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ABSTRACT
BACKGROUND: Tractor diesels are widely used in agriculture, industry and transport due to their high efficiency, reliability, 
manufacturability and economy. Nevertheless, the ever-increasing tractor fleet is one of the main causes of environmental 
pollution and the increase in the consumption of petroleum motor fuel. The paper substantiates the use of an alternative 
fuel, suitable in its physical and chemical characteristics and properties for efficient and environmentally friendly combustion 
in a tractor diesel, such as ethanol and rapeseed oil.
AIMS: Research of the combustion process in a tractor diesel engine operating on ethanol and rapeseed oil, establishment 
the dependencies of the influence of tractor diesel operating modes on the combustion process indicators and determination 
of their numerical characteristics.
METHODS: An experimental sample of a tractor diesel engine was converted for operation on ethanol and rapeseed oil. 
Ethanol was used as the main fuel and was ignited with a jet of rapeseed oil entering the diesel combustion chamber. Ethanol 
has a lower calorific value compared to diesel fuel, therefore, there was a need to determine the optimal cyclic supply 
of the ignition portion of rapeseed oil and to study the indicators of the combustion process.
RESULTS: The results of experimental studies of the effect of the use of ethanol and rapeseed oil as a pilot fuel on the indicators 
of the combustion process of tractor diesel are presented. The optimal value of the cyclic supply of rapeseed oil has been 
determined, a decrease in the value of which from the optimal value leads to an increase in exhaust gas temperature, specific 
effective and total fuel consumption, worsens the combustion process, while an increase of it worsens the environmental 
performance of a tractor diesel engine, including the smokiness of exhaust gases. The results of scientific research 
on the determination of optimal installation angles of advance injection of ethanol and rapeseed oil are presented.
CONCLUSIONS: The complete replacement of petroleum diesel fuel with alternative fuels has been achieved without making 
significant changes to the design of a tractor diesel engine, improving its environmental characteristics while maintaining 
power indicators at the level of a serial diesel. On the basis of the conducted studies of the operating process of a tractor 
diesel engine on ethanol and rapeseed oil, the dependencies of the influence of its operating modes on the indicators 
of the combustion process are established and their numerical characteristics are determined.
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Оригинальное исследование 

Исследование процесса сгорания в тракторном 
дизеле при работе на спирте и растительном масле
В.А. Лиханов, О.П. Лопатин 
Вятский государственный агротехнологический университет, Киров, Российская Федерация

АННОТАЦИЯ
Обоснование. Тракторные дизели широко используются в сельском хозяйстве, в промышленности на транспорте 
благодаря их высокой эффективности, надежности, технологичности и экономичности. Тем не менее, постоянно 
увеличивающийся автотракторный парк является одной из основных причин загрязнения окружающей среды и ро-
ста потребления нефтяного моторного топлива. В настоящей работе обосновано применение, подходящего по своим 
фихико-химическим характеристикам и свойствам для эффективного и экологичного сгорания в тракторном дизе-
ле, альтернативного топлива – этилового спирта и рапсового масла.
Цель работы ― исследование процесса сгорания в тракторном дизеле, работающем на этиловом спирте и рап-
совом масле, установление зависимостей влияния режимов работы тракторного дизеля на показатели процесса 
сгорания и определение их числовых характеристик.
Материалы и методы. Экспериментальный образец тракторного дизеля был переоборудован для работы на этило-
вом спирте и рапсовом масле. Этанол использовался в качестве основного топлива и воспламенялся от поступаю-
щей в камеру сгорания дизеля струи рапсового масла. Этиловый спирт имеет меньшую теплотворную способность 
по сравнению с дизельным топливом, следовательно, возникла потребность в определении оптимальной цикловой 
подачи запальной порции рапсового масла и исследовании показателей процесса сгорания.
Результаты. Представлены результаты экспериментальных исследований влияния применения этилового спир-
та и рапсового масла в качестве запального (пилотного) топлива на показатели процесса сгорания тракторного 
дизеля. Определена оптимальная величина цикловой подачи рапсового масла, уменьшение величины которой 
от  оптимального значения приводит к росту температуры отработавших газов, удельного эффективного и суммарно-
го расходов топлива, ухудшает процесс сгорания, а увеличение – ухудшает экологические показатели тракторного 
дизеля, в том числе, дымность отработавших газов. Представлены результаты научных исследований по определе-
нию оптимальных установочных углов опережения впрыскивания этилового спирта и рапсового масла.
Заключение. Достигнуто полное замещение нефтяного дизельного топлива альтернативными видами топлива 
без внесения существенных изменений в конструкцию тракторного дизеля, улучшение его экологических харак-
теристик при сохранении мощностных показателей на уровне серийного дизеля. На основании проведенных ис-
следований рабочего процесса тракторного дизеля на этиловом спирте и рапсовом масле установлены зависимости 
влияния его режимов работы на показатели процесса сгорания и определены их числовые характеристики.

Ключевые слова: тракторный дизель; этиловый спирт; рапсовое масло; процесс сгорания.
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REFERENCE INFORMATION.
Symbols in captions:
RO ― rapeseed oil
E ― ethanol
EAC ― excess air coefficient
CC ― combustion chamber
EG ― exhaust gases
EF ― efficiency factor
IDP ― ignition delay period
TDC ― top dead center
SAIA ― setting angle of injection advance
qi ― cyclic supply of ignition rapeseed oil
GE ― hourly consumption of ethanol, kg/h
GRO ― hourly consumption of rapeseed oil, kg/h
GTΣ ― total fuel consumption (ethanol + rapeseed oil), 

kg/h
n ― diesel engine crankshaft rotation speed, min−1
pe ― average effective pressure, MPa
pz ― maximum cycle pressure, MPa
ΘE ― setting angle of ethanol injection advance, deg
ΘRO ― setting angle of rapeseed oil injection advance, 

deg

INTRODUCTION
The inevitability of an energy crisis, caused by the 

steady increase in the consumption of exhaustible energy 
resources, forces humanity to seek alternative, renewable 
energy sources. The active use of these sources will 
certainly lead to a reduction in the environmental damage 
caused by the burning of traditional fuels in automotive 
vehicles [1–3].

The motor and tractor pool significantly contribute 
to environmental pollution, especially in large cities 
where it may account for over 90% of total air pollution. 
Its operation is accompanied by significant pollution of 
the entire environment, including atmospheric air, water 
environment, soils, agricultural products through toxic 
components emitted by the exhaust gases (EG) from 
vehicles [4–6].

Since the Russian Federation not only has significant 
potential in developing renewable energy sources but also 
possesses the world’s largest area of arable land, it is 
advisable to consider fuels derived from plant materials as 
alternative energy sources. Ethyl alcohol and rapeseed oil 
(RO) are among such fuels, offering physical and chemical 
characteristics and properties suitable for efficient and 
environmentally friendly combustion in a tractor diesel 
engines [7, 8].

The work aimed to study the combustion process 
in a tractor diesel engine running on ethyl alcohol and 
rapeseed oil (RO). It sought to identify how different operating 
modes of the tractor diesel affect combustion process 
indicators and to determine their numerical characteristics.

METHODS AND TOOLS OF RESEARCH
At the Vyatka State Agrotechnological University, 

the Department of Heat Engines, Automobiles and Tractors 
conducted studies on the working process and developed 
a modification of the experimental model of the tractor 
diesel engine D-21A1 (2Ch 10.5/12.0). This modification 
allows the engine to operate on ethyl alcohol and RO using 
separate fuel supply systems [7–9]. The tractor diesel is 
equipped with a hemispherical combustion chamber (CC) 
in the piston, with ethanol serving as the main fuel and 
ignited by a jet of RO entering the CC. Owing to ethyl 
alcohol’s lower calorific value compared to diesel fuel 
(DF), it was necessary to determine the optimal cyclic 
supply of the igniting portion of RO. This supply ensures 
stable operation of the tractor diesel in all modes, while 
also maintaining optimal efficiency and environmental 
performance.

The minimum igniting fuel supply qi, at which the 
engine operates without misfiring at the nominal operating 
mode, is 8.3 mg/cycle (0.9 kg/h) at n = 1800 min−1 
and 6.1 mg/cycle (0.51 kg/h) at n = 1400 min−1. With 
an increase in the RO ignition portion, the cyclic supply 
of ethyl alcohol correspondingly decreased. For example, 
with a minimum supply of igniting fuel, the ethanol 
consumption at the nominal operating mode was 7.3 kg/h 
(67 mg/cycle). When the RO supply was increased 
to 2.1 kg/h (19.4 mg/cycle), the ethanol consumption 
reduced to 5.2 kg/h (48 mg/cycle). Optimal effective 
engine performance values were achieved with a cyclic 
RO supply in the range from 11 mg/cycle to 14 mg/cycle.  
At the nominal operating mode, supplying an ignition 
portion of 11.7 mg/cycle resulted in a total fuel 
consumption GTΣ = 7.06 kg/h, ethanol consumption 
GE = 5.81 kg/h, total specific effective fuel consumption 
gеΣ = 384.5 g/kW, and specific effective EF ηе = 0.324 
(Fig. 1).

In the maximum torque mode, the maximum effective EF 
ηе of 0.334 was achieved with a qi of 12.5 mg/cycle. In this 
case, the total fuel consumption was GTΣ of 4.92 kg/h, 
and the ethanol consumption (GE) was 3.87 kg/h. A further 
increase in the cyclic supply of RO led to a decrease 
in the total fuel consumption. For example, with a cyclic 
supply of RO (qi = 15.5 mg/cycle), the ethanol consumption 
GE was 3.54 kg/h, making the total consumption GTΣ 
equal to 4.84 kg/h. However, the effective EF decreases 
slightly and amounts to ηе of 0.32. The maximum value 
of the excess air coefficient (EAC) was obtained α = 1.72 
at qi = 11.7 mg/cycle at n = 1800 min−1.

With an increase in the cyclic supply of ethanol, 
the duration of the fuel supply increases, which 
slows down the evaporation process. This leads to 
the formation of more over-enriched zones within the 
ethanol fuel spray, and a decrease in the local EAC in 
the thermal decomposition zone decreases. Furthermore, 
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it is necessary to consider changes in the geometric 
parameters of the fuel spray, as well as an increase 
in its volume. Concurrently, the RO supply decreases and 
the quality of fuel atomization in the combustion chamber 
(CC) by the pin nozzle deteriorates. As a result, the ignition 
delay period (IDP) increases, the combustion process shifts 
toward the expansion line, and the EG temperature rises. 
These factors collectively result in an increase in the total 
fuel supply and a decrease in EAC. Owing to the late 
initiation of the combustion process, not only does 
the effective EF diminish, but there is also a significant 
reduction in heat release, indicating incomplete combustion  
of the fuel.

Conversely, with an increase in the cyclic RO supply, 
the fuel atomization characteristics improve, leading 
to reduced unevenness of fuel supply across the cylinders 
and a shortened IDP. In turn, this enhances the completeness 
of fuel combustion and the effective EF, raises the average 
temperature of the gases in the cylinder (Fig. 2a), reduces 
the degree of homogenization of the mixture during 
the initial period of combustion, and increases the mass 
of fuel burned in the diffusion flame. However, when cyclic 
portions of RO exceed 16 mg/cycle, the range of the fuel 
spray expands, causing part of it to potentially deposit 
on the CC walls. This deposition worsens the mixture 
formation process, leading to increased total fuel 
consumption and increased soot formation. Furthermore, 

with an increase in the igniting fuel supply, the maximum 
combustion pressure pz escalates from 5.24 MPa 
with a cyclic RO supply of qi = 8.3 mg/cycle to 6.44 MPa 
with qi = 19.4 mg/cycle at the nominal crankshaft speed 
(Fig. 2b).

When the igniting fuel portion increases above  
16  mg/cycle, the combustion process worsens, evident 
from a decrease in active heat release and an increase 
in total fuel consumption. This is attributed to an increase 
in the amount of igniting fuel reaching the CC walls, 
extending the fuel evaporation duration and prolonging 
the combustion period.

Experimental findings have thus established that for 
optimal performance of a diesel engine, setting the igniting 
fuel supply at qi = 13 mg/cycle is advisable. Reducing 
the amount of the ignition portion leads to higher EG 
temperatures, increased specific effective and total fuel 
consumption, and a degraded combustion process. With 
an increase in the ignition portion, the environmental 
performance of a tractor diesel engine deteriorates and 
the EG smoke opacity increases. Further studies were 
performed with a cyclic supply of RO qi = 13 mg/cycle, 
which corresponds to an hourly consumption of RO 
GRO = 1.4 kg/h at the nominal operating mode.

After determining the ignition portion of RO, the optimal 
combination of setting injection of advance angles (SAIA) 
of RO and ethanol was determined. 

Fig. 1. The effect of the size of the ignition portion of rapeseed oil on the effective performance of the D21A1 tractor diesel engine  
(n =1800 min-1 and ре = 0.588 МPа).
Рис. 1. Влияние величины запальной порции РМ на эффективные показатели тракторного дизеля Д21А1 (n =1800 мин-1 
и ре = 0,588 МПа).
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Fig. 2. The influence of rapeseed oil consumption on the combustion process indicators: a – the maximal averaged gas temperature, K; 
b – the maximal indicator pressure in a cylinder, MPa.
Рис. 2. Влияние расхода РМ на показатели процесса сгорания: a – максимальной осредненной температуры газов, К; b – мак-
симального индикаторного давления в цилиндре, Мпа.

RESEARCH RESULTS 
AND DISCUSSION

SAIA has a strong influence on the combustion process. 
When the ignition fuel SAIA is adjusted from 30 degrees 
of crankshaft rotation (c.s.r.) to 38 c.s.r. away from the 
top dead center (TDC), the maximum pressure in the 
cylinder increases. The diagram’s point of separation from 
the compression line and peak pressure in the cylinder (pz) 
shifted to the left by 5 degrees c.s.r. (Fig. 3a). This increase 
in pressure, resulting from a higher RO SAIA, is attributed 
to intensified combustion near TDC.

When adjusting the SAIA of ethanol with a constant 
RO injection timing, the shift of characteristic points 
on the indicator diagram relative to TDC is less significant 
(Fig. 3b). Early ethanol injection leads to an increase 
in the indicator pressure as more heat is released during 
homogeneous combustion. The onset of combustion 
depends on the timing of igniting fuel injection, although 
ethanol inhibits the ignition process.

Figure 4 presents the results of a two-dimensional 
regression analysis of experimental data, measuring 
the maximum gas pressure in the cylinder pz depending 
on the setting angle when operating a diesel engine 
on ethanol and RO.

Experimental data has established that the variation 
in maximum pressure, with a constant ethanol SAIA 

depending on the RO SAIA, is less pronounced, especially 
at late ethanol supply angles. With an increase in ethanol 
SAIA, the influence of RO SAIA also increases. The maximum 
value of pz is recorded at ΘЭ of 38° and ΘRO of 42° and is  
pz = 7,72 MPa.

Changes in the RO SAIA cause a corresponding shift 
in the function of the average temperature of the gases 
in the cylinder (Fig. 5). An earlier supply leads to an earlier 
peak temperature achievement. However, the maximum gas 
temperature does not change significantly.

At a constant ignition fuel SAIA, when varying the ethanol 
SAIA values, an increase in the maximum indicator 
temperature of the gases in the cylinder is observed with 
early alcohol supply. This increase is attributed to the causes 
mentioned previously, namely the energy saturation of fuel 
portions and the different cetane numbers of RO and ethyl 
alcohol.

The maximum gas temperature increases with an 
increase in the ethanol SAIA at all ignition fuel SAIA settings. 
At late RO supply angles, the increase in the maximum 
average gas temperature in the cylinder is more intense in 
the cylinder than at early RO angles (ΘRO = 42°). The highest 
Tmax values are achieved at ΘE = 38° c.s.r. to TDC (Fig. 6).

The influence of the RO SAIA on the maximum averaged 
temperature of the gases in the cylinder is complex, 
stemming from different degrees of fuel combustion and an 
increase in fuel supply with inefficient combustion process 
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Fig. 3. The gas pressure in a cylinder of the tractor diesel engine when operating on ethanol and rapeseed oil at various setting angles 
of fuel injection advance: а – ΘE =34°; b – ΘRO =34°.
Рис. 3. Давление газов в цилиндре тракторного дизеля при работе на этиловом спирте и РМ при различных УУОВ: а – ΘE =34°; 
b – ΘРМ =34°. 

Fig. 4. Change in the maximum combustion pressure in a cylinder of the D21A1 diesel engine when operating on ethanol and rapeseed oil.
Рис. 4. Изменение максимального давления сгорания в цилиндре дизеля Д21А1 при работе на этиловом спирте и РМ.
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Fig. 5. The averaged gas temperature in a cylinder of the tractor diesel engine when operating on ethanol and rapeseed oil: а – ΘE =34°; 
b – ΘRO =34°.
Рис. 5. Осредненная температура газов в цилиндре тракторного дизеля при работе на этиловом спирте и РМ: а – ΘE =34°; 
b – ΘРМ =34°.

Fig. 6. Change in the maximal average gas temperature in a cylinder of the D21A1 tractor diesel engine when operating on ethanol 
and rapeseed oil.
Рис. 6. Изменение максимальной осредненной температуры газов в цилиндре тракторного дизеля Д21А1 при работе на этаноле 
и РМ.
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organization in the cylinder at non-optimal fuel SAIA settings. 
The highest temperature values are recorded at ΘRO = 30° 
and ΘRO = 34° at early ethanol SAIA. 

In analyzing the values of the main combustion process 
indicators pz and Tmax depending on the SAIA of fuels, 
the following observations can be made:
• The values of these parameters depend strongly 

on the SAIA of ethanol and, to a lesser extent, on 
changes in the RO SAIA.

• Excessively high values of the maximum pressure and 
average gas temperature, associated with early ethanol 
SAIA, affect negatively the durability of engine parts, 
lead to an increase in the noise of the diesel engine, 
the appearance of knocking, and a higher maximum 
rate of pressure increase in pressure in the cylinder.

• Too late ethanol supply angles shift the combustion 
process toward the expansion line, leading to higher 
EG temperatures, increased specific effective fuel 
consumption, and a decrease in effective EF.
When a tractor diesel engine operates on ethyl alcohol 

and RO, the maximum value of the average gas temperature 
Tmax in the cylinder at maximum loads is higher than when 
operating on DF (Fig. 7a). Temperature equality between 

the fuel types is achieved at pe of 0.4 MPa. However, 
at lower loads, the maximum temperature in the cylinder 
when operating on ethanol and RO is achieved much later 
than when operating on DF, indicating late combustion 
(Fig. 7c). This late combustion decreases the efficiency 
of diesel engines running on ethanol and RO at low loads. 
Increasing the ethanol supply improves the combustion 
process, shifts the angle of maximum gas temperature 
closer to TDC, and raises the maximum gas temperature 
in the cylinder.

Moreover, when the engine runs on ethanol and 
RO, there is a more intense increase in the maximum 
combustion pressure with increasing load 
(Fig. 7b). The maximum pressure is pz = 3.91 MPa 
at pe = 0.115 MPa, and pz = 8.1 MPa at pe = 0.692 MPa. 
At loads where pe is lower than 0.500 MPa, the maximum 
pressure pz in the cylinder, when running a diesel engine 
on alternative fuels, is lower compared to when running 
on DF. The maximum gas pressure in a diesel cylinder 
when operating on DF increases from pz = 5.1 MPa 
at pe = 0.115 MPa to pz = 7.85 MPa at pe = 0.692 MPa. 
The angle in degrees of c.s.r. for maximum pressure 
in the cylinder when operating on ethanol and RO is reached 

Fig. 7. Indicators of the combustion process during operation of the D21A1 tractor diesel engine depending on the load: a – the maximal 
averaged gas temperature in a cylinder; b – the maximal pressure in a cylinder; c – the crankshaft rotation angle corresponding 
to the maximal averaged gas temperature in a cylinder, deg; d –the crankshaft rotation angle corresponding to the maximal gas pressure 
in a cylinder, deg.
Рис. 7. Показатели процесса сгорания при работе тракторного дизеля Д21А1 в зависимости от нагрузки: a – максимальная 
осредненная температура газов в цилиндре; b – максимальное давление в цилиндре; c – угол п.к.в., соответствующий макси-
мальной осредненной температуре газов в цилиндре град.; d – угол п.к.в., соответствующий максимальному давлению газов 
в цилиндре, град.
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later by 2–5 degrees, depending on the load mode. A shift 
in the angle of maximum pressure at higher loads does 
not diminish the efficiency of heat supply; on the contrary, 
it contributes to an increase in the effective energy 
factor of a diesel engine by reducing the portion of heat 
supplied to TDC, thereby reducing the duration of intense  
combustion.

The increase in the maximum pressure and maximum 
average temperature of the gases in the cylinder 
with increasing load is associated with an increase 
in the cyclic supply of ethanol, which burns almost 
completely in the flame of a homogeneous air-fuel mixture.

CONCLUSIONS
The complete replacement of petroleum DF with 

alternative ones has been achieved without making 
significant changes to the design of the tractor diesel engine. 
This change has improved its environmental characteristics 
while maintaining power indicators at the level of a serial 
diesel engine.

It has been proven that in the tractor diesel engine 
under study, when operating on ethyl alcohol and RO, it is 
necessary to set the igniting fuel supply qi to 13 mg/cycle  
for optimal performance. Decreasing the amount of the 
ignition portion results in a higher EG temperature, 
increased specific effective and total fuel consumption, 
and a deterioration of the combustion process. Conversely, 
increasing the ignition portion leads to worse environmental 
performance of a tractor diesel engine and an increase 
in EG smoke opacity.

Based on experimental studies, the optimal setting 
angles for fuel injection advance when operating 
a tractor diesel engine on ethanol and RO have been 
determined. For ethanol, ΘE = 34°, for RO ΘRO = 34°. 
At this configuration, operating in nominal mode yields 
the minimum total specific effective fuel consumption 
of geΣ = 368 g/(kW∙h).

Experimental data has shown that when operating 
in nominal mode on DF, ethanol and RO, the values 
of the maximum gas pressure pzmax in the diesel cylinder 
are nearly identical. However, the combustion process 
when operating a diesel engine on ethanol and RO shifts 
slightly to the right beyond the TDC line, with the maximum 

cycle pressure pzmax being achieved at angle φ = 11.5° 
c.s.r. after TDC. By contrast, while using DF, the pressure 
pzmax is achieved at φ = 6.5° c.s.r. after TDC, indicating 
that the combustion process on alternative fuels occurs 
mostly in an increasing cylinder volume. Consequently, 
the maximum effective EF shifts toward higher load 
operating modes.
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