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The vehicles (hereinafter, Vs) that operate on conven-
tional liquid motor fuels have contributed to the critical pol-
lution of the environment. Therefore, over the past decade,
the need has emerged for using more environmentally friend-
ly types of fuels, which primarily include gas motor fuels.

Modern wheeled vehicles (hereinafter, WVs), especial-
ly buses and trucks and tractors, as well as municipal and
agricultural machinery, are mostly equipped with the diesel
engines having high operating costs of the diesel fuel. Thus,
it is expedient to replace it with the most widespread and
ecologically clean gas motor fuel — liquefied petroleum gas
(hereinafter, LPG) [1, 2].

Thus, the most effective way to increase the use of LPG
as a motor fuel is to convert the diesel engines of Vs into gas
ICE with spark ignition. Such operations are appropriate and
possible for both new Vs and those already in operation.

The main advantages of this re-equipment are the 100 %
replacement of the diesel fuel with cheaper LPG and the re-
duction of harmful emissions in the exhaust gases [2, 3]. That
also helps reduce the outside noise, preserve energy parame-

ters of gas ICE at the level of 80...100 % of a standard diesel
engine, as well as improve the engine motor resource, etc.

In addition, the benefits of using LPG also include the
fact that it is stored aboard the Vs under small pressure (up
to 1.6 MPa) in relatively light gas cylinders. In this case, in
contrast to the compressed natural gas, LPG has a volumetric
energy density close to gasoline and diesel fuels.

Conversion (re-equipment) of the Vs diesel engine to gas
ICE with spark-ignition requires both complete dismantling
of the power supply and diesel fuel injection systems and
partial disassembly and introduction of the corresponding
changes to the structure of ICE.

The main changes in the design of ICE include a set of
operations aimed at reducing the degree of compression of
the diesel engine in order to ensure its no-detonation work
due to the relatively low values of the LPG octane numbers.

Thus, reducing the ratio of compression is one of the most
complex and laborious operations that significantly influen-
ces both the time and cost of the Vs diesel engines conversion
into gas ICE.

Given that the average retail price of LPG in recent
years has amounted to 40...45 % of the price of the diesel fuel,



conversion of the diesel engines into gas ICE is an effective
way to reduce operating costs of diesel-based Vs. In addition,
the use of LPG as a motor fuel for Vs makes it possible to
increase the share of alternative types of gas motor fuels in
the total volume of motor fuels.

2. Literature review and problem statement

Paper [4] reports the results of studying a gas ICE con-
verted on the basis of a serial 4-cylinder turbocharged diesel
engine of the X17DTL model. The gas ICE was converted
to operate on LPG with the Otto thermodynamic cycle [5].
The geometric degree of compression of the diesel engine
from 22 to 13.1 was reduced in the simplest way — by adding
two additional gaskets to a cylinder unit head. However, this
technique leads to a significant deterioration of the environ-
mental parameters of the converted ICE, and does not make
it possible to reduce the compression degree to the values
required to make the LPG-based engine operate without
detonation. In addition, the presence of three gaskets in the
cylinder unit head significantly reduces the ICE reliability.

The results of a study into the re-equipment of the
tractor diesel engine D-240 to the gas ICE with forced ig-
nition to operate on compressed natural gas were reported
in paper [6]. The geometric compression degree of the diesel
engine was reduced from 16 to 12 in the same way as it was
reported in [4]. The disadvantages of the cited work are simi-
lar to flaws in [4].

In addition, the disadvantage of the converted gas
ICEs [4, 6] is the absence of a «mechanism» (controller) to
limit the maximum frequency rotation of a gas ICE, which
can lead to its destruction when operated under the modes
of forced idling.

Another technique to reduce the compression level is to
use a Miller thermo-dynamic cycle [7], which provides a de-
crease not in the geometric but actual compression degree. In
a Miller-cycle-based ICE, a tact of compression is conditio-
nally reduced, but not decreasing by time but by the degree
of compression of a working mixture. That is, the working
mixture of such ICE is compressed less than that in a Miller-
cycle-based ICE, which has the same geometric dimensions.

Study [8] analyzed a possibility to increase the efficiency
of a 6-cylinder turbocharged gas ICE by increasing the geo-
metric degree of compression co MPared to using a Miller
cycle. The gas ICE, designed to operate on natural gas, had
a capacity of 338 kW-h at a 1,900 min~" rotation frequency, it
was equipped with an open combustion chamber with a volu-
metric mixture formation; its compression degree equaled 11.
It was shown in the cited study that the increase in the
geometric compression degree from 11 to 12 and 13 could be
achieved by reducing a combustion chamber volume in the
piston, reducing the diameter and height of the combustion
chamber. Next, the results of the calculation of the gas ICE
parameters that used the Miller cycle were analyzed. The
calculations were conducted for three angles of the earlier
closing of the inlet valve and for three angles of the later clos-
ing of the inlet valve. Based on the optimal result of the cal-
culations, the authors changed the structure of the gas ICE.
Their experimental study of the gas ICE showed that when
closing the inlet valve 40 degrees earlier, the compression
degree increases up to 13 units, and the maximum thermal ef-
ficiency reaches 47 %. However, the authors disregarded the
fact that an increase in the thermal efficiency of the Miller

cycle relative to the Otto cycle is acco MPanied by the loss
of torque (capacity) of ICE because of the deterioration of
cylinder filling.

Paper [9] considered two ways to reduce the degree of the
diesel engine compression when converting it to a gas ICE.
A first technique implied that the geometric compression
degree of the diesel engine decreased by introducing addi-
tional gaskets for the cylinder unit head. The result was the
decrease in the compression degree, similar to [4], reduced
to 13.1. According to a second technique, a reduction in the
compression degree was achieved by using a Miller cycle
through the later closing, by 22.5 degrees, of the inlet valve.
That allowed the authors to reduce the compression degree
to 13.2. However, they did not answer how it was possible to
avoid the no-detonation work of the engine on LPG at such
a high degree of compression.

A possibility to improve the efficiency of gas engines (re-
equipped based on diesel engines) by using the Miller cycle
was considered in article [10]. The possibility of a higher fuel
economy was shown when utilizing stochiometric mixtures
and at the same time geometric compression degree as that
in the diesel engine. To further reduce the toxicity of exhaust
gases and to ensure operation on lean mixtures, it is recom-
mended to use a new, more complex and costlier, system of
selective catalytic treatment.

Article [11], which is a continuation of work [10], ana-
lyzed and compared the complexity and cost of the systems
for neutralizing the exhaust gases from the diesel engines, as
well as from petrol and gas ICEs. It was shown that for these
engines to meet the pollutant emission norms within Euro
4 to Euro 6, the complexity and cost of treatment systems
substantially increases. In this case, the complexity and cost
of the gas ICE cleaning systems to comply with the norms
within Euro 4 to Euro 6 do increase but less than those in
the diesel engines.

Thus, the conversion of the diesel engines into gas ICEs
with the application of a Miller cycle makes it possible to
solve only the issue that concerns the reduction of compres-
sion degree without changing the design of a combustion
chamber. However, the diesel engine combustion chamber
is designed for the organization and efficient progress of the
working process exclusively on diesel fuel. In order to en-
sure the energy-efficient combustion process of gas fuels, in
particular LPG, the engine must have the shape of the com-
bustion chamber that differs from that in the diesel engine.
However, it should be noted that the conversion of the diesel
engines into gas ICEs using a Miller cycle (without changing
the combustion chamber shape) does not address the main
problem of ensuring energy-efficient and environmentally
friendly operation of the gas ICE.

In turn, when converting the diesel engines to gas ICE
to be operated using an Otto cycle the reduction of the geo-
metric degree of compression is achieved by increasing the
volume of the combustion chamber. In this case, a new shape
of the chamber makes it possible to resolve the task of provid-
ing energy-efficient and environmentally friendly operation
of the LPG-based gas ICE.

At present, the world engine engineering is dominated by
the production of engines with the unpartitioned combustion
chambers located in the piston. Thus, hereafter, in order to
convert the diesel engines to gas ICEs to be operated using
an Otto cycle, such a change in the shape of the combustion
chamber will be considered that relates only to such combus-
tion chambers.



The main types of the non-divided combustion chambers,
which are most common in the automotive and tractor die-
sel engines, are shown in Fig. 1. These include combustion
chambers that enable: a volumetric-film mixture forma-
tion (Fig. 1, @), a volumetric mixture formation (Fig. 1, b), and
film mixture formation or the M-process (Fig. 1, ¢) [12—14].

The compression degree in the non-divided combustion
chambers shown in Fig. 1 can be reduced by the following
five techniques:

1) increasing only the volume of the combustion chamber
located in the piston;

2) using pistons with a reduced distance from the axis of
the piston finger to the bottom of the piston;

3) increasing only the volume of the combustion chamber
located in the cylinder unit head,

4) both by a partial increase in the volume of the com-
bustion chamber in the piston and a partial increase in the
volume of the combustion chamber in the cylinder unit head;

5) both by a partial increase in the volume of the com-
bustion chamber in the piston and by installing an additional
pre-chamber located in the cylinder unit head.

Fig. 1. Types of the diesel engine non-divided
combustion chambers: a — combustion chamber that enables
a volumetric-film mixture formation; 6 — combustion
chamber that enables a volumetric mixture formation;
¢ — combustion chamber that enables a film
mixture formation

A first technique is advisable when converting the diesel
engines, which have the shapes of combustion chambers
that enable a volumetric mixture formation (Fig. 1, a), a vo-
lumetric mixture formation (Fig. 1,5), and a film mixture
formation (Fig. 1, ¢). Increasing the volume of the combus-
tion chamber is achieved changing the shape of its design,
that is, by increasing the volume of the combustion cham-
ber located in the piston. The advantages of this technique
include making significant changes in the design of only
one ICE component, the piston, as well as the possibility of
simple improvement of standard diesel engine pistons, in-
stead of fabricating new pistons involving specialized costly
casting equipment.

A second technique is advisable when converting the
diesel engines, which enable a volumetric mixture formation
and have a relatively small depth of the combustion chamber
(to the bottom). For such combustion chambers, increasing
their volume can be achieved by using new pistons with a re-
duced distance from the axis of the piston finger to the piston
bottom. In this case, if possible, it is advisable to change the
shape of the combustion chamber design as well.

A third technique is advisable when converting the
diesel engines, which also enable a volumetric mixture for-
mation (Fig. 1, a). Increasing the volume of the combustion
chamber can be achieved by increasing the volume only,
which is in the cylinder unit head in a spark plug zone. This
technique requires the manufacture of a new cylinder unit
head and, consequently, a significant increase in the labor
intensity of the conversion.

A fourth technique is also advisable in converting the
diesel engines, which enable the volumetric, film, and volumet-
ric-film mixture formation (Fig. 1, @, b). Using this technique
requires both a partial increase in the volume of the combus-
tion chamber in the piston and a partial increase in the com-
bustion chamber in the cylinder unit head in a spark plug zone.
However, this technique, in terms of making changes in the
cylinder unit head, has the same flaws as the third technique.

A fifth method is also advisable when converting the
diesel engines, which enable a volumetric-film mixture for-
mation (Fig. 1, a) or a film mixture formation (Fig. 1, b). This
technique requires both a partial increase in the volume of
the combustion chamber in the piston and a partial increase
in the volume of the combustion chamber in the cylinder unit
head. In this case, the increase in the combustion chamber in
the cylinder unit head is achieved by installing an additional
pre-chamber whose channel host a diesel injector. The advan-
tages of this technique include the fact that the installation
of spark plugs does not require the creation of a special addi-
tional channel in the head of the cylinder unit: it is installed
to an additional pre-chamber. In contrast to the third and
fourth techniques, the fifth technique, despite a slight in-
crease in the labor intensity of the conversion, can also be
used to convert the diesel engines that are in operation.

Thus, in order to convert the diesel engines into gas ICEs
with spark ignition, it is advisable to use a thermodynamic
Otto cycle with a decrease in the geometric degree of compres-
sion by increasing a combustion chamber volume in the piston.
Such a technique makes it possible to use standard diesel
pistons and to install the spark plugs in the modified channel
of the cylinder unit head instead of dismantled diesel nozzles.

3. The aim and objectives of the study

The aim of this study is to substantiate the choice and
to design a shape of the combustion chamber of gas ICEs
operated on LPG, converted on the basis of standard diesel
engines, which are in operation, in order to ensure their no-
detonation, energy-efficient, and economical performance.

To accomplish the aim, the following tasks have been set:

—to design a shape of the combustion chamber, which
makes it possible to reduce the geometric degree of engine
compression to the value that ensures its no-detonation,
energy-efficient, and economical operation on LPG;

—to fabricate (on the basis of regular pistons for the
diesel engine D-240) pistons for gas ICE with the designed
shape of the combustion chamber;

—to design and fabricate a special electronic control
unit (hereinafter, ECU), limiting the maximum rotation fre-
quency of a gas ICE;

— to convert the transportation diesel engine D-240 into
a gas ICE operated on LPG with installing the pistons with
the designed shape of the combustion chamber;

—to carry out bench testing of the gas ICE, model
D-240-LPG, in order to determine its energy and economic
indicators.

4. Basic requirements for the shape of the combustion
chamber of gas ICEs operating on LPG

The combustion chamber shape of the gas ICE with spark
ignition must ensure the required compression ratio for the



combustion of LPG and the minimal heat losses through the
surface of the combustion chamber, that is, the minimum
surface area of the combustion chamber [14].

In addition, the shape of the combustion chamber should be
such that its manufacture could employ standard diesel pistons,
and their modification should be made possible using regular
technological equipment (lathes) for the machining of parts.

The degree of compression of a gas ICE, which should
operate on LPG, is selected taking into consideration the oc-
tane number of the LPG. In its turn, the LPG octane number
depends on its grade [15], which is defined by the amount of
propane and butane included in its formulation. For different
brands, it slightly exceeds the octane number of conventional
gasoline. Given this, the degree of compression of a gas ICE
operating on LPG should be chosen within the compression
degrees for gasoline ICEs, that is, 9.0+10.5.

5. The shape of the combustion chamber of the gas ICE
operating on LPG, manufactured on the basis of standard
pistons for the diesel engines of models D-240

Consider the shape formation of a combustion chamber
using the piston of the gas ICE, model D-240-LPG, conver-
ted on the basis of the diesel engine D-240, as an example.

Fig. 2,a,b shows the photographs of a standard pis-
ton (catalog number 240—1004021-A) for the diesel engines of
models D-240, produced by PP «Zavod Dvigatel» (Ukraine,
Melitopol) [16]. The pistons are manufactured separately or
included in the kit «Piston MTZ «DALNOBOYSHCHIK»
D-240» (hereinafter, the piston set D-240). The compression
ratio of the diesel engine D-240 with such pistons equals e=16.

. -
13
E

o~
= =
%@ I} = j

a b

Fig. 2. Design of a standard piston for the diesel
engine D-240 with the combustion chamber CNIDI:
a, b — piston with a single groove for an oil scraper ring;
¢ — piston with two grooves for oil scraper rings

Geometric dimensions of the piston: bore — 110 mm,
stroke — 125 mm, the diameter of the combustion chamber
opening — 38.0 mm, the diameter of the combustion cham-
ber — 62.1 mm, the depth (to bottom) — 27 %18 mm, the
transition radius from the lateral wall to the chamber’s bot-
tom — 8.0 mm. The ratio of the diameter of the combustion
chamber to the cylinder diameter is d,./D=0.56(45).

The pistons are equipped with the CNIDI combus-
tion chamber, which enables a volumetric mixture for-
mation. The pistons are executed in two versions: with
3 grooves for compression rings and a single (Fig. 2, a) or two
grooves (Fig. 2, b) for oil scraper rings.

The piston is made from the high-strength aluminum al-
loy AK12M2MgN, with an antifriction coating applied onto
the working surface.

It is obvious that the diesel engine chamber CNIDI and
other shapes of non-separated combustion chambers of the
diesel engines do not meet the requirements for the gas ICE
combustion chambers, in which gaseous fuel is fed or injec-
ted to the inlet pipeline. In this case, it should be taken into
consideration that the gas ICE compression degree is signifi-
cantly less than that in the diesel engines.

In other words, in contrast to the diesel engine, which
has internal mixture formation and, as a consequence, limited
time for the formation of a homogeneous fuel-air mixture, the
gas ICE has an external mixture formation, at which the time
needed for the formation of a homogeneous gas-air mixture
increases. Moreover, after the evaporation in a gas reduc-
er-evaporator, LPG is supplied through the gas-air mixer to
the inlet pipeline in a gaseous state. Consequently, in contrast
to gasoline, gas fuel does not require time for evaporation.

As a result, the non-divided combustion chamber of
a gas ICE may have a non-complicated shape to enable a vo-
lumetric mixture formation. Thus, in contrast to the shape of
a combustion chamber for the diesel engine, the shape of the
combustion chamber for a gas ICE can be simplified and it
needs neither a turbulent edge nor a displacer.

Thus, to reduce the degree of compression of the diesel
engine (e=16), at its conversion into a gas ICE, it is neces-
sary to increase the volume of the combustion chamber (for
example, a CNIDI chamber) by almost 2 times. This is only
possible through a substantial increase in the volume of the
diesel engine combustion chamber, by transforming the semi-
closed CNIDI chamber into an open combustion chamber
for which d,/D=0.7-0.85[13]. To ensure the maximum
homogenization of a gas-air mixture and to reduce the surface
area of the combustion chamber, it is advisable to choose the
combustion chamber shape in the form of an inverted axisym-
metric «truncated cone».

In this case, its smaller base should have a diameter that
is, accordingly, 1.0-1.2 of the diameter of the bottom of the
CNIDI combustion chamber. A larger base that is directed
towards the cylinder unit head must have a diameter that is,
respectively, 0.8—0.85 of the cylinder diameter. The height
of the «truncated cone» should be 1.0-1.06 of the height of
the CNIDI combustion chamber. The bottom of the combus-
tion chamber must be paired to the lateral surface by a radius
of 2.0-10.0 mm. And the diametrical plane of the combustion
chamber must be aligned to the side surface (from the greater
base of the cone) by a radius of 1.0-4.0 mm.

Fig. 3 shows a piston of the gas ICE D-240-LPG with an
open combustion chamber whose shape corresponds to the
inverted axisymmetric «truncated cone». The pistons were
manufactured based on standard pistons (Fig. 2) for the
diesel engine D-240, which are included in the kit «Piston
MTZ «<DALNOBOYSHCHIK» D-240».

By using such pistons, the compression degree of the
gas ICE D-240-LPG was reduced to €=9.5. The ratio of
the diameter of the combustion chamber (greater base of
the «truncated cone») to the diameter of the cylinder is
d../D=0.818, and of the smaller base of the diameter of
the «truncated cone» bottom to the bottom of the CNIDI
combustion chamber is, respectively, 1.04. The height of the
«truncated cone» to the height of the CNIDI combustion
chamber is, accordingly, 1.059. The combustion chamber bot-
tom is connected to the lateral surface by a radius of 8 mm,
and the combustion chamber’s diametrical plane is aligned
to the side surface from the greater base of the cone by a ra-
dius of 1.0 mm.
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Fig. 3. A piston of the gas ICE D-240-LPG with
a shape of the combustion chamber in the form of an
inverted axisymmetric «truncated cone»: a, ¢ — photographs
of the piston and combustion chamber; b — a model of the
piston cross-section

6. Features of the re-equipment of the diesel engine
D-240 into the gas ICE D-240-LPG operating on LPG

The gas ICE, model D-240-LPG, has been converted,
based on the diesel engine D-240, by carrying out its over-
haul with the dismantling of the regular diesel fuel supply
system. In the process of conversion, the engine design was
modified by making such changes as the improvement of the
cylinder unit head for the diesel engine in order to install
the spark plugs, and, to reduce the degree of compression, by
installing the new modified piston.

The cylinder unit head was modified in order to install
the spark plugs by cutting the screw with 12x1.25 threads
in the cylinder unit head ducts of the diesel engine D-240,
intended to install the diesel nozzles.

Before that, the gas ICE D-240-LPG was supplemen-
ted with four sets «Piston MTZ «<DALNOBOYSHCHIK»
D-240» with new pistons (Fig. 3) with an open combustion
chamber in the form of an inverted axisymmetric «truncated
cone». The kit included a new piston, compression and oil
scraper rings, a cylinder sleeve, a piston finger, retainer rings
and sealing gaskets under the cylinder sleeve.

In addition, the converted gas ICE D-240-LPG was sup-
plemented with a system to supply gas fuel (specifically, LPG)
and a contactless electronic ignition system with a movable
voltage distributor; the air supply system was changed, too.

The gas ICE power system includes the elements of spe-
cialized equipment, shown in Fig. 4. In this case, the gas-air
mixer (Fig. 4, f) is mounted onto the inlet pipe before the
throttle valve.

All elements of the LPG supply system, installed on the
gas ICE, model D-240-LPG, meet the requirements of the
Regulation No. 67 [17].

It should be noted that when converting the diesel engine
D-240 into the gas ICE D-240-LPG, the diesel fuel equipment
was dismantled along with a mechanical regulator of rotation
frequency. As a result, the gas ICE with the LPG feed to the
inlet pipeline remains without the «mechanism» (controller)
that limits the maximum rotation frequency. That is, the
absence of the controller leads to that, after the gas engine
achieves the rated rotation frequency, given a possibility of
the further growth of gas supply, the rotation frequency can
increase, rather than decrease, as is the case when during
operation based on the external regulatory characteristic of
the diesel engine (dependence N, 4 in Fig. 10, a). Thus, during
a gas engine operation the maximum rotation frequency, set by
a manufacturer for the corresponding diesel engine model, can
be exceeded, which could lead to the destruction of the engine.

To avoid such an event, a special ECU Avenir Gaz was de-
signed and manufactured, shown in Fig. 5. The ECU is built on
the basis of an 8-bit microcontroller PIC16F (Microchip Tech-
nology Inc.) with a clock frequency of 20 MHz. The processing
power (performance) of the microcontroller reaches 5 DMIPS.

The main purpose of ECU is to limit the maximum fre-
quency of rotation by controlling the operation of shut-off
valves (integrated into the multivalve, gas filter and reducer-
evaporator) of the LPG supply system (Fig. 4, b—d).

The ECU Avenir Gaz operates in the following way. A sig-
nal from a Hall sensor, located in distributor 1 of the ignition
system (Fig. 6), is sent to the terminal of its electronic switch
and is duplicated and arrives at ECU. This signal, whose pulse
frequency is proportional to the current rotation frequency
of the crankshaft, is processed by ECU and compared to the
pre-programmed magnitude of the maximum frequency. In the
case when the magnitude of the current frequency of the en-
gine rotation frequency reaches the magnitude of the pre-pro-
grammed maximum rotation frequency, ECU acquires a signal
of +12V from the coil of the relay, arranged on the ECU board.
As aresult, the contacts of the relay open and the shut-off elec-
tromagnetic valves (integrated into the multivalve, gas filter
and reducer-evaporator, Fig. 4, b—d) are closed. In this case,
the supply of LPG from a gas cylinder to the mechanical gas
dispenser and the gas-air mixer is terminated.

As a result, the engine, due to inertia, continues to rotate,
but the crankshaft rotation frequency (in the absence of LPG
supply) decreases and, after its reduction (by the magnitude
of the pre-programmed hysteresis), ECU sends to the coil of
the relay a signal of +12 V. The relay contacts close and the
shut-off electromagnetic valves (integrated into the multi-
valve, gas filter, and evaporator reducer) are opened again.
LPG from a gas cylinder is fed back to the air mixer again.
The engine starts but operates at a lower crankshaft rotation
frequency (dependence N, in Fig. 10, a).

Fig. 4. Basic elements in the gas supply system for the gas ICE D-240-LPG:
a — gas cylinder for LPG; b — multivalve with an integrated remotely controlled shut-off valve and a sensor-indicator
of LPG level; ¢ — gas filter with remotely operated shut-off valve; d — two-step gas reducer-evaporator with an integrated
remotely controlled shut-off valve; e — mechanical dispenser of gas; f— gas mixer
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Fig. 5. ECU Avenir Gaz: a — physical appearance;
b — physical appearance of the ECU board

In addition, ECU sends via the relay contacts a signal of
+12 V to the shut-off electromagnetic valves (integrated into
the multivalve, gas filter and reducer-evaporator) only at the
beginning of the launch of the gas engine. Thus, ECU makes
it impossible to supply LPG to the gas-air mixer and the inlet
pipeline before the start of the gas engine, which improves
the safety of its operation.

Note that the converted ICE is supplemented with a gas
fuel supply system (specifically, LPG) and a contactless elec-
tronic ignition system with a movable voltage distributor;
the changes were made to the air supply system, too.

Another system that the gas ICE D-240-LPG was supple-
mented with is a contactless electronic ignition system with
a movable voltage distributor (hereinafter, CEIS). The gas
ICE D-240-LPG was equipped with CEIS, which is used for
4-cylinder gasoline ICEs. The system includes an electronic
switch; a voltage distributor; a coil of high voltage; high-volt-
age wires and spark plugs. One of the most important elements
of the circuit is a photovoltaic Hall sensor, built into the volt-
age distributor. Owing to it, the electronic switch captures the
position of the gas ICE distribution shaft and determines the
moment of spark formation at a sequence of (1-3—4-2).

The main elements of CEIS and their arrangement on the
gas ICE D-240-LPG are shown in Fig. 6.

To install the distributor on the gas engine, a special me-
chanical drive was designed and manufactured, set into action
from the ICE gear unit. The distributor in an assembly with
a special mechanical drive are installed and fixed in place of
the dismantled standard high-pressure fuel pump UTN-5.

The ignition coil and four spark plugs are connec-
ted to the distributor using the kit TESLA TZ T135H of
5 high-voltage ignition wires with a resistive core and multi-
layer insulation.

Fig. 6. Basic elements of CEIS: ¢ — special drive of the
distributor with assembled distributor; 6 — ignition coil;
¢ — electronic switch; d — spark plug

The third system, which was added to the gas ICE
D-240-LPG, is a system to fill the cylinders with a working
mixture (Fig. 7).

The filling system includes an inlet pipeline assembly
(Fig. 7, a), a throttle flap with a mechanical drive (Fig. 7, b),
an adapter (Fig. 7, ¢) between the throttle and inlet pipeline,
and a gas mixer (Fig. 4, /).

c

Fig. 7. Main elements of the system to fill cylinders with
a working mixture: @ — inlet pipeline (assembled), installed
on D-240-LPG; b — throttle flap; ¢ — adapter

7. Results of experimental study of the
gas ICE D-240-LPG with pistons with the designed
shape of the combustion chamber

The energy and economic indicators of the converted
gas ICE, model D-240-LPG, were determined during bench
testing at an electric loading bench Zéllner (Germany),
type B-350AC, with a modernized microprocessor system
of measurement and control (Fig.8). The bench can mea-
sure torque in ranges from 0 to 199 N-m and from 200 to
2,000 N-m, as well as an engine rotation frequency from
100 to 6,500 min~".

The consumption of LPG was measured by the Corio-
lis-type fuel flowmeter FlexCOR CMF-BEQOB1AWC]2100A
(Fig. 9, a, b). It operates in the ranges from 0.3 to 12 kg/h and
from 12 to 250 kg/h. Air consumption was measured by the air
flowmeter GF-90-A1A00AD-AA00060DA5A4 (Fig. 9, ¢, d).
It operates in the ranges from 8 to 64 m3/h and from 64 to
1,200 m3/h (both made in the USA by FCI). The coefficient of
excessive air A was calculated by the standard program of the
measuring module, the gas analyzer VEA 060 (Fig. 9, ¢) of the
mobile complex BOSCH VEA 550.

Fig. 8. Physical appearance of the converted gas ICE,

model D-240-LPG, mounted at the Zdliner load bench:

a — gas ICE, model D-240-LPG; b — Zdllner load bench
control cabinet

In addition, in the course of tests, the modernized mi-
croprocessor measuring and bench control system registered
such parameters as the atmospheric pressure and humidity of
air in a testing cabinet; the temperature of inlet air, motor oil,
coolant, and exhaust gases.



Fig. 9. The main measuring tools and testing equipment:
a, b — mass air flow meter GF-90-A1A00AD-AA00060DA5A4; ¢, d — Coriolis-type fuel flowmeter FlexCOR (LPG);
e — module gas analyzer BEA 060 of the mobile complex BOSCH BEA 550

All the test equipment involved in the experimental
study, were calibrated or attested, and the accuracy of all
measurements was consistent with the requirements of
GOST 18509 [18] and Regulation No. 120 [19].

Fig. 10, a, b shows the external speed characteristic of the
gas ICE D-240-LPG (solid lines), determined in the process
of testing, as well as the external speed characteristic of the
diesel engine D-240 (dashed lines).

It should be added that the basic parameters of the ex-
ternal speed characteristic of the diesel engine D-240 were
derived from literary sources [20].

In addition, the tests of the gas ICE D-240-LPG involved
LPG of the PBT grade, in line with GOST R 52087 [21],
manufactured by OOO «Gazenergoset Bryansk» at Klin-
tsovskaya GNS (Republic of Belarus).

According to the Passport of Quality No. 53 as of 21.04.2019,
the LPG contains (by weight) 56.47 % of propane and 40.79 %
of butane (i-butane — 18.67 % and n-butane — 22.12 %).
The density of this LPG at 10 °C is 0.5347 kg/1.

Fig. 10, @ and Table 1 demonstrate that the rated power
of the diesel engine D-240 is N, 4=59 kW (80 hp) at the rated
crankshaft rotation frequency 7=2,200 min~'. The maximum
effective torque is M,;=305N-m, at n=1,400 min~!. The
torque margin is 19 %.

In turn, as shown in Fig. 10, @, and Table 1, the maximum
capacity of the gas ICE D-240-LPG is N, ;=57.5 kW (78 hp)
at the rated crankshaft rotation frequency n=2,250 min~!. Thus,
the rated (maximum) capacity of the gas ICE D-240-LPG was
97 % of the rated capacity of the diesel engine D-240 (Table 1).
The maximum effective torque is M,z=304 N-m, at n=
=1,300 min~'. The characteristic of the effective torque smooth-
ly increases with a decrease in the engine rotation frequency
from rated to n=1,300 min~! and then decreases. The torque
margin in the gas ICE is 22 % (Table 1), which is 3 % higher
than the margin of the diesel engine torque.

Liter power, which assesses the efficiency of the use of
the cylinder working volume, of the gas ICE is equal to
N;g=12.1kW/], while that of the diesel engine is slightly
higher N;4=12.4 kW/1.

Effective consumption of LPG in the operation of a gas
ICE based on the external speed characteristic ranges from
4.0 to 11.3 kg/h (or 7.5..21.1 1/h) at rotation frequency from
900 to 2,200 min~", respectively.

The mean effective pressure P, of the gas engine (Fig. 10, b)
varies in the range from 0.65 MPa at 2,200 min~! to 0.79 MPa
at 1,100...1,200 min~!, which generally corresponds to the in-
dicators for modern gas ICEs.

The coefficient of the gas ICE fuel cylinder filling ranges
from 0.77 to 0.96. In this case, the coefficient increases with
the reduction in the engine rotation frequency, indicating
the negative impact caused by the hydraulic resistance of the
gas-air mixer (diffuser) on the magnitude of the coefficient at
the rated and mean frequencies of rotation.
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Fig. 10. External speed characteristic:

a — energy parameters; b — economic parameters;
—— — gas ICE D-240-LPG; ----- — diesel engine D-240;
N, — effective power; M, — effective torque; G,; — hourly air
flow rate; G — hourly fuel consumption; #, — temperature of
exhaust gases; P, — mean effective pressure; 1, — cylinder
filling factor; g — cyclic supply gas; n. — effective efficiency;
ge — specific effective fuel consumption; A — coefficient of
excessive air; n — the engine speed

The effective efficiency of the gas ICE n, is at the level of
0.39...0.48, which indicates a sufficiently high fuel efficiency



of the gas ICE and the high degree of utilizing the heat from
the combustion of gas fuel.

In this case, effective specific consumption of LPG
(Fig. 10, b) when operated at rated capacity amounted to
8eg=197 g/(kW-h). The minimum effective specific con-
sumption of LPG corresponds to ny=1,050 min~!. Low va-
lues of the effective specific consumption of LPG also
confirm the high enough efficiency of the gas ICE. In this
case, for the diesel engine, the effective specific consumption
of diesel fuel when operated at rated capacity amounted
to g.4=238g/(kW-h), and the minimum consumption is
226 g/(kW-h) at n=1,800 min~"'.

The coefficient of excessive air A slowly increases through-
out the entire external speed characteristic, from 0.99 (in a
zone close to the rated rotation frequency) to 1.1 (in
a zone of mean and minimum rotation frequencies). Its mag-
nitude in a zone of the rated rotation frequency is adversely
affected, as well as the filling factor, by the presence of the air
mixer (diffuser).

Basically, the gas ICE operates on lean mixtures, at which
the total heat losses reach a minimum, which, consequently,
provides maximum effective engine power.

All speed and loading operating modes of the converted
gas ICE D-240-LPG with the system of power and supply of
LPG to the inlet pipeline and a contactless electronic igni-
tion system with a movable voltage distributor demonstrated
steady operation.

Basic specifications of D-240-LPG in co MParison to the
diesel engine D-240 are given in Table 1.

diesel engines into gas ICEs with spark ignition. It is envisa-
ged that the technology should cover the diesel engines with
a different number and location of cylinders, as well as the
sequence of their operation. Therefore, in the first stage, the
technology for converting the atmospheric diesel engines
(equipped with high-pressure fuel pumps and mechanical
direct-acting controllers) has been devised, which have no
systems of neutralization of exhaust gases.

In addition, the new designed shape of the combustion
chamber can be used for the further stages of the conversion
technology.

Thus, converting the diesel engines into gas ICEs with
the designed shape of the combustion chamber and the se-
lected LPG supply and ignition systems is an effective way
to reduce operating costs of Vs, as evidenced by experimental
study. Separately, it should be noted that the effective gas
ICE capacity was 97 % of the rated power of the diesel en-
gine D-240, which is especially important for converting the
diesel engines of universal tractors.

The proposed technology for converting the diesel engines
into gas ICEs has the advantage that it can be used in the con-
version of atmospheric transport diesel engines with a different
number and location of cylinders, as well as the sequence of their
operation. In addition, the use of the first phase of the devised
technology does not require any special costly equipment and
may be applied to convert the diesel engines already in service.

At the same time, it is obvious that the applied LPG sup-
ply system does not make it possible to automatically adjust
both the rotation frequency at idling and the magnitude of an

LPG starting supply depen-
Table 1 ding on the temperature of

Basic specifications of the diesel engine D-240 [17] and the gas ICE, the cooling fluid in an ICE. In
model D-240-LPG, converted on its base addition, such an LPG supply
Parameter title Parameter value S}gsﬁlm does not allo:v thi lise
ICE brand D-240 D-240-LPG ot three-component catay-
. - tic neutralizers to reduce the
Four-stroke diesel engine | Four-stroke gas ICE .
Type . Lo e ) RS toxicity of exhaust gases.
with compression ignition | with spark ignition .
i T (diroct fucl : T v o th Therefore, the further di-
Mixture formation technique nterna ( irect fue xterna .(supp.y ofthe | oction of this work relates to
injection) LPG to inlet pipeline) .
the development of a multi-
Rated power, kW 59 57.5 . . .

- — functional electronic micro-
Rotation frequency at rated power, min~ 2,200 2,250 processor control system for
Maximum torque/at rotation frequency, N-m/min " 305/1,400 304,/1,300 a gas ICE. The system should
Rated torque margin factor, % 19 22 enable the control over such
Maximum rotation frequency at idling, min~! 2,385 2,250 subsystems as a multipoint
Piston bore, mm 110 LPG injection by gas electro-
Piston stroke, mm 125 magnetic injectors; filling the
Number of cylinders 1 cyllrﬁders \ylth a shot of the
Work volume, 1 175 working mlx.turfe, g .contact-

- less electronic ignition sub-
Sequence of cylinder work 1-3-4-2 .
- - = system, lambda regulation of
Compression ratio 16 J. the composition of the gas-air
Fuel diesel LPG mixture. etc.

In addition, as demonstrated by the experimental study,
the designed shape of the combustion chamber enabled a non-
detonation operation of the gas ICE.

8. Discussion of results of studying the conversion of the
diesel engines into gas ICEs with spark ignition

The research reported in this paper is the first stage in
the development of a technology for converting the transport

9. Conclusions

1. It has been proven that the most technological tech-
nique to reduce the compression degree when converting the
diesel engines D-240 into gas ICE D-240-LPG is to reduce
the geometric degree of compression by increasing the vo-
lume of the combustion chamber. For gas ICEs, the unparti-
tioned open combustion chamber has been substantiated and
designed in the form of an axisymmetric «truncated cone».



2. Based on the standard diesel pistons for the diesel
engines D-240, which have the undivided semi-enclosed
CNIDI combustion chambers, the pistons were fabricated
with the designed shape of the combustion chamber.

3. A special ECU Avenir Gaz has been designed and manu-
factured, which limits the maximum rotation frequency of a gas
ICE by disabling the supply of LPG when the current magni-
tude of rotation frequency exceeds the maximum frequency
assigned by ECU. In addition, such ECU makes it impossible
to supply LPG to the gas-air mixer and inlet pipeline before the
start of the gas engine, which improves the safety of its operation.

4. The gas ICE, model D-240-LPG, with forced ignition
has been designed and constructed, operated on LPG, which
was converted on the basis of the transport diesel engine D-240.
The gas ICE is equipped with pistons with the designed shape
of the combustion chamber. The compression ratio was reduced
to £€=9.5. In addition, the engine was fitted with an LPG feed-
ing system to the inlet pipeline and a contactless electronic
ignition system with a movable voltage distributor.

5. The gas ICE D-240-LPG was tested at an electric load-
ing bench. The results of testing the gas ICE D-240-LPG have
proven that the rated power of the gas ICE-240-LPG was
97 % of the rated power of the diesel engine D-240. The torque
margin is 22 %. The effective consumption of LPG when the
engine operates by external speed characteristic ranges from
4.0 to 11.3kg/h (or 7.5..21.11/h). The derived energy and
economic parameters have shown that converting the diesel
engines into gas ICEs is an effective way to reduce operating
costs by diesel vehicles.
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