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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 P. 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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Opueunaﬂbﬂoe amnupudeckoe ucciedosamue

HccnenoBanue padouux pe;KMMoOB IM3€JIbHOI0 IBUTraTe) sl HAa OMOTOILUIUBE
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AHHOTALHS

Beeoenue. CoBpeMeHHbIE UCCIICIOBaHNS, HAPABJICHHBIE HA CHIDKEHUE BEIOPOCOB BPEIHBIX BEIIECTB, 00pa3yrOLIUXCs B
pe3yibTate paboThl TU3ENBHBIX JBUTATENICH C MCIOJB30BAHUEM aJIbTEPHATHBHOTO TOIUTUBA, MOJYCPKUBAIOT UX 3HAYH-
MOCTP M aKTyaJIbHOCTh. JTa TeMa MPHOOpeTaeT BcE OOIBITYI0 BAXKHOCTh B KOHTEKCTE TII00ATBHBIX 3KOJIOTHYCCKIX H3-
MeHeHHnH. PazpaboTka u BHeIpEeHNE albTepHATUBHBIX UCTOYHUKOB YHEPTHUH HE TOIHKO CITIOCOOCTBYIOT YIIYUIICHUIO Ka-
YEeCTBa BO3/yXa, HO ¥ MOMOTAIOT YMEHBIIIUTH 3aBUCUMOCTh OT MCKOMAeMBbIX TOIUIUB. [103TOMY Ba)XHO MpOI0JKATh WH-
BECTHPOBATH B HAYYHBIC UCCIICAOBAHMS U HOBBIC TEXHOJIOTHH, KOTOPBIE IMTO3BOJISAT JOOUTHCS OoJiee YrCTOro u 3P PeKTuB-
HOTO UCIIOJIB30BaHM pecypcoB. Ha ceroHsAmHmi JeHp HM3BECTHO MHOXKECTBO TaKMX MCCICIOBAHNH, 0COOCHHO TEOPETH-
YECKUX, POBEAEHHBIX B €BPOMEHCKUX U a3MaTCKUX cTpaHax. OJIHAKO MPAaKTUYECKU OTCYTCTBYIOT dKCIIEPUMEHTAIbHbBIE
PpaboTHI, MOCBAMIEHHBIC TTOTYCPEPUICCKAM KaMepaM CTOPAHUS POCCUHCKUX TU3EIbHBIX IBUTATENCH, Y KOTOPBIX YaCTOTa
BpAIllEHUsI, CTETICHb CXKATHA M JPYTHUE KOHCTPYKTHBHBIC TApaMETPHI CYIIECTBEHHO OTIMYAIOTCS OT aHAIIOTHYHBIX Xapak-
TEPUCTHK, OMIMCAHHBIX B U3BECTHBIX HCCieN0oBaHUIX. KpoMe TOro, HeT MpakTUYeCKH HUKAKUX IKCIIEPUMEHTOB, MOCBSI-
IIEHHBIX MPOIECCY CrOPAHUS POCCUICKUX TU3EIBHBIX IBUTATENEH ¢ Hepa3AenEHHON monycheprnaeckoii kaMmepoit cropa-
HUS B TIOPIITHE, 9TO 00YCIABINBACT CI0KHOCTH TIpoIiecca 00bEMHO-TIIEHOTHOTO cMeceoOpa3oBaHusl.

Ilenpro paboOTHI ABISAETCS SKCIIEPUMEHTAIBLHOE HCCIEA0BaHNE MOIITHOCTHBIX M SKOHOMHYECKHX ITOKa3aTesel, mapamer-
POB TIpoOIIecca CropaHusl TU3EIBHOTO IBUTATEIS C Hepa3AeIEHHON moychepuIecKoii KaMepol CropaHusi B MOPIIIHE, pa-
0oTaroIero Ha STaHoue u parcoBom mMacie (PM). MccrnenoBanre HaripaBieHO Ha YCTAaHOBIICHUE 3aBUCIMOCTEH, TOKA3bI-
BAIOIIUX BIIMSHUE PA3IMYHBIX PEKUMOB pabOThI IBUTATENs HA YKa3aHHBIC MOKA3aTelNH, C IENbI0 OMPE/IEICHUs UX YHUC-
JIOBBIX XapaKTEPUCTHUK.

Mamepuanst u memoodsl. 3anTyCK ITU3EIHFHOTO ABUTATEIS OCYIISCTBIIICSA Ha PAICOBOM Maclie, IOCIe Yero BKII0YAIaCh
oJ1ava 3TaHoJa, KOTOPBIH 3aMEHSUIT ParicoBOE Macio 10 AOCTIKEHHS YCTAaHOBJIEHHOT'O ONTHMAIBHOTO 3HAUYEHUS. YBe-
JIMYeHne padovyero Harpy304HOro pexkuMa 00eceunBaIoch peryJIMpoBaHUeM MMoAauu dTaHona. [y mojgauu parncoBoro
Maciia OBUT YCTaHOBIICH JOTIOHUTENBFHBIN TOIDIMBHEIA Hacoc Beicokoro nasieHus (THB/) 2YTHM, a nomaga sTaHona
MIPOM3BOAMIACEH Yepe3 CTAaHAAPTHYIO CUCTEMY TOILIMBOIIOIAYH.

Pezynvmamut uccnedosanus. Ilokazatenu rnpoiiecca Cropatusi AU3EIbHOTO IBUTATENs, paboTaroIIero Ha 3TaHOJIE U parl-
COBOM Maciie, 3aMETHO OTIIHYAIOTCS OT TAKOBEIX Y ABHUraTels, ()YHKIMOHUPYIOIIETO Ha Ji3eIbHOM TorutiBe. [Ipu padote
Ha STaHOJIE M PAIICOBOM Maclie HaOI0aeTcsl YBEIHUCHNE TIePHOa 3aIePKKA BOCIUIAMEHEHHUS, YTO BIUSET HA <OKECT-
KOCTb» IIpoliecca CrOpaHys U MPUBOAMT K MOBBIIICHUIO 3HAUCHUH BEIMYMHBI P.. OTH (haKTOPHI, CKOpee BCETO, SIBIISTIOTCS
OCHOBHBIMH OTPaHUYCHHUSMHU JJIs1 UCIIOIB30BAHMSI dTaHOJA MOCPEICTBOM HEMOCPEACTBEHHOTO BIphICKa. OTHUM U3 pe-
[ICHUN TaHHON MPOOJIEMBI, MPEII0KCHHBIM B HACTOAIICH paboTe, ABJISIETCSA MCIOIB30BAHUE 3aIaIbHOTO (ITHIOTHOTO)
parncoBoro macia, KOTopoe MO3BOJISIET KOPPEKTUPOBATh NapaMeTphl MPOLIECCa CrOPaHUs, PETYIUPYS BEIMYUHY MOAaun
3amnajabHOTO TOIINBA.

Oobcyrncoenue u 3akniouenue. Pe3ynbraTbl IPOBEJCHHOTO SKCIIEPUMEHTAILHOTO NCCIIEIOBAHUS TTOITBEPIKIAI0T BO3MOXK-
HOCTB IIOJTHOTO 3aMeIIeHHs He(TSHOTO MOTOPHOTO TOIUIMBA B TU3EIBHOM JBHTATENIe C HepasJelieHHOH moiychepude-
CKOM KaMepoii CropaHHs B IMIOPIIHE aJTbTEPHATHBHBIM (BO300OHOBIISIEMBIM ) TOIUTHBOM, 9YTO, HECOMHEHHO, PEIIaeT BayKHBIE
BOTIPOCHI 3KOJIOTUYECKOI 0€30MaCHOCTH AM3CIbHBIX IBUTATeNICH. Pe3yapTaThl HCCIIEI0OBAHMS MOTYT OBITh MTOJIE3HBI KaK
YYEHBIM, 3aHUMAOIIUMCS JAHHOW TEMOW, TaK 1 HHKCHEPHO-TEXHUICCKUM paOOTHUKAM MAIMHOCTPOUTEIHHON OTPACIIH.

KioueBble coBa: IU3ENbHBIM JABHTATENb, 3TAHON, PAlCOBOE MAacjo, IMIMHAP, MPOLECC CropaHus, HaBJCHUE,
TeMIepaTypa, 4acTOTa BpallleHHs KOJEHYaTOro Bajga

Baaropapuoctn. ABTOpHEI BeIpaXkatoT OnaropapHocTh MapkoBy BiaguMupy AHATONBEBHYY, JOKTOPY TEXHHYECKUX
Hayk, mnpodeccopy, 3aBenmymomeMmy Kadempoit -2 «KomOuWHMpOBaHHBIE [BUTATENH W  albTEPHATHBHBIC
sHeproycraHoBkm» MI'TY um. H.O. baymana; Caiikuny Anapero MuxainoBudy, JOKTOPY TEXHHYECKUX HAYK, CTApIIEMy
Hay4YHOMY COTPYIHHUKY, I1aBHOMY crenuanucty llentpa unrtemnekryanbHbix cuctem ['HI[ PO OI'VII «HAMWy;
XonoboBy JIbBy AnexceeBHdy, KaHAWAATY TEXHUYECKHMX HayK, mpodeccopy, npodeccopy Kadeapsl dKCILTyaTalun
MOOMIIBHBIX SHEPTEeTHYECKUX CPEACTB U cenbckoxo3aicTBeHHbIX MamuH ®I'BOY BO Hmwxkeroponckuit TATY um. JLA.
drnopeHThEBA 32 KOHCYJIBTAIIMN M TIOMOIIIb, OKa3aHHYIO IIPH HAlMCaHUK JaHHOH paboTHI.
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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 CO; 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
NOy, CHy, CO, CO, 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 AQO05-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].

P, MPa TDC
6.0
2
4.0
2.0
0.0 | | 1 | 1 | | 1
0 20 40 60 80 ¢, CKP deg

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

Considering the nominal speed mode (7 = 1,800 min™"), 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.
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Fig. 3. DE performance:
a — excess air factor; b — specific effective fuel consumption; ¢ — effective efficiency;
d — effective power; | — 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 @) already
exceed the DF values.
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a) b)
Fig. 4 Indicators of DE combustion process:

a — maximum combustion pressure; b — maximum average temperature;
1 — DF; 2 — ethanol and RO [15]

1200 1400
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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, P. is equal to 8.2 MPa, and at a lower rotation speed, it is 6.5 MPa. Value T, 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 7., 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.

CNOX > ppm
Cco,» % 600.0
7.00 400.0
5.00 o B
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Fig. 5. DE EG toxicity indices (n = 1800 min™"):
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 (NO,), carbon dioxide (CO,) and soot (S) in the studied modes. At loads above average,
there is a decrease in the concentration of carbon monoxide (CO) and hydrocarbons (CHy).

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 (7 = 1800 min!, p, = 0.588 MPa)
Indicators
Fuel
NO,, ppm S, ea on Bosch scale CH,, % CO, %
Diesel fuel 790 53 0.11 0.22
Ethanol +RO 590 (decrease by 2.2 (2.4 times 0.09 (decrease by 0,14 (decrease by
25.3%) decrease) 18.2%) 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 P.. 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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