u| =,

Poszpooneno pobouuii npouec oas 06u-
2ynie 3 ickposum 3anamoeannam i Gesnoce-
PeoHiM 6nopcKyeanuam naauea, wo 3adesne-
uye opeanizauilo po3waposamnozo 30i0mnenozo
nanueonosimpaH020 3apady HA UACMKOGUX
HABAHMANCEHHAX MA NOMYNCHOCHOZ0 CKAA-
0y nanueonosimpsaHoi cymiwi Ha Ni0GUUEHUX
HABAHMANHCEHHSAX.

IIposedena modepnizauis xoHcmpyrkuii
dgomaxmmnozo 06uzyna 3 iCKpoGUM 3anaiio-
BAHHAM WNAXOM YCMAHOBKU cucmemu 6es-
nocepeonv020 6ROPCKYBAHHs NAAUBA, POIMi-
wenns popcynku 6 cminyi yuiHOpa i 3MiHu
dopmu kamepu 320panns.

Pospooneno memoouxy nposedeHHs
Pe2Yn06anvHUX XaAPAKMEPUCMUK 3a CKAa-
00M nanueonosimpanoi cymiwi 6 UuAiHOpPi
odsomaxmmnozo 06uzyna 3 iCKpoGUM 3anaiio-
eannam. Ocobausicmio memoouxu € peecmpa-
yia napamempieé i noxKasHuxie Oeuzyna npu
nocmitiniii yux06iti nodaui naauea ma pezy-
JI08AHHI NOGIMpPs Ha 6NYCKY. 3anpononosana
Memoouka 0036015€ mouHiwe pezynroeamu
CKIa0 NANUeonosimpanoi cymiwi 3ae0axu
Oinbw mouHoMYy 003Y6AHHIO NOGIMPS, HIdHC
YuKa060i noodayi naauea.

IIposedeno excnepumenmanvui 0ocni-
Oicenns i no6y008ano pezyniosanvii xapar-
mepucmuku 3a CKAaA00M NATUEONOGIMPAHOT
cymiwi 6 yuninopi deomaxmmozo 0euzyna 3
PO3podIEHUM POOOUUM NPOYUECOM.

Io6ydoeano nasanmasicysearvii xapax-
mepucmuxu (n=3000 x¢') payionanviozo
Pe2ynio6anis 3a epaHutHON eKOHOMIMHICMIO
ma MaKcumanvHol nomyscHicmio Ha 0a3i
0anux pezynio8aNbHUX XaAPAKMEPUCMUK 34
CK1A00M NATUBONOBIMPAHOT CYMiui.

Bcmamnosaeno, wo 3a nasanmaicysans-
HOM Xapaxmepucmuxor payioHaabHOzo
pezyno6anns exoHoMiun020 CKAAdy naau-
60n06IMPAHOL cymimi 6 UuUNiHOpi O0éuzyna
(Myuz. ex) 3Mintoemoca 6i0 1,31 do 1,94, a
MiHiManbHa éumpama naiueéa CMmawoéumo
e min=259 ¢/ (kBm-200).

3a HABaHMAKCYBATLHON Xapaxmepucmu-
K010 Pauionanvioz0 pesyato8ans NOMyMCcHoOC-
HO020 CKNIA0Y NAAUGONOGIMPAHOT CYMiWL 8 YUTIIH-
opi dsueyna (hyun. n) 3Minoemocs 6i0 1,31 0o
1,7, a sumpama nanueéa Ha 4acMKOBUX HABAH-
maoicennax cmamnosumo g,=270 2/ (kBm-200).

Xapaxmepucmuxu 3a eumpamoro nosimps
6 3anedxcHocmi 6i0 UUKA060i nodaui naausea
MOscYymv Oymu UKOPUCMAHi Ol 3MIHU CKAa-
0y nanueonogimpsamnoi cymiwi npu aemoma-
MUMHOMY Pe2ynio6aHHi HABAHMANCEHHS 06U-
eyna

Kntouosi caosa: Oeuzynie 3 ickposum
3ananioeannam, podouuii npoyec, BHYmpiuHe
CYMIUOYMBOpeHHs, NaaIU6oN0GIMpAna cymiu
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1. Introduction

lion British thermal units (BTUs). The share of industrial

Global energy consumption between 2018 and 2050 will
increase by almost 50 % and reach on average 911 quadril-

energy production will decrease from 40 % in 2018 to 35 % in
2050, mainly due to faster growth in the transport sector [1].
Energy consumption for passenger transportation accounts



for most growth of energy consumption for transportation.
Growth of energy consumption in member-countries of
the Economic Cooperation and Development Organization
(ECDO) is expected to reach almost half that in countries
outside the ECDO in the period from 2018 to 2050.

International energy forecast conducted in 2019 shows
that world consumption of refined oil and other liquid fuels
will increase by more than 20 % until 2050, however, their
share will decrease from 94 to 82 % as the use of alternative
energy sources increases [2]. The world transport sector will
account for 59 % of total liquid fuel (fuel oil, diesel fuel, mo-
tor petrol, and aviation fuel) consumption in 2050 which is
approximately the same as in 2018 [3].

Motor petrol including biofuel additives such as ethanol
will remain in 2050 the main fuel for vehicles accounting for
32 % of global energy consumption in the transport sector [4].

During the forecast period until 2050, many world
regions including countries that are not members of
the ECDO, Europe and Eurasia, Middle East and Africa will
mainly use small-tonnage vehicles with internal combustion
engines (ICE) that run on fuels of oil origin. These regions
continue to use mainly spark-ignition engines (SIE) and
diesel engines for many reasons, such as cost, infrastructure,
climatic and geographic [5].

It should be noted that there remains a global trend of im-
proving SIE performance by improving its operation. Improve-
ment of SIE operation efficiency due to a proper organization of
internal mixture formation contributes to the continuation of
their use as main car drives for the next 130 years [6].

The tendency to use an SIE and an electric motor in a hy-
brid car drive is explained by the general combination of their
improved technical, economic, and environmental indicators
[7] and a more reasonable cost compared to diesel engines [8].

To obtain the best efficiency of using hybrid drives in
cars, it is necessary to rationally adjust by electronic means
both the engine itself [9, 10] and its mutual operation with
a power electric battery [11]. At the same time, the level of
emission of not only harmful substances from exhaust gases
into the atmosphere [12] and soil [13] but also from the prod-
ucts of complete combustion (CO») [14] is the main criterion
for optimal adjustment.

However, relatively low efficiency and sticking to increas-
ingly stricter regulatory requirements concerning the toxicity
of exhaust gases (EG) is the common problem of SIE use. This
is especially true for two-stroke SIE with external mixture
formation whose level of efficiency does not exceed 23 % [15].

This problem can be solved by improving organization
and rational adjustment of the spark-ignition engine operat-
ing process to ensure complete and efficient fuel combustion
in all operating modes [16].

Therefore, the study line related to determining char-
acteristics of rational adjustment of the fuel-air mixture
(FAM) composition depending on the operating mode of
a two-stroke spark-ignition engine with internal mixture
formation is relevant.

2. Literature review and problem statement

The transition from external mixture formation to inter-
nal one in two-stroke STE makes it possible to solve the prob-
lem of high fuel consumption and emission of harmful sub-
stances from exhaust gases. Elimination of fuel losses during
purging through the use of direct fuel injection (DFI) into the

cylinder after closing gas distribution elements reduces fuel
consumption by up to 30 %. At the same time, harmful emis-
sions from exhaust gases are reduced by more than 50 % [17].
However, FAM homogenization in the entire over-piston
space and in the zone of ignition plug electrodes confines
the limit of its effective leaning, which determines the lower
FAM ignition limit.

The efficiency of the operating process of a two-stroke
spark-ignition engine with DFI depends on the mutual in-
fluence of the processes of gas exchange, mixture formation,
combustion, and exhaust gas recirculation which must be
taken into account when organizing this process.

In comparison with a four-stroke engine in a hybrid car,
the use of a two-stroke spark-ignition engine with DFI has
made it possible to increase torque by up to 25 % and reduce
specific fuel consumption by 10 % [18]. The technical and eco-
nomical performance of the engine was improved due to addi-
tional feed and adjustment of the incoming air at the inlet. At
the same time, the organization of the operating process with
a relatively enriched FAM composition reduces the potential
for additional reduction of specific effective fuel consumption.

Results of the studies conducted for optimizing processes
of FAM self-ignition under compression by adjusting boost
in a petrol engine with DFT operating in a two-stroke cycle
are presented in [19]. The complexity of creating conditions
and parameters for FAM self-ignition and the required accu-
racy of ignition moment when the engine operating modes
change is inferior to spark ignition.

Improvement of the gas exchange processes in a two-
stroke spark-ignition engine with direct-flow purging en-
ables better cleaning of cylinders from exhaust gas but the
processes of interaction of air and fuel particles were not
taken into account in [20].

The use of heating in the nozzle for direct injection of
petrol in a spark-ignition engine makes it possible to inten-
sify the processes of fuel evaporation during the injection.
Results obtained in the studies on the effect of heating a
multi-nozzle injector on the fuel stream structure, dispersity
of droplets and formation of petrol vapors during boiling are
presented in [21]. However, the problems associated with
the multistage injection of heated cycle fuel feed have not
been solved.

The use of a mixture of petrol and ethanol in an SIE op-
erating in the two-stroke cycle exceeds technical, economic,
and environmental indicators obtained in the four-stroke cy-
cle operation [22]. However, the organization of combustion
of a stoichiometric and enriched air-fuel mixture contributes
to an increase in fuel consumption.

Results of three-dimensional modeling of the process of
combustion of a homogeneous, stratified lean and stratified
enriched FAM compositions in a spark-ignition engine are
presented in [23]. Rational relations between the intensity
of pressure increase in the cylinder and average effective
pressure were obtained. However, the problems associated
with the change in intensity of feeding a fresh charge to the
combustion zone and the removal of combustion products
from it have not been solved.

The use of DFT and exhaust gas recirculation is one of the
promising ways to reduce fuel consumption and emissions
of harmful substances from exhaust gases in a two-stroke
SIE [24, 25]. However, the issues connected with the change
of the amount of recirculated exhaust gas relate to a specific
method of organizing the operating process and cannot be
fully extended to other operating processes that differ from it.



The use of a pre-chamber with an installed ignition plug
makes it possible to efficiently burn lean FAM [26]. Howev-
er, when the load is increased and the mixture is enriched,
cleaning of the pre-chamber from combustion products
worsens and maximum power is limited.

Noteworthy is an analytical study on the organization of
the operating process in a two-stroke spark-ignition engine
with DFI [27]. Computational studies have contributed to the
optimization of gas exchange and mixture formation processes.
An increase in compression ratio ¢ to 16, use of exhaust gas
recirculation up to 20 % and organization of a stratified fuel-air
charge (SFAC) at A=2 in the cylinder have made it possible to
determine the value of effective efficiency at a level of 47.2 %.
However, it is not clear from the presented description which
experimental data of the new operating process were used to
optimize the Viebe combustion model. Also, the level of me-
chanical losses of the engine is not clear from the article matter.
There are unresolved issues related to the formation of the vol-
ume of the fuel-air mixture symmetrical about the cylinder axis
and uniform feed of air from the periphery of the over-piston
space to the combustion zone. This is caused by the asymmetric
surface of the combustion chamber in the cylinder head and
asymmetric distribution of fuel jets relative to the cylinder axis
which reduces the efficiency of fuel combustion and violates
uniformity of heat emission to the surrounding walls.

Directed coordination of internal mixture formation
processes along their entire length is the necessary condi-
tion for organizing an effective SIE operating process dur-
ing DFI. This applies both to the organization of a homoge-
neous FAM distributed in the entire over-piston volume and
FAM in the SFAC.

The rational combination of conditions for the organiza-
tion of internal mixture formation determines the efficiency
of the combustion processes, the engine economy, and the re-
duction of harmful substances contained in the exhaust gas.
The main conditions include FAC composition at the time of
ignition and subsequent combustion in the flame front, the
intensity of air feed to the combustion zone, temperature,
pressure, and physicochemical properties of the fuel.

When forming a homogeneous FAM, fuel is injected
directly into the cylinder during the intake stroke when
the intake valve is opened. This enables obtaining a homo-
geneous FAM composition at high rates of the fresh charge
flow moving through the valve slot with time enough to mix
the fuel particles with air.

The presented method of internal mixture formation has
an advantage of much simpler and easier implementation.

In this case, DFI through the intake valve open for fuel
injection into the intake manifold enables an increase in
the specific power of the engine by increasing feed of fresh
charge to its work space.

Reduction of the inlet resistance (air throttle is fully
open) reduces pump losses, thereby reducing fuel consump-
tion by up to 10 %. Lowering the temperature of the working
medium during fuel injection makes it possible to increase
the compression ratio € by 1.5-2 units.

Representatives of the spark-ignition engine with DFI
and organization of a homogeneous FAM: Opel 2.2-DIRECT
ECOTECwiththepowerof114 kW [28,29], Audi/VW2.0TFSI
with supercharging and maximum power N,=147 kW [30].
Also, a 12-cylinder BMW engine with VALVETRONIC
valve adjusting system [31] and V62GR-FSE engine having
N,=228 kW with a Lexus D4-S dual fuel injection sys-
tem [32] belong to this group.

The disadvantage of the operating process with internal
mixture formation during the formation of homogeneous
FAM combustion consists of limitation of increase in com-
pression ratio & and excess-air factor A which brings about
limitation of the potential reduction in fuel consumption.

To ensure the combustion of lean FAM composition,
a BPI-Verfahren (Bowl Pre-chamber Ignition) operating
process with DFI was developed. Fuel is injected into a cup-
shaped combustion chamber in the piston and ignited by the
ignition plug located in the combustion chamber space when
the piston reaches the top dead center (TDC). The fuel-air
mixture is enriched by means of DFI into the combustion
chamber, and less than 5% of the total amount of fuel is
injected at the compression stroke.

The duration of fuel injection at the compression stroke
and air-to-fuel ratio in the combustion chamber are ad-
justed by an electronic adjusting unit [33]. After ignition
and flaming of FAM in the combustion chamber, the flame
front spreads over the entire volume of the main combustion
chamber intensively burning all fuel.

Studies of the processes occurring in SFAC combustion
using the BPI operating process have shown a reduction in
fuel consumption g, of up to 3 % compared with the combus-
tion of a lean FAM distributed in the over-piston space [34].

Analysis of the thermodynamic cycles taking place in
internal combustion engines with external mixture formation
and fuel injection to the intake valve and those taking place
with internal mixture formation and DFT into the cylinder
has shown that the level of thermal efficiency for an engine
with internal mixture formation is higher due to a decrease in
the amount of heat radiation in the exhaust process [35, 36].

Application of E-TEC DFI technology (Direct Injection
with stratified low RPM combustion mode) to a two-stroke boat
SIE (Evinrude 250 H.O. E-TEC G2) has significantly improved
technical, economic, and environmental performance [37].
Based on internal tests of the BRP (Bombardier Recreational
Products) Corporation, it was found that up to 20 % increase in
torque and up to 15 % reduction in fuel consumption are pro-
vided in 200 to 300 h.p. engines. The amount of total harmful
emissions of (CO+CH+NOy) from exhaust gas is 51 ppm which
is less than that provided by the world competitive manufactur-
ers of four-stroke boat engines of comparable power (Mercury
OPTI 250 PROXS, Yamaha 250 SHO).

Two-stroke 0.6 1 engine Rotax 600 H.O. E-TEC is
mounted on a Ski-Doo snowmobile. CO content in the ex-
haust gas in no-load mode is 80 % less than that observed in
most four-stroke SIE of comparable power [38].

When organizing the operating process with DFI E-TEC
technology in partial load modes, conditions are created in
the engine cylinder that provide FAC stratification. How-
ever, at the time of ignition, ignited fuel jet passes between
electrodes of the ignition plug in a form of fuel droplets that
did not completely evaporate, thereby enriching the FAM.
Stratification of FAC with enriched FAM composition re-
duces the potential for expanding the limit of effective lean-
ing, which ultimately limits the reduction of fuel consump-
tion and emissions of harmful substances with exhaust gases.

Theoretically, internal mixture formation provides the
greatest efficiency in the course of combustion processes. This
is due to low heat loss, absence of fuel particles on walls of the
over-piston space as well as wide possibilities for adjusting the
moment of fuel injection start and ignition spark formation.
However, the implementation of effective internal mixture
formation seems to be a rather complicated problem [39, 40].



It is necessary to use a high-pressure fuel injection sys-
tem since mixture formation occurs in a very short time. The
requirement of reliable formation and accurate positioning
of the FAM cloud having a proper composition as well as
the problem of synchronizing this process with the sparking
moment add complexity as well.

At the same time, excess air in a lean FAM theoretically
makes it possible to efficiently burn fuel and have a low con-
tent of harmful substances in the exhaust gas. However, in
reality, as practical studies have shown, in order to reduce
fuel consumption by creating a stratified lean FAC (SLFAC)
and expand limits of effective FAM leaning, a series of condi-
tions should be provided. The main conditions include ratio-
nal cleaning of the cylinder from combustion products and
its effective filling with a fresh charge during gas exchange
which will create conditions for subsequent processes of mix-
ture formation and combustion.

To obtain high technical, economic, and environmental
indicators, it is advisable first of all to develop an operating
process that includes a productive gas exchange with exhaust
gas recirculation and quality and directed internal mixture
formation ensuring complete and efficient fuel combustion.

Further, taking into account the peculiarities of orga-
nizing the operating process and the nature of change in the
engine operating modes, it is necessary to determine rational
FAM composition. In modes of partial loading, to ensure
maximum efficiency, it is necessary to effectively deplete
FAC in the engine cylinder. Under the modes of high loading
and given the need to ensure maximum power, it is necessary
to enrich the FAC effectively in the entire over-piston space.

Resolving these interrelated problems is the determining
direction of the studies.

3. The aim and objectives of the study

The study objective is to obtain a minimum fuel con-
sumption by a two-stroke spark-ignition engine with DFT at
partial loads and maximum power at high loads.

To achieve this objective, it is necessary to solve the
following tasks:

—develop an operating process and modernize the design
of a two-stroke spark-ignition engine for implementation of
internal mixture formation ensuring the formation of SL-
FAC in modes of partial loads and power FAM composition
throughout entire over-piston space in modes of high loads;

—develop a procedure for constructing adjusting engine
characteristics for FAM composition with constant cycle
fuel feed;

—conduct experimental studies and construct adjust-
ment characteristics for FAM composition in a cylinder of a
two-stroke spark-ignition engine with DFT;

—based on adjusting characteristics in terms of FAM
composition in the engine cylinder, construct load charac-
teristics of rational adjustment taking into account maxi-
mum economy and power.

4. Features of organizing the operating process for the
spark-ignition engine with internal mixture formation

To reduce fuel consumption in an internal combustion
engine, it is advisable to raise the excess-air factor in the
engine cylinder (Agy).

Formation of a SLFAC by turbulizing FAM and inten-
sive air feed to the combustion zone is a promising direction
in the development of the operating processes that ensure
the effective operation of a spark-ignition engine with in-
creased values of A.

The organization of the operating process with SLFAC
makes it possible to reduce the number of products of incom-
plete combustion and emissions of harmful substances from
exhaust gases.

Along with the reduction of emissions of carbon
monoxide CO, unburnt hydrocarbons C,H,, nitrogen
oxides NO,. from exhaust gases, a decrease in fuel consump-
tion determines a decrease in emission of complete combus-
tion product, i. e. carbon dioxide CO, into the atmosphere.

When SLFAC is burnt, a certain volume of FAM is
formed at the time of ignition near the ignition plug elec-
trodes and air on the periphery, near the walls of the
over-piston space. Such directed stratified placement
of FAM and air in the engine cylinder makes it possible not
only to efficiently burn all fuel but also to create conditions
for reducing heat loss to the walls.

The decrease in heat loss to the walls is due to the forma-
tion of air interlayer between the hot zone of flame and the
relatively cold walls of the over-piston space. The interlayer
of air determines a decrease in intensity of thermal radiation
coming from the flame to the wall, serves as an insulator for
the heat flux increasing the thermal resistance of heat trans-
fer due to lower thermal diffusivity.

The reduction of heat loss to the walls increases the effi-
ciency of the internal combustion engine.

Ideally, optimal conditions for ignition and combus-
tion of SLFAC are created at FAM composition with A~1
throughout the volume of a homogeneous, well-mixed FAM
which ensures efficient and complete fuel combustion.

However, in reality, because of the stochastic nature of
the working medium flow and due to DFI, rich and lean
FAM zones are formed in the over-piston space during the
piston movement. These zones can be formed both between
electrodes of the ignition plug and throughout the FAM
volume.

Excessive leaning or enrichment of FAM in the interelec-
trode gap affects stabilization of formation of the primary
flame zone during ignition which subsequently determines
the intensity of course of the subsequent main combustion
period.

Inhomogeneous composition of FAM in the interelectrode
gap and in the zones of the FAM volume along the path of
flame front propagation contributes to the creation of various
conditions during combustion processes in subsequent engine
operation cycles. A change in conditions during the combus-
tion process leads to non-identical changes in pressure in the
over-piston space at the combustion-expansion stroke.

In addition, the efficiency of fuel combustion and forma-
tion of products of incomplete combustion (CO and C,,H,)
in the afterburning section are affected by FAM composition
when the flame front reaches final FAM volumes remote
from the ignition plug electrodes.

At the boundary between the FAM and air, a zone of
lean FAM is formed in which the intensity of the combustion
processes is reduced to a minimum. Combustion stops when
leaning gets significant and a part of unburned fuel joins the
exhaust gas in a form of CO and C,,H,. In this case, excess
oxygen and high temperature contribute to the formation of
harmful nitrogen oxides NO,.



The directionality of the fuel jet and accuracy of fuel
dosage in the case of DFI in accordance with the direction of
movement of the air charge in the over-piston space contrib-
ute to a decrease in the volume of the lean FAM zone.

Organization of the operating process with SLFAC and
compression ignition in a two-stroke engine is possible, but
the use of petrol with its relatively low cetane number as
compared to diesel fuel worsens the self-ignition processes.

The use of diesel fuel makes it possible to intensify the
processes of self-ignition, however, leaning of the fuel-air
mixture reduces the reliability of its ignition and limits the
range of load changes. An increase in power by increasing
the volume of lean vaporous fuel-air mixture is limited by
a relatively short time of mixture formation processes with
direct fuel injection. This determines the formation of an
inhomogeneous composition of the fuel-air mixture. At the
same time, an increase in power due to an increase in the
volume of lean fuel-air mixture surrounded by air is compli-
cated by variable intensity and direction of movement of the
fresh charge, parameters of the mixture and the necessary
moment of its ignition.

The use of an adjustable gas turbine boost in a two-stroke
diesel engine and the use of exhaust gas recirculation en-
ables the creation of conditions for a more accurate ignition
moment and extends the range of load increase. However,
in modes of minimum and medium loads, due to a decrease
in exhaust gas parameters and turbocompressor efficiency,
it is preferable to use a drive compressor and with a further
increase in power, it is advisable to add a gas turbine boost.

Therefore, the complexity of the organization of the
operating process with SLFAC and compression ignition in
a two-stroke engine in the transition modes and a limited
range of power adjustment exclude mass production of en-
gines of this type.

Considering the above features, in order to implement
the operating process with SLFAC, an operating process
has been developed for a spark-ignition engine in which the
relationship between the gas exchange processes, mixture
formationand combustion is compounded [41].

The use of DFI and provision of volume-film mixture
formation make it possible to organize the operating process
of the engine with SLFAC in modes of partial loads and
the enriched composition of FAM homogeneous in entire
over-piston volume in modes of maximum loads.

To implement the operating process, the design of a two-
stroke spark-ignition engine was modernized by installing a
DFI system. Placement of the fuel nozzle in the cylinder wall
and formation of the combustion chamber configuration in
the cylinder head contribute to obtaining of a stratified and
homogeneous FAM composition in the over-piston space of
the internal combustion engine depending on the engine
operating modes.

Coordination of interaction of injected fuel particles
with air charge flows before FAM ignition at the compres-
sion stroke [42] is ensured by the fuel jet structure and
during the course of combustion phases, it is organized due
to the design features of the piston bottom and the inner
surface of the combustion chamber in the cylinder head.

At the same time, intensification of the processes of FAM
preparation before ignition and feed of air to the combustion
zone and in the afterburning phase is also mainly due to the
shape of the piston bottom and the inner surface of the com-
bustion chamber in the cylinder head [41].

The use of direct pneumatic injection of petrol in two-
stroke SIE by Orbital Engine (passenger car GM-Holden Gar-
nira) and Aprilia (Aprilia SR50 Ditech scooter) makes it possi-
ble to organize the operating process with SLFAC. However,
the use of a compressor for the direct feed of a lean vaporous
FAM to the engine cylinder increases power consumption for
its drive which predetermines an increase in fuel consumption.
Therefore, the complexity of the design and, consequently,
worsening of reliability and an increase in cost were among
the main causes of discontinuing the engine production and
transfer of Aprilia engines to the 3V Tech FI petrol injection
system. Application of 3V Tech FI injection technology does not
make it possible to organize an operating process with SLFAC,
which limits the potentials of reducing fuel consumption and
emissions of harmful substances with exhaust gases.

Application of the developed operating process with
SLFAC on two-stroke SIE will ensure the application of
not pneumatic but hydraulic direct injection system. The
reduction of power loss on the compressor drive will further
reduce fuel consumption and emissions of harmful substanc-
es with exhaust gases.

Moreover, in comparison, the level of NO, in exhaust
gases of the spark-ignition engine during combustion of the
homogeneous stoichiometric composition of FAM in the
entire over-piston space is superior in the organization of
SLFAC combustion [43].

To reliably comply with current standards on exhaust
gas toxicity in the modes of high loads, a three-component
catalytic neutralizer can be used to oxidize CO, C,H, and
reduce NO,. The use of an additional neutralizer of accumu-
lative type during engine operation on a lean FAM will en-
able the reduction of remaining toxic substances to harmless
components [44].

5. The procedure of constructing adjusting characteristics
of a two-stroke engine according to FAM composition at
a constant cycle fuel feed

Adjusting characteristics make it possible to determine ra-
tional values of adjustable parameters of the engine under other
conditions, for example, the amount of air entering the inlet at
a constant cyclic fuel feed and crankshaft speed for modes of
load characteristics. This makes it possible to form a rational
economical composition of FAM in the cylinder (Agyec) pro-
viding minimum specific effective consumption of fuel (g,) or
power FAM composition (A pow) providing maximum power.

To get high performance of the spark-ignition engine
with DFI under partial and increased loads at a constant
speed of crankshaft rotation, a procedure has been developed
for constructing adjusting FAM composition.

The design features of the NVR-1 mechanical fuel pump
with a cup-type plunger seal for DFI provide a relatively
coarse adjustment of cycle fuel feed. Therefore, it is advisable
to remove adjustment characteristics for the FAM composi-
tion in the engine operating modes with a constant cycle feed
of fuel and a change in the amount of air at the inlet.

Cycle fuel feed is set on the NVR-1 fuel pump by chang-
ing the position of the eccentric which regulates the amount
of injected fuel when a two-stroke engine is running with a
crankshaft speed and, accordingly, the pump camshaft.

Fresh charge incoming the cylinder is adjusted at a fixed
position of the eccentric in the steady-state of engine opera-



tion and constant cyclic fuel feed is adjusted by changing the
position of the air throttle at the inlet. The composition of
FAM in the engine cylinder is adjusted in this way.

Subsequently, the engine speed is adjusted by changing
the load on the engine. In each subsequent adjustment mode,
torque value is recorded according to the dynamometer
head of the brake device of the experimental bench in a fixed
position of the fuel feed eccentric and a constant position of
the air throttle. After that, mass fuel flow rate, volumetric
airflow rate, vacuum level at the inlet downstream the air
throttle, inlet air temperature and exhaust gas temperature
at the engine cylinder outlet, the temperature of an internal
surface of the combustion chamber located in the cylinder
head are measured.

Values of an excess-air factor in the cylinder (A,) of a
two-stroke SIE are calculated according to the dependence:

Ga
T

cycle 0

(1-v), )

where G, is the mass of fresh charge, that is, air entering the
engine inlet, kg; Be,ce is the cyclic feed of fuel in the engine
cylinder, kg; M is the mass of air theoretically necessary for
complete fuel combustion in the engine cylinder, kg;

V= Gleak
G

a

is the factor of fresh charge leakage during cylinder purg-
ing. This factor takes into account the ratio of the mass
of fresh charge leaked from the cylinder during purging
(Gt =G, =Gy,,,, where Gy, is the mass of fresh charge in
the cylinder remaining after the gas exchange is completed)
to the mass of fresh charge at the engine inlet (G,).

The factor v of fresh charge leakage when purging the
cylinder can be determined by oxygen (O,) content in the
exhaust gas in the exhaust system of the working engine. To
do this, an enriched composition of FAM at the inlet should
be provided (total excess-air factor Az<1) and it is assumed
that oxygen is completely used during combustion. Then
the exhaust gases in the exhaust system will contain O, in
a concentration corresponding to leakage of a fresh charge
when the cylinder is purged.

During experimental studies, O5 content in the ex-
haust gas was determined by analyzing the exhaust gas
samples taken from the exhaust system of the engine with a
CT 300.02 gas analyzer. [45]. Determination of the number
of gas components by means of a device used for petrol en-
gines corresponded to Class 1 of accuracy. The gas analyzer
allowed us to measure the concentration of the following
gases: Oy, CO, COy, and C,H,,.

Parameters and calculation of the tested engine indi-
cators were recorded in the course of experimental studies
according to existing standards [46].

It should be noted that determination of adjustment char-
acteristics for the FAM composition in the engine cylinder at
continuous cyclic fuel feed and a changing amount of incom-
ing air at the inlet is preferable as well when using electrically
controlled DFT systems and air feed systems. It is explained
by the fact that for complete combustion of a unit mass of
petrol, it is necessary about 15 times more mass of air which
is practically possible to dose more accurately. Moreover, the
accuracy of dosing fuel feed is limited by design features and
hydrodynamic characteristics of the fuel equipment depend-
ing on the magnitude of the cycle fuel feed.

6. Experimental adjusting characteristics for FAM
composition in a cylinder of a two-stroke spark-ignition
engine with DFI

Experimental studies were conducted in the laboratory
at the Department of Internal Combustion Engines, the Na-
tional Technical University “Kharkiv Polytechnic Institute”
(Ukraine).

A motorized bench based on the Schenk hydraulic brake
with maximum rotor speed #=10% rpm was used for exper-
imental studies. It is equipped with an electric motor for
dummy running and starting the engine. To ensure specified
engine operating conditions, the stand contains a system for
feeding water to the hydraulic brake and its draining, engine
fuel and air feed system and a gas exhaust system.

The experimental stand and its measuring complex make
it possible to study engine operating processes in accordance
with the requirements of ISO 3046-3:2006.

Atmospheric pressure B, was measured using an aneroid
barometer MD-49-2 with an error no more than +7.846 Pa
in a temperature range from —10 °C to +50 °C. Taking the
pressure of 101.3 kPa for the normalized value, the relative
error is 0.008 %.

Torque moment M; (N'm) of the engine was calculated
according to the well-known formula where the brake load
P, (N) was determined by the dynamometer scale (in the
range from 1/6 to 1/4 of the scale) with a standard error not
more than +0.2 %.

The rotational speed of the engine crankshaft
(n=3,000 rpm) was measured using an F-5041 digital fre-
quency meter-chronometer with an error of 0.1 %.

The relative error in determining effective power
was +0.3 %.

The total error in measuring hourly fuel consump-
tion was 0.34 % and specific effective fuel consumption
was 0.64 %.

The flow rate of air incoming the engine was measured
by means of an RG-100 rotary gas meter. Error in measuring
airflow was determined as a sum of errors introduced by the
gas meter and frequency meter-chronometer F-5041 and
amounted to 1.04 %.

The total relative error in measuring the intake air
temperature when using V7-16A universal digital voltmeter
and the TSP-0879-01 platinum resistance thermometer
was £0.93 %. The relative error in measuring the tempera-
ture of exhaust gas and surface of the combustion chamber
using A-565 digital device and a chromel-alumel thermocou-
ple was £0.88 % in the temperature range 100—-800 °C.

Inlet depression AP; was measured with a standard pres-
sure gauge of accuracy class 0.4. The total error of depression
measurement at the intake was £1.01 %.

Required accuracy in determining angles of the fuel
injection start ¢, and ignition advance 6, was achieved
by controlling these values with a special diagnostic device
DTA-1 and an electronic stroboscope LS-911. The maximum
permissible measurement error did not exceed 0.5.

Thus, all parameters of the engine measured and cal-
culated during the experiment were determined with the
required accuracy.

A modernized 1D 8.7/8.2 two-stroke spark-ignition en-
gine with a two-channel crank-chamber purging was used
in experimental studies. It had symmetrical phases of gas
distribution: the start of gas blowoff at 102° crank angle
degree (° CA) after TDC, the start of purging at 123° CA



after TDC. The engine was equipped with an air-cooling
system and a DFI system based on the NVR-1 fuel pump for
implementing the operating process with SLFAC.

A symmetrical hemispherical combustion chamber was
installed in the engine cylinder head to provide a geometric
compression ratio €=16.3. The area of the displacer around
the combustion chamber neck was 71 % of the piston bottom
area. A fuel nozzle with a valve atomizer was installed in the
cylinder wall opposite the outlet port to form a fuel stream
with the peripheral distribution of fuel particles. The nozzle
atomizer axis was directed to electrodes of the ignition plug
mounted in the upper part of the combustion chamber in
alignment with the cylinder.

Since the zone of main engine operating modes was in
the range n=2,000-3,000 rpm and the engine was intended
to function as a drive for electric generator and pneumatic or
hydraulic supercharger [47] in a combined power unit with
a pneumatic motor, studies were carried out at crankshaft
speed n=3,000 rpm.

The engine worked in all modes at a constant ignition dwell
angle 6;,,=10° CA before the top dead center (TDC) and a con-
stant moment of fuel injection start ¢;,;=224° CA after TDC.
Preliminary experimental studies defined these data obtained
at n=3000 rpm as rational adjustment parameters.

In the zone of minimum loads (mode A), experimental
studies on the adjustment characteristic were carried out to
determine economical FAM composition in the engine cylinder
(Aeyiee) at n=3,000 rpm in order to obtain minimum specific
effective fuel consumption g, nin. With a fixed cycle fuel feed
(Beyete=6 mg/cycle) and open-air throttle, in the modes of
adjusting characteristic, inlet depression decreases (APy) and
intake of fresh charge, air, (G,) to the engine increases (Fig. 1).

the power composition of FAM (Aeyr=heyr. ec. =Aeyl. pow=1.7).
In this case, the temperature of the combustion chamber
surface ., increases from 113 to 153 °C and the tempera-
ture of exhaust gases decrease from 252 to 248 °C. Further
opening of the air throttle to AP,=11.5kPa contributes to
an increase in air Gp incoming the engine to 31.151 kg/h
and the excess-air factor in the cylinder ., to 1.76 but
also leads to a decrease in effective power to N,=3.31 kW
and increase in specific effective fuel consumption g, up to
309 g/kWh) which is consistent with an increase in tem-
perature of exhaust gas to ¢,,=255°C and surface of the
combustion chamber to ¢, ., =155 °C.

With an increase in the cycle fuel feed to Beyee=
=7.6 mg/cycle, the studies were carried out according to the
adjustment characteristic in mode B (Fig. 2).

When the air throttle is opened, inlet depres-
sion AP, decreases from 10.75 to 6.5 kPa which con-
tributes to an increase in airflow rate G, from 33.33 to
45.01 kg/h. In this case, in the partial adjustment mo-
de (APs=9.5kPa and G3=37.59 kg/h), effective power in-
creases from initial value N,=4.58 kW (p,=0.196 MPa) to
Nemax=5.23 kW (p,=0.216 MPa). The value of i, also
increases from Ag,=1.31 to Aey=Aeyi pow—1.46 which corre-
sponds to the power composition of FAM in the engine cyl-
inder. Fuel consumption g, is reduced to 275 g/kWh.

At this section of the adjusting characteristic, the
combustion chamber surface temperature . rises from
151 to 160 °C and the exhaust gas temperature first rises
from 268 to 286 °C (p.=0.214 MPa) and then decreases to
275°C (p.=0.216 MPa).

With a further increase in airflow rate G, at the inlet,
effective engine power N, decreases. With an increase in

G, to 40.14 kg/h (p.~0.192 MPa), the

375 1 r 0.155 temperature of the combustion chamber
\ decreases to t..,=155°C. The exhaust
as temperature in this mode decreases
300 1 =" | 0.150 fo te_g_=2pG3 °C and the factor of excess-air
in the cylinder reaches Acy;=heyrec=1.94
l L a—" which corresponds to economical compo-
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sition of FAM and minimum specific effec-
tive fuel consumption g, in=259 g/kWh.

A subsequent increase in the in-
take airflow to the maximum value
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(G,=45.01 kg/h) leads to a decrease in ef-
ficiency of the combustion process which
is characterized by an increase in the
exhaust gas temperature (¢, 5=265°C)
and temperature of the combustion
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Fig. 1. Adjustment characteristic. Mode A

A decrease in depression AP at the inlet from 14 to
12 kPa contributes to an increase in the air entering the
engine G, from 19.34 to 29.19 kg/h and an increase in the
effective power N, from 3.19 to 3.32 kW. The increased
effective power corresponds to the mean effective pressure
pe=0.144 MPa at which minimum specific effective fuel con-
sumption g, min is 299 g/kWh.

The value of the excess-air factor in the cylinder is at a
level of the limit of effective leaning and is combined with

.7 18

0.130 chamber surface (¢..,=165°C), a de-

crease in effective power to N,=4.45 kW

A (p.=0.1873 MPa) and an increase in fuel

o consumption to g,=289 g/kWh.

With an increase in G, at a fixed

cycle feed of fuel, Bgyc=7.6 mg/cycle,

values of the factor of excess-air in the cylinder increase from

Leyi=1.31 to the power composition of the FAM A¢ys por =1.46

corresponding to the value of maximum effective power of
the engine N, n.x=5.23 kW.

With a fixed setting of eccentric position at the NVR-1
mechanical fuel pump, which regulates the value of the
cycle fuel feed (Beyee), further experimental studies were
carried out using adjustment characteristic in mode B at
Beyele=9.4 mg/cycle (Fig. 3).
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Fig. 3. Adjustment characteristic. Mode C

Opening of the air throttle in mode B of the adjusting
characteristic for the FAM composition helps to reduce
depression at the inlet AP from 8 to 2 kPa, increase airflow
rate G, from 42.57 to 58.39 kg/h and leaning of the FAM
from Aey=1.33 to Agy=1.83.

In the partial mode of the adjusting characteristic cor-
responding to AP;=6.5 kPa and G,=45.25 kg/h, the engine
develops a maximum effective power of N, ;.x=6.76 kW
(p.=0.288 MPa) with power composition of FAM
Aeyl. poe =1.36 (Fig. 6). In this case, specific effective fuel
consumption decreases to g,=268 g¢/kWh which is con-
sistent with a decrease in the exhaust gas temperature to
t.2=320 °C and an increase in the temperature of the com-
bustion chamber surface to ¢, ., =170 °C.

In the subsequent characteristic modes, the opening of the
air throttle to AP,=3 kPa contributes to an increase in airflow
rate up to G,=53.37kg/h and ensuring minimum specific
effective fuel consumption g, nin=259 g/kWh with a value of
the effective FAM leaning limit Acyr..=1.78 (p.=0.274 MPa).
In this case, the exhaust gas temperature decreased to
t.=296 °C and the temperature of the combustion chamber
surface remained at the same level (¢.,=170 °C).

to g,=273 g/kWh at p,=0.331 MPa and
the exhaust gas temperature ¢., de-
creases from 362 to 354 °C with an increase in the com-
bustion chamber temperature .., from 170 to 177 °C.

A further decrease in depression at the inlet to
AP;=0.5 kPaand anincreaseinairflow rateto G,=60.81 kg/h
leads to a decrease in engine power to N,=7.51 kW and
provides minimum fuel consumption g, ,in=259 g¢/kWh at
a value of the economical effective leaning limit of FAM
Aoyt ec=1.66 (at p,=0.322 MPa) and a decrease in tempera-
ture of the exhaust gas to £, =318 °C and the combustion
chamber to ¢, =190 °C.

A subsequent decrease in depression to AP;=0.25kPa
and an increase in airflow rate to G,=62.04 kg/h contribute
to an increase in Aqy to 1.72 and a decrease in engine power
to N,=7.13 kW (at p,=0.318 MPa), an increase in fuel con-
sumption g, up to 269 g/kWh with increasing temperature
of the exhaust gas to t.z=345°C and of the combustion
chamber surface to ¢, =191 °C.

Nature of the change in the values of fuel consumption g,
depending on FAM composition in the engine cylinder A, in
modes A, B, C, D of adjustment characteristics (Fig. 1-4) is
consistent with the known data reported by researchers of
operating processes of SIE with FAM stratification [48—50].
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Fig. 4. Adjustment characteristic. Mode D

7. Construction of load characteristics of rational
adjusting taking into account maximum economy and
power

Based on the adjusting characteristics (modes A, B, C,
D) in terms of the composition of the FAM in the cylinder
Loyt at a fixed cycle fuel feed (Bgyce=6, 7.6, 9.4, 11 mg/cycle)
and a constant crankshaft speed n=3000 rpm (Fig. 1-4), a
load characteristic of rational adjustment of the economy of
a two-stroke spark-ignition engine 1D 8.7/8.2 at DFI and
organization of the operating process with SLFAC (Fig. 5)
was constructed.

500 A

450 A

400 A

amount of fresh charge G, delivered to
the engine from 29.19 up to 60.81 kg/h.

With an increase in load and power,
the composition of FAM was enriched to
Ayt ec.=1.66buttheminimumfuel consump-
tion values were almost at the same level:
8e min:259 g/kWh

With an increase in load above p,=0.322 MPa, the air
throttle remained fully open (AP;=0) and power was raised
in a qualitative way: FAM composition was enriched by in-
creasing cycle fuel feed. Enrichment of FAM to Ay..=1.39
contributed to an increase in load to p,=0.418 MPa and fuel
consumption to g,=268 g/kWh.

In the zone of increased loads (p,=0.418+0.428 MPa)
where a homogeneous FAM is formed in the entire over-pis-
ton space without FAC stratification,
adjustment characteristics in terms of
FAM composition were not recorded
because the air throttle was fully open
(APs=0) in these engine operating modes.

When the load was increased to
p.=0.428 MPa by increasing the cycle fuel
feed up to B.yc,=14.87 mg/cycle, amount
of fresh charge entering the engine in-

- 2.0

1.5

g., gkWh

creased to G,=71.36kg/h and the ex-
cess-air factor in the cylinder (A¢, cc) de-
creased to 1.31 which lead to an increase
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in fuel consumption to g,=273 g/kWh.
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of rational adjustment with taking into
account the maximum economy of the
engine at #=3,000 rpm, exhaust gas tem-
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Fig. 5. Load characteristic of rational adjusting in terms of maximum economy

Using the load characteristic of rational adjustment
of the economy at #n=3,000 rpm, it is possible to assess the
influence of the level of effective FAM leaning limit corre-
sponding to the economical composition of SLFAC in the
engine cylinder (Aey .c) on the values of maximum engine
economy in a form of minimum value of the specific effective
fuel consumption g,.

The economical FAM composition presented in a form
of the excess-air factor in the cylinder (Aey=heyr ec), inlet air

p., MPa

0.42 perature increased from 248 to 345°C
when the load increased from p,=0.144
to p.=0.428 MPa. The temperature of
the combustion chamber surface was ¢,
225 °C at the maximum load.

Based on the adjustment characteristics in terms of FAM
composition in the cylinder A, (Fig. 1-4) and taking into
account the power composition of FAM A1 pow, load char-
acteristic (n=3,000 rpm) of rational adjustment in terms of
maximum power was built. The two-stroke spark-ignition
engine 1D 8.7/8.2 worked with internal mixture formation
and organization of the operating process with FAC stratifi-
cation at partial loads and a homogeneous FAM composition
in the entire over-piston space (Fig. 6).



Influence of power composition of FAM in the cylinder
(Aeyipow) in the formation of a stratified and homogeneous
FAC on the engine efficiency in terms of specific effective
fuel consumption g, was estimated in modes of the load char-
acteristic of rational adjustment in terms of maximum power.
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—

400

g., g’kWh

350

tional adjustment of maximum power (Fig. 6) and economy
(Fig. 5).

As aresult, a decrease in fuel consumption (g,) was found
when using the load characteristic of rational adjustment
in terms of the maximum economy compared to the load
characteristic of rational adjustment in
terms of maximum power. Fuel consump-
tion g, was cut to 7.5 % at minimum loads
(p.=0.144+0.192 MPa), 5.82% in the
partial load zone (p,=0.192+0.26 MPa)
and by an average of 4.1 % in the me-
dium-load zone (p,=0.26+0.38 MPa).

An increase in engine economy was
consistent with a decrease in exhaust gas
temperature in the zone of partial and me-
dium loads by an average of 7 % at almost
the same combustion chamber surface
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Fig. 6. Load characteristic of rational adjustment in terms of maximum power

The rational power composition of FAM (A pow) in
the modes of adjustment characteristics (Fig. 1-4) at a
fixed cycle fuel feed B, was determined by enriching the
FAM and reducing the amount of incoming air (G,) at the
engine inlet when closing the air throttle and increasing
depression at the inlet (APy) until the maximum value of
the effective power (N,) or average effective pressure (p,)
was reached.

Excessive enrichment of FAM leads to an unacceptable
decrease in power, an unjustified increase in fuel consump-
tion and greater emission of harmful substances from ex-
haust gases, at least in a form of carbon monoxide CO.

It can be seen from the presented load characteristic of
rational adjustment of maximum power that with an increase
in load from minimum value p,=0.144 MPa to p,=0.284 MPa
when the air throttle was opened to obtain depression at inlet
AP=6.5kPa, the amount of air G, incoming to the engine
increased from 29.19 up to 45.25 kg/h (Fig. 6).

The value of the optimal power composition of the
FAM in the engine cylinder represented as the excess-air
factor (Aeyrpow) decreased from 1.7 to 1.37. Specific effec-
tive fuel consumption g, in this load range was reduced
from 299 to 268 g/kWh.

With a further increase in load to p,=0.418 MPa which
corresponds to complete opening of the air throttle (AP;=0),
amount of air entering the engine to G,=70.74 kg/h and a
cycle fuel feed to By, =14.29 mg/cycle, the excess-air factor
changed insignificantly (Acyspor=1.37+1.39). Fuel consump-
tion g, in this load range remained virtually unchanged and
averaged 270 g/kWh (Fig. 6).

In the zone of increased loads (p,=0.418+0.428 MPa),
values of exhaust gas temperature (.5) and combustion
chamber surface temperature (¢,.;), amount of air at the inlet
(G,), cycle fuel feed (Bycr), excess-air factor in the cylinder
(Aeyr) and, accordingly, specific effective fuel consumption
(g.) were the same in terms of the load characteristics of ra-

Pe, MPa

maximum power with respect to the charac-
teristic of rational adjustment of maximum
economy is connected with a decrease in the
excess-air factor (Aq,) and, accordingly, an
increase in the mass of FAC per unit surface
area of the over-piston space.

0.42

8. Discussion of the results obtained in studying
the characteristics of rational adjustment of FAM
composition on a two-stroke engine with internal

mixture formation

Based on the established prospects of using internal
mixture formation taking into account peculiarities of its
application to a two-stroke spark-ignition engine, an oper-
ating process with SLFAC was developed to obtain high
technical, economic and environmental indicators [41].
Modernization of design of a two-stroke spark-ignition en-
gine and the installation of the DFI system have ensured the
implementation of the operating process with SLFAC and
the engine operation in modes of partial loads with an excess
air coefficient in the cylinder Aq,>1.

Use of the procedure of recording the adjustment char-
acteristics of a two-stroke engine in terms of FAM compo-
sition in the cylinder (A, (1) at a constant cycle fuel feed
and adjustment of air intake has made it possible to more
accurately determine economic and power compositions of
FAM. This is connected to that, for example, there is about
15 times more air than fuel in the stoichiometric composition
of FAM and the NVR-1 mechanical fuel pump provides a
relatively rough dosage of the cycle fuel feed because of its
design features.

Recording of adjustment characteristics in terms
of FAM composition has made it possible to determine
values of the economical (Agyrec) and power (Aeyipow) com-
position of FAM (Fig. 1-4) in the studied engine operation
modes at 7=3,000 rpm. The economical composition of FAM
(AeyLec) corresponded to the minimum specific effective fuel
consumption (g, min) and the power composition of FAM
(Aeytec) corresponded to the maximum value of average ef-
fective pressure (p,).



Using the data of economical (A¢yzec) and power (Aeypow)
composition of the adjustment characteristics of the FAM
(Fig. 1-4), load characteristics (#=3,000 rpm) with mini-
mum fuel consumption (Fig. 5) and maximum power were
constructed (Fig. 6).

Development and implementation of the operating pro-
cess with SLFAC on a spark-ignition engine have made it
possible to solve the problem of formation (at the time of ig-
nition and subsequent combustion) of a qualitatively mixed
lean composition of FAM surrounded with relatively clean
air. The lean quality composition of FAM was ensured by
evaporation of a part of the cycle fuel feed from the surface
of the combustion chamber with directed intensive air move-
ment above it. In the course of the combustion process, lean
FAM was supplied towards the flame front which has made
it possible to intensify the combustion process and reduce its
time. Based on experimental studies with a 1D 8.7/8.2 two-
stroke spark-ignition engine, it was found that combustion
duration with SLFAC formation decreased on average by
40 % compared to the external mixture formation (carbu-
retor feed system) and by 36 % compared to organization of
the operating process with stratification of enriched FAM
composition [51, 52].

The main advantages of the studies can be attributed to
the fact that they demonstrated the possibility of reducing
fuel consumption through the organization of the operating
process with SLFAC which ensured efficient combustion of
lean FAM composition (Fig. 5). A relatively simple proce-
dure of determining rational FAM composition in the engine
cylinder has made it possible to establish with sufficient
accuracy the range of effective FAM leaning.

Similar studies were carried out to solve a problem asso-
ciated with improving the economy of a spark-ignition engine
during DFI due to FAM leaning in a stratified FAC [50].
In this study, the effect of fuel injection at the intake stroke
and double injection at the compression stroke on the qual-
ity of FAM formation and combustion characteristics was
considered. Organization of the operating process makes
it possible to adjust FAM composition by the intensifica-
tion of the processes of stepwise injection of the cycle fuel
feed, however, it does not provide an increase in the speed
of combustion of lean FAM composition which reduces its
efficiency. A detailed analysis of the mixture formation and
combustion processes using high-speed filming was made
and 3-D modeling of hydrodynamic processes in the engine
cylinder was used in the KIVA software package. However,
the strategies used in the studies did not allow the authors
to increase the speed of the lean FAM combustion and fully
ensure the expansion of the limits of effective FAM leaning.

For effective application of the study results in practice
and analytical studies, it is necessary to take into account
all design features and adjustment parameters of the mod-
ernized 1D 8.7/8.2 two-stroke engine and the NVR-1 DFI
mechanical system.

Obtaining similar or improved technical and economic
indicators with spark-ignition engines and engines of differ-
ent designs is possible using features of the organization of
the operating process with SLFAC [41]. The main conditions
that determine the effective organization of the operating
process with SLFAC include:

— formation of a lean FAM volume symmetrical to the
cylinder axis with relatively clean air near the walls of the
over-piston space;

— ensuring the quality composition of the entire volume
of lean FAM in the area of the ignition plug electrodes at the
time of ignition;

—ensuring FAM temperature at the time of ignition close
to the temperature of self-ignition but not exceeding it;

— providing almost diffusive combustion with an inten-
sive feed of air into the combustion zone and simultaneous
removal of combustion products from it.

Further expansion of the limits of effective leaning of the
air-fuel mixture can be achieved through adjusting exhaust gas
recirculation and the use of fuel with a higher-octane number.

9. Conclusions

1. An operating process has been developed for spark-in-
jection engines with internal mixture formation by ana-
lyzing well-known operating processes and considering
improved processes of gas exchange, mixture formation, and
combustion. The operating process makes it possible to effi-
ciently burn SLFAC in modes of partial loads and a homo-
geneous power composition of FAM in the entire over-piston
space in modes of high loads.

Taking into account features of the organization of the
operating process, the design of the two-stroke spark-igni-
tion engine 1D 8.7/8.2 was modernized. A DFI system was
installed on the engine, a fuel nozzle was mounted in the
cylinder wall and a hemispherical symmetric combustion
chamber installed in the cylinder head was used.

2. Taking into account peculiarities of the NVR-1 me-
chanical fuel equipment with a cup-type seal of the plunger
and air to fuel ratio in FAM=15:1, a procedure has been
developed for adjusting the composition of FAM in the cyl-
inder of a two-stroke spark-ignition engine with DFI. The
procedure makes it possible to record engine parameters and
indicators at a constant cycle fuel feed and adjustment of the
incoming fresh charge at the inlet by changing the position
of the air throttle in modes of the load characteristic.

3. Based on the results of experimental studies, adjust-
ment characteristics were constructed in terms of FAM
composition in the cylinder of the 1D 8.7/8.2 two-stroke
spark-ignition engine with DFI in modes of load character-
istic at n=3,000 rpm.

The range of values of rational economical FAM compo-
sition was determined A7 0.=1.66+1.94 which corresponded
to the limit of its effective leaning and provided a minimum
specific effective fuel consumption g, yi, in the range from
259 to 299 g/kWHh.

The range of values of rational power composition of
FAM was determined Agy/p0,=1.37+1.7 which characterizes
the limit of its effective enrichment and makes it possible
to obtain maximum effective pressure p, in the range from
0.144 to 0.331 MPa.

4. Based on the values of maximum economical and pow-
er FAM compositions of the adjustment characteristics, load
characteristics of rational adjustment that provide minimum
fuel consumption and maximum power were constructed at
1n=3,000 rpm.

In modes of the load characteristic of rational adjust-
ment of maximum economy, the composition of FAM in
the cylinder (Ayie) of the engine varies from 1.31 to 1.94.
The value of minimum specific effective fuel consumption is
g0 min=259 g/kWh at p,=0.192+0.38 MPa.



In the modes of load characteristic of rational adjustment ~ Fuel consumption is g,=270 g/kWh in the partial load range
of maximum power, the value of FAM composition in the cyl-  (p,=0.26+0.43 MPa) which is on average 4.1 % higher com-
inder (Aeyipow) of the engine is in the range from 1.31 to 1.7.  pared to the rational adjustment of economic efficiency.
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