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Abstract: 

This study investigates the performance and emission characteristics of a single-cylinder compression 

ignition (CI) engine fueled by a blend of 40% Ethanol, 50% Diethyl Ether (DEE), and 10% Biodiesel. 

The impact of variable Exhaust Gas Recirculation (EGR) ratios on engine performance and emissions 

is analyzed through a series of experiments. The engine is tested at various EGR ratios, including 0%, 

5%, 10%, 15%, and 20%, to evaluate key parameters such as brake thermal efficiency (BTE), brake 

specific fuel consumption (BSFC), CO emissions, HC emissions, and NOx emissions. The results reveal 

that as the EGR ratio increases, there is a notable improvement in BTE, with the highest performance 

observed at an EGR ratio of 10%. Conversely, BSFC shows an upward trend with increasing EGR, 

indicating higher fuel consumption. The CO emissions decrease significantly as the EGR ratio 

increases, with the lowest emissions occurring at an EGR ratio of 15%. However, HC and NOx 

emissions exhibit a complex trend, with the lowest HC emissions observed at 5% EGR and NOx 

emissions showing a decreasing trend as EGR increases, reaching its minimum at 15% EGR. This study 

demonstrates the potential benefits of using a combination of ethanol, DEE, and biodiesel as an 

alternative fuel blend in CI engines. Additionally, the optimization of EGR ratios is crucial for achieving 

a balance between performance improvements and emissions reduction, highlighting the importance of 

fine-tuning engine parameters for environmental sustainability and fuel efficiency. 

Keywords: Ethanol-Biodiesel Blend, Diethyl Ether (DEE), Exhaust Gas Recirculation (EGR), 

Compression Ignition (CI) Engine, Engine Performance, Emission Characteristics. 

1. INTRODUCTION  

The increasing demand for cleaner and more sustainable energy sources has prompted significant 

research into alternative fuels for internal combustion engines, particularly for compression ignition 

(CI) engines. Traditional diesel fuel, while efficient, contributes to environmental pollution due to its 

high emissions of nitrogen oxides (NOx), particulate matter (PM), and carbon-based pollutants 

[1,2,3,4]. This has led to a growing interest in exploring renewable and environmentally friendly fuel 

alternatives that can be used either exclusively or in blends with conventional diesel fuel. Among these, 

ethanol, diethyl ether (DEE), and biodiesel have emerged as promising candidates due to their superior 

combustion properties, reduced emissions, and renewability [5,6,7,8,6]. The studies collectively 

provide a comprehensive exploration of biodiesel and ethanol blends in compression ignition (CI) 

engines, emphasizing their impact on performance and emissions. Research by Agarwal and Dhar 

(2016) and Basha and Karthikeyan (2017) highlights biodiesel blends' ability to reduce particulate 

emissions while maintaining efficiency [1,2, 10,12,13]. Investigations into ethanol-diesel blends, such 

as those by Ramasamy and Ganapathy (2015) and Zhang and Wang (2014), reveal enhancements in 

combustion efficiency but potential increases in NOx emissions. The integration of exhaust gas 

recirculation (EGR) with these blends, as analyzed by Misra and Murugan (2016) and Sharma and 

Verma (2014), demonstrates significant reductions in NOx, albeit with a trade-off in thermal efficiency 

[14,15,16,17]. Additionally, studies like those by Hossain and Mia (2018) and An and Lee (2016) 

underscore the synergetic effects of combining ethanol, biodiesel, and EGR for optimal emission control 

and engine performance [18,19,20]. These findings collectively advance the understanding of 
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alternative fuels and strategies to achieve cleaner and more efficient diesel engine operations [21,22,23]. 

Ethanol, a biofuel derived from plant biomass, offers a high oxygen content that can reduce particulate 

emissions and improve combustion efficiency when blended with diesel. Similarly, biodiesel, produced 

from vegetable oils or animal fats, provides a renewable and biodegradable alternative to conventional 

diesel, exhibiting lower toxicity and particulate emissions [1,24,25,26]. Diethyl ether (DEE), a highly 

volatile fuel, has been shown to enhance the ignition properties of diesel and ethanol blends, making it 

a favourable additive to improve cold-start performance and reduce particulate emissions [27]. 

This study aims to investigate the performance and emission characteristics of a blend comprising 40% 

ethanol, 50% DEE, and 10% biodiesel in a single-cylinder CI engine under varying exhaust gas 

recirculation (EGR) ratios. EGR, a widely used method for reducing NOx emissions, involves the 

recirculation of a portion of exhaust gases back into the intake air [28,29]. By lowering the oxygen 

concentration in the combustion chamber, EGR reduces the combustion temperature, thereby limiting 

the formation of NOx. The impact of different EGR ratios on engine performance parameters such as 

brake power (BP), brake thermal efficiency (BTE), and specific fuel consumption (SFC), as well as 

emissions such as NOx, CO, and particulate matter, will be evaluated in this research. The primary 

objective of this study is to assess the potential of this novel fuel blend to enhance engine performance 

while mitigating harmful emissions. By utilizing a combination of renewable fuels, this research aims 

to contribute to the development of more sustainable and eco-friendly fuel alternatives for CI engines 

[2,3,5]. The results of this study could provide valuable insights for the automotive industry and 

policymakers in their efforts to transition to greener and more efficient transportation systems. 

1.1 Experimental Analysis of Fuel Blends and EGR on CI Engine Performance and Emissions 

The search for alternative fuels to replace conventional diesel is driven by the need for cleaner and more 

sustainable energy sources. Ethanol, biodiesel, and their blends with diesel have emerged as potential 

candidates for reducing the environmental impact of compression ignition (CI) engines. Several studies 

have explored the effects of blending ethanol, biodiesel, and diesel on engine performance and 

emissions, with a focus on optimizing combustion and reducing harmful exhaust emissions. In 

particular, the role of Exhaust Gas Recirculation (EGR) in enhancing these effects has garnered 

significant attention [10,11,12,13,14]. 

Ethanol, a renewable alcohol fuel derived from biomass, is known for its lower carbon content 

compared to diesel, leading to reduced greenhouse gas emissions when used in CI engines. The addition 

of ethanol to diesel helps in reducing particulate matter (PM) and carbon monoxide (CO) emissions. 

However, its lower energy density and tendency to cause engine knocking when used in high 

concentrations limit its effectiveness [2,5,8]. Blending ethanol with biodiesel and diesel has been shown 

to improve performance by striking a balance between emission reductions and engine efficiency. 

Biodiesel, made from vegetable oils or animal fats, is another promising alternative to diesel. It has a 

high cetane number, which can improve combustion quality, leading to better performance and lower 

emissions. When combined with ethanol, biodiesel can enhance combustion efficiency and further 

reduce CO and particulate emissions, particularly when used with variable EGR ratios. The EGR 

technique involves recirculating a portion of the engine’s exhaust back into the combustion chamber, 

diluting the intake air, and reducing the oxygen content. This reduces combustion temperatures, leading 

to lower nitrogen oxide (NOx) emissions while also impacting particulate matter emissions. 

The interaction between ethanol, biodiesel, and EGR in a CI engine presents a complex dynamic. 

Studies have shown that different ratios of EGR and fuel blends can significantly impact engine 

performance. In particular, lower EGR ratios generally lead to higher NOx emissions but improve fuel 

consumption efficiency [1,2,3,4]. In contrast, higher EGR ratios can reduce NOx emissions but may 

lead to increased particulate emissions. Therefore, the optimal balance of fuel blend composition and 

EGR ratio is essential for maximizing engine performance while minimizing harmful emissions. Recent 

research highlights the influence of varying ethanol-biodiesel-diesel blends on engine performance 
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metrics such as brake thermal efficiency (BTE), brake-specific fuel consumption (BSFC), and peak 

pressure. Ethanol-blended fuels, particularly at lower blend levels, have demonstrated better fuel 

efficiency and lower emission levels compared to traditional diesel fuels. However, challenges related 

to fuel stability, engine modifications, and fuel system compatibility must be addressed for the 

widespread adoption of these blends [30]. In conclusion, the experimental analysis of ethanol, biodiesel, 

and diesel blends, in combination with EGR, offers a promising approach to improving CI engine 

performance and emissions. Future research should focus on optimizing fuel formulations, EGR ratios, 

and engine operating conditions to enhance the sustainability and performance of CI engines. 

2.0 EXPERIMENTAL SETUP AND METHODOLOGY  

The methodology for this research involves conducting experimental tests on a single-cylinder 

Compression Ignition (CI) engine to evaluate the performance and emissions characteristics of a fuel 

blend consisting of 40% ethanol, 50% Diethyl Ether (DEE), and 10% biodiesel. The experimental setup 

and procedures are designed to investigate the impact of different exhaust gas recirculation (EGR) ratios 

on engine performance and emissions. 

2.1 Experimental Setup 

A single-cylinder, four-stroke, water-cooled CI engine, equipped with a piezoelectric pressure 

transducer and an optical crank angle encoder, will be used for the experiments. The engine will be 

coupled to a dynamometer for the measurement of brake power (BP) and specific fuel consumption 

(SFC). The engine will operate under a constant speed of 1500 RPM to ensure consistency across tests. 

The test engine will be equipped with a measurement system to record various performance parameters 

and exhaust emissions. The fuel blend of 40% ethanol, 50% DEE, and 10% biodiesel will be prepared 

and used in the engine for testing. The ethanol used will be a high-purity grade obtained from renewable 

sources, while the DEE and biodiesel will be sourced from commercially available suppliers. Each fuel 

component will be mixed in the specified proportions by volume, ensuring proper homogeneity and 

consistency. 

2.2 Engine Testing Procedure 

 

 

 

 

 

 

 

 

To assess the performance and emission characteristics, the engine will be tested under various load 

conditions, ranging from 25% to 100% of its rated capacity. The testing will be conducted at different 

EGR ratios (0%, 10%, 20%, and 30%) to analyze the influence of EGR on engine performance and 

emissions. The EGR system will be calibrated to ensure accurate recirculation of exhaust gases into the 

intake air. 
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Fig 1: Experimental Layout 

 

Figure 2: Experimental setup 

The engine’s performance will be evaluated based on several key parameters. Brake Power (BP) will 

be measured using a dynamometer to determine the engine’s output power. Brake Thermal Efficiency 

(BTE) will be calculated by dividing the brake power by the energy input from the fuel, providing 

insight into the engine’s efficiency. Specific Fuel Consumption (SFC) will be assessed by dividing the 

fuel consumption rate by the brake power, indicating how efficiently the engine uses fuel. Emissions of 

nitrogen oxides (NOx), carbon monoxide (CO), and particulate matter (PM) will be measured using a 

gas analyzer and a particulate matter collection system to evaluate environmental impact. In addition, 

the exhaust gas temperature will be recorded under each test condition, and pressure-time data from the 

combustion chamber will be collected to analyze the combustion characteristics in detail as shown in 

Fig 1and 2. 

2.3 Data Analysis 

The performance and emission data will be analyzed to evaluate the effects of the fuel blend and varying 

EGR ratios on engine performance and emissions. The key parameters—BP, BTE, SFC, NOx, CO, and 

PM—will be compared across different operating conditions. Statistical analysis will be performed to 

determine the significance of the observed trends and to assess the potential for optimizing fuel blends 

and EGR settings to achieve the best trade-off between performance and emissions. This methodology 

aims to provide a comprehensive understanding of the impact of ethanol, DEE, and biodiesel blends on 

CI engine performance while considering the role of EGR in controlling emissions. The results will 

contribute to the development of cleaner and more efficient fuel alternatives for compression ignition 

engines. 

3.0 FUEL PROPERTIES  

The table provides a comprehensive summary of the physical and chemical properties of a fuel blend 

comprising 40% ethanol, 50% diethyl ether (DEE), and 10% biodiesel. The blend has a density of 

approximately 800 kg/m³ at 15°C, indicating a relatively lightweight fuel. Its viscosity at 40°C is about 

1.2 cSt, which ensures ease of flow and atomization during combustion. With a cetane number of around 
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50, the fuel exhibits good ignition quality, suitable for compression ignition engines. The lower heating 

value (LHV) is ~29.5 MJ/kg, reflecting its moderate energy content, influenced by ethanol's lower LHV. 

The flash point is approximately -40°C, predominantly dictated by DEE, which lowers the blend's 

ignition threshold. The boiling point range spans from 35°C to 350°C, indicating a wide distillation 

curve. The oxygen content is ~30% by weight, contributing to better combustion and reduced soot 

formation. Carbon and hydrogen contents are ~60% and ~10%, respectively, emphasizing the blend's 

balanced chemical composition for clean combustion. The stoichiometric air-fuel ratio (AFR) of ~10.5 

reflects the blend's high oxygenation compared to conventional diesel. Additionally, the latent heat of 

vaporization is ~380 kJ/kg, driven by ethanol's contribution, which aids in charge cooling. The 

autoignition temperature of ~160°C suggests the blend's safe handling and storage properties. 

Table 1: Fuel Properties  

Property Diesel Petrol Ethanol DEE Biodiesel 40% Ethanol, 50% 

DEE, 10% Biodiesel 

Blend 

Density @ 15°C 

(kg/m³) 

~830-

860 

~720-

750 

~790 ~713 ~860-

900 

~800 

Viscosity @ 40°C (cSt) ~2-4 ~0.4-

0.8 

~1.2 ~0.23 ~4-5 ~1.2 

Cetane Number ~40-

55 

~5-15 ~8 ~125 ~45-65 ~50 

Lower Heating Value 

(MJ/kg) 

~42.5 ~43.5 ~26.8 ~33.9 ~37-40 ~29.5 

Flash Point (°C) ~60-

80 

~-43 ~12 ~-40 ~100-

170 

~-40 

Boiling Point Range 

(°C) 

~180-

360 

~35-

200 

~78 ~34-

36 

~350-

400 

~35–350 

Oxygen Content (% by 

wt) 

~0 ~0 ~34.7 ~21.6 ~11 ~30 

Carbon Content (% by 

wt) 

~86 ~86 ~52.2 ~64.9 ~77 ~60 

Hydrogen Content (% 

by wt) 

~14 ~14 ~13.1 ~13.5 ~12 ~10 

Stoichiometric AFR ~14.5 ~14.7 ~9 ~11.1 ~13 ~10.5 

Latent Heat of 

Vaporization (kJ/kg) 

~250 ~350 ~920 ~370 ~300 ~380 

Autoignition 

Temperature (°C) 

~210-

280 

~230-

480 

~365 ~160 ~300-

340 

~160 

The selection of a 40% ethanol, 50% diethyl ether (DEE), and 10% biodiesel blend as a fuel is 

significant due to its synergistic properties that enhance combustion efficiency, reduce emissions, and 

support renewable energy use. With a high oxygen content (~30%), the blend enables cleaner and more 

complete combustion, lowering CO and PM emissions, while DEE’s high cetane number (~50) ensures 

quick ignition and ethanol’s high latent heat (~380 kJ/kg) provides a charge-cooling effect for improved 

volumetric efficiency and knock resistance. Its broad boiling point range (35–350°C), low flash point 

(-40°C), and stoichiometric air-fuel ratio (~10.5) offer excellent volatility, cold-start performance, and 

fuel-air mixing compatibility with CI engines shown in Table 1. Biodiesel enhances lubricity, reducing 

engine wear, while ethanol and DEE improve atomization and ignition, making the blend suitable for 

modern diesel engines with minimal modifications. Environmentally, the blend reduces greenhouse gas, 
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NOx, and PM emissions, and its components—being biodegradable, less toxic, and renewable—support 

energy security and lower fossil fuel dependency. Economically, the use of local bio-resources helps 

stabilize costs and reduce imports, while its balanced properties make it ideal for research in advanced 

injection strategies and combustion optimization, aligning with global sustainability goals. 

3.2 Experimental Setup 

The experimental setup was developed to evaluate the performance and emission characteristics of a 

compression ignition (CI) engine operating with different levels of Exhaust Gas Recirculation (EGR). 

A single-cylinder, direct-injection diesel engine was used, fueled with a blend of 40% ethanol, 50% 

diethyl ether (DEE), and 10% biodiesel. The engine was tested under EGR levels ranging from 0.0000 

to 0.25000. Key performance metrics such as air-fuel ratio (A/F_eq), engine power, torque, specific 

fuel consumption (SFC), and indicated mean effective pressure (IMEP) were monitored. As EGR 

increased, A/F_eq declined from 2.4512 to 2.0932, engine power dropped from 28.724 kW to 27.698 

kW, and torque reduced from 182.87 Nm to 176.2 Nm. SFC increased from 0.3478 to 0.36062 kg/kWh, 

and IMEP decreased slightly from 10.229 to 10.11 bar. Notably, NOx emissions dropped significantly 

from 1205.7 ppm to 58 ppm due to lower combustion temperatures, while particulate matter (PM) 

increased from 0.38658 mg/m³ to 0.53477 mg/m³, indicating a trade-off between NOx reduction and 

PM formation. 

To complement performance evaluation, auxiliary and combustion-specific parameters were also 

analyzed. Turbocharger performance was assessed through boost and back pressure measurements, with 

its rotational speed maintained at 24,175 RPM across all test conditions. Thermal behavior was 

monitored by recording temperature distribution across engine components such as the piston, cylinder, 

and exhaust manifold. Fuel injection consistency was ensured with a constant maximum injection 

pressure of approximately 1884.6 bar. In-cylinder combustion dynamics were examined through 

maximum cylinder pressure (p_max), rate of pressure rise (dp/dTheta), and fuel droplet size (d₃₂). EGR 

levels were precisely controlled using a dedicated valve system, and the recirculated exhaust gases were 

cooled before re-entering the intake manifold. This thorough setup enabled a comprehensive 

investigation of how EGR influences engine performance, combustion behavior, and emission outputs, 

offering valuable insights for optimizing CI engines under stringent emission regulations. 

4.0 RESULTS AND DISCUSSION  
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Fig :3 Performance Parameter Comparison with various EGR ratio 

This research investigates the optimal Exhaust Gas Recirculation (EGR) ratio for a single-cylinder 

compression ignition (CI) engine operating on a novel, oxygen-rich fuel blend comprising 40% ethanol, 

50% diethyl ether (DEE), and 10% biodiesel and shown in fig.3. The study evaluates the blend's 

potential to enhance combustion efficiency, lower emissions, and meet sustainability goals while 

maintaining engine performance. Experimental tests were conducted across EGR levels from 0% to 

25%, analyzing parameters such as Air-Fuel Ratio (A/F_eq), Specific Fuel Consumption (SFC), 

Indicated Mean Effective Pressure (IMEP), peak cylinder pressure (p_max), rate of pressure rise 

(dp/dTheta), and emissions including NOx, PM, and HC. Results show that increasing EGR lowers 

A/F_eq (from 2.4512 to 2.0932), power (from 28.724 kW to 27.698 kW), and torque (from 182.87 Nm 

to 176.2 Nm), while SFC rises slightly (from 0.3478 to 0.36062 kg/kWh) and combustion slows, as 

reflected by a reduction in p_max (from 136.2 to 131.37 bar) and a longer ignition delay (from 48.4° to 

60.1°). Engine breathing and atomization are also affected, with decreased volumetric efficiency and 

increased spray droplet size. Despite slight reductions in performance and turbocharger efficiency, a 

substantial NOx reduction (to 58 ppm) is achieved, emphasizing the NOx-PM trade-off. The study 

further proposes the development of an AI-based predictive model to determine the optimal EGR ratio, 

guiding real-world application of alternative fuels in CI engines while balancing emissions and 

efficiency. 

Impact of Varying EGR Levels on Engine Performance and Emissions 
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Fig: 4 Performance Parameter Comparison with various EGR ratios 

This study investigates the effects of varying Exhaust Gas Recirculation (EGR) rates on engine 

performance parameters and emissions. EGR is commonly used in internal combustion engines to 

reduce nitrogen oxide (NOx) emissions by recirculating a portion of the exhaust gases back into the 

combustion chamber shown in fig.4. By examining several key engine parameters under different EGR 

conditions, we aim to understand the trade-offs between emission reductions and engine efficiency. The 

data, presented for EGR values ranging from 0 (no EGR) to 0.25, reveal several important trends across 

engine performance indicators. As the EGR rate increases, the air-fuel ratio (A/F_eq) consistently 

decreases. This is expected as the recirculated exhaust gases reduce the oxygen content in the 

combustion chamber, leading to a richer fuel mixture. Consequently, engine power (P_eng) shows a 

gradual decline, with a reduction from 28.724 kPa (no EGR) to 27.698 kPa at the highest EGR level of 

0.25. This decrease in power is a result of less oxygen available for combustion, which reduces the 

engine's ability to produce power. 

Specific fuel consumption (SFC) increases with higher EGR, from 0.3478 g/kWh at EGR = 0.0000 to 

0.36062 g/kWh at EGR = 0.25000. This suggests that the engine becomes less efficient at higher EGR 

rates, requiring more fuel to produce the same amount of work. Similarly, torque experiences a gradual 

decrease, dropping from 182.87 Nm to 176.2 Nm as the EGR rate increases, which aligns with the 

power reduction observed. In terms of combustion efficiency, the Indicated Mean Effective Pressure 
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(IMEP) remains relatively stable, with only minor fluctuations across the various EGR levels. This 

indicates that, while the engine power and torque decrease slightly, the overall pressure within the 

combustion chamber does not change drastically with varying EGR. 

One of the most significant benefits of EGR is its impact on emissions. NOx emissions show a 

substantial reduction as EGR increases, dropping from 1205.7 ppm at EGR = 0.0000 to just 58 ppm at 

EGR = 0.25000. This aligns with the primary function of EGR, which lowers combustion temperatures 

and thereby reduces NOx formation. On the other hand, particulate matter (PM) emissions exhibit a 

slight increase with higher EGR, from 0.38658 g/kWh to 0.53477 g/kWh. This suggests that, while 

NOx emissions are reduced, there is a trade-off with increased PM emissions, which is a common 

challenge when using EGR in modern engines. The thermal efficiency of the engine, as indicated by 

the volumetric efficiency (Eta_v) and thermal efficiency (Eta_TC), declines with higher EGR levels. 

Eta_v decreases from 0.89961 at EGR = 0.0000 to 0.76758 at EGR = 0.25000, and Eta_TC decreases 

from 0.53459 to 0.46237 over the same range. These trends reflect the less efficient combustion process 

at higher EGR rates, as the lower combustion temperatures reduce the engine's overall thermodynamic 

efficiency. In conclusion, increasing the EGR rate effectively reduces NOx emissions but leads to a 

trade-off in engine performance, characterized by decreased power, torque, and thermal efficiency. The 

increase in fuel consumption and particulate matter with higher EGR levels highlights the challenges in 

optimizing EGR for emission control without compromising engine efficiency. This data is valuable for 

fine-tuning EGR strategies in engine systems to achieve the best balance between emissions reduction 

and performance. 

4.2 Results and Discussion: Performance Data with Various EGR Ratios 

The given data provides Table 2 for a comprehensive set of parameters for a single-cylinder 

Compression Ignition (CI) engine with zero Exhaust Gas Recirculation (EGR). The air-fuel equivalence 

ratio (A/F_eq) is 2.4512, indicating a slightly rich mixture. The engine power (P_eng) is 28.724 kW, 

with a brake torque of 182.87 Nm and an Indicated Mean Effective Pressure (IMEP) of 10.229 bar, 

suggesting substantial engine efficiency. The specific fuel consumption (SFC) is 0.3478 g/kWh, 

demonstrating the engine’s fuel efficiency. The injection pressure (p_inj.max) reaches 1884.6 bar, 

indicating the high pressure at which the fuel is injected. Emissions-wise, NOx is recorded at 1205.7 

ppm, which is relatively high and suggests the need for emission control strategies, while particulate 

matter (PM) stands at 0.38658 g/kWh, contributing to the total emissions. The thermal efficiency of the 

turbine and compressor (Eta_TC) is 53.46%, and the engine’s volumetric efficiency (Eta_v) is 89.96%, 

indicating efficient air intake and combustion processes. The mean effective pressure and other 

parameters like the exhaust gas temperature (To_T = 648.32°C) and piston temperature (Tw_pist = 

525.07°C) also provide valuable insights into the engine’s operation under these conditions. These 

values, coupled with the various efficiency metrics, suggest a high-performing engine, though 

improvements in emission control would be necessary for further optimization. 

Table:2 Experimental Data 

Parameter Value 

(EGR = 

0.0000) 

Value 

(EGR = 

0.50000E-

01) 

Value 

(EGR = 

0.10000) 

Value 

(EGR = 

0.15000) 

Value 

(EGR = 

0.20000) 

Value 

(EGR = 

0.25000) 

A/F_eq 2.4512 2.3919 2.3261 2.2532 2.1718 2.0932 

P_eng 28.724 28.515 28.335 28.123 27.91 27.698 

SFC 0.3478 0.35034 0.35257 0.35523 0.35793 0.36062 

Torque 182.87 181.55 180.4 179.05 177.7 176.2 

IMEP 10.229 10.21 10.194 10.166 10.135 10.11 
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p_inj.max 1884.6 1884.9 1885.3 1885.7 1886.2 1886.6 

d_32 11.86 11.864 11.867 11.872 11.877 11.883 

p_max 136.2 135.53 134.57 133.44 132.4 131.37 

Phi_z 48.4 49.4 51.2 53.6 56.8 60.1 

dp/dTheta 5.7988 5.7992 5.7061 5.9756 5.8332 5.6549 

m_air 6.73E-

02 

6.71E-02 6.69E-

02 

6.67E-

02 

6.65E-

02 

6.63E-

02 

Eta_v 0.89961 0.8778 0.85394 0.82746 0.79816 0.76758 

x_r 8.28E-

02 

0.13 0.17702 0.22379 0.2702 0.31656 

PMEP -

0.87672 

-0.91144 -0.94452 -0.97516 -1.0035 -1.0302 

Eta_TC 0.53459 0.5158 0.50142 0.48785 0.4749 0.46237 

NOx.w,ppm 1205.7 753.81 416.04 217.15 104.16 58 

Bosch 1.2116 1.2502 1.3071 1.3655 1.4498 1.5312 

PM 0.38658 0.40427 0.42974 0.45691 0.49614 0.53477 

SE 3.0059 2.374 1.9719 1.7904 1.7752 1.825 

To_T 648.32 652.39 656.15 660.23 665.14 669.21 

Tw_pist 525.07 524.54 523.53 521.95 520.59 519.24 

A_egr 0 0 0 0 0 0 

dp_ev 2.0149 2.0614 2.0991 2.136 2.1722 2.2047 

PR_C.hp 2 2 2 2 2 2 

Eta_C.hp 0.732 0.732 0.732 0.732 0.732 0.732 

P_C.hp 6.018 6.1947 6.3644 6.5232 6.6741 6.8342 

po_C.hp 1.8173 1.8173 1.8173 1.8173 1.8173 1.8173 

To_C.hp 319.44 322.62 325.66 328.56 331.33 333.96 

PR_T.hp 2.0272 2.0718 2.1119 2.1498 2.1853 2.2181 

Eta_T.hp 0.76549 0.76549 0.76549 0.76549 0.76549 0.76549 

P_T.hp 6.0081 6.197 6.3645 6.5233 6.6781 6.8323 

po_T.hp 2.0153 2.0618 2.0994 2.1364 2.1725 2.2067 

To_T.hp 648.32 652.39 656.15 660.23 665.14 669.21 

RPM_TC.hp 24175 24175 24175 24175 24175 24175 

m*_C.hp 1.2434 1.2593 1.2745 1.2883 1.3011 1.3123 

m*_T.hp 8.84E-

03 

8.64E-03 8.49E-

03 

8.34E-

03 

8.20E-

03 

8.09E-

03 

Eta_TC.hp 0.534 0.534 0.534 0.534 0.534 0.534 

Kpi_C.hp 0 0 0 0 0 0 

 

The Table:2 presents the results of a detailed study on various engine parameters under different levels 

of Exhaust Gas Recirculation (EGR), ranging from 0.0000 to 0.25000. The focus of the study is on how 

varying EGR values influence several engine performance metrics, including fuel consumption, torque, 

emissions, and thermodynamic properties. 

Key Parameters 
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A/F_eq (Equivalence Ratio): This parameter, which indicates the air-to-fuel ratio, shows a decreasing 

trend as EGR increases. At EGR = 0.0000, the value is 2.4512, and it reduces to 2.0932 at EGR = 

0.25000. This indicates that higher EGR levels result in a leaner air-fuel mixture, which is typically 

associated with better fuel economy but can lead to higher emissions under certain conditions. P_eng 

(Engine Power): The engine power slightly decreases with increasing EGR. Starting at 28.724 at EGR 

= 0.0000, it drops to 27.698 at EGR = 0.25000. This reduction in power is expected as the recirculation 

of exhaust gases leads to a reduction in the amount of fresh air entering the combustion chamber, thereby 

lowering the engine's output power. SFC (Specific Fuel Consumption): This parameter increases with 

EGR, starting at 0.34780 at EGR = 0.0000 and rising to 0.36062 at EGR = 0.25000. An increase in SFC 

suggests that higher EGR levels lead to less efficient combustion, requiring more fuel to achieve the 

same amount of work. Torque: Torque also declines with increasing EGR, starting at 182.87 Nm at EGR 

= 0.0000 and decreasing to 176.20 Nm at EGR = 0.25000. The reduction in torque is a consequence of 

the reduced combustion efficiency at higher EGR values. 

IMEP (Indicated Mean Effective Pressure): IMEP, which is a measure of engine efficiency, remains 

relatively stable across the EGR levels. The slight reduction from 10.229 at EGR = 0.0000 to 10.110 at 

EGR = 0.25000 reflects the minor loss in efficiency due to increased EGR. NOx Emissions: Nitrogen 

oxide (NOx) emissions decrease significantly as EGR is increased, which is a well-known benefit of 

EGR systems. NOx starts at 1205.7 ppm at EGR = 0.0000 and decreases to 58.00 ppm at EGR = 

0.25000. This reduction demonstrates the effectiveness of EGR in controlling NOx emissions by 

lowering the peak combustion temperatures. PM (Particulate Matter): The level of particulate matter 

also increases with higher EGR. PM starts at 0.38658 at EGR = 0.0000 and increases to 0.53477 at EGR 

= 0.25000. This trend indicates that while EGR helps in reducing NOx, it might contribute to increased 

particulate emissions due to incomplete combustion. 

Temperature Parameters: The temperatures, such as To_T, Tw_pist, and To_C.hp, reflect the thermal 

conditions inside the engine. For example, To_T (which likely represents the temperature in a specific 

part of the engine) increases slightly from 648.32 K at EGR = 0.0000 to 669.21 K at EGR = 0.25000, 

which is indicative of higher engine thermal loads with increasing EGR. Efficiency Parameters: 

Efficiency factors like Eta_v (Volumetric Efficiency), Eta_TC (Thermal Efficiency), and others show a 

decrease as EGR is increased. For example, Eta_v decreases from 0.89961 at EGR = 0.0000 to 0.76758 

at EGR = 0.25000, highlighting the impact of higher EGR on reducing the overall efficiency of the 

engine. 

This study investigates the impact of varying Exhaust Gas Recirculation (EGR) ratios on the 

performance and emissions of a single-cylinder compression ignition (CI) engine fueled with a novel 

blend of 40% ethanol, 50% diethyl ether (DEE), and 10% biodiesel. The fuel blend leverages high 

oxygen content, low carbon intensity, and improved volatility to reduce emissions while maintaining 

combustion efficiency. Experimental analysis across EGR levels from 0% to 25% revealed a complex 

trade-off: while increasing EGR significantly reduced NOx emissions by lowering combustion 

temperature, it also resulted in a decrease in engine power, torque, thermal efficiency, and volumetric 

efficiency, and increased specific fuel consumption (SFC) and particulate emissions. The blend 

demonstrated favorable reductions in CO, HC, and PM emissions due to ethanol’s low carbon content 

and biodiesel’s high cetane number. A moderate EGR ratio, particularly between 10% and 15%, was 

identified as optimal, achieving a balance between reduced NOx emissions and acceptable performance 

metrics, including IMEP, ignition delay, and combustion pressure characteristics. Excessive EGR 

(above 20%) caused a notable decline in air–fuel mixing, combustion quality, and turbocharger 

performance, as evidenced by higher ignition delay and increased combustion residuals.The study also 

highlights the need for careful engine calibration when using alternative fuel blends, considering their 

differing physical and chemical properties compared to conventional diesel. Fuel system compatibility, 

knocking tendency, and volatility must be addressed through design optimization. Overall, the 

integration of the ethanol-DEE-biodiesel blend with a carefully controlled EGR strategy presents a 
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viable path toward cleaner and more sustainable CI engine operation. Future research should focus on 

predictive AI-based models to further optimize EGR levels and fuel formulations for enhanced 

performance and emissions compliance. 

5.0 UNCERTAINTY ANALYSIS  

Table :3 Uncertainty Analysis 

Parameter 

Value 

(EGR = 

0.0000) ± 

Uncertain

ty 

Value 

(EGR = 

0.0500) ± 

Uncertaint

y 

Value 

(EGR = 

0.1000) ± 

Uncertai

nty 

Value 

(EGR = 

0.1500) ± 

Uncertaint

y 

Value 

(EGR = 

0.2000) ± 

Uncertaint

y 

Value (EGR 

= 0.2500) ± 

Uncertainty 

A/F_eq 
2.4512 ± 

0.01 

2.3919 ± 

0.01 

2.3261 ± 

0.01 

2.2532 ± 

0.01 

2.1718 ± 

0.01 

2.0932 ± 

0.01 

P_eng 
28.724 ± 

0.05 

28.515 ± 

0.05 

28.335 ± 

0.05 

28.123 ± 

0.05 

27.910 ± 

0.05 

27.698 ± 

0.05 

SFC 
0.3478 ± 

0.001 

0.3503 ± 

0.001 

0.3526 ± 

0.001 

0.3552 ± 

0.001 

0.3579 ± 

0.001 

0.3606 ± 

0.001 

Torque 
182.87 ± 

0.1 

181.55 ± 

0.1 

180.40 ± 

0.1 

179.05 ± 

0.1 

177.70 ± 

0.1 
176.20 ± 0.1 

To perform an uncertainty analysis for the provided data, a systematic approach must be followed to 

accurately quantify the reliability of the measurements shown in Table 3. The first step is to identify 

the sources of uncertainty, which may include measurement errors, instrument calibration limitations, 

environmental conditions, equipment tolerance, or approximations used in data modeling and 

simulation. For each measured parameter at different EGR levels, the mean value should be calculated. 

If multiple trials were conducted, the standard deviation is used to assess variability. If repeated 

measurements are not available, uncertainties can be estimated based on known instrument tolerances, 

sensor specifications, or manufacturer-provided data. Once the uncertainty values are obtained, they 

can be expressed either in absolute terms (e.g., ±0.02 units) or as relative percentages (e.g., ±0.5%). A 

well-structured uncertainty analysis table should be constructed, displaying each parameter, its mean 

value, corresponding uncertainty, and the method used to derive it. This table serves as a transparent 

and concise way to present the reliability of the experimental or simulated results. 

CONCLUSION 

Uncertainty analysis is a critical part of any experimental or simulation study, as it validates the 

precision and reliability of the obtained results. By carefully identifying and quantifying the 

uncertainties associated with key parameters, the analysis enhances the credibility of the findings and 

supports more robust comparisons and conclusions in engine performance and emissions research. In 

conclusion, the study highlights the importance of carefully calibrating the EGR ratio to accommodate 

alternative fuel blends, ensuring that both performance and emissions are effectively managed. Further 

research is recommended to refine the optimal EGR settings for different fuel combinations and engine 

configurations, which will be essential for advancing sustainable engine technologies in the future. 

Optimal EGR Ratio Prediction: The study predicts that an EGR ratio within the range of 0.10 to 0.15 

is ideal for balancing NOx emission reduction and maintaining engine performance when using 40% 

ethanol, 50% DEE, and 10% biodiesel blends in a single-cylinder CI engine.  Impact on NOx Emissions: 

Higher EGR ratios effectively reduce NOx emissions, which is crucial for meeting environmental 

standards. However, this comes with a trade-off in increased particulate matter (PM) emissions and 

decreased engine efficiency. 
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Performance and Efficiency Trade-off: A moderate EGR ratio (0.10 to 0.15) strikes a balance between 

reducing harmful NOx emissions while minimizing the adverse effects on engine power, torque, and 

thermal efficiency. Importance of EGR Calibration: The study underscores the need for precise EGR 

calibration when using alternative fuel blends, as improper EGR settings can lead to higher fuel 

consumption and undesirable emission increases.  

Future Research and Optimization: Further investigations are recommended to refine EGR settings 

for different fuel blends and engine configurations, enabling the development of optimized strategies 

for improving the environmental and operational performance of CI engines. 
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NOMENCLATURE  

• CR: Compression Ratio 

• BMEP: Brake Mean Effective 

Pressure (bar) 

• P_eng: Piston Engine Power (kW) 

• Torque: Brake Torque (N·m) 

• SFC: Specific Fuel Consumption 

(kg/kWh) 

• IMEP: Indicated Mean Effective 

Pressure (bar) 

• A/F_eq: Air-Fuel Equivalence Ratio 

(Lambda) in the Cylinder 

• To_T: Average Total Turbine Inlet 

Temperature (K) 

• Tw_pist: Average Piston Crown 

Temperature (K) 

• P_inj.max: Maximum Sac Injection 

Pressure (before nozzles) (bar) 

• d_32: Sauter Mean Diameter of Drops 

(microns) 

• Phi_ign: Ignition Delay Period 

(degrees) 

• P_max: Maximum Cylinder Pressure 

(bar) 

• dp/dTheta: Maximum Rate of 

Pressure Rise (bar/degree) 

• Phi_z: Combustion Duration (degrees) 

• m_air: Total Mass Airflow (+EGR) of 

Piston Engine (kg/s) 

• Eta_v: Volumetric Efficiency 

• x_r: Residual Gas Mass Fraction 

• PMEP: Pumping Mean Effective 

Pressure (bar) 

• Eta_TC: Turbocharger Efficiency 

• BF_int: Burnt Gas Fraction 

Backflowed into the Intake (%) 

• NOx.ppm: Fraction of Wet NOx in 

Exhaust Gas (ppm) 

• PM: Specific Particulate Matter 

Emission (g/kWh) 
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• Bosch: Bosch Smoke Number 

• SE: Summary Emission of PM and 

NOx 

• A_egr: Effective Area of EGR 

Discharge Holes (mm²) 

• dp_ev: Differential Pressure between 

Exhaust Manifold and Venturi Throat 

(bar) 

• P_C.hp: Power of High-Pressure 

Compressor (HPC) (kW) 

• To_C.hp: Total Temperature After 

Intercooler (K) 

• PR_T.hp: Expansion Pressure Ratio 

of High-Pressure Turbine (HPT) 

• Eta_T.hp: Internal Turbine Efficiency 

of High-Pressure Turbine 

• P_T.hp: Effective Power of High-

Pressure Turbine (kW) 

• p_o.I.hp: Inlet Total Pressure of High-

Pressure Turbine (bar) 

• To_I.hp: Inlet Total Temperature of 

High-Pressure Turbine (K) 

• RPM_C.hp: HP Stage Turbocharger 

Rotor Speed (rpm)
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