirrer. WCO was added to the flask and heated to 60 °C and thereafter a 

mixture of methanol and sodium hydroxide (NaOH) 1 % wt was added. The temperature of reaction was maintained 

at 60 °C by means of a water bath. A molar ratio of 6:1 methanol to oil was utilized and the reaction flask was left to 

progress for 24 hours. The BD which was produced was separated from glycerol then washed multiple times using 

warm water. The remaining methanol and catalysts were recovered to be reused in the following experiments. Waste 

cooking BD methyl was dried at 105 °C. The BD produced was blended with diesel oil at 20 % by volume. The 

whole biodiesel production process is shown in Figure 1. The fuel properties were characterized as shown in Table 

4. 
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2.2. Nano blended fuels preparation 

 

The nano particles ALR2ROR3 Rand CeOR2R were purchased from Sigma-Aldrich (Johannesburg, South Africa). 

The nano particles nCeOR2R (nano powder 50 nm, CAS No 1312-38-01), nAlR2ROR3R (50 nm, 20 wt% in water, CAS No 

1344-28-10) were characterized utilizing a ZEISS scanning electron microscope (SEM) (Germany) at 20.0 kV and 

the specs are depicted in Figure 2. The nano particles were prepared in 20 ppm measurements by using an electronic 

balance and afterwards blended in with the BD fuel blend by utilization of a ultrasonicator operated at 100 W and 50 

kHz for 30 minutes. The produced fuel was used immediately to counter the issues related to sedimentation which 

would impact on the result. Three fuels were prepared, namely, (1) WCO20H20, WCO BD blend comprising 20 % 

BD and 80% FD plus the addition of 10 ppm AlR2ROR3R and 10 ppm CeOR2R, (2) WCO20H40, WCO BD blend 

comprising 20 % BD and 80 % FD plus 20 ppm AlR2ROR3Rand 20 ppm CeOR2R and (3) WCO20H60, WCO BD blend 

comprising 20 % BD and 80 % FD plus 30 ppm AlR2ROR3Rand 30 ppm CeOR2R, as per Table 2. 

 
Table 2. Description of nano particles used 

Description Specification  
 1 2 

Manufacturer Sigma-Aldrich Johannesburg Sigma-Aldrich Johannesburg 
Nano particle Cerium oxide (CeOR2R) Aluminum oxide (AlR2ROR3R)  
CAS No 1312-38-01 1344-28-10  
Average size 20 to 50 nm 20- 60 nm 
Surface area 32 mP

2
P/g 120 mP

2
P/g 

Appearance  White to yellow White 
 

 

Figure 2: Aluminum oxide as received from manufacturer(a)aluminum oxide (b) cerium oxide  
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Figure 3. Aluminium oxide and cerium oxide as received from manufacturer (a)aluminum oxide (b) cerium oxide  

3. EXEPRIMENTAL CONFIGURATION 

 

3.1. Engine test and procedure 

 

The experimental set comprised a two-cylinder direct injection variable compression ratio engine. The 

engine details are detailed in Table 3 and the setup is shown in Figure 4 and Figure 5. Details of the gas analyzer and 

smoke meter specifications used to analyses the exhaust emissions are shown Table 5. Three distinct fuels were 

formulated from the WCO20 blend by adding varying amounts of hybrid nano particles ranging from 20 ppm to 60 

ppm. For this examination three distinctive test fuels were prepared by adding hybrid nano particles to the WCO20. 

The fuels formed were as follows: (1) WCO20H20 (80 % FD +WCO BD +10 ppm CeOR2R and 10 ppm AlOR2R (2) 

WCO20H40 (80 % FD +20 WCO BD +20 ppm CeOR2R and 20 ppm AlOR2R ppm, and (3) WCO20H60 (80 % FD +20 

WCO BD +30 ppm CeOR2R and 30 ppm AlOR2R). When performing the experiment WCO20H20 was represented by 

fuel blend 20, WCO20H40 by fuel blend 40 and WCO20H60 by fuel blend 60. The properties of the formulated fuel 

blends are shown in Table 4. Zero calibration was ensured after every emission by testing using fresh air. To 

guarantee consistency and validity of the results the tests were performed under steady state conditions. The 

experiments were designed based on RSM tool Design-Expert 13 using a design matrix as shown in Table 7. 

 

Figure 4. Engine and data acquisition set up 
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Figure 5. Engine test configuration 

 
Table 3: Engine specifications used in the experiment 

Engine specifications used in the experiment 

 Parameter Position value 
   
 Engine Model Kirloskar 

  Type  
Two cylinder, horizontal 4 -stroke, 
DI 

  Cooling Medium Water cooled 
 Revolutions per Minute 1300 rpm (constant) 
 Rated Brake Power 5.2 kW (7Hp) 
 Cylinder Bore  87.5 mm 
 Piston Stroke 110 mm 
 Compression Ratio 17.5 (variable) 
   Injection Timing                          23º BTDC 
   Injection pressure                         220 bars 
   Loading System Eddy Current Dynamometer 

 

 
Table 4. Properties of the fuels used in the research 

 
 

Table 5. AVL gas analyzer and smoke meter specifications 
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Table 6. Uncertainties estimations of measured and calculated parameters 

 
 

The error of the experimental procedure was evaluated as follows and the overall uncertainty was 4.10%. The 

uncertainties of measured and calculated parameters are shown in Table 6 above and computation is shown in Equation 

2. 

 

Overall uncertainty = �𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑖𝑡𝑦 𝑜𝑓 (𝑁)2 +  (𝐵𝑇𝐸)2 + (𝐵𝑆𝐹𝐶)2 + (𝐶𝑂2)2 + (𝐶𝑂)2 + (𝑁𝑂𝑋)2 + (𝑈𝐵𝐻𝐶)2 + (𝐸𝐺𝑇)2 + (𝑠𝑚𝑜𝑘𝑒)2              Eq (2) 

 

3.2 Design of Experiments 

 

RSM is an assortment of statistical tools used to analyze, model and optimize parameters influenced by 

several factors. Furthermore, RSM can evaluate the relationships between these factors and compute their combined 

impact on the outcome. In this investigation Design-Expert Version 13 was utilized to develop the models and 

optimize the parameters in the following manner: 1. Transform the data profile or otherwise maintain at an option at 

"None". 2. Select the suitable model to be utilized. The fit summary shows the sequential F-tests, lack-of-fit tests 

and other variables that could be utilized to help in selecting the best fitting model. 3. Compute ANOVA tables and 

perform post ANOVA analysis to check data anomalies. 4. Perform diagnostic evaluation on the data to inspect if 

the model was valid. 5. Generate the contour and 3D plots once the model has been validated. The model is 

validated by inspecting whether it is lack-of-fit significant or lack-of-fit insignificant. Also, a good model shows 

higher RP

2
P values and this ought to be near 1. The design process flow diagram is shown in Figure 6.  
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Figure6. Flow chart of the design of the experiment using Design-Expert 13 

 

In the current investigation, there are three influential parameters which were investigated, namely, 
compression ratio, fuel blend and load and the outcomes desired were BTE, BSFC, NORXR, UBHC, CO and smoke. 
Design-Expert 13 was utilized to design the experiments; the factor levels and outcomes results are shown in Table 
7 and Table 8. This done by utilizing second degree polynomial models. The created models were checked for 
significance utilizing fundamental statistical tests and analysis of variance (ANOVA). These models introduce a 
relationship amongst the given factors and measure parameters which can be utilized to predict the outcomes once 
statistical evaluation is done. Design-Expert 13 was then used to perform the modelling and optimization process. 
To enhance data validity and improve results reliability, three sets of experiments were performed and the results 
averaged and compared with model optimized results. An error was computed to verify the variation between model 
and experimental results.   
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Table 7. Factors and levels 

 
Table 8. Design matrix 

 
 

4. RESULTS AND DISCUSSION 

 

4.1. Model Analysis 

 

Equations in terms of coded factors can be used to make predictions about the response for given levels of 

each factor. By default, the high levels of the factors are coded as +1 and the low levels are coded as -1. A coded 

equation is useful for identifying the relative impact of the factors by comparing the factor coefficients. Analysis of 

variance (ANOVA) utilizes p-values to reject or accept influence of input parameters. Those factors that have p-

values ≥ 0.05 are rejected or are referred to as insignificant. The model coded regression equations are shown in 

Equations 3 to 7. A is the CR, B is the fuel blend (WC020) with hybrid nano particles and C is the load (in %).  

 

BTE = +29,31+1.09XA+1.94XB+6,39XC-1,59XAB+1,40XAC+1,38XBC -1,50XAP

2
P+1,47XBP

2
P-8,30XCP

2
P         (3) 
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BSFC = +0,257-0,0221XA+0.0159XB-0.1554XC + 0,0504XAB + 0.0314XAC + 0.0035XBC + 0.0625XAP

2 
P+ 

0.0254XBP

2 
P+ 0.2240XCP

2
P                  (4) 

 

NORXR = +834,54 + 42,34XA - 54,03XB +36,56XC + 137,16XAB + 43,21XAC + 37,50XBC + 113,07AP

2
P-23,98XB P

2
P-

44,53XCP

2
P                    (5) 

 

UBHC = 28,08-1,24XA + 3,58XB - 12,76XC + 10,93XAB + 4,71XAC + 0,3782BC + 6,64AP

2
P-1,57BP

2
P+28,18CP

2
P  (6) 

 

Smoke = + 21,81- 5,85XA + 0,8205B - 6,25XC + 13,66XAB + 7,34AC+6,75BC + 11,12AP

2 
P+ 11,71BP

2 
P+ 11,76CP

2
P (7) 

 

4.2 Model Evaluation 

 

The variation between the actual and predicted plot is called a residual (Montgomery 2017). Figure 7 shows 

the actual and predicted plot for BTE, BSFC, NORXR, UBHC, CO and smoke. These plots are used for checking 

measured data for normality. These plots are vital in evaluating distribution of residuals. It can be deduced from 

Figure 7 that the responses BTE, BSFC, NORXR, UBHC, CO and smoke followed normal distribution. The overall 

impression from actual and predicted information is that the error is minimal and there no huge deviation between 

them. Additionally, Figure 7 affirms that the model equations were reliable. Based on the summary of ANOVA 

shown in Table 9, it can be deduced that that the plots of impact of the linear factor’s CR, nano particles (fuel blend) 

and load were found to be exceptionally significant on the engine parameters. All R-squared terms were additionally 

found to be significant which implies there was a curved relationship input parameter. The model also showed that 

there was an interactive relationship between fuel blend and CR, CR and load, and load and fuel blend resulting in a 

significant impact on engine parameters. In this case A, C, AB, AC, BC, A², B², C² are significant model terms. 

Values greater than 0.1000 indicate the model terms are not significant. The predicted RP

2
P of 0.992, 0.8794,0.9987, 

0.9941.0.9917 and 0.9725 for BTE, BSFC, NOx, UBHC, CO and smoke respectively are in reasonable agreement 

with the adjusted RP

2
P of 0.9926, 0.6872.0.9967, 0.9987,0.9783 and 0.937 respectively i.e., the differences were less 

than 0.2. The RP

2
P (also defined as goodness of fit value) depicts variability of responses after considering the 

significant factors and the adjusted RP

2
P represents the quantity of predictors in the model. Both the qualities 

demonstrate that the model fits the data very well. 

Table 9. Model evaluation 
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Figure 7. Actual and predicted plot for (a) BTE, (b) BSFC, (c) NORXR, (d) UBHC, CO and (e) smoke emissions   
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4.3 Optimization of Engine Parameters 

 

Optimization criteria utilized in this investigation are depicted in Table 10. All the responses were equally 

desirable and allocated significance values of 3. In the Derringers desirability approach the most desirable parameter 

is allocated a value of 5 and least desirable a value of 1. The most elevated significance of 5 was given to NORXR and 

smoke whilst both BTE and BSFC were allocated significance of 4. Desirability will generate multiple solutions and 

the one with the highest desirability is then selected as the optimal solution. A desirability of 0.898 was found to be 

the highest and this was selected as the best solution. At this optimal solution the CR value of 14.71, load 74.98 % 

and nano particle blending of 60 ppm were recorded as the optimal input parameters that gave the best engine 

performance and emissions features. Table 11 shows the 17 solutions which were generated, and the selected 

solution.  

 
Table 10. Optimization criteria 

 
 

Table 11. Solution of optimized engine parameters 

Number CR  
Fuel 

Blend Load BTE BSFC NOx UBHC CO Smoke Desirability 

1 14,71 60 74,98 33,63 0,292 700 25 0,361 33,985 0,898 Selected 
2 14,70 60 75,14 33,62 0,292 700 25 0,361 34,025 0,898 

 3 14,71 60 74,67 33,62 0,292 700 25 0,362 33,947 0,898 
 4 14,69 60 74,81 33,61 0,292 699 25 0,362 33,996 0,898 
 5 14,70 60 75,62 33,63 0,292 700 25 0,359 34,078 0,898 
 6 14,74 60 74,87 33,66 0,291 701 25 0,361 33,917 0,898 
 7 14,73 60 74,19 33,63 0,291 700 25 0,364 33,858 0,898 
 8 14,66 60 75,06 33,58 0,293 699 25 0,362 34,087 0,898 
 9 16,92 20 72,15 30,52 0,242 846 18 0,396 24,224 0,836 
 10 16,89 20 71,68 30,48 0,242 845 18 0,396 24,363 0,836 
 11 16,88 20 71,32 30,46 0,242 845 18 0,396 24,433 0,836 
 12 16,87 20 72,28 30,47 0,242 845 18 0,396 24,397 0,836 
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13 16,85 20 70,59 30,41 0,243 845 18 0,396 24,638 0,836 
 14 16,90 20 75,16 30,49 0,243 844 19 0,398 24,193 0,835 
 15 16,94 20 65,81 30,23 0,249 846 18 0,394 24,83 0,834 
 16 16,89 20 76,18 30,46 0,243 844 19 0,398 24,195 0,834 
 17 16,71 20 74,07 30,31 0,243 844 19 0,399 24,986 0,833   

 
4.4 Validation Tests 

 

To assess the regression model, confirmation tests were performed with the desired input parameters of CR 

of 14.71 load of 74.98 % and fuel blend consisting of 60 ppm of hybrid nano particle. Three tests were conducted, 

and averaged values were then compared with the model’s desired outcomes. The experimental data reaffirmed that 

the model results were significant as the error values depicting the variance between measured and modeled data 

was minimal as shown in Table 12. 

 

Table 12. Validation of test results 

 

Optimized parameters Value 
BTE 
(%) 

Bsfc 
(kg/kWh) 

NOx 
(ppm) 

UBHC 
(ppm) 

CO 
(%) 

Smoke 
(%) 

CR Load (%) Blend 
       14.71 75 60 Predicted 33,63 0,292 700 25 0,361 34 

   
Actual 32,96 0,287 671 24 0,35 32 

      Error -0,67 -0,005 -29 -1 0,011 -2 
 

5. INTERACTION EFFECTS ON ENGINE PARAMETERS 
 

5.1. Interaction Effects on BTE 

 

Figure 8 depicts interaction effects of CR and the fuel blend on BTE. From the plot it is seen that BTE 

increased with increased fuel blend. These results show that increasing the hybrid nano particles resulted in an 

increased BTE for WCO20 fuel. The plot also shows that BTE increased with increased CR. Higher levels of nano 

particles increased the calorific value (CV) of the fuel blend. This subsequently resulted in more energy being 

released by the fuel during combustion process. The elevation in BTE with CR can be credited to the rise in cylinder 

chamber pressure and temperature factors which promote higher fuel injection and better combustion profiles. All 

this will result in increased BTE of the engine. This is also because of expansion in CR which initiates better air-fuel 

blending and quicker fuel evaporation and promotes complete combustion. The highest BTE of 33.96 % and was 

recorded with 60 ppm dosages of nano particles at a load of 80 % as shown in Table 11. The least BTE occurred at 

fuel blend 40 ppm at CR of 14 and 20 % load. 
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Figure 8. The interactive effects of CR and fuel blend on BTE 

 

5.2. Interaction Effects on BSFC 

 

BSFC is a significant indicator of engine performance. Figure 9 depicts the interaction plots of the impact 

of CR and fuel blend on BSFC. From the plot it can be deduced that BSFC decreased with increase in both CR and 

fuel blend. Reduction of BSFC with increased fuel blend might be credited to the increased CV values due to nano 

particle addition resulting in improved combustion hence lower fuel utilization. The highest BSFC of 0.78 kg/kWh 

was recorded at 18 CR, 60 ppm fuel blend and 20 % load whereas the lowest BFSC was recorded at 18 CR, 20 ppm 

fuel blend and 80 % load, as shown in Table 11. The decrease of BSFC with CR is attributed to the increase in 

temperatures and pressure which will improve the burning efficiency and diminish the fuel utilization. This is 

because of expansion in CR which prompts a decrease in dilution of charge by the remaining gases, which brings 

about better BTE and lower BSFC. Furthermore, the low volatility and higher cetane number (CN) bring about 

improved burning at high pressure proportions. The presence of increased oxygen from the nanoparticles in the BD 

blends improved the fuel properties leading to higher burning e fficiency, which prompted lower  (Reddy et al., 

2019; Nayak & Pattanaik, 2014).  
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Figure 9. The interactive effects of CR and fuel blend on BSFC 

 

5.3. Interaction Effects on NOx 

 

NORXR discharges are influenced by high temperatures and higher oxygen concentration. Figure 10 shows the 

interaction effect of CR and fuel blend on NORXR emissions at constant load. It is noted from the plot that NORXR 

discharges diminish with an increase in nano particle addition. From Table 11, it is seen that the highest NORXR 

emission of 1 020 ppm was recorded at a CR of 18, 20 ppm of nano particles and 80 % load whilst the lowest value 

of 620 ppm was recorded at a CR of 16, 60 ppm of nano particle and 20 % load. The development of NORXR inside the 

combustion chamber requires high temperatures and pressures which are accessible at high loads and CR and this 

might be the reason behind the increase of NORXR with CR. It also depends upon the compression ratio, equivalence 

ratio, geometry of the combustion chamber, advanced fuel injection, and pressure and temperature of the inlet air. At 

higher CR there is shorter ignition delay but higher peak pressures and this will result in higher cylinder 

temperatures which are a favorable environment for NORXR generation. A decrease of NORXR with the fuel blend can be 

attributed to the addition of hybrid nano particles which promotes transformation of NORXR to NR2R. Addition of hybrid 

nano particles enhance the reaction of NO to NR2R as shown in Equations (8) and (9).  

 

CeOR3R +NO R R2 CeOR2 R+R 
1
2
 NR2R                 (8) 

 

AlR2ROR3R+ NOR R 2AlO+ 1
2
 NR2R                 (9) 

 

According to Scattergood (2006), AlR2ROR3R at higher cylinder temperatures reacts with NO to form nitrogen gas (NR2R). 

Sajithet al. (2010) have also attributed the conversion of both NO and NOR2R to nitrogen gas on high cylinder 

temperatures and oxygen availability. Some authors have pointed out that deposition of carbon on cylinder walls 
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prompts higher cylinder temperatures which promotes higher NORXR generation. The deposition of carbon on cylinder 

walls might be caused by incomplete combustion. Introduced hybrid nano particles consisting of AlR2ROR3R and CeOR2R 

have the capability to act as oxygen buffers providing higher oxygen atoms which are used in the oxidation of 

carbon-to-carbon dioxide. This suppresses carbon accumulation on combustion cylinder walls reducing high 

temperature generation and lowering NORXR production. This will therefore stifle NORXR generation thereby lessening 

their outflow into the air.  

 
Figure 10. The interactive effects of CR and fuel blend on NORXR emissions 

 

5.4. Interaction Effects on UBHC 

 

Figure 11 depicts the impact of the hybrid fuel blend and CR on UBHC discharges. From the plot it is 

noticed that there is a decrease in HC outflows with increase in both nano particle addition and CR. The outcomes in 

Table 11 show the highest UBHC of 82 was revealed at CR 18, 40 ppm of fuel blend and 20 % load whilst the 

lowest UBHC of 18 recorded was CR 18, 60 ppm of fuel blend and load of 60 %. This can be attributed to higher air 

temperature improvement in cylinder pressure and temperature and decrease in charge dilution which prompts better 

fuel combustion and decrease in hydrocarbon discharges. CeOR2R can act as an oxygen bu ffer enhancing the  
of hydrocarbons emissions.  Equation 10 shows how the addition of CeR2ROR3R enables the reduction of UBHC by 

oxidizing them into COR2R plus water vapor (Chandrasekaran et al. 2016). 

 

(2x+ y) CeOR2R + CRXRHRy R(2x +y)/2 CeR2ROR3 
1
2
 +COR2 R+ 𝑌

2
 HR2RO              (10) 
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Figure 11. The interactive effects of CR and Fuel blend on UBHC emissions 

 

5.5. Interaction Effects on CO emissions 

 
Figure 12. The interactive effects of CR and Fuel blend on CO emissions 

 

The interaction impact of fuel blend on CO fumes at a constant load is shown in Figure 12. As can be seen 

in the figure, increasing the hybrid nano particle levels in WCO20 leads to a decrease in CO emissions. It can also be 

deduced that CO emissions decreased with increase in compression ratio. Higher fuel blends represent a higher 

hybrid nano particle dosage in the WCO20 fuel. Higher levels of nano particles will contribute a higher number of 

oxygen atoms available for complete oxidation of CO emissions of fuel into COR2R. This is because of complete 

combustion and reduced dilution of charge of residual gases which promotes rapid reaction of carbon with oxygen to 

http://www.ijiset.com/


IJISET - International Journal of Innovative Science, Engineering & Technology, Vol. 8 Issue 3, March 2021  

ISSN (Online) 2348 – 7968 | Impact Factor (2020) – 6.72 

www.ijiset.com  

375 
 

form COR2R. Furthermore, this decrease of CO emissions is because of expansion in pressure proportion which 

expands the air temperature inside the chamber resulting in a decrease in ignition delay  which causes better and 

complete consumption of the fuel and brings down the CO outflows. 

 

 Inclusion of AlR2ROR3R advances quick oxidation of CO to COR2 R(Santhanamuthu et al., 2014). AlR2ROR3R transforms into 

AlR2RO and O at higher temperatures. The resulted AlR2RO is very unstable and will furtherer disintegrate to 2Al and 

½OR2R as demonstrated in Equations (11) and (12). The subsequent OR2R will be accessible for oxidizing CO over to 

COR2R according to Equations (15). 

 

AlR2ROR3R R RAlR2RO + 2O                  (11)  

 

AlR2ROR R 2Al + 1/2OR2R                  (12) 

 

O+ CO COR2R                   (13) 

 

CeOR2R tends to shift its valence from CeOR2 R(+4) to Ce (+3) enabling it to provide an oxygen atom for 

reduction processes. According to Ozsezen & Canakci (2011), CO is produced as result of incomplete combustion. 

Making more oxygen available within the combustion chamber is essential to suppress CO formation processes. The 

oxygen donated will be able to accelerate rapid oxidation of CO to COR2R as shown in Equation (14)  

 

4 CeOR2 R+CO CeR2ROR3 R+COR2R                 (14) 

 

This clarifies why addition of the nano additive to biodiesel reduced the CO emissions significantly. 

 

5.6. Interaction Effects on Smoke 

 

Figure 13 shows the interaction effects of CR and fuel blend on smoke emissions. Smoke generations is 

influenced by local fuel air ratio. It is seen from the figure that smoke outflows decreased with the increment of fuel 

blend up to some extent then began to rise. It is noted from the outcomes in Table 11 that the highest smoke 

emissions of 64.57 were generated at a CR of 14, 20 ppm and 20 % load and the lowest smoke of 25.30 was 

recorded at a CR of 16, 60 ppm of fuel blend and 60 % load. Smoke emissions are also noted to decrease with 

increasing CR values. This can be attributed to better fuel-air mixing at higher pressures which enhanced fuel 

combustion and lowered smoke generation. The decrease in smoke emissions with increasing nano particles can be 

traced to high CN and high surface area to volume proportion of the nano added substances which bring about heat 

dissipation, shorten ignition delay, and improve burning profiles which causes lower smoke generation. The soot is 

converted to COR2R as shown in Equation 15. 

 

4 CeOR2 R+CRsoot  R2CeR2ROR3 R+R 
1
2
 COR2R                 (15) 
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Ignition delay is the time between beginning of fuel injection and beginning of fuel combustion. Reduction 

in ignition delay will enhance longer combustion duration and this will enable smoke reduction. Ignition delay is 

influenced by CN. The addition of hybrid nano particles improved CN hence lowered ignition delay as well as 

kinematic viscosity. All these factors are influential in improving combustion efficiency and lowering smoke 

generation. 

 

 
Figure 13. The interactive effects of CR and fuel blend on smoke emissions 

 

5. CONCLUDING REMARKS 

 

1. The Response Surface Method (RSM) design tool (Design-Expert 13) aided in the design of the 

experimental analysis, being able to model engine responses as influenced by several factors. This 

programming tool was profoundly useful to plan the investigation and perform statistical analysis. The 

RSM method diminished the time required for the investigation by limiting the number of engine trials of 

tests to be performed and generated statistically sound models for the responses under investigation.  

2. Derringers Desirability approach of RSM has shown itself to be the most straightforward and proficient 

optimization method in the current investigation with a solution of highest desirability of 0.898 (Table 11). 

3. Optimization process revealed that the desirable compression ratio of 14.71, load of 74.98 % and hybrid 

blend of 60 ppm yielded the best engine responses.  

4. Engine responses at optimal level were BTE of 33.63 %, BSFC of 0.292 kg/kWh, NORXR of 700 ppm, UBHC 

of 25 ppm, CO of 0.361 % and smoke opacity of 33.9%. Interaction charts showed that increasing the 

hybrid nano particle showed increased BTE and significant reduction in BSFC. Also, significant reduction 

in NORXR, UBHC, CO and smoke was noted with increment in nano particle addition to the biodiesel blend 

(WCO20). 
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5. Mixing nano particles in biodiesel blends results in some improved fuel features which include the high 

oxygen content, the low pour point and the low viscosity and higher calorific value which help to offset 

biodiesel drawbacks and improve its features such that they are even better than those of fossil diesel fuels.  

The contribution of this exploration is to introduce a more precise decision support technique that allows informed 

engine performance and emission behavior parameters evaluation and comparison. This approach provides a new 

method for estimating and optimizing engine data derived from hybrid nano particles doped waste cooking oil 

biodiesel blend. The two generally extraordinary advantages of the investigation are as follows: (1) original data sets 

derived from varying engine load, compression ratio and nano particle dosages are unveiled and (2) the subtleties of 

the strategy are additionally discussed. Even though the new methodology (RSM) is complicated, it gives higher 

adaptability and precision with less convoluted experimentation, as the input parameters and numerical models can 

predict the outcomes accurately. Thus, the quantity of experimentation can be decreased, and this brings about lower 

costs and less time required for the research process. This method can be used in any type of engine model. It can 

also be applied to various engine variables. 
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