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Abstract

:

The current study is focused on how varying injection pressure in the fuel supply system of multi-point injection systems can improve fuel atomization and injection jet range. The aim is to achieve a more efficient mix dosage, thus improving combustion and reducing exhaust emissions. In addition, it is intended to develop a characterization of the injection actuators, specifically the injectors, through a series of tests in which the injector pressure, engine speed and injection pulse are modified. To carry out these tests, a heuristic testing technique, like the empirical approach, was implemented, and a mobile device was used to capture the spray frames of the injectors. These data were then used to generate a correlation model between injection and spray angles, considering 0.5 bar pressure variation intervals within the established ranges. This approach made it possible to visualize and record the behavior of the spray in the injector, including the spray angle, the injected fuel flow rate and the working pressure during the operation process. Following the guidelines established in the proposed methodology, a significant result was obtained by varying the pressure at 5 bar and with an injection pulse of 2 ms. In this case, a flow reduction of 66 mL of the injected fluid was achieved, which corresponds to a significant reduction in fuel consumption. Additionally, a spray angle of 10.48° was observed with optimized atomization. These results were verified on vehicles with similar injection systems by testing on the GT-600-PRO injection test bench. In summary, this study shows that by varying the injection pressure and optimizing other parameters, it is possible to achieve a significant reduction in fuel consumption and improve fuel atomization in multipoint injection systems. These findings have a significant impact on the Ecuadorian vehicle fleet and provide a scientific approach to improving fuel efficiency and performance.
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1. Introduction


At present, there is an inherent focus on the analysis of fuel consumption, with the aims of directly reducing emissions for each kilometer of vehicle circulation, reducing economic expenditures by having more efficient vehicles in injection systems and constantly improving of the quality of fuels.



Several alternatives to improve consumption are based on the behavior of combustion. In the study of L. Cervera et al. [1], combustion in the engine has several important factors to analyze, such as fuel consumption, emissions [2,3] and environmental impact [4], in addition to the noise caused by the power through which the engine passes [5]. To this end, several companies are currently engaged in producing vehicles with lower wear and greater reliability and efficiency [6,7]. As a result, multipoint injection (MPI) systems have been significantly developed in the automotive industry due to their ability to inject fuel directly into each cylinder of an engine with an ideal working pressure [8]. Thus, to ensure their maximum optimization, ongoing research predetermines that the pressures are controlled, respectively, at 0.8 MPa and 0.7 MPa, adjusting the pressure regulators to obtain the difference in fuel and air pressure in ranges of 0.1 MPa, respectively [9].



However, assuming the specified information, the systematization of variables in experimental tests for an injector is designed to achieve different objectives, such as the pressure in the fuel injector and the changes in its structure during the injector measurement operation to achieve optimized results [10]. On the other hand, the final context of our possible volatility factors will be parameterized by various empirical variables, using the injector bank as a primary analytical tool [11]. In addition, research related to this topic shows a hegemony in assistance by controlling the injection pulse [12], making the injector better atomize the fuel during the injection phase. On the other hand, the fuel injection time depends on different fuel characteristics such as density, volume modulus and kinematic viscosity [13]. However, Y. so Yu et al. [14] shows that the injection time varies its durability depending on the calorific value of the fuel, since having more calories causes combustion to generate greater thrust force in the working phase of the engine.



The operation of the fuel injection system and its impact on pressure changes, as does obtaining adequate performance in the duty cycle of the internal combustion engine [15]. The variation of the characteristics of pressure and especially of pulverization generate alterations in the scope of the jet in the processes of a combustion engine of direct injection, generating a significant alteration in the process of combustion [16]. The injector is the most important component in this analysis test, as it will allow us to evaluate its spent fuel supply efficiency and how it evolves quantitatively at different operating pressures [17] as well as the different options it will present in the fuel consumption simulation [18]. The efficiency and speed of combustion depend on the process of mixing and fuel injection [19], for which the behavior of combustion must also be analyzed according to the characteristics of the mixture and dosing of fuel in its reaction processes, altering the parameters of spraying and pressure as performed by Liu X. et al. [20].



It is important to ensure that the injector is in good working order to avoid contamination or wear of the nozzle, as well as poor spraying, which causes losses of power, thrust torque, overheating, ignition and increased fuel consumption. In severe cases, it can damage the electrons in the spark plug [21]. In some studies, various methods can be found to improve fuel consumption and increase SIE power through various technologies, such as variable valve control [22], modified compression ratio [23], thermal management [24] and combined spray technology [25], among others with advantages and excellent results. In this sense, it is essential to identify the behavior of the fuel injection pressure when spraying, since adding these variables will mean a significant decrease in the output flow of the injector in study tests.



According to a lot of the investigations, when injecting fuel into the engine, various problems will occur that hinder its power and development due to insufficient pressure and injection distance [16,26]. The work guide made by Schrödinger et al. [27] examines the effect of fuel injection time on the flame shape and stability position and also shows parameters of variability in combustion in the process of ignition of the mixture as performed by Liu X. et al. [20]. However, the main objective of the synthesis study will be to change the injection pressure to increase the jet range for better range at the intake valve inlet of the engine and the atomization of the fuel to generate better dosing of the air–fuel mixture.




2. Materials and Methods


2.1. Experimental Setup


2.1.1. Injector Bench


In this research, the GT-600-PRO injector bench is used as a technical resource to collect the necessary data. This kit works like a vehicle in that it supplies pressure to the different injectors and uses a test fluid to check its shape, flow and spray angle.



It is essential to make sure that the fluid used in these tests meets the required specifications in terms of density and flammability. This is because the fluid not only serves as a lubricating element to prevent the pump from rusting during the operation process but also plays an important role in contrasting the injector characteristics.



Concerning this information, Figure 1 provides an overview of the injector bank used in this study. In addition, Table 1 details the operating capacity and other relevant characteristics associated with the GT-600-PRO injector bank.



The use of this technical equipment is essential to carry out the necessary tests and obtain the data required in the investigation. It provides a reliable and accurate tool to evaluate the performance and characteristics of injectors, contributing to a more complete and scientific analysis of fuel injection in-vehicle power systems.



The GT-600-PRO bench is internally made up of several components that allow for injector tests. These components include a fuel feed pump to supply fuel to the injectors to be tested, a manometer that shows the pressure in a range of 0 to 10 bar, a pressure variation that allows the pressure to be adjusted in the range of 0 to 10 bar, a fuel tank and a control panel that allows control of key test parameters.



The control panel makes it easy to adjust injection pressure, injection pulse (the length of time the injector is activated to inject fuel), engine revolutions per minute and different working ranges, such as engine speed idling (750 min−1), half load (2500 min−1) and full load (4000 min−1) during acceleration.



Additionally, graduated specimens numbered from 0 to 120 mL are used to control and measure the volume of injection mass. These specimens allow you to have precise control over the amount of fuel injected during testing.



In summary, the GT-600-PRO bench has a series of components and devices that allow testing on injectors. These components include a feed pump, pressure gauge, pressure regulator, fuel tank and control panel. Additionally, graduated specimens are used to control and measure the volume of shot mass during testing.




2.1.2. Injectors


The injector for this research is from the Hyundai Sonata NF 2008 G2.0 35310-25200 engine (Hyundai, Seoul, Republic of Korea). From another point of view, the injector used is common for several models of car engines such as Kia and Hyundai, which use Denso indirect injection systems. The type of injector is a 12-volt DC solenoid; the specifications are given in Table 2.



Table 3 shows the characteristics of the electrical consumption of the injectors during the working conditions established in the tests.



In Figure 2 you can see the diameter of the holes of the injectors to be used, which is 150 μm, while in Figure 3, the number of injector holes is shown, which, in the operational stages of the tests, will not influence the characterization of the results, since the injection specifications are used in most injectors of the range of vehicles from pressure ranges 3.5 to 4 bar, respectively.




2.1.3. Experimental Design


The entire experimental process was carried out according to the working characteristics performed by an ignition internal combustion engine caused by the indirect fuel injection system of the Hyundai Sonata NF 2008 G2.0 engine with a pressure range of 3.5 bar of constant work without pressure regulation, as identified in the operating diagram of Figure 4.



During the operation process of the different variables, the aforementioned injector bank was used as the main tool. In this bank of injectors (GT-600-PRO), the variability of the characteristics of the fuel injection rate was carried out following the operation specifications detailed in Table 1.



It is important to highlight that, to carry out this type of test, the NTE INEN OIML R117-1 standard was followed as a technical reference. This standard establishes the requirements and precision criteria for measurement systems used in performance tests. According to this standard, the maximum admissible error, depending on the 0.5 precision class, for measurement systems in performance tests is 0.3% in the maximum admissible range and 0.5% in case of failures. These were significant in the different measurement trials.



By following these guidelines and technical standards, the accuracy and reliability of the results obtained during data collection at the injector bench are guaranteed. This ensures that the measurements made are consistent and comply with the quality standards established for this type of testing in the field of fuel injection [28].



To ensure the validity and reliability of the data obtained, approximately 4 tests were performed for each variable of pressure, pulse and speed. This allowed enough data to be obtained for analysis and corroboration, as shown in Table 4.



It is important to point out that the development of this research has been carried out authentically by the current authors. This implies that the proper procedures and methodologies have been followed, the necessary equipment and resources used and accuracy in data collection and analysis ensured.



By running multiple tests and guaranteeing the authenticity of the research, the validity of the obtained results is strengthened. This provides a strong foundation for the conclusions and recommendations derived from this study. Furthermore, it allows other researchers and professionals to trust the presented findings and use them as references in future research or practical applications related to fuel injection.





2.2. Method


The present study focuses on the variation of the injection rate, verifying the change in the behavior of the measured volume according to the variety of the fundamental parameters of the injection pressure, the variety of the pulse duration, and the variety of the value of the angle of sprinkling.



In the tests carried out, the parameters of the vehicle, emissions and fuel consumption of the engine were obtained; in each test, an operation of data measured in the GT-600-PRO bank was established. The operational design in this research is based on the operating diagram in Figure 4.



Study Design


The experimental-explanatory study used in this research consisted of obtaining data from the execution of several tests with specifications that compare constant variables to determine the causes and effects provided by the modifications made to the engine injection system [29]. Considering the previous premise, it is important to verify that in most of the institutional evaluation processes of the universities, research by experimental processes is considered a very important aspect of the integral development of society and is considered important to include as another function within the global evaluation of the institution as a requirement for different technical careers [30].



The characterization of the experimental study is based on the modification of the injection pressure characteristics (bar), energization time (ms) and motor speed range (min−1). The objective is to determine the optimum working range for spraying, thus allowing the maintenance of efficient operation and reducing fuel consumption thanks to a better dosage of the mixture.



In summary, a detailed analysis of how changes in injection pressure, energization time and engine speed affect fuel atomization is carried out. The main focus is to find the optimal balance that guarantees optimal performance and a decrease in fuel consumption through precise proportioning of the fuel mixture.





2.3. Experimental Conditions


2.3.1. Measurement Protocol


In this context, a measurement protocol has been created that is crucial to conduct research effectively. A graphical representation of this protocol has been developed in Figure 5, which shows the stages and steps necessary to perform the measurements properly.



The correct implementation of this measurement protocol is essential to guarantee the obtaining of reliable data, which are reflected in the aforementioned Table 4. Figure 5 provides a clear and detailed visual guide of how the measurements should be carried out at each stage of the process.



By following the measurement protocol outlined in Figure 5, you ensure consistency and accuracy in data collection. This allows consistent and reliable results to be obtained, which is essential for the analysis and conclusions of the investigation.



In summary, the graphical schematization of the measurement protocol, represented in Figure 5, is a crucial tool to ensure the correct execution of the measurements in the study. Following this protocol, reliable and consistent data is obtained, which is essential to support the findings and conclusions of the study.



In addition, the research process described is intended to make a compilation of all the angles obtained in the series of experimental tests through photographs that allow us to capture the evolution of the fuel jet and the shape of the fuel spray with the help of the injector bank as expressed in Figure 6a,b.



Therefore, to obtain the spray and injection angle, IC Measure software was used, which allows the capture of frames through the images reached to capture the operating angle performed by the injector in the work process of the configured low-speed parameters.




2.3.2. Data Logging


To start this process, the Hyundai type 35310-25200 solenoid injector found in the Hyundai Sonata NF 2008 G2.0 engine was used. This injector has detailed specifications, which are presented in Table 3.



The Hyundai type 35310-25200 solenoid injector is the starting point of this research and was selected due to the specific characteristics that make it relevant to the study. Table 3 provides precise information on the technical and functional specifications of this particular injector, which helps one understand its performance and capability in the context of the fuel injection process.



By using this specific injector as a starting point, researchers can obtain more accurate and relevant data for analysis and evaluation. This allows a deeper understanding of the injection characteristics and, in turn, contributes to the research objectives in terms of optimizing fuel consumption and improving mixture metering.



In summary, the Hyundai 35310-25200 type solenoid injector, present in the Hyundai Sonata NF 2008 G2.0 engine, is used as the initial basis for this research. Its characteristics and specifications, detailed in Table 3, are fundamental to the analysis and results obtained in the study.



Additionally, it is vitally important to establish an optimal comparison range considering our type of experimental methodology.



	
In this case, each test is performed at a single speed, considering a range of variability of 750 min−1 as the initial range to 3000 min−1 as the final speed range.



	
On the other hand, according to the technical reports visualized in the previous sections, in this test different operating pressures are applied concerning the injector, which consisted of increasing by 0.5 bar for each pressure and parameterizing a regime of 2 bar as a start and 9 bar as the final pressure value.



	
Instead, the injection pulse is set in the already established data whose determination ranges from 0.8 ms to 5 ms in ranges of variability, with consecutive increases of 0.2 ms pulses as the test progressively increases.






Specifically, the allowances described above are carried out during 4 current tests to obtain values with a consistent level of criticality that allow us to identify 90% affirmative values in our mathematical model.



In this way, the tests carried out are executed at idle, establishing 1500 min−1 and 3000 min−1 as the maximum acceleration condition [31], because, due to stress load conditions, the engine reaching 3000 min−1 is at half workload and is the optimal maximum point of fuel consumption from our academic perspective.



Therefore, following the guidelines described in the previous paragraph, the data obtained in Table 4 are visualized; their importance is paramount for the execution of the models described in the subsequent section.



In this study, the parameter of 3.5 bar is selected as an exemplary value of initiation, since usually the actual operating values in a low-pressure injection system work in a range where fuel works at a range of 6 bar of pressure in the mixture that is formed outside the cylinder injecting and in the part of air at a pressure of 5.5 bar [32].



The pre-mix is transformed into a combustion chamber by the existing mechanical valve, with mechanical control or by electronic control solenoid, thus diluting the pre-mix in the engine cylinder and as a result obtaining complete combustion with fewer gas emissions.



The measurement of pollutant emissions was carried out in the standard condition of the engine, whose values are shown in Table 4.



For sampling and comparison, a total of 839 tests were carried out where the parameters mentioned in Table 5 were varied. A total of 20,800 data items were collected and analyzed through a comprehensive statistical analysis.






3. Results


Mathematical Model with Suggested Statistical Basis


Equation (1) allows us to recognize the injection flow values to be obtained without the use of the injector bank but with previous knowledge of the variables of speed, pulse, working pressure and spray angle. Below is the equation to be used.


      Volume   injection         = − 43.64 + 0.01280  X 1  + 39.122  X 2  + 11.257  X 3  − 1.597  X 4       − 0.000002  X 1    2  − 3.396  X 2    2  − 0.8925  X 3    2  − 0.005823  X 1   X 2       − 0.001767  X 1   X 3  + 0.001663  X 1   X 4  + 1.7371  X 2   X 3      



(1)







Table 6 presents a brief description of the variables to be used in Equation (1), where you can see the obtaining of the injection flow (Q).



To determine the injection flow rate, an alternative calculation model of the actual injection flow rate was generated according to the characteristics of the spray angle and injection pressure as the most substantial weight variables as shown in Figure 7, accompanied by control and dependency variables for the analysis of other types of injectors.



In this study, the analysis of the results presented was performed using Minitab software version 20. This software provides a platform for data collection and evaluation, as well as the application of various basic and advanced statistical techniques.



Using Minitab, the researchers were able to perform a comprehensive analysis of the pressure, pulse and angle variables and assess their impact on the fuel injection process. The software allows them to perform statistical calculations, generate graphs, perform hypothesis tests and obtain measures of central tendency and dispersion, among other functions.



The systemization provided by Minitab makes it easy to organize and process the collected data, which in turn enables accurate and reliable results. Researchers can use the statistical functions of the software to identify patterns, make comparisons, explore correlations and perform regression analysis, among other statistical analyses.



In summary, Minitab software plays a key role in the analysis of the data and variables presented in this investigation. Its ability to perform basic and advanced statistical functions, as well as its ability to organize and systematize, allowed researchers to deepen their understanding of the results and draw significant conclusions from them.



To understand the influence of fuel atomization on the combustion process during the intake phase, dosing calculations of the air–fuel mixture were carried out. These calculations made it possible to optimize combustion, seeking to reduce associated emissions.



Proper fuel atomization is crucial to achieving a smooth and uniform air–fuel mixture in the combustion chamber. Poor spraying can result in an unbalanced mixture, which negatively affects combustion efficiency and can increase pollutant gas emissions.



Various factors, such as injection pressure, angle and spray distribution, among others, were taken into account when making the air–fuel mixture dosage calculations. These parameters were adjusted and optimized to achieve an optimal mixture that favors efficient combustion and reduces emissions.



The information obtained through these calculations provides a solid basis for understanding how fuel atomization directly affects the combustion process and the emissions generated. By optimizing the pulverization and dosage of the mixture, it is possible to improve combustion efficiency and reduce polluting emissions to the level specified in the book of F. Payri [33] and J. Soriano [34].



Air to fuel ratio (dose of mixture):


  A =    m a     m f    =    kg   air     kg   fuel     



(2)







Stochiometric dose:


   A e  =        m a      m i n      m c     



(3)







Relative or efficient air dosing:


  λ =  A   A e    =    m a      (  m a  )   m i n      



(4)







Inlet pressure:


  a =    ρ  m a n i f o l d      ρ  a t m      



(5)




where ma is the mass of air, mf is the mass of fuel, A is the dosing of the mixture, Ae is the stochiometric dose and lambda is the relative dosing of air.



Through the tabulation of data obtained in the injector bank, it was observed that the original injection of the Hyundai Sonata NF 2008 G2.0 engine, in injector spray phases, acts at a pressure of 3.5 bar and a pulse of 2.2 ms, at different speeds; different injection flow filling is obtained, as shown in Table 7.



In this way, in each variation of speed at the time of accelerating and reaching a pulse of 5 ms in the original injection in which the engine normally works, it can be determined that the injection flow obtains the values shown in Table 8.



Therefore, it can be determined that when there is a higher pressure with a pulse either the same or lower, the injection flow will increase or will remain in a similar range, all depending on the pressure levels at which the injector is kept working. An example is the pressure of 5 bar to a pulse of 2 ms, which is less than the normal pulse operated in the injector, as indicated in Table 9.



On the other hand, various comparisons are interpreted, such as the injection flow rate with the pulse, as expressed in Figure 8, indicating how the flow rate progressively increases when the pulse increases slightly.



Analyzing the comparison between the injection flow and the RPM, the flow will increase markedly in the different variations of speeds now that there is an acceleration, both at idle and at the maximum acceleration capacity, as indicated in Figure 9. Considering the 3000 min−1, it can be noted that there is not too much injection flow compared to the other speeds, so it is understood that at this speed the injector does not inject too much fuel.



An analysis of the comparison of the injection volume with the working pressure can be seen in Figure 10. There is a decrease in the working pressure at the time of performing the test in the pressure with which the test begins; this continues the more the injection volume is granted by the injector at the time of fuel spraying.



It is observed that when the injection pressure increases, the flow rate increases, so by decreasing the injection pulse to compensate for the increase in flow rate, we can establish an improvement in the reduction of the injected volume, especially when working with a pressure between 4 bar and 6 bar, to maintain the latent behavior of Figure 8 and Figure 9.



In the spray angle, an increase can be seen as the injection flow rate increases, as shown in Figure 11. But at a speed of 3000 min−1 and about a pulse of 3.4 ms, and as the pressure increases, both the injection flow rate and the spray angle remain constant.



Engine rotation speed (min−1) is a steady-state condition in the characteristics of the dashboard instrumentation panel of a vehicle which can be taken as direct reference data. The injection pulse must be analyzed using an automotive scanner, while the pressure is specific data for indirect injection engines which works for a range of 3 bar to 4 bar. On the other hand, the variable to be considered is the spray angle, which can be determined by employing a bank of injectors to analyze what the value is at normal pressure and more optimal high pressure.





4. Discussion


The results obtained in this study have allowed us to demonstrate the capacity of the model proposed in Equation (1) to determine the study injection flow of an injector. This model is based on the analysis of key variables, such as revolutions per minute (min−1), working pressure and spray angle.



Using this model, we have been able to establish a quantitative relationship between these variables and the injection flow rate. This has allowed us to understand how the different configurations of the variables influence the quantity of fuel injected per unit of time.



Including revolutions per minute as a variable allows us to consider engine operating speed, which can vary in different driving situations. The working pressure and spray angle also play a crucial role in precise fuel dosing during injection.



The results obtained through this model provide us with a valuable tool to predict and control the injection flow based on the analyzed variables. This has significant implications in the design and optimization of fuel injection systems, as it allows us to adjust and optimize these variables to achieve more efficient and precise injection.



In summary, the results of this study support the effectiveness and validity of the model proposed in Formula (1) to determine the injection flow of an injector. The analysis of the variables min−1, working pressure and spray angle has allowed us to understand and quantify the relationship between these variables and the injection flow rate, which provides key information to improve the efficiency and precision of injection systems.



When performing the equation, a balance is seen at the general level of the tabulated data and at the same time an average similarity of 100 ± 2% is observed; therefore, this value is acceptable at a comparative level as can be seen in Table 10.



Figure 3 in the methods section provides important information supporting the validity of the method used in this study. This method is valid for four- and five-hole indirect injection injectors operating at an original pressure of 3.5 to 4 bar, which is common in current mid-range vehicles.



Figure 12 shows a comparative representation between the flow rate measured and the flow rate calculated. The results demonstrate a great similarity between these two values, which indicates the high precision obtained in this study.



These findings support the reliability and accuracy of the method used to measure and calculate the injection flow rate. The consistency between the measured and calculated values suggests that the model and the parameters used are effective for accurately estimating the injection flow in the analyzed injectors.



In summary, the results obtained and presented in Figure 12 support the validity and accuracy of the method used in this study. The comparison between the measured flow and the calculated flow shows a high similarity, indicating the reliability of the model and the data analyzed.



Usually, the mass injection flow rate is calculated with Bernoulli’s equation, considered an alternative to the proposed model, as evidenced in Equation (6).


   ṁ f  = λ ∗ ρ ∗  C d  ∗ A     2 Δ P  P     



(6)




where the number of holes is needed, the   λ     is the fuel density, the  ρ  discharge coefficient is      C d   , the injector area is A and finally the pressure difference between the injection pressure minus the ambient pressure is     Δ P   [35].



Therefore, to obtain the discharge coefficient, the    C d    result of the relationship between the flow calculated and the flow obtained as shown in Equation (7) is taken as a reference.


   C d  =    Q c     Q o     



(7)







Another alternative calculation involves the use of Equations (8) and (9) proposed in this section and illustrated by R. Payri et al. [35] in this work, in which he uses these equations to find the mass flow rate and the spray impulse flow, with the variable of dimensionless coefficients, fuel density and pressure difference.



Where:


       ṁ f  =  Mass   flow   rate        C v  =  Speed   coefficient        C a  =  Area   coefficient         A  g e o   =  Geometric   area       










   ṁ f  =  C v  ·  C a  ·  A  g e o   ·   2  ρ f    ·   Δ P    



(8)







Therefore:


   Ṁ f  = Spray pulse flow  










   Ṁ f  =  C v 2  ·  C a  ·  A  g e o   · 2 ·   Δ P  



(9)







Figure 13 shows the behavior of the injection volumes calculated using two different models. On the one hand, the model of Equation (8) is used, and on the other hand, the correlation model presented in Equation (1) is used.



This comparison makes it possible to analyze and evaluate the accuracy and performance of the two models in predicting the injection volume. Observing the behavior of the injection volumes calculated by both models provides information on their ability to accurately estimate the amount of fuel injected.



By comparing the results of both models, it is possible to determine which model best fits the data collected in the study and therefore provides better accuracy in the estimation of the injection volume. This is crucial to ensure the optimal and efficient operation of the fuel injection system.



In summary, Figure 13 shows the comparison between the injection volumes calculated using two different models: the model in Equation (8) and the correlation model in Equation (1). This analysis facilitates the accuracy and performance of both models in predicting the injection volume to be assessed, which helps to determine which model provides more accurate and reliable results.



These demonstrate the effectiveness of the research process in determining the optimum injection rate. However, due to the inclusion of multiple variables and factors, it is important to consider the need to implement each of the alternatives proposed in this study according to the specific analyses carried out by the researcher.



The investigation addressed various variables and took into account factors related to the injection rate, such as pressure, pulse, spray angle and possibly other relevant variables. Each of these variables can have a significant impact on injection flow rate and therefore it is essential to consider them properly and accurately.



It is important to highlight that the implementation of the alternatives proposed in this study must be carried out by the researcher, who must carry out the necessary analyses to assess the suitability of each alternative in the context of their specific investigation. This implies considering the objectives and particular conditions of each case study, as well as the resources and limitations available.



Consequently, the research offers a variety of alternatives and approaches to determine the optimum injection rate. However, the researcher must analyze and select the most appropriate alternatives based on his study, taking into account the relevant variables and the specific considerations of his research.



Finally, Table 11 shows the variation of emissions generated during the pressure variation process, showing a greater stability in emissions but above all a reduction in some parameters such as HC and CO2, emphasizing that when the injection pressure range is increased, emissions are altered in a direct and negative way. The data collection was carried out with calibrated equipment and, above all, in each test condition, the control and learning parameters of the injection system were reset or re-established to ensure their functionality and accuracy in the measurement of pollutant gases and fuel consumption.




5. Conclusions


For better optimization of fuel spraying, it was determined that the more pressure elevation and the lower the pulse, the better (or equal) range of injection flow obtained. This can be seen from the pressure of 5 bar and a pulse of 2 ms at idle speed, which reached the same flow rate as that of a normal working magnitude, that is, a pressure of 3.5 bar.



It was observed at the speed of 3000 min−1 revolutions as the maximum acceleration condition that the injection flow rate and the spray angle from a pulse of 3.4 ms normally remained constant until the test was finished at a pulse of 5 ms.



The model established for this work is considered acceptable according to the established analysis, since at the general level of the tabulation of data obtained it presented a margin of error of 100 ± 2% of efficiency.



According to the experimental development developed in the research, the results are affirmative when varying the pressure in ranges of 3.5 bar to 5 bar of work, since the angle of spraying increases progressively by varying its pulsation value in ranges of 3.4 ms to 5 ms, respectively.



In general, the technical study carried out showed in its results an injection angle of 11.92° equal at speeds from 750 min−1 to 3000 min−1; therefore, the pressure variation does not influence this variable and serves as a checking element to verify the operation of the fuel injector.



Therefore, in the research process of the article, the working pressure decreased in the first stage with values of 0.1 to 0.3 bar, and in the second stage the oscillation of working pressure was predetermined in ranges of 0.1 to 0.2 bar. In the completion stage, the values remained constant until reaching 3.6 ms as the pulse value.



To carry out future study processes, a prediction model of the spray angle according to the variation of pressure, injection pulse and working speed of the engine is necessary to determine the range of the jet and the spray generated according to the working characteristics of the MPI engines.




6. Recommendations


In the test of 3000 min−1 as a maximum condition of acceleration, it is recommended to analyze the pulses of 1.2 to 3.4 ms; this is because at pulses of smaller quantity, the injector will not have an opening, while at larger pulses the same flow, the same working pressure and the same angle of spraying will remain, as was demonstrated in this work.



It is recommended to analyze the behavior of the spray to know exactly the injection flow depending on the number of holes in an injector, since most manufacturers create injectors with different injection angles.



The spray angle and the injection angle are very important as they depend specifically on the conditions of the intake manifold diameter that allows fuel to pass through in the fuel intake process.



The working characteristics of an engine are directly influenced by the flow conditions of the intake of air and fuel in an indirect injection, which is why a fluid behavior analysis (CFD) study is important for understanding how the flow condition of the injection varies the pressure plus the airflow.
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Nomenclature




	    A e    
	Stoichiometric dosage



	  λ  
	Relative dosage



	  a  
	Intake pressure



	    ρ  c o l     
	Operating Parameter



	    ρ  a t m     
	Atmospheric parameter



	MPI
	Multi-Point injection



	SIE
	Spark ignition engine
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Figure 1. Injection bench. 
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Figure 2. Injector hole diameter. 
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Figure 3. Number of injector holes. 
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Figure 4. Operating Diagram. 
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Figure 5. Flow diagram. 
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Figure 6. Angles injector in parameters 3.5 bar, pulse 5 ms, 750 min−1: (a) Spray angle; (b) injection angle. 
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Figure 7. Study variables relevant to spray angle. 
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Figure 8. Volume injection vs. pulse. 
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Figure 9. Volume injection vs. min−1. 
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Figure 10. Volume injection vs. pressure. 
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Figure 11. Volume injection vs. spray angle. 
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Figure 12. Comparative of volume injection obtained vs. volume injection calculate. 
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Figure 13. Comparative of volume injection calculated Ec.8 vs. volume injection calculated Ec. 1. 
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Table 1. Technical characteristics of the injector bank.
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Characteristics GT-600-PRO






	
Work control pressure

	
Microprocessor Controlled




	
Test tubes

	
6




	
Resistance control (ohm)

	
Low ohms




	
Weight (Kg)

	
32




	
Speed variation (min−1)

	
10–9990




	
Pulse width (ms)

	
0.5–25




	
Tank capacity (L)

	
3




	
High-pressure pump (bar)

	
0–10




	
Working voltage (V)

	
120 V




	
Ultrasound tub power

	
100 W hammer




	
Working frequency (Hz)

	
50/60
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Table 2. Technical sheet of injectors.
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	Characteristics
	Numerical Specifications





	Type of injector
	Solenoid



	Number of holes
	4



	Hole diameter
	150 µm



	Work pressure
	3.5 to 5 bar



	Injection angle
	12°



	Spray angle
	7.88 to 14.39°



	Mark
	Hyundai 35310-25200



	Resistance
	1.331 KΩ
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Table 3. Injector current draw at different speeds.
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	Tests
	Current Consumption (mA)





	Low speed
	0 to 16.61 mA



	Average speed
	35.19 to 35.39 mA



	High Speed
	86.1 to 90.3 mA
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Table 4. Initial values of pollutant emissions.
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	Revolutions per Minute (min−1)
	660
	2000
	4000





	CO (%)
	0.32
	0.67
	0.17



	Lambda
	1.11
	1.05
	1.06



	CO2 (%)
	13.7
	14.8
	15.1



	CO corrected (%)
	0.35
	0.72
	0.17



	HC (ppm)
	159
	172
	81



	O2 (%)
	2.84
	1.20
	1.43
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Table 5. Log data obtained with the measurement protocol.
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Pressure (Bar)

	
Pulse

(ms)

	
Flow Rate (mL)

	
Average Volume Rate

(mL)

	
Working Pressure

(Bar)

	
Injection Angle

(°)

	
Spray Angle

(°)




	
Test

Injector

1

	
Test

Injector

2

	
Test

Injector

3

	
Test

Injector

4






	
3.5

	
0.8

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
3.5

	
1

	
0

	
0

	
0

	
0

	
0

	
3.5

	
0

	
0




	
3.5

	
1.2

	
0

	
0

	
0

	
0

	
0

	
3.5

	
0

	
0




	
3.5

	
1.4

	
38.5

	
38.5

	
40

	
35.5

	
38.13

	
3.5

	
11.92

	
6.91




	
3.5

	
1.6

	
46

	
46.5

	
48

	
43.5

	
46

	
3.3

	
11.92

	
7.15




	
3.5

	
1.8

	
52

	
52

	
54.5

	
49.5

	
52

	
3.3

	
11.92

	
7.62




	
3.5

	
2

	
56.5

	
56.5

	
59

	
44.5

	
54.13

	
3.2

	
11.92

	
7.69




	
3.5

	
2.2

	
60.5

	
60

	
62.5

	
57.5

	
60.13

	
3.1

	
11.92

	
8.25




	
3.5

	
2.4

	
63.5

	
63

	
66

	
61

	
63.38

	
3.1

	
11.92

	
8.45




	
3.5

	
2.6

	
66

	
66

	
66.5

	
64

	
65.63

	
3.1

	
11.92

	
8.81




	
3.5

	
2.8

	
69

	
68.5

	
71.5

	
66.5

	
68.88

	
3.1

	
11.92

	
9.1




	
3.5

	
3

	
72

	
71

	
74

	
69.5

	
71.63

	
3.1

	
11.92

	
9.67




	
3.5

	
3.2

	
74

	
73.5

	
76.5

	
71.5

	
73.88

	
3.1

	
11.92

	
9.71




	
3.5

	
3.4

	
76

	
75

	
78

	
73.5

	
75.63

	
3.1

	
11.92

	
10.48




	
3.5

	
3.6

	
76

	
75

	
78

	
73.5

	
75.63

	
3.1

	
11.92

	
10.48




	
3.5

	
3.8

	
76

	
75

	
78

	
73.5

	
75.63

	
3.1

	
11.92

	
10.48




	
3.5

	
4

	
76

	
75

	
78

	
73.5

	
75.63

	
3.1

	
11.92

	
10.48




	
3.5

	
4.2

	
76

	
75

	
78

	
73.5

	
75.63

	
3.1

	
11.92

	
10.48




	
3.5

	
4.4

	
76

	
75

	
78

	
73.5

	
75.63

	
3.1

	
11.92

	
10.48




	
3.5

	
4.6

	
76

	
75

	
78

	
73.5

	
75.63

	
3.1

	
11.92

	
10.48




	
3.5

	
4.8

	
76

	
75

	
78

	
73.5

	
75.63

	
3.1

	
11.92

	
10.48




	
3.5

	
5

	
76

	
75

	
78

	
73.5

	
75.63

	
3.1

	
11.92

	
10.48
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Table 6. Variables of Equation (1).
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	Variable
	Unit of Measurement
	Symbology





	Volume injection
	mL
	Q



	Revolution per minute
	min−1
	X1



	Pulse
	ms
	X2



	Work pressure
	bar
	X3



	Spray angle
	°
	X4
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Table 7. Comparison flow injection original.
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	min−1 (RPM)
	Flow Injection (mL)





	750
	63



	1500
	66.5



	3000
	62.5
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Table 8. Comparison flow injection pulse five original.
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	min−1 (RPM)
	Flow Injection (mL)





	750
	102.5



	1500
	103



	3000
	78
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Table 9. Comparison flow injection pulse two with the pressure of 5 bar.
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	min−1 (RPM)
	Flow Injection (mL)





	750
	67



	1500
	66.5



	3000
	66
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Table 10. Percent of data.






Table 10. Percent of data.





	Obtained Value
	Calculated Value
	Percent General
	Percent Obtained





	68,375 mL
	68.422774 mL
	100 ± 2%
	100.08%
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Table 11. Emission values at different pressure ranges and engine speeds.
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Fuel Pressure

	
CO

	
CO2

	
HC

	
O2

	
Lambda

	
Min−1






	
6 bar

	
0.01

	
14

	
70

	
0.11

	
1.004

	
760




	
0.01

	
14.1

	
140

	
0.06

	
1.002

	
2000




	
0.01

	
14

	
110

	
0.09

	
1

	
3000




	
5 bar

	
0

	
14.1

	
90

	
0.08

	
1.003

	
810




	
0.01

	
14.1

	
110

	
0.04

	
1.003

	
2000




	
0.03

	
14.1

	
90

	
0.01

	
1

	
3000




	
4.5 bar

	
0.06

	
13.8

	
112

	
0.33

	
1.012

	
760




	
0.03

	
14.1

	
110

	
0.09

	
1.002

	
2080




	
0.01

	
13.9

	
100

	
0.04

	
1.002

	
3020




	
4 bar

	
0

	
14.1

	
190

	
0.11

	
1.004

	
760




	
0.01

	
14.1

	
270

	
0.08

	
1.005

	
2000




	
0.25

	
14

	
150

	
0.01

	
0.998

	
3010




	
Idle

	
0.01

	
13.9

	
630–150

	
0.02

	
1.007

	
760




	
0.01

	
14

	
150

	
0.04

	
1.001

	
2000




	
0.19

	
13.8

	
100

	
0.02

	
1.001

	
3000
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