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Abstract 
Introduction. Modern research aimed at reducing emissions of harmful substances resulting from the operation of diesel 
engines using alternative fuels emphasizes their importance and relevance. This topic is becoming increasingly significant 
in the context of global environmental changes. The development and implementation of alternative energy sources not 
only contribute to improving air quality, but also help reduce dependence on fossil fuels. Therefore, it is important to 
continue investing in research and new technologies that will provide for cleaner and more efficient use of resources. 
There are numorous such studies, specifically, theoretical ones, conducted in European and Asian countries. However, 
there are practically no experimental works devoted to hemispherical combustion chambers of Russian diesel engines, 
whose rotation speed, compression ratio and other design parameters differ significantly from similar characteristics 
described in known studies. In addition, there are practically no experiments devoted to the combustion process of Russian 
diesel engines with an undivided hemispherical combustion chamber in the piston, which determines the complexity of 
the volumetric-film mixing process. The research objective is an experimental study of the power and economic 
indicators, parameters of the combustion process of a diesel engine with an undivided hemispherical combustion chamber 
in the piston, running on ethanol and rapeseed oil (RO). The study is aimed at establishing dependences showing the 
effect of various engine operating modes on the specified indicators in order to determine their numerical characteristics. 
Materials and Methods. The diesel engine was started using rapeseed oil, after which the ethanol supply was switched 
on, replacing the rapeseed oil until the set optimum value was reached. The increase in the operating load mode was 
provided through regulating the ethanol supply. An additional high-pressure fuel pump (HPFP) 2UTNM was installed to 
supply rapeseed oil, and ethanol was supplied through the standard fuel supply system. 
Results. The indicators of the combustion process of a diesel engine running on ethanol and rapeseed oil differ from its 
regular diesel engine. When working with ethanol and rapeseed oil, an increase in the ignition delay period is noted, 
which affects the “rigidity” of the combustion process and results in a growth of Pz value. These factors are most likely 
the main limitations for the use of ethanol by direct injection. One of the solutions to this problem, proposed in this paper, 
is the use of ignition (pilot) rapeseed oil, which makes it possible to adjust parameters of the combustion process through 
controlling the amount of ignition fuel supply.  
Discussion and Conclusion. The results of the conducted experimental study confirm the possibility of complete 
replacement of petroleum motor fuel in a diesel engine with an undivided hemispherical combustion chamber in the piston 
with an alternative (renewable) fuel. This undoubtedly solves important issues of environmental safety of diesel engines. 
The research results may be useful both to scientists working on this topic, and to engineers and technicians in the 
machine-building industry. 
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Аннотация 
Введение. Современные исследования, направленные на снижение выбросов вредных веществ, образующихся в 
результате работы дизельных двигателей с использованием альтернативного топлива, подчеркивают их значи-
мость и актуальность. Эта тема приобретает всё большую важность в контексте глобальных экологических из-
менений. Разработка и внедрение альтернативных источников энергии не только способствуют улучшению ка-
чества воздуха, но и помогают уменьшить зависимость от ископаемых топлив. Поэтому важно продолжать ин-
вестировать в научные исследования и новые технологии, которые позволят добиться более чистого и эффектив-
ного использования ресурсов. На сегодняшний день известно множество таких исследований, особенно теорети-
ческих, проведённых в европейских и азиатских странах. Однако практически отсутствуют экспериментальные 
работы, посвящённые полусферическим камерам сгорания российских дизельных двигателей, у которых частота 
вращения, степень сжатия и другие конструктивные параметры существенно отличаются от аналогичных харак-
теристик, описанных в известных исследованиях. Кроме того, нет практически никаких экспериментов, посвя-
щённых процессу сгорания российских дизельных двигателей с неразделённой полусферической камерой сгора-
ния в поршне, что обуславливает сложность процесса объемно-плёночного смесеобразования. 
Целью работы является экспериментальное исследование мощностных и экономических показателей, парамет-
ров процесса сгорания дизельного двигателя с неразделённой полусферической камерой сгорания в поршне, ра-
ботающего на этаноле и рапсовом масле (РМ). Исследование направлено на установление зависимостей, показы-
вающих влияние различных режимов работы двигателя на указанные показатели, с целью определения их чис-
ловых характеристик. 
Материалы и методы. Запуск дизельного двигателя осуществлялся на рапсовом масле, после чего включалась 
подача этанола, который заменял рапсовое масло до достижения установленного оптимального значения. Уве-
личение рабочего нагрузочного режима обеспечивалось регулированием подачи этанола. Для подачи рапсового 
масла был установлен дополнительный топливный насос высокого давления (ТНВД) 2УТНМ, а подача этанола 
производилась через стандартную систему топливоподачи. 
Результаты исследования. Показатели процесса сгорания дизельного двигателя, работающего на этаноле и рап-
совом масле, заметно отличаются от таковых у двигателя, функционирующего на дизельном топливе. При работе 
на этаноле и рапсовом масле наблюдается увеличение периода задержки воспламенения, что влияет на «жест-
кость» процесса сгорания и приводит к повышению значений величины Pz. Эти факторы, скорее всего, являются 
основными ограничениями для использования этанола посредством непосредственного впрыска. Одним из ре-
шений данной проблемы, предложенным в настоящей работе, является использование запального (пилотного) 
рапсового масла, которое позволяет корректировать параметры процесса сгорания, регулируя величину подачи 
запального топлива. 
Обсуждение и заключение. Результаты проведенного экспериментального исследования подтверждают возмож-
ность полного замещения нефтяного моторного топлива в дизельном двигателе с неразделенной полусфериче-
ской камерой сгорания в поршне альтернативным (возобновляемым) топливом, что, несомненно, решает важные 
вопросы экологической безопасности дизельных двигателей. Результаты исследования могут быть полезны как 
ученым, занимающимся данной темой, так и инженерно-техническим работникам машиностроительной отрасли. 

Ключевые слова: дизельный двигатель, этанол, рапсовое масло, цилиндр, процесс сгорания, давление, 
температура, частота вращения коленчатого вала 
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Introduction. In the short and long terms, sustainability and environmental safety issues in the mechanical 
engineering industry will remain crucial [1]. For example, within the framework of the program package, the European 
Council has set itself the goal of reducing carbon dioxide emissions by at least 55% by 2030 compared to 1990, and 
achieving zero CO2 emissions by 2050. According to the latest forecasts, by 2040, about 75% of the 1.6 billion passenger 
cars on the road will be either internal combustion engine (ICE) vehicles or ICE hybrid vehicles [2]. Hybrid powertrains, 
both with high and low electrification, combined with modern internal combustion engines, can indeed provide significant 
benefits in various markets, including the environmental sphere [3]. However, today, the electrification of vehicles 
remains a challenging task due to numerous real and perceived factors. These factors include limited range, irregular 
charging infrastructure, regional availability of fully renewable energy sources, demand constraints, and challenges 
related to the mining and processing of rare earth and precious metals [4]. For light-duty freight applications, 
electrification may be considered an acceptable alternative to ICE, but it still has a carbon footprint [5]. 

The approaches to environmental safety in the mechanical engineering industry discussed above fit organically only 
in the long-term perspective. As a result, a transition to the use of low-carbon or carbon-free fuel is planned [6]. As for 
the near future and the internal combustion engines currently operating on traditional petroleum motor fuel [7], it is 
important to discuss the possibility of using alternative fuels both from the point of view of environmental safety and in 
the context of replacing petroleum-based fuels [8]. We believe that the mechanical engineering industry, being one of the 
main sources of atmospheric pollution, requires fundamental changes in approaches to fuel use [9]. In order to implement 
structural changes aimed at improving environmental parameters in mechanical engineering, original equipment 
manufacturers and their partners should consider the possibility of technological breakthroughs in the modernization of 
existing ICE [10] and the creation of low-emission vehicles [11, 12]. 

Given the high relevance of using alternative fuels in diesel power units, this circumstance forces the leading machine 
builders to consider the development of technologies that facilitate the use of various alternative fuels in diesel 
engines (DE) [13]. The search for new methods and promising technologies aimed at improving the environmental and 
energy performance of diesel power units, as well as the study on the competition of various types of fuel (diesel fuel, 
biofuel, natural gas, alcohols, emulsions, etc.) in terms of environmental efficiency can be a significant step towards 
activating the development and use of alternative motor fuels [14]. The transition to alternative fuels that are not petroleum 
products will be the most promising direction in the fight to improve the environmental performance for both diesel 
engines and vehicles in the engineering industry [16]. 

The most promising in terms of improving the environmental safety of DE are alcohols and vegetable oils [17]. 
Specifically, when considering alcohols, preference is given to ethanol, which meets the criteria of availability, ease of 
production and, most importantly, environmental friendliness during combustion [18]. From the authors’ point of view, 
vegetable oils are of the greatest interest, among which rapeseed oil (RO) is the leader, having excellent technical 
characteristics, such as high energy density and good fluidity at low temperatures [19].  

To date, numerous relevant scientific works have been conducted aimed at improving the environmental safety of 
diesel engines using alcohols and vegetable oils as motor fuel [20]. However, it should be noted that the analysis of the 
scientific research results demonstrates the lack of sufficient experimental tests of diesel power units with a working 
volume of up to 5 liters, running on ethanol and vegetable oils, performed taking into account the relationship between 
NOx, СНx, CO, CO2 and soot content (SC) in exhaust gases [21]. Although these issues have been widely covered in the 
literature in terms of theory using various modern forms of modeling, the investigation of this problem only from a 
theoretical point of view does not help to reveal some critical aspects that are important for organizing the workflow of 
DE when using ethanol and vegetable oils [22]. 

This work is aimed at an experimental study of the power and economic indicators, as well as the parameters of the 
combustion process of a diesel engine with an undivided hemispherical combustion chamber in the piston, operating on 
ethanol and rapeseed oil, with the establishment of dependences of the impact of its operating modes on the specified 
indicators and the determination of their numerical characteristics. 

Materials and Methods. To achieve the set goal, experimental studies of the DE 2Ch 10.5/12.0 were conducted when 
operating on ethanol and RO. The DE was started on RO, then the ethanol supply was turned on and replaced RO to the set 
optimal value (cyclic supply was at the level of 13 mg/cycle, which corresponded to an hourly RO consumption of 1.4 kg/h). 
An increase in the operating load mode was provided by increasing (regulating) the ethanol supply. An additional fuel injection 
pump was installed to supply RO, and ethanol was delivered through the standard fuel supply system.  
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To indicate the working process of the DE, the PS-01 pressure sensor was used, the signal from the sensor was sent 
to the AQ05-A.1.001 signal amplifier, the amplified signal was sent to the PC via the LA-2 USB analog-to-digital 
converter (ADC). The pressure sensor was installed in a sleeve mounted in the cylinder head, according to the instruction. 
The signal from the M50 crankshaft position sensor was fed to the ADC without amplification. The obtained data were 
processed using a special array superposition algorithm, then the combustion process indicators were determined using 
the obtained averaged indicator diagram by the methods of Central Research Diesel Institute and Central Research 
Institute of Materials based on the Wiebe theory [23]. 

Research Results. Figure 1 shows the results of determining the average indicator diagram for optimal installation 
angles of fuel injection advance for ethanol and RO, equal to 34° before top dead center (TDC) [15]. 

 
Fig. 1. Effect of DE crankshaft angle on the indicator pressure: 1 — DF; 2 — ethanol and RO [22] 

From scientific literature, researchers are well aware of the valuable qualities of the indicator diagram. This direct 
recording of the actual (indicator) pressure depending on the crankshaft angle clearly demonstrates the value of the 
physical quantity without the need to perform any calculations. Using the indicator diagram, one can easily understand 
the dynamics of the working process and obtain valuable information on the amount of the maximum combustion pressure 
Pz of the ignition delay period (IDP). In addition, the indicator diagram is a visual representation of the dynamics of 
autoignition in a diesel engine [22]. Thus, the analysis of the indicator diagrams presented in Figure 2 shows that when 
operating on ethanol and RO, an increase in the IDP is observed, while no significant change in the maximum pressure 
in the cycle is noted. Since the calorific value of ethanol is lower than that of diesel fuel, it is required to compensate for 
this difference by increasing the cyclic fuel supply (Fig. 2).  

 
Fig. 2. Cyclic fuel supply: 1 — DF; 2 — ethanol; 3 — RO [11] 

Considering the nominal speed mode (n = 1,800 min–1), we note that the RO supply was 13 mg/cycle, while the ethanol 
supply reached 52 mg/cycle (Fig. 2). In the diesel mode, the cyclic supply was 43 mg/cycle. 

https://vestnik-donstu.ru/
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a) b) 

  
c) d) 

Fig. 3. DE performance: 
a — excess air factor; b — specific effective fuel consumption; c — effective efficiency;  

d — effective power; 1 — DF; 2 — ethanol and RO [11] 

When operating on ethanol and RO, an increase in fuel consumption reduces the effective efficiency, specifically at low 
rotation speeds, which cannot but affect the effective power and leads to some reduction (Fig. 3 d). And at peak values, when 
the DE operates on ethanol and RO, the power indicators and characteristics of the combustion process (Fig. 4 a) already 
exceed the DF values. 

  
a) b) 

Fig. 4 Indicators of DE combustion process: 
a — maximum combustion pressure; b — maximum average temperature; 

1 — DF; 2 — ethanol and RO [15] 

Analyzing the graphical dependences shown in Figure 4, it should be noted that at low rotational speeds of the DE 
operation on ethanol and RO, Pz is equal to 8.2 MPa, and at a lower rotation speed, it is 6.5 MPa. Value Tmax also decreases, 
but remains higher than the values of the DE operation on DF. Apparently, this growth is due to the higher IDP of the DE 
when operating on ethanol and RO, since over a longer period of time, a larger amount of fuel evaporates when mixing 
with air. This, in turn, results in an increase in the intensity of heat release processes in the kinetic phase of combustion 
and an increase in Tmax with the achievement of its maximum values at later angles. Thus, when DE operates on ethanol 
and RO, combustion starts later by approximately 4–7 degrees compared to operation on DF [15].  
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Figure 5 shows the toxicity characteristics of the exhaust gases (EG) of the DE at the nominal speed. 

 

Fig. 5. DE EG toxicity indices (n = 1800 min–1): 
1 — DF; 2 — ethanol and RO 

The results of experimental studies on the toxicity of DE show that the use of ethanol and RO causes a decrease in the 
concentration of nitrogen oxides (NOx), carbon dioxide (СО2) and soot (S) in the studied modes. At loads above average, 
there is a decrease in the concentration of carbon monoxide (СО) and hydrocarbons (СНх). 

The numerical values of the results of experimental studies on the toxicity of DE at the nominal operating mode are 
summarized in Table 1. 

Table 1 
Results of Studies on Toxicity and Smoke Indicators of DE EG 2Ch 10.5/12.0  

When Running on Ethanol and RO (n = 1800 min–1, pе = 0.588 MPa) 

Fuel 
Indicators 

NOx, ppm S, ea on Bosch scale СНx, % СО, % 

Diesel fuel 790 5.3 0.11 0.22 

Ethanol +RO 590 (decrease by 
25.3%) 

2.2 (2.4 times 
decrease) 

0.09 (decrease by 
18.2%)  

0,14 (decrease by 
36.4%) 

Discussion and Conclusion. Analyzing the obtained results of the considered experimental studies, it should be noted 
that the combustion process indicators of the DE, working on ethanol and RO, differ from its standard one, working on 
DF. Especially when using ethanol and RO, an increase in the area of influence zone (IZA) is observed, which cannot but 
have a significant effect on the “rigidity” of the combustion process and will result in an increase in value Pz. These 
arguments are likely to be the main restraining factors for the use of ethanol by direct injection. One of the possible 
solutions to the problem, proposed in this paper, is the use of pilot RO, which allows the combustion process parameters 
to be adjusted through controlling the amount of pilot fuel supplied. It should be explained that the pilot RO value was 
changed to a certain value (indicated above in the paper), at which the required combustion parameter characteristics were 
obtained. After that, the RO value was fixed, and the change in the DE load modes was provided by the required ethanol 
supply. It is clear to experts that this solves the problem only in a particular case. In further research, it will be necessary 
to implement dynamic adjustment of both the RO ignition portion value and the fuel injection advance angle. This will 
facilitate further optimization of the fuel supply system, and the organization of the combustion process as a whole. 
Nevertheless, to sum up, we note that this work has solved the issues of improving the operational characteristics of DE 
by using biofuel with the establishment of characteristic dependences of the impact of operating modes on efficiency and 
the determination of their numerical values. Moreover, the effectiveness of the proposed solution is confirmed by the 
complete replacement of petroleum motor fuel with alternative (renewable) one. 
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