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 In gasoline engines, the fuel delivery system is one of the most 
precise and critical components. The design of fuel pathways, 
pumps, filters, and related features directly impacts fuel 
pressure a key parameter for combustion performance. This 
study investigates the effect of fuel injection pressure on lambda 
(the ratio between the actual air-fuel ratio and the 
stoichiometric air-fuel ratio), ignition advance, and exhaust 
emissions in a gasoline engine using the response surface 
methodology (RSM).The test results indicate that lambda, 
ignition advance, CO, and HC emissions increase with 
decreasing fuel injection pressure. The highest values of lambda 
(1.044), ignition advance (37°), and CO (0.88%) were recorded 
at 5000 rpm with a fuel injection pressure of 2.4 bar. Conversely, 
the highest CO₂ concentration (14.8%) was observed at 1000 
rpm with a fuel injection pressure of 3.5 bar. The lowest HC 
emission (86 ppm) was reported at 5000 rpm with a fuel 
injection pressure of 3.5 bar.The findings demonstrate that fuel 
injection pressure significantly influences engine performance 
and emissions. Proper design and maintenance of the fuel 
system to maintain optimal fuel pressure can enhance engine 
performance and reduce exhaust emissions. This plays a crucial 
role in mitigating air pollution, particularly in metropolitan 
areas. 
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Introduction 

Nowadays, one of the most important problems of big cities is the increase 

of air pollution, so the governments are trying to make laws to reduce these 

pollutants. One of the main topics of these laws is to control and reduce air 

pollution in big cities and greenhouse gases from the activities of large factories 
and exhaust emissions of cars, heavy industrial and agricultural machines with 

gasoline and diesel engines. Also, exhaust from gasoline vehicles plays a major 

role in air pollution in large cities. Reduction of fossil fuel sources, automotive 

pollutions, strict regulations and human health problems have led to extensive 

studies in the field of controlling and reducing pollutants from the exhaust of 

internal combustion (IC) engines by researchers around the world. 
Internal combustion engines are divided into two main groups: spark 

ignition  engines (SI) and compression ignition  engines (CI). Internal 

combustion engines are made up of many parts. The fuel system of gasoline 

engines is one of the most important and sensitive systems in these engines. 

The main components of the fuel system include tank, fuel pump, fuel transfer 

pipes, fuel filter, fuel rail and injectors. The fuel pressure is one of the important 

parameters in internal combustion engines performance. However, this 

parameter will be affected by the operation of the engine after a short time, and 

some factors such as reduced quality of fuel pump performance, deviation in 

the fuel supply path, clogged gasoline filter due to high lifetime, improper 

regulator performance and dirty injectors cause a fuel pressure drop in the fuel 

rail. The correct operation of the fuel system has an effect on improving the 

quality of combustion, increasing engine efficiency, reducing knocking and 

exhaust gases. Today, precision in fuel purification is much more important in 

fuel injection engines than in the old carburetor fuel system. In an injector 

engine, each injector has one or more small holes less than 0.2 mm in diameter, 

and each injector opens for less than 0.005 seconds when injecting fuel. 

Therefore, the presence of foreign particles in the fuel can easily lead to clogging 

of the injector ducts [1, 2]. In the present world, the need for fossil fuels has 

greatly increased and with the extraction of petroleum, fossil fuels have 

decreased and air pollutants have increased [3]. In a study, the maximum outlet 

pressure of the fuel pump with a filter lifetime of 50,000 km was measured as 

4.5 bar. Also, the lowest inlet pressure was measured at 3.5 bar when using a 

new filter. The results showed that the fuel filter lifetime also has a significant 

effect on the main parameters of the engine, such as fuel-air mixture weight 

ratio and the ignition advance. Studies in Euro2 and Euro4 engines have shown 

that the ignition advance at 1,000 rpm engine speed with a new fuel filter was 

7 degrees (minimum value), while the maximum ignition advance at 5,000 rpm 
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engine speed and with a 50,000 km filter lifetime was measured at 37 degrees. 

The results of another part of the previous research showed that gasoline filter 

clogging has a significant effect on fuel pressure, fuel-air mixing ratio, and 

ignition advance, which in turn will have a direct impact on combustion quality 

and engine thermal efficiency. Therefore, One of the important factors of 

pressure drop in the fuel rail is the fuel filter lifetime [4]. Based on the 

importance of fuel injection pressure, Ejtehadi [5] examined important factors 

in fuel filtration of advanced diesel engines. According to the results obtained 

in his research, the application of appropriate principles in the preparation, 

maintenance and distribution of fuel, will significantly improve the 

performance of these devices and will significantly reduce the cost of repairs. 

Jafarian Jolodar et al [6] using the (RSM) response surface method, tried to 

optimize the parameters affecting the production process of gasoline filters by 

plastic injection method. His results have been useful in optimizing the 

production of gasoline filters. Contamination from impurities is one of the most 

common problems with fuels. Contamination in conventional fuels comes from 

a wide range of sources, such as dust and particles from fuel pump wear in the 

fuel system [7].  

In a study by Kamyab et al [8] focusing on simulating the fluid behavior in 

the fuel filter and fuel circuit of a helicopter, they concluded that the filter and 

other device of fuel system used would create a pressure drop in the range of 0 

bar to 1 bar due to its cleanliness this disrupts military helicopter missions. 

Regarding the effect of fuel pressure on the performance of gasoline engines, in 

a study, the effect of increasing the fuel filter life on fuel feeding and ignition 

systems was investigated. The results showed that the use of long life fuel filter, 

especially more than 15,000 km, increases the electric current consumption of 

the fuel pump, the operating temperature of the pump, the fuel temperature in 

the fuel feeding system and thus shortening the life of the fuel pump. In the 

ignition system, with the increase of the gasoline filter life, the amount of 

ignition advance increased, which can cause complications such as premature 

combustion, knocking in the engine and reducing the useful life of the main 

engine parts [9]. The most important emissions in internal combustion engines 

are carbon monoxide, unburned hydrocarbons and nitrogen oxides, which will 

increase emissions due to incomplete combustion [10]. Also injector fuel 

injection pressure plays an important role in increasing the quality of 

combustion and reducing exhaust emissions. The relationship between fuel 

flow with performance variables and exhaust emissions was investigated and 

the results showed that uniform fuel flow has an effect on increasing 

combustion efficiency and reducing the emission of pollutants from the exhaust 
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of combustion engines [11]. In an experimental study, the effect of designing a 

new fuel filter called a whale on the emission of pollutants from diesel engine 

exhaust in four different types of devices was investigated. The results of this 

study showed that the average levels of carbon monoxide, unburned 

hydrocarbons and nitrogen oxides decreased by 35.3%, 26.1% and 34.3%, 

respectively [12]. Sharma and Kumar [13] investigated the effect of fuel 

pressure and engine speed on parameters such as combustion, performance 

and emissions of gasoline engines using different fuel compositions.Their 

results showed that fuel pressure can be an effective variable in engine 

performance.  

In many researches, the response surface method has been used to 

investigate the performance parameters of internal combustion engines. 

Almasi et al [14] in a study using the response surface method, investigated the 

production process of biodiesel from non-edible rapeseed oil. In this research, 

the response surface method was able to model the reaction efficiency of the 

biodiesel production reaction from non-edible canola oil with high accuracy 

using a quadratic polynomial equation. In order to optimize the EGR ratio, 

Jalilian Tabar et al [15] studied the operating conditions of a diesel engine and 

the amount of pollutants emitted from the exhaust using the RSM method. Dole 

et al [16]  proposed a mathematical model to investigate the relationship 

between pollutant emissions and performance parameters of a dual-fuel diesel 

engine such as engine load, engine speed and the amount of hydrogen-replaced 

fuel. They used the RSM to evaluate emissions and diesel engine performance. 

Shabani et al [17] in one study, the performance of a tractor engine was 

evaluated using a mixture of biodiesel and ethanol fuel by the response surface 

methodology. According to the results of his research, the rotational speed of 

the engine was the most effective factor in increasing engine power. In addition, 

the combination of biofuels, diesel and ethanol and engine speed were the most 

important indicators of specific fuel consumption. Using the response surface 

methodology, Erol et al [18] predicted the performance and exhaust emissions 

of a diesel engine with biodiesel fuel extracted from canola. In another study, 

different engine variables such as load and fuel composition were predicted to 

improve the various parameters of a diesel engine using the response level 

method [19]. Using the response surface methodology, the effect of different 

alternative fuels on the performance and exhaust emissions of a 6-cylinder 

diesel engine was investigated [20]. In a study, the effect of injection pressure 

and injector strategy optimization on improving the performance of an internal 

combustion engine was evaluated using the response surface methodology 

[21].   



JEAR: Journal of Engineering and Applied Research            Winter & Spring 2026, Vol. 3, No. 1, p. 229-254 

233 
 

Omi et al [22] in a numerical study using the KIVA-3V simulator program 

investigated the effect of fuel injection time on the rate of fuel evaporation and 

emissions in a gasoline engine. The results of his research showed that late 

spraying of fuel will reduce fuel evaporation. On the other hand, increasing the 

rate of fuel evaporation reduces CO and HC emission. But to reduce NOx 

emission, spark time adjustment should be used. In a theoretical study using 

AVL-Fire software investigated the effect of time and fuel injection pressure on 

the performance and emissions of the diesel engine. The results of his research 

showed that increasing fuel injection pressure will increase NOx and decrease 

PM [23]. A review of previous research shows that there are a lot of researches 

on reducing exhaust emissions from internal combustion engines by changing 

the engine design, replacing new parts in different engine systems, using 

filtration systems in exhaust outlets such as catalysts and changing the type of 

fuel used. However, the effect of important parameters such as fuel injection 

pressure on some of the main characteristics of the engine such as engine 

power, Lambda, ignition advance, combustion quality and the amount of 
exhaust emissions in the gasoline engine has not been investigated so far. In 

this study, various engine variables, especially the fuel system, were fully 

controlled and recorded, but the main purpose of this study was to investigate 

the effect of fuel injection pressure and engine speed on the lambda, ignition 

advance and exhaust emissions. For this purpose, the effect of fuel injection 

pressure and engine speed on the three important exhaust outlets of a gasoline 

engine (CO, CO2 and HC), stoichiometric ratio (lambda), and ignition advance 

was investigated and analyzed. The results of this research can be used in the 

optimal design of the fuel system, fuel filter, fuel pump and other parts of this 

system in order to establish the maximum appropriate pressure in the fuel rail. 

Methodology 

Materials and Methods 

Test Apparatus 

In this research, a Linear four-stroke gasoline engine has been used. The 

technical specifications of the engine are listed in Table 1. To conduct the 

experiments, a pressure regulating valve and a pressure gauge were installed 

upstream of the fuel rail to measure fuel pressure. Based on prior research, 

a new fuel pump and new fuel filter were employed to ensure maximum 

pressure in the fuel system. 

Exhaust emissions; including carbon monoxide (CO), carbon dioxide (CO₂), 

and unburned hydrocarbons (HC)—were measured using a MAHA MGT5 
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exhaust gas analyzer (manufactured in Germany). The stoichiometric ratio 

(lambda, λ) was also recorded using this device. The pressure gauge and gas 

analyzer are illustrated in Figure 1, and the specifications of the gas analyzer 

are detailed in Table 2. 

Various engine parameters such as engine speed, manifold inlet air pressure, 

oxygen sensor voltage, ignition advance, injector injection time, throttle angle, 

stoichiometric ratio and engine cooling temperature were carefully controlled 

in the laboratory. The experiments were performed at an ambient temperature 

of 30°C and the laboratory temperature was controlled with an accuracy of 1°C. 

All measuring equipment is calibrated before use in tests.  

Table 1. Main Specifications of the engine used in this research 

SI engine, 4 Cylinder Characteristic type 

Saipa Iran Company 

4 No. of Cylinder 

103 Maximum Torque (N.m) 

1323 Displacement Volume (cc) 

1-3-4-2 Combustion Order 

Siemens Type of ECU 

Single spray injector Type of fuel system 

63 hp Maximum power (hp) 

 

 

 

 

 

a                                                                              b 

Figure 1. Pressure gauge (b) and the exhaust gas analyzer (a) 
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Table 2. Specifications of the exhaust gas analyzer 

Parameters 
 

Unit 

Measurements 

Range 

Measurements 

Accuracy 

Uncertainty 

CO % 0–15% vol. 0.01% vol ± 0.3 

CO2 % 0–20% vol 0.01% vol. ± 0.2 

HC ppm 0–9999 ppm 1 ppm ± 0.2 

Lambda - 0.5–9.99 ppm 0.01 ± 0.2 

In each stage of the tests, after adjusting the fuel pressure, the engine ran for 

about a minute, then the engine water temperature was monitored, and when 

the temperature reached 80 °C , the engine speed was increased under no-load 

conditions until the target speed was achieved. After stabilizing the engine 

conditions, the parameters were measured and recorded. A schematic of the 

experimental setup is provided in Figure 2. 

 

 

Figure 2. Schematic of experiments and measuring devices 

Uncertainty Analysis 

The uncertainty for each parameter was analyzed using the square root 

method [24]. The uncertainty values for individual parameters are listed 

in Table 2. The overall percentage of uncertainty was calculated using the 

following equation: 

Percentage of uncertainty = √(0.3)2 + (0.2)2 + (0.2)2 + (0.2)2 = ±0.21% 
 

where the uncertainties for CO, CO₂, HC, and λ were 0.3%, 0.2%, 0.2%, 

and 0.2%, respectively. 
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Design of Experiments 

Given the large number of tests, complexity, and high cost associated with 

engine experiments, a statistical design of experiments (DoE) was employed. 

The Response Surface Methodology (RSM) was used for statistical analysis, 

implemented via Design-Expert® Software (version 10). 

A central composite design (CCD) was adopted to evaluate the influence 

of independent variables (fuel injection pressure and engine speed) 

on dependent variables (ignition advance, λ, and exhaust emissions: CO, CO2, 

HC). The experimental matrix and factor ranges are summarized in Table 3, and 

the software-generated experimental design is presented in Table 4. 

RSM involves mathematical and statistical techniques for  designing 

experiments, modeling processes, and optimizing responses [25]. The 

relationship between responses and independent variables is often unknown, 

so an approximation function is used. If the response is linearly dependent on 

the variables, the model is expressed as;  

First-Order Model (Linear Relationship) [26]: 

 

𝑦 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖

𝑘

𝑖=1

+ 𝜖                                                                                               (1) 

where: 

𝑦 = response, 

𝛽0 = intercept, 

𝛽𝑖 = coefficients, 

𝑥𝑖 = independent variables, 

𝜖 = error term. 

If there is curvature in the system, higher order polynomials should be used, 

such as the second-order model in Equation [2] [27]. 

𝑦 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖

𝑘

𝑖=1

+ ∑ 𝛽𝑖𝑖𝑥𝑖
2

𝑘

𝑖=1

+ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗

𝑖<𝑗

+ 𝜖                                                ( 2) 
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Table 3. The experiment matrix 

Limit of each factor Symbols Independent variables 

2.4 – 3.5 A Fuel Pressure (bar) 

1000 - 5000 B Engine Speed (Rpm) 

Table 4. Experimental design proposed by RSM 

Run Std 

Fuel 

Pressure 

(bar) 

Rpm 

Ignition 

Advance 

(Degree) 

Lambda Co (%) Co2 (%) 
HC 

(ppm) 

6 1 3.5 5000 34 1.031 0.82 14.1 88 

2 2 2.95 5000 36 1.038 0.85 13.9 101 

9 3 2.95 3000 24 1.028 0.74 14.4 117 

3 4 2.95 3000 23 1.028 0.75 14.4 117 

1 5 2.4 1000 15 1.021 0.72 14.2 215 

5 6 2.95 3000 23 1.029 0.74 14.4 117 

12 7 3.5 1000 7 1.017 0.55 14.9 196 

7 8 2.4 3000 26 1.032 0.78 13.8 125 

11 9 2.95 1000 11 1.018 0.61 14.6 205 

13 10 2.4 5000 37 1.042 0.88 13 110 

4 11 3.5 3000 22 1.022 0.69 14.6 109 

8 12 2.95 3000 24 1.028 0.74 14.3 119 

10 13 2.95 3000 24 1.028 0.74 14.4 117 

Results and discussion  

Lambda (stoichiometric ratio) 

The ideal ratio of air to fuel (theoretical) can be obtained based on the 

chemical balance of the gasoline combustion with air. This ideal mass ratio 

(Air/Gasoline) has a value of 14:1 and is known as the stoichiometric ratio. On 

the other hand, for ideal stoichiometric ratio, a coefficient called lambda (λ) is 

defined and calculated by the following equation: 
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𝜆 =
(𝐴 𝐹⁄ )𝐴𝑐𝑡𝑢𝑎𝑙

(𝐴 𝐹⁄ )𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
                                                                                  (3) 

Where [28]: 

λ < 1: Rich mixture (excess fuel), 

λ = 1: Stoichiometric mixture, 

λ > 1: Lean mixture (excess air). 

Figure 3 shows a three-dimensional diagram of the interaction between fuel 
injection pressure and engine speed on the stoichiometric ratio. According to 
the three-dimensional diagram, it can be seen that: 

 increasing fuel injection pressure reduces λ, while 
increasing engine speed raises λ. 

 Lower pressure in the fuel rail can reduce fuel atomization, leading 
to a leaner mixture (higher λ) and poorer combustion quality [4, 29]. 

According to Figure 3 and the results of Analysis of Variance (ANOVA) in 
Table 5, confirm that: 

 both fuel pressure (A) and engine speed (B) significantly affect λ at the 

1% level. Their interaction (AB) is significant at the 5% level. 

One of the goals of this research in using the response surface method is to 
reach an equation that shows the relationship between lambda with fuel 
pressure and engine speed. The regression equation between the independent 
variables and the dependent variables is shown in Equation 4, which can also 
predict and detect different values of variables.  

𝜆 = 1.03 + 0.0043𝐴 + 0.0091𝐵 − 0.0017𝐴𝐵                                 ( 4) 

where: 

 A = Fuel injection pressure (bar), 

 B = Engine speed (rpm). 
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Figure 3: Interaction of fuel pressure and engine speed on lambda 

The contour diagram in Figure 4 shows the interaction of fuel pressure and 

engine speed on the lambda. It is observed that when the fuel pressure is more 

than 3 bar and the engine speed is less than 1500 rpm, the lambda is less than 

1.02. 

By examining the diagrams in Figure 4, it can be seen that the results 

obtained experimentally correspond to the results predicted by the software. 

Also, the correlation coefficient was R = 0.98, which shows a very good 

correlation between the predicted results and the actual data. That is, 98% of 

the dependent variables depend on independent variables, and only 2% of the 

dependent variables cannot be explained using independent variables, which 

proves the validity of the model. 
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A 

 

B 

Figure 4: Contour plot (a) Comparison of actual results with the predicted results of 

lambda (b) 

Table 5 presents the results of analysis of variance to evaluate the tested 

variables. The p-value in the analysis of variance table shows the significant 

effect of all the independent variables on the dependent variables. P-value 

<0.05 indicates the significance of the effect of variables on the response. But P-

value> 0.1 indicates that the effect of variables on the response is not 

significant. Also, lower values for P-value indicate more significance, for 
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statistical significance at 95% to 99 confidence levels. The% P-value should be 

less than 0.05 to 0.01, respectively. According to the results of analysis of 
variance in Table 5, it can be seen that the model used to investigate the effect 

of independent variables on dependent variables is significant and it can be 

predicted using the first-order polynomial equation. Examining the p-value for 

different sources in Table 5, it can be concluded that the fuel pressure (A), 

engine speed (B) at the level of 1% and the interaction of fuel pressure and 

engine speed (AB) have a significant effect on the lambda at the level of 5%.  

Also, the low number of residuals, Lack of Fit and Pure Error show the validity 

of the model.  

 

Table 5: Analysis of variance of lambda 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 

Model 
6.206E-004 3 2.069E-004 261.89 < 0.0001 

A-Fuel Pressure 
1.042E-004 1 1.042E-004 131.88 < 0.0001 

B-Engine Speed 
5.042E-004 1 5.042E-004 638.28 < 0.0001 

AB 
1.225E-005 1 1.225E-005 15.51 0.0034 

Residual 
7.109E-006 9 7.899E-007   

Lack of Fit 
6.309E-006 5 1.262E-006 6.31 

0.0493 

Pure Error 
8.000E-007 4 2.000E-007   

Cor Total 
6.277E-004 12    

 

Ignition Advance 

Figure 5 shows the interaction between fuel injection pressure and engine 

speed on changes in Ignition Advance. According to the three-dimensional 

diagram, as fuel injection pressure and engine speed increase, ignition advance 

decreases and increases, respectively. Because changing the weight of 

stoichiometric ratio from the ideal state will lead to a change in ignition advance 

[4 and 29]. According to Figure 5 and the results of analysis of variance in Table 

6, it is clear that the two variables of fuel injection pressure and engine speed 

and interaction of fuel injection pressure and engine speed have a significant 

effect on ignition advance at the level of 1%, respectively. The regression 
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equation between independent variables and dependent variables is shown in 

Equation 5, which can also predict and detect different values of variables. In 

this equation, A is the fuel injection pressure (bar) and B is engine speed (Rpm). 
  Ignition Advance = 23.54 – 2.50 A + 12.33 B + 1.25 AB                                                         (5) 

 

Figure 5: Interaction of fuel pressure and engine speed on ignition advance 

By Looking at Contour plot (Figure 6) , it is confirmed that that ignition 

advance decreases with rising fuel pressure and ANOVA (Table 6) shows fuel 
pressure (A), engine speed (B), and their interaction (AB) are significant at the 

1% level. Also R² = 0.99 validates the model’s predictive accuracy. 
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A 

 

B 

Figure 6: Contour plot (a) Comparison of actual results with the predicted 

results of ignition advance (b) 

Table 6: Analysis of variance of Ignition advance 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 

Model 956.42 3 318.81 1019.60 < 0.0001 

A-Fuel Pressure 37.50 1 37.50 119.93 < 0.0001 

B-Engine 
Speed 

912.67 1 912.67 2918.87 < 0.0001 

AB 6.25 1 6.25 19.99 0.0016 

Residual 2.81 9 0.31   

Lack of Fit 1.61 5 0.32 1.08 0.4852 

Pure Error 1.20 4 0.30   

Cor Total 959.23 12    

 

CO emission 

Figure 7 illustrates the impact of fuel pressure and engine speed on carbon 

monoxide (CO) emissions. The increase in CO emissions is attributed to 

elevated Lambda (λ), poor air-fuel mixture quality, and reduced combustion 

efficiency [30]. 
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According to Figure 7 and the results of analysis of variance in Table 7, it is 

clear that the two variables of fuel pressure and engine speed have a significant 

effect on CO emission at the level of 1%, respectively. The regression equation 

between independent variables and dependent variables is shown in Equation 

6, which can also predict and detect different values of variables. In this 

equation, A is the amount of fuel pressure (bar) and B is engine speed (Rpm). 

CO = 0.74 - 0.053 A + 0.11 B + 0.028 AB                                       (6) 

 

Figure 7: Interaction of fuel pressure and engine speed on CO emission 

Contour plot (Figure 8) show that  CO decreases when fuel pressure > 3 bar 

and engine speed is lower. In Table 7, assuming   Fuel pressure (A), engine 

speed (B), ANOVA (Analysis of variance) shows that the interaction (AB) are 

significant at the 1% level, And also; by the appearance of the  R² = 0.98 , we can 

be sure that the model is reliable.  
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A 

 

B 

Figure 8: Contour plot (a) Comparison of actual results with the predicted 

results of CO emission (b) 

Table 7: Analysis of variance of CO emission 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F. Value 

p-value 

Prob > F 

Model 0.095 3 0.032 363.18 < 0.0001 
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A-Fuel Pressure 0.017 1 0.017 195.92 < 0.0001 

B-Engine Speed 0.075 1 0.075 858.89 < 0.0001 

AB 3.025E-003 1 3.025E-003 34.73 0.0002 

Residual 7.840E-004 9 8.711E-005   

Lack of Fit 7.040E-004 5 1.408E-004 7.04 0.0410 

Pure Error 8.000E-005 4 2.000E-005   

Cor Total 0.096 12    

 

CO2 emission 

Figure 9 indicates that higher fuel pressure increases CO₂ (due to improved 

combustion) and higher engine speed reduced CO₂ (due to shorter combustion 

time) [31]. 

According to Figure 9 and the results of analysis of variance in Table 8, it can 

be seen that the two variables of fuel pressure and engine speed have a 

significant effect on CO2 gas at the level of 1%. The regression equation 

between independent variables and dependent variables is shown in Equation 

7, which can also predict and detect different values of variables. In this 

equation, A is the amount of fuel injection pressure (bar) and B is engine speed 

(Rpm).  
CO2 = 14.38 + 0.43 A - 0.45 B + 0.1 AB -0.19 A2 – 0.14 B2                  (7) 

 

emission 2and engine speed on CO ressurefuel p Figure 9: Interaction of 
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The contour diagram indicates that with increasing fuel injection pressure 

and decreasing engine speed, CO2 emission increases and improves the quality 

of combustion. 

For model validation, ANOVA (Table 8)  and Figure 10 indicates that fuel 

pressure (A) and engine speed (B) are statistically significant at the 1% level. 

Additionally, R² = 0.97 demonstrates strong agreement between the model's 

predicted data and the experimental data. 
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B 

Figure 10: Contour plot (a) Comparison of actual results with the predicted 

results of CO2 emission (b) 

Table 8: Analysis of variance of CO2 emission 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 

Model 
2.63 5 0.53 88.36 < 0.0001 

A-Fuel 
Pressure 

1.13 1 1.13 189.54 < 0.0001 

B-Engine 

Speed 

1.22 1 1.22 204.40 < 0.0001 

AB 
0.040 1 0.040 

6.73 0.0357 

A2 
0.099 1 0.099 

16.71 0.0046 

B2 
0.054 1 0.054 

9.06 0.0197 

Residual 
0.042 77 

5.944E-003   

Lack of Fit 
0.034 3 

0.011 5.60 0.0647 

Pure Error 

8.000E-

003 
44 

2.000E-003   

Cor Total 
2.67 12    

HC emission 

Figure 11 illustrates the impact of fuel injection pressure and engine speed 

on unburned hydrocarbon (HC) emissions. An increase in both fuel pressure 

and engine speed leads to a reduction in HC emissions [32]. This trend is 
attributed to improved combustion efficiency under higher pressure and speed 

conditions. 

 Figure 11 and the results of analysis of variance in Table 9 show that the 

two variables of fuel pressure and engine speed have a significant effect on HC 

emission at the level of 1%. The regression equation between independent 

variables and dependent variables is shown in Equation 8, which can also 

predict and detect different values of variables [33].  

HC = 117.45 - 9.5 A - 52.83 B - 0.75 AB – 0.57 A2 + 35.43 B2                 (8) 

where: 

𝐴 = Fuel injection pressure (bar), 
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𝐵 = Engine speed (rpm). 

 

 

Figure 11: Interaction of fuel pressure and engine speed on HC emission 

The contour plot (Figure 12) reveals that HC emissions decrease with higher 

fuel pressure and lower engine speeds.An analysis of variance (ANOVA) for this 

pollutant (Table 9) indicates a statistically significant relationship at the 1% 

level between fuel pressure (A), engine speed (B), and the quadratic term of 

engine speed (B²). However, the interaction term (AB) and the quadratic term 

of fuel pressure (A²) do not show a significant relationship. Additionally, R² = 

0.99 indicates that 99% of the variability in HC emissions is explained by the 

predictors. This high prediction accuracy further confirms the model’s validity. 
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B 

Figure 12: Contour plot (a) Comparison of actual results with the predicted results of 

HC emission (b) 
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Table 9: Analysis of variance of HC emission 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 

Model 
21299.11 5 4259.82 2460.74 < 0.0001 

A- Fuel Pressure 
541.50 1 541.50 312.80 < 0.0001 

B-Engine Speed 
16748.17 1 16748.17 9674.78 < 0.0001 

AB 
2.25 1 2.25 1.30 0.2918 

A2 
0.89 1 0.89 0.52 0.4956 

B2 
3467.18 1 3467.18 2002.86 < 0.0001 

Residual 
12.12 7 1.73   

Lack of Fit 
8.92  2.97 

3.72 0.1186 

Pure Error 
3.20 4 0.80   

Cor Total 
21311.23 12    

 

Conclusion 
This study investigated the effects of fuel injection pressure and engine 

speed on combustion parameters (λ, ignition advance) and exhaust emissions 

(CO, CO₂, HC) in a gasoline engine using Response Surface Methodology (RSM). 

Key findings include: 

1- Stoichiometric Ratio (λ): 

 Increased fuel pressure reduces λ (richer mixture), while higher 

engine   speed increases   λ (leaner mixture). 

 Range: λ varied from 1.015 (3.5 bar, 1,000 rpm) to 1.044 (2.4 bar, 

5,000 rpm). 

2- Ignition Advance: 

 Higher fuel pressure delays ignition, whereas higher engine 

speed advances it. 

 Range: Ignition advance ranged from 7° (3.5 bar, 1,000 rpm) 

to 37° (2.4 bar, 5,000 rpm). 

3- CO Emissions: 

 Increased fuel pressure reduces CO, while higher engine speed raises it 

due to leaner combustion. 
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 Range: CO levels spanned 0.54% (3.5 bar, 1,000 rpm) to 0.88% (2.4 

bar, 5,000 rpm). 

4- CO₂ Emissions: 

 Higher fuel pressure increases CO₂ (improved combustion), 

while higher engine speed reduces it. 

 Range: CO₂ levels ranged from 13.1% (2.4 bar, 5,000 rpm) 

to 14.8% (3.5 bar, 1,000 rpm). 

5- HC Emissions: 

 Increased fuel pressure and engine speed lower HC emissions. 

 Range: HC levels varied from 86 ppm (3.5 bar, 5,000 rpm) to 212 

ppm (2.4 bar, 1,000 rpm). 

6- Fuel System Implications: 

 Declining fuel pressure (due to pump inefficiency, clogged filters, or 

injector issues) degrades combustion quality, increasing λ, ignition 
advance, and emissions (CO, HC). 

 Optimal pressure: Maintaining fuel pressure ≥3.5 bar with regular 

system maintenance minimizes emissions. 

7- Environmental Impact: 

 Proper fuel system design and pressure control can significantly 

reduce urban air pollution from gasoline engines. 

References 

[1] M.Ghanbari, Technology and design of internal combustion engines. 1, ed. 1. Vol. 1. 

Technical and Vocational University 300. 2019. (In Persian). 

[2] M. Ghanbari, H.Rahimi, L. Mozafari Vanani, Investigation of the Effect of Gasoline 

Engine Fuel Filter Operation on Fuel System Pressure, in 11th  Int Conf on internal 

combustion engines & oil. Iran 2019. 20.1001.1.23829796.1399.17.4.8.6. (In Persian). 

[3] J.J.Eberhardt, Fuels of the Future for Cars and Trucks. 2002, Diesel Engine Emissions 

Reduction (DEER) Workshop: California,  America.  

[4] M. Ghanbari, L. Mozafari, G. Najafi. Investigating the effect of gasoline fuel filter 

lifetime on fuel pressure and ignition advance using the RSM method Fluid mechanics and 

aerodynamics, Vol. 9(1). 2021. DOR:20.1001.1.23223278.1399.9.1.9.7. (In Persian). 

[5] R. Ejtehadi. fuel systems and filtration principles, in 3RD National Maintenance 

Conference, Tehran. Iran. 2005. 10.48301/kssa.2021.128400. (In Persian). 

[6] M . Jafarian Jelodar, E. Momeni. Complex Refrigeration Simulation Algorithm and 

Response Surface Methodology in Solving Optimization Problems (A Case Study of Car 

Fuel Filter), in 3RD International Conference on Research in Operations in Iran, Tehran. 

2009. 

[7] R.M. Shanmugam. et al., Performance and emission characterization of 1.2 L MPI engine 

with multiple fuels (E10, LPG and CNG). SAE International Journal of Fuels and Lubricants, 

Vol. 3(1): p. 334-352. 2010. 

https://dor.isc.ac/dor/20.1001.1.23829796.1399.17.4.8.6
https://dor.isc.ac/dor/DOR:20.1001.1.23223278.1399.9.1.9.7
https://doi.org/10.48301/kssa.2021.128400


JEAR: Journal of Engineering and Applied Research            Winter & Spring 2026, Vol. 3, No. 1, p. 229-254 

253 
 

[8] Kamyab, M.V., KH. And Esfande, S, Numerical simulation of fluid flow in portable 

helicopter refueling systems: with a focus on simulating fluid behavior in the fuel filter and 

refueling systems in 5th National Conf on Defense Science and Engineering. 2020: Iran, 

Tehran. (In Persian). 

[9] M, Ghanbari, L,Mozafarivanani., Evaluation of fuel and spark system variables of a 

gasoline engine due to lack of timely replacement of fuel filter. Karafan (Quarterly Research 

Journal of Technical and Vocational University), Vol. 17(4): p. 133-145. 2021. 

20.1001.1.23829796.1399.17.4.8.6. (In Persian). 

[10] Lenaers, G. and M. Van Poppel, Mobile emission measurements for assessing low 

emitting vehicles exemplified on a CRT-equipped bus. International Journal of Energy for a 

Clean Environment, 2005. 6(1). DOI:10.1615/InterJEnerCleanEnv.v6.i1.50. 

[11] Hountalas, D.T., et al., Use of a multi-zone combustion model to interpret the effect of 

injector nozzle hole geometry on HD DI diesel engine performance and pollutant emissions. 

SAE transactions, 2005: p. 550-566. DOI: 10.4271/2005-01-0367. 

[12] Pilusa, T., M. Mollagee, and E. Muzenda, Reduction of vehicle exhaust emissions from 

diesel engines using the whale concept filter. Aerosol and Air Quality Research, 2012. 12(5): 

p. 994-1006. 

[13] Sharma, N. and A.K. Agarwal, Effect of Fuel Injection Pressure and Engine Speed on 

Performance, Emissions, Combustion, and Particulate Investigations of Gasohols Fuelled 

Gasoline Direct Injection Engine. Journal of Energy Resources Technology, 2020. 142(4). 
doi.org/10.1115/1.4044763.  

[14] Almasi, S. and G. Najafi, Optimasiton of biodiesel production process from Non-edible 

rapseed using response surface method (RSM). Fuel and Combustion, 2019. 11(4): p. 1-13. 

(In Persian). 

[15] Jalilitabar, F.M., M. Momeni, E. , Optimizing the EGR rate, biodiesel fuel ratio and 

engine working mode using RSM method. Fuel and Combustion, 2017. 10(3). (In Persian).  

[16] Dhole, A., et al., Mathematical modeling for the performance and emission parameters 

of dual-fuel diesel engine using producer gas as secondary fuel. Biomass Conversion and 

Biorefinery, 2015. 5(3): p. 257-270. doi:10.1007/s13399-014-0142-6. 

[17] Shabani, Z., et al., Optimization of performance in tractor engine with biodiesel-ethanol-

diesel fuels using response surface methodology. The Journal of Engine Research, 2013. 

29(29): p. 15-24. (In Persian). 

[18] Ileri, E., A.D. Karaoglan, and A. Atmanli, Response surface methodology based 

prediction of engine performance and exhaust emissions of a diesel engine fuelled with 

canola oil methyl ester. Journal of Renewable and Sustainable Energy, 2013. 5(3): p. 033132. 
DOI:10.1063/1.4811801. 

[19] Bharadwaz, Y.D., et al., Improvement of biodiesel methanol blends performance in a 

variable compression ratio engine using response surface methodology. Alexandria 

Engineering Journal, 2016. 55(2): p. 1201-1209. DOI:10.1016/j.aej.2016.04.006. 

[20]Ghanbari M, Mozafari-Vanani L, Dehghani-Soufi M, Jahanbakhshi A. Effect of alumina 

nanoparticles as additive with diesel–biodiesel blends on performance and emission 

characteristic of a six-cylinder diesel engine using response surface methodology (RSM). 

Energy Conversion and Management: X. 2021. doi.org/10.1016/j.ecmx.2021.100091. 

[21] L. Prajapati and J. Tirkey. Effect of injection pressure and nozzle strategy optimization 

for the performance improvement on CI engine fuelled with diesel and co-gasified biomass 

producer gas: A diesel-RK and RSM-based approach. Process Safety and Environmental 

Protection. 2025. 198. 107197. 10.1016/j.psep.2025.107197. 

https://dor.isc.ac/dor/20.1001.1.23829796.1399.17.4.8.6
https://doi.org/10.1615/InterJEnerCleanEnv.v6.i1.50


Mani GHanbari and et al.                                                      Using the response surface methodology … 

254 
 

[22] Toosi, A., Nozari , A,  Etghani, M. Numerical Study of the Effect of Fuel Spray Velocity 

and Targeting on Fuel Evaporation Rate in a Port Fuel Injection Engine by Using Kiva3-V2 

Simulation Code. ASME 2007 Internal Combustion Engine Division Fall, 2007. 

DOI:10.1115/ICEF2007-1641. 

[23] Khabaz Alireza, K.R., Theoretical study of the effect of pressure, time and duration of 

diesel fuel injection on the performance and pollutants of direct injection diesel engine. 

Engine Research 2010. 19: p. 49-63. (In Persian). 

[24] Ghanbari M, Najafi G, Ghobadian B. Experimental studying the effect of nano particles 

additives in diesel-biodiesel blends on the emission characteristics of a CI engine. 

Automotive Science and Engineering. 2020.10(4). doi.org/10.22068/ase.2020.537. 

[25] Myers, R. and D. Montgomery, Experimental designs for fitting response surfaces-I. 

Response surface methodology. Process and product optimization using designed 

experiments. 2a ed. Nueva York: Willey, 2002. DOI: 10.4236/as.2016.74019. 

[26] Moradi, M. and H. Abdollahi, Statistical Modelling and Optimization of the Laser 

Percussion Microdrilling of Thin Sheet Stainless Steel. Lasers in Engineering (Old City 

Publishing), 2018. 40. doi:10.2351/1.4923019. 

[27] Shamsborhan, M., M. Moradi, and A. Shokuhfar, Numerical optimization of Planar twist 

channel angular extrusion as a novel severe plastic deformation method by DOE method. 

Modares Mechanical Engineering, 2017. 16(5): p. 135-144. (In Persian). 

[28] Aditya, S. and K. Anil, Analysis of emission characteristics of MPFI gasoline engine 

using the 5 gas analyser. International Journal of Advance Research and Innovative Ideas in 

Education, 2016. 2(2): p. 1052-22. 

[29]Diming Lou, Tong Wang, Liang Fang, Piqiang Tan, Zhiyuan Hu, Yunhua Zhang, Zhen

g Xu, Chuanhui Cheng, Shaoming Wang b, YaJun Zhang b. Investigation of the combustion 

and particle emission characteristics of a GDI engine with a 50 MPa injection system. Fuel. 

Volume 315, 2022, 123079. doi: 10.1016/j.fuel.2021.123079.  

[30] M. Ghanbari, G. Najafi, B. Ghobadian, T. Yusaf, A.P. Carlucci, M. Kiani Deh Kiani.  

Performance and emission characteristics of a CI engine using nano particles additives in 

biodiesel-diesel blends and modeling with GP approach. Fuel, Vol. 202: p. 699-716. 2017. 
doi:10.1016/j.fuel.2017.04.117. 

[31] M. Ghanbari, "Experimental study on the effect of Al2O3 nanoparticles in diesel fuel on 

the performance and emission characteristics of a diesel engine", The Journal of Engine 

Research, 61ol. 61, 35-45. (2021). 

[32] Babazadeh Shayan, S., et al., Impact of methanol–gasoline fuel blends on the 

performance and exhaust emissions of a SI engine. International Journal of Automotive 

Engineering, 2011. 1(4): p. 219-227. 

[33] Arefeh Movahedi, Mina Taghimolaee, Setare Ghayebpanah, Fatemeh Monajemi, Mani 

Ghanbari, Helal Nemat Farahzadi. A Review of the Effect of Nanoparticles on Reactive 

Oxygen Species Production in Different Plants. Journal of Engineering and Applied Research 

(JEAR).  2024. Winter & Spring 2024, Vol. 1, No. 1, p. 131-163. doi: 

10.48301/jear.2024.191062. 

https://www.sciencedirect.com/author/7005387570/diming-lou
https://www.sciencedirect.com/author/55845211400/liang-fang
https://www.sciencedirect.com/author/7201942169/piqiang-tan
https://www.sciencedirect.com/author/57208640287/zhiyuan-hu
https://www.sciencedirect.com/author/56071890700/yunhua-zhang
https://www.sciencedirect.com/journal/fuel/vol/315/suppl/C

