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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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OpMFMHaﬂbHOE ncenenosaHme

UccnepoBaHue npouecca cropaHua B TPaKTOPHOM
Ausene npu paborte Ha cNUpTe U PacTUTENIbHOM Machne

B.A. Jluxanos, 0.1. JlonatuH

BATCKMIA rocynapcTBeHHbIN arpoTexHonormyeckui yHueepcuteT, Kupos, Poccuinckan QOegepaumna

AHHOTALMA

06ocHoBaHMe. TpaKTOpHble AM3E/M LIMPOKO MCMONb3YIOTCA B CENbCKOM XO03ANCTBE, B MPOMBILLJIEHHOCTU Ha TpaHCMopTe
6narofapa Mx BbICOKON 3PGEKTUBHOCTU, HALEKHOCTM, TEXHONOTUYHOCTM U 3KOHOMUYHOCTW. TeM He MeHee, MOCTOAHHO
YBENIMUYMBAIOLLMIACA aBTOTPAKTOPHbIV NapK ABNAETCA OQHOW M3 OCHOBHBIX MPUYMH 3arpA3HEHNA OKPYHKaloLLEen cpebl U po-
CTa notpebneHmsa HepTAHOro MOTOPHOrO TONMBA. B HacToALel pabote 060CHOBaHO NPUMEHEHME, NMOAXOAALLErO MO CBOUM
PUXMKO-XMMUYECKUM XapaKTepPUCTMKaM U CBOMCTBaM ANA 3QOEKTUBHOIO M 3KONOrMYHOIO CropaHUs B TPAKTOPHOM AuM3e-
ne, anbTepHaTUBHOO TON/IMBA — 3TU/IOBOFO CMIMPTA M PancoBOro Macna.

Lienb pabotbl — uccnefoBaHWe npoLecca CropaHWA B TPaKTOPHOM Aw3ene, paboTalolleM Ha 3TU/IOBOM ChMpTe W pan-
COBOM Mac/ie, YCTaHOBJIEHWE 3aBUCUMOCTEN BIMAHWA PEKMUMOB PaboTbl TPAKTOPHOTO AM3eNA Ha MoKasaTenu npouecca
CropaHus 1 onpeaesneHne UX YUCOBbIX XapaKTEPUCTUK.

Marepuanbl 1 MeToAbl. IKCNepUMeHTanbHbIA 06pa3el; TpaKTopHOro Au3ens 6bin NnepeobopyaoBaH AnA paboTbl Ha 3TUO-
BOM CMMpTe U PancoBoM Macrne. 3TaHoM UCMOMb30BasNCA B KA4eCTBE OCHOBHOMO TOMNMBA W BOCM/IAMEHANCA OT MOCTynalo-
LeV B KaMepy CropaHuA Au3ens CTPyM pancoBoro Macna. 3TUOBbINA CIUPT MMEET MeHbLLYI0 TEMMOTBOPHYIO CMOCOBHOCTL
Mo CPaBHEHMIO C AW3eNbHBIM TOMMBOM, Ce0BaTeNbHO, BO3HWUKMA NOTPE6HOCTL B ONPeAeNneHM ONTUMANbHOW LIMK0BOM
nofiauu 3anasbHov NopLMM pancoBoro Macna U UccnefoBaHUM NoKasaTesen npoLecca CropaHus.

Pesynbtatbl. pefcTaBneHbl pe3ynbTaTbl 3KCNEPUMEHTANbHbIX UCCNEA0BaHUIA BIUAHUA MPUMEHEHUA 3TWU0BOTO ChMp-
Ta M PpancoBoro Macna B KayecTBe 3amaibHoro (MMoTHOro) TOMMMBA HA NOKa3aTeNy MpoLecca CropaHuA TPaKTOPHOMo
avsens. OnpegeneHa onTMManbHasA BENMYMHA LIMKOBOW MOJAYM ParcoBOr0 Macha, YMEeHbLUEHWE BENUYMHbI KOTOpOit
OT OMTMMAJIbHOr0 3HA4eHWA NPUBOAUT K POCTY TEMMepaTypbl 0TPaboTaBLUMX Fa30B, YAeNbHOro 3¢deKTUBHOMO M CyMMapHO-
ro pacxofoB TOM/IMBA, YXyALIAET NPOLECC CropaHus, a yBeNMUeHUe — yXyALIAeT 3KOMOrMYeckue noKasaTesn TPaKTOPHOro
AM3eNs, B TOM YuChe, [bIMHOCTb 0TpaboTaBLUKX ra3oB. MpeAcTaBneHbl pesynbTaTbl HayYHbIX UCCeA0BaHMIA MO onpegene-
HUMIO ONTUMAJbHBIX YCTaHOBOYHbIX YITI0B ONEPeXeHNs BNpbICKMBAHUA 3TUNOBOIO CUPTa M PancoBoro Macna.
3aknioyeHune. [OCTUrHYTO MONHOE 3aMeLleHue HeQTAHOro AM3eNbHOro TOMAMBA aNbTePHATUBHBIMU BMOAMM TOMIMBA
6€3 BHECEHWS CYLLECTBEHHBIX M3MEHEHUI B KOHCTPYKLMIO TPAKTOPHOrO OM3ENA, YyulleHUe ero 3KONMOrM4eckux Xapak-
TEPUCTVK NPU COXPaHEHWUM MOLLHOCTHBIX MOKa3aTeneil Ha ypoBHe cepuiiHoro ausens. Ha ocHOBaHWM MpoBeAeHHbIX UC-
Cniefi0BaHMI paboyero npoLecca TPaKTOPHOrO AMU3eNA Ha 3TUIOBOM CMIMPTE U PancoBOM Macsle YCTaHOBJeHbl 3aBUCMMOCTM
BNUAHMA €ro pexMMoB paboTbl Ha MOKa3aTenn NpoLiecca CropaHua U onpefeneHbl UX YUCIOBbIE XapaKTepPUCTUKM.

Knroueawie cnosa: mpaHmopru? dusests; 3mMusosbIl cnupm; pancosoe Macjio; npoyecc C20PaHus.
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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

gq; — cyclic supply of ignition rapeseed oil

G — hourly consumption of ethanol, kg/h

Gro — hourly consumption of rapeseed oil, kg/h

G — total fuel consumption (ethanol + rapeseed oil),
kg/h

n — diesel engine crankshaft rotation speed, min-1

p, — average effective pressure, MPa

p. — maximum cycle pressure, MPa

O, — setting angle of ethanol injection advance, deg

O, — 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.
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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 g, at which the
engine operates without misfiring at the nominal operating
mode, is 8.3 mg/cycle (0.9 kg/h) at » = 1800 min™'
and 6.1 mg/cycle (0.51 kg/h) at » = 1400 min~'. 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 G, = 7.06 kg/h, ethanol consumption
G = 5.81 kg/h, total specific effective fuel consumption
g.» = 384.5 g/kW, and specific effective EF n, = 0.324
(Fig. 1).

In the maximum torque mode, the maximum effective EF
n, of 0.334 was achieved with a g; of 12.5 mg/cycle. In this
case, the total fuel consumption was G, of 4.92 kg/h,
and the ethanol consumption (G ) 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 (¢, = 15.5 mg/cycle), the ethanol consumption
G was 3.54 kg/h, making the total consumption Gy
equal to 4.84 kg/h. However, the effective EF decreases
slightly and amounts to 1, of 0.32. The maximum value
of the excess air coefficient (EAC) was obtained o = 1.72
at g, = 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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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™' and p,=0.588 MPa).

Puc. 1. BavAnuMe BenMuMHbI 3ananbHoit nopumn PM Ha addekTmsHble nokasatenu tpaxtopHoro Amsena [O21A1 (n=1800 muH’

1 p,=0,588 Ma).

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,
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with an increase in the igniting fuel supply, the maximum
combustion pressure p. escalates from 5.24 MPa
with a cyclic RO supply of g, = 8.3 mg/cycle to 6.44 MPa
with ¢; = 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 ¢, = 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 ¢; = 13 mg/cycle,
which corresponds to an hourly consumption of RO
Gpro = 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.
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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.

Puc. 2. Bnuanune pacxona PM Ha nokasatenu npouecca cropaHus: @ — MakcMMarnbHOW 0cpefiHEHHOM TeMnepaTypbl rasos, K; b — Mak-

CMManbHOro NHAMKATOPHOIro AaBneHnA B LMnuHape, Mna.

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 (p,)
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 p, 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
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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 p_ is recorded at ®, of 38° and @, of 42° and is
p. =172 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 (®,,, = 42°). The highest
T, .. values are achieved at ®, = 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: @ — ®;=34°% b — @,,=34".

Puc. 3. [JaBnexve rasos B LUnMHApPe TPAKTOPHOrO Au3ens npu pabote Ha 3TunoBoM cnupTe M PM npu pasnnunbix YYO0B: a — ©.=34°;
b- 0, =34
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Fig. 4. Change in the maximum combustion pressure in a cylinder of the D21A1 diesel engine when operating on ethanol and rapeseed oil.
Puc. 4. VI3MeHeHMe MaKCMMarnbHOMO [aBNeHUA cropakua B umnuHape avsens [121A1 npu pabote Ha 3TunoBoM crnivpte v PM.
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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: a - ®,=34";
b - 0Op,=34°.
Puc. 5. OcpegHeHHan Temnepatypa rasoB B LMAVHAPE TPaKTOPHOro AM3eNA Npu paboTe Ha 3TUOBOM cnupTe U PM: @ — ©,.=34°;
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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.

Puc. 6. V13MeHeHWe MaKcuMarbHOM ocpeHeHHOM TeMnepaTypbl Fa3oB B LMAMHAPe TpakTopHoro ausens [J21A1 npu paboTe Ha 3TaHone
n PM.
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organization in the cylinder at non-optimal fuel SAIA settings.

The highest temperature values are recorded at ®, = 30°

and @, = 34° at early ethanol SAIA.

In analyzing the values of the main combustion process
indicators p_ and T, depending on the SAIA of fuels,
the following observations can be made:

o 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
T inthe cylinder at maximum loads is higher than when

max

operating on DF (Fig. 7a). Temperature equality between

P
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7
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pe. MPa
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the fuel types is achieved at p, 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 p, = 3.91 MPa
atp, = 0.115 MPa, and p, = 8.1 MPa at p, = 0.692 MPa.
At loads where p, is lower than 0.500 MPa, the maximum
pressure p_ 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 p, = 5.1 MPa
atp, = 0.115 MPa to p, = 7.85 MPa at p, = 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
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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; ¢ — 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.
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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 ¢, 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, ®, = 34°, for RO ®,, = 34°.
At this configuration, operating in nominal mode yields
the minimum total specific effective fuel consumption
of g, = 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 p_, .. 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
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