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Modernization and conversion of agricultural machinery to alternative fuels is a key tool for improv-
ing its environmental and economic performance. The use of liquefied petroleum gas (LPG) in dual-fuel
systems allows for a significant reduction in emissions of harmful substances (CO2, CO, NOx), however, the
successful conversion of serial tractor diesel engines with the provision of stable operational characteristics
at all load modes remains an unsolved scientific and practical prob-lem. The purpose of the work is to develop
methods and techniques for experimental research of a diesel engine in a gasodiesel cycle, which ensures its
stable operation at various load-speed modes with different fuel mixture compositions.

To implement the tasks set, an original schematic diagram of the gas-diesel engine power supply
system with a mechanical device for manual adjustment of the position of the high-pressure fuel pump (HPFP)
rail of the UTN-5 type was developed, which made it possible to eliminate the instabil-ity of the standard all-
mode regulator. Experimental studies were carried out on a KI-5542 brake running-in stand based on a four-
cylinder diesel engine 4F11.0/12.5, additionally equipped with gas cylinder equipment, a panel rotameter
LZM-15ZT-4 and an electronic gas flow weight control sys-tem. The tests were performed according to the
“loading - unloading” cycle. The least squares meth-od (LSK) was applied to build mathematical models of
trends of the main parameters.

Graphical and mathematical dependences of hourly fuel consumption (Gg, Gdp) and torque (Mk) on
the effective engine power (Ne) were constructed. It was established that the torque demonstrates a clear linear
dependence on power. The influence of thermal and fuel inertia in the form of a "load-unload" loop was
revealed. It was proved that the maximum intensity of liquid fuel substitution by gas is achieved in the middle
power range. During the comparative analysis, at the same power, the maximum degree of diesel fuel
substitution by gas was recorded, without the risk of detonation phenomena. For comparison, fuel consumption
in a purely diesel mode was studied. The proposed method and the developed experimental setup confirmed
their full operability and can be used to remove the characteristics of full load and serial conversion of
autotractor engines. The results of research work 0125U000363 are presented in this scientific article.

Keywords: fuel consumption, diesel fuel equipment, gas-diesel engine, liquefied petroleum gas (LPG),
pilot dose, power system, engine power, torque.

Eq. 4. Fig. 3. Table. 2. Ref. 20.

1. Problem formulation

The continuous increase in the cost of conventional petroleum fuels, the depletion of fossil energy
resources, and the strengthening of environmental requirements for mobile agricultural machinery necessitate
the development of new approaches to improving the energy efficiency of internal combustion engines. Diesel
engines remain the main power source for tractors and other agricultural machines because of their high torque,
fuel efficiency, reliability, and ability to operate for long periods under variable-load conditions. At the same
time, their widespread use is associated with significant consumption of diesel fuel and emissions of nitrogen
oxides, particulate matter, carbon monoxide, hydrocarbons, and carbon dioxide. Therefore, reducing the
consumption of conventional diesel fuel while maintaining the required power and operational characteristics
of tractor engines is an important scientific and practical problem [1-4].
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One promising approach is the partial replacement of diesel fuel with liquefied petroleum gas (LPG).
LPG is commercially available, relatively easy to store and transport, and has a developed refuelling
infrastructure. Its main components, propane and butane, are characterized by a lower carbon-to-hydrogen
ratio and a high lower heating value. These properties create favourable conditions for reducing the carbon
intensity of the fuel mixture and improving the combustion process under properly selected operating
parameters. In addition, LPG is generally less expensive than conventional diesel fuel, which can reduce the
operating costs of agricultural machinery. However, the environmental and economic benefits of LPG cannot
be considered independently of engine load, gas substitution ratio, pilot fuel quantity, air—fuel ratio, and
combustion conditions [1, 2, 5, 6].

Due to its low cetane number and high autoignition temperature, LPG cannot be used directly as the only
fuel in a conventional compression-ignition engine without substantial modification of the fuel system or
combustion process. For this reason, LPG is introduced into the intake system, where it mixes with air and forms a
homogeneous gas—air mixture. A small quantity of diesel fuel is then injected directly into the cylinder near the end
of the compression stroke. The self-ignition of the diesel pilot dose initiates combustion of the main gas—air mixture.
This operating principle makes it possible to preserve the original compression-ignition method and use a significant
proportion of gaseous fuel without installing an additional ignition system [3, 6, 10-12].

Despite the apparent simplicity of this approach, converting a conventional tractor diesel engine to
LPG—diesel operation involves a number of technical difficulties. The main challenge is to coordinate the
supply of gaseous and liquid fuels under continuously changing load and speed conditions. The amount of the
diesel pilot dose must be sufficient to ensure reliable ignition of the gas—air mixture, stable combustion, and
acceptable rates of cylinder pressure rise. At the same time, an excessively large pilot dose reduces the degree
of diesel fuel substitution and, consequently, the economic benefits of dual-fuel operation. Conversely, an
excessively small diesel dose may lead to delayed ignition, unstable combustion, cycle-to-cycle variations,
power loss, and deterioration of the engine’s operational characteristics [7, 9, 11, 19].

The LPG supply rate must also be adjusted according to the amount of intake air and the current engine
load. At low loads, the temperature and pressure at the end of compression may be insufficient for complete
combustion of a lean gas—air mixture. Under such conditions, increasing the LPG fraction may cause
incomplete combustion and higher emissions of carbon monoxide and unburned hydrocarbons. At medium
loads, more favourable combustion conditions can be created, making it possible to achieve a higher degree of
diesel fuel substitution. At high loads, however, an excessive LPG supply can lead to rapid combustion, an
excessive pressure-rise rate, knock-like phenomena, increased thermal loading of engine components, and loss
of operational stability. Therefore, the maximum permissible gas fraction cannot be regarded as a constant
value for the entire operating range of the engine [8-12, 17, 18].

The problem becomes particularly relevant for serial tractor diesel engines equipped with mechanically
controlled high-pressure fuel pumps. Their standard all-speed governors are designed to regulate the diesel fuel
supply during conventional single-fuel operation. When the maximum displacement of the fuel pump rack is
mechanically restricted to form a pilot dose, the operating conditions of the governor change. This may cause
unstable rack movement, insufficient correspondence between fuel delivery and engine load, and difficulties in
maintaining the required crankshaft speed. Consequently, the simultaneous regulation of the diesel pilot dose and
LPG supply cannot always be achieved using the standard control system without additional technical solutions.

Many previous studies have investigated the performance, combustion, and emission characteristics of
LPG-diesel engines [6-15, 17-20]. Various approaches have been proposed, including changes in pilot injection
timing, regulation of LPG flow rate and pressure, exhaust gas recirculation, mathematical optimization, and the
use of adaptive neuro-fuzzy control models. The obtained results confirm that LPG can replace a considerable
proportion of diesel fuel while maintaining acceptable engine performance. However, the reported substitution
ratios, fuel consumption values, and emission indicators differ considerably because of differences in engine
design, operating conditions, fuel composition, control strategy, and experimental methodology.

A significant proportion of the available investigations has been conducted using single-cylinder
laboratory engines, electronically controlled injection systems, or substantially modified combustion and fuel-
supply systems. Such solutions are useful for studying the fundamental processes of dual-fuel combustion, but
their direct implementation in serial agricultural diesel engines may be technically complicated or economically
unjustified. Agricultural enterprises predominantly operate engines with mechanical fuel equipment, for which
conversion systems must be simple, reliable, maintainable, and compatible with existing engine controls.
Therefore, there is a need to develop a conversion method that does not require major intervention in the basic
engine architecture and can be implemented using commercially available gas-cylinder equipment.
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Reliable assessment of a converted engine also requires the simultaneous measurement of the main
operating parameters. These include crankshaft rotational speed, braking force, torque, effective power, LPG
flow rate, diesel fuel consumption, test duration, and the thermal state of the gas pressure regulator—evaporator.
On the basis of these measurements, it is necessary to determine the relationships between fuel consumption,
torque, and effective engine power. Mathematical approximation of the experimental data can be used to identify
general trends, evaluate the stability of the operating process, reduce the influence of random measurement errors,
and determine the load range in which the maximum diesel substitution ratio is achieved [9, 20].

A separate methodological problem is the correct comparison of diesel and gas—diesel operating modes.
Such a comparison should be performed at nearly identical values of effective power or torque because the direct
comparison of fuel consumption at different loads does not adequately characterize the efficiency of fuel
substitution. It is also necessary to consider the different densities and lower heating values of LPG and diesel
fuel. The percentage of gaseous fuel calculated only by the mass ratio characterizes the composition of the
consumed fuel mixture but does not fully reflect the share of energy supplied by each fuel. Therefore, further
energy-based evaluation is required to provide a more comprehensive assessment of the dual-fuel process.

Thus, the analysis of previous research shows that the problem of ensuring stable operation of serial
tractor diesel engines in LPG—diesel mode has not yet been fully resolved. There is insufficient information on
technically simple systems that provide coordinated control of the LPG flow and diesel pilot dose in engines
equipped with mechanical high-pressure fuel pumps. The influence of the loading—unloading sequence on the
measured operating parameters also requires further experimental investigation. Moreover, the maximum
feasible degree of diesel fuel substitution must be established while maintaining engine power, torque,
combustion stability, and safe operation.

Accordingly, the scientific and practical problem addressed in this study consists in developing and
experimentally validating an LPG—diesel fuel supply system for a serial tractor diesel engine that does not
require substantial modification of its basic design. The proposed system should ensure a stable diesel pilot
dose, controlled LPG delivery, limitation of the maximum crankshaft speed, and reliable engine operation at
different load conditions. Experimental studies should determine the relationships between effective power,
torque, hourly LPG consumption, and hourly diesel fuel consumption during successive loading and unloading.

Solving this problem will make it possible to evaluate the technical feasibility of converting existing
tractor diesel engines to dual-fuel operation, identify the load range that provides the highest LPG utilization
efficiency, and determine the maximum diesel substitution ratio without loss of engine performance or
occurrence of abnormal combustion. The obtained results can provide a methodological basis for further
investigations of the combustion process, energy efficiency, economic performance, and exhaust emissions of
agricultural engines operating on LPG—diesel fuel mixtures.

2. Analysis of recent research and publications

The improvement of the environmental and economic performance of diesel internal combustion engines
used in agricultural production remains an important area of modern research. Diesel engines are widely used in
tractors and other mobile agricultural machinery because of their high torque, relatively low specific fuel
consumption, reliability, and ability to operate for long periods under variable-load conditions. At the same time,
their operation is associated with considerable consumption of petroleum-based diesel fuel and emissions of
nitrogen oxides, particulate matter, carbon monoxide, hydrocarbons, and greenhouse gases. According to the
review presented in [2], further improvement of conventional diesel engines alone cannot fully solve the
combined problems of energy efficiency and environmental safety. Therefore, the use of alternative and
renewable fuels, as well as the development of dual-fuel combustion systems, is considered a promising direction
for reducing the dependence of agricultural production on conventional petroleum fuels [1-4].

Among gaseous alternative fuels, liquefied petroleum gas (LPG) attracts considerable attention
because of its availability, relatively low cost, high lower heating value, and well-developed storage and
transportation infrastructure. LPG consists mainly of propane and butane, although the proportion of these
components may vary depending on climatic conditions, season, and fuel quality requirements. Compared with
diesel fuel, LPG has a lower carbon-to-hydrogen ratio. Therefore, its use can potentially reduce emissions of
carbon dioxide, soot and particulate matter. LPG can be stored in liquid form under moderate pressure, which
makes it more convenient for use in mobile machinery than gaseous fuels that require high-pressure cylinders
or cryogenic storage systems [1, 4, 6].

The dual-fuel concept involves supplying gaseous fuel together with intake air and injecting a reduced
guantity of diesel fuel directly into the cylinder. The diesel fuel acts as a pilot dose whose self-ignition initiates
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the combustion of the LPG-air mixture. This approach allows the main design features of a compression-
ignition engine to be retained while replacing part of the diesel fuel with a gaseous energy carrier. As noted in
[1, 6], the main advantage of the dual-fuel cycle is the possibility of combining the high compression ratio and
efficiency of a diesel engine with the environmental and economic advantages of gaseous fuel. However, the
actual effects of conversion depend on the engine design, load and speed conditions, pilot injection parameters,
LPG substitution ratio, and method of gaseous fuel supply.

The literature indicates that the environmental results of LPG application are not unambiguous and
depend significantly on engine operating conditions. Under properly selected parameters, LPG—diesel
operation may reduce smoke, particulate matter, and, in certain modes, nitrogen oxide and carbon dioxide
emissions [2, 10, 18]. The lower carbon content of LPG contributes to a reduction in carbonaceous products
of combustion compared with conventional diesel fuel. At the same time, the introduction of LPG into the
intake manifold can lead to incomplete combustion of a lean and relatively homogeneous gas—air mixture,
especially at low engine loads. Consequently, carbon monoxide and unburned hydrocarbon emissions may
increase. Therefore, the environmental advantages of LPG should be evaluated over the entire operating range
rather than on the basis of a single steady-state mode.

The limitations of the use of liquefied petroleum gas (LPG) in a conventional diesel engine are
discussed in particular in [11, 19], where its low autoignition ability under typical compression ignition
conditions is considered. According to the authors [11, 19], LNG has a significantly higher autoignition
temperature and lower cetane characteristics than diesel fuel. For this reason, for stable operation, a pilot
injection of diesel fuel is usually required. The amount and timing of the pilot injection determine the ignition
delay, the initial combustion rate, the maximum pressure in the cylinder, the rate of pressure increase and the
completeness of LNG combustion. An insufficient pilot injection can cause ignition delay, unstable operation,
misfires and increased emissions of incomplete combustion products. Therefore, according to the authors of
[11, 19], an excessive pilot dose improves ignition stability, but reduces the diesel fuel substitution coefficient
and the expected economic benefit from conversion [11, 19].

Several configurations of dual-fuel engines have been proposed, each of which has certain advantages
and limitations [6, 7]. In the simplest configuration, LPG is supplied into the intake manifold through a mixer,
whereas diesel fuel is injected by the standard high-pressure fuel system. This method is attractive for serial
tractor engines because it requires relatively limited modification of the original engine design. More advanced
systems use electronically controlled gas injectors, separate control units, pressure sensors, and programmable
diesel injection systems. Such configurations provide more accurate regulation of the fuel composition but
increase the cost and complexity of conversion and may be difficult to implement on agricultural machinery
equipped with mechanical fuel pumps.

More et al. [7], investigated the optimization of the operating parameters of a compression-ignition
engine fuelled with LPG and diesel. Response surface methodology was used to establish relationships
between the control factors and engine performance and emission indicators. The results demonstrated that the
gas fraction, engine load, and diesel injection parameters must be optimized simultaneously because changes
in one parameter influence several performance and emission characteristics. Mathematical optimization
makes it possible to determine favourable combinations of operating parameters, but the obtained optimum is
generally applicable only to the investigated engine configuration and experimental conditions.

Vardhan et al. [8] analysed the performance and emissions of a modified compression-ignition engine
operating with gasoline and LPG under variable-load conditions. The results showed that a diesel engine can
be adapted to alternative fuels while maintaining operating characteristics comparable with conventional diesel
operation. At the same time, the use of a modified experimental engine does not fully address the problem of
converting serial tractor engines with mechanical fuel equipment. The operation of such engines is strongly
influenced by the characteristics of the standard all-speed governor, the position of the high-pressure fuel pump
rack, and the mechanical connections between the fuel control elements.

Tarigonda et al. [9] studied a diesel engine operating in LPG-diesel mode and used an adaptive neuro-
fuzzy inference system to optimize its performance and emission characteristics. The reported optimal
parameters included an injection pressure of 194.32 bar, an LPG flow rate of 1 I/min, and an LPG pressure of
1.13 bar. The study demonstrated the potential of intelligent mathematical methods for identifying favourable
engine settings. However, the implementation of such results on serial mechanically controlled engines
remains complicated because these engines do not allow flexible real-time regulation of injection timing, pilot
fuel quantity, and LPG supply. In addition, an operating point obtained through multi-criteria optimization
does not necessarily ensure stable engine performance during rapid changes in load.
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Toledo et al. [10] experimentally assessed the performance and fine particulate matter emissions of a
four-cylinder direct-injection turbocharged diesel engine operating in LPG-diesel mode. The study
demonstrated the possibility of substantially reducing diesel fuel consumption at high load. However, an
increase in carbon monoxide and hydrocarbon emissions was also observed in certain operating conditions,
whereas nitrogen oxide emissions and exhaust gas temperatures generally decreased with an increasing LPG
fraction, except for some full-load modes. These results confirm that increasing the gaseous fuel share does
not automatically improve all environmental indicators. The permissible LPG substitution ratio must be
selected considering combustion stability, load, speed, air availability, and exhaust emissions.

The simulation results obtained by Mohsen and Al-Dawody [11] showed that the addition of LPG changes
the ignition and combustion characteristics of a compression-ignition engine. The distribution of heat release over
the crank angle and the maximum cylinder pressure depend on both the LPG fraction and the diesel pilot dose.
Simulation methods are useful for analysing processes that are difficult to measure directly, but their reliability
depends on the accuracy of the combustion model and the adequacy of its calibration using experimental data.
Therefore, numerical investigations should be supplemented by tests of the actual engine and fuel supply equipment.

Tchato Yotchou et al. [12] experimentally investigated the combined effects of load and the air—gas/fuel
ratio on the performance, emissions, and combustion characteristics of a stationary diesel engine operating with
LPG. The authors established that the response of a dual-fuel engine differs considerably at low, medium, and high
loads. At low load, the temperature conditions are less favourable for complete combustion of the gas—air mixture.
At medium load, increasing the LPG proportion may provide a higher diesel substitution ratio and more efficient
combustion. Near full load, the LPG supply must be limited to prevent an excessive pressure-rise rate, knock-like
combustion, and thermal overloading of engine components.

The results presented in [13, 17, 18] also confirm that LPG significantly affects diesel engine fuel
consumption, combustion, and emissions. The use of LPG as a secondary fuel generally reduces the absolute
consumption of diesel fuel, although the total mass consumption of the two fuels may increase because of
differences in their physical and chemical properties and combustion efficiency. For this reason, the effectiveness
of substitution should not be assessed exclusively from the mass fraction of LPG. A more comprehensive
comparison should consider the lower heating values of both fuels, their energy shares in the total fuel supply, brake
thermal efficiency, brake-specific energy consumption, and the cost of the consumed energy carriers.

The timing and quantity of the diesel pilot injection are among the most important control parameters of a
dual-fuel engine. Jacobs and Assanis [19] showed that pilot injection timing affects the development of in-cylinder
flow, ignition, combustion intensity, and exhaust emissions. Advancing or retarding injection can change the
ignition delay and the proportion of fuel burned during the premixed and diffusion-controlled combustion phases.
However, serial tractor diesel engines with mechanically controlled high-pressure pumps have limited possibilities
for adjusting injection timing during operation. Therefore, fuel-system conversion methods for these engines should
provide acceptable performance without relying on complex electronic regulation.

Poku and Bebeteidoh [14] considered the influence of diesel injection timing on the combustion and
emission characteristics of a diesel-propane compression-ignition engine. Their research confirms that the pilot
injection parameters should be coordinated with the gaseous fuel fraction. At the same time, the use of propane or
LPG at a fixed injection timing may produce different results at different engine loads. This emphasizes the need to
experimentally determine the permissible gas substitution range for each specific engine and fuel-supply system.

Emission control technologies can additionally affect the dual-fuel combustion process. Issa et al. [15]
investigated the determination of an optimal exhaust gas recirculation rate for an LPG engine. Exhaust gas
recirculation can reduce the combustion temperature and nitrogen oxide formation, although an excessive
recirculation rate may deteriorate combustion stability and increase incomplete-combustion products. Although the
study concerned a spark-ignition LPG engine, its results demonstrate the importance of coordinating mixture
composition, residual gas fraction, and thermal conditions. Nevertheless, the installation of an additional exhaust
gas recirculation control system increases the complexity of converting a serial tractor diesel engine.

Rajput and Tiwari [20] applied mathematical modelling and multi-objective optimization criteria to dual-
fuel converted internal combustion engines. Their approach makes it possible to analyse several conflicting
indicators simultaneously, including power, fuel efficiency, and harmful emissions. However, mathematical
models require reliable experimental data obtained under controlled test conditions. When such models are
developed only for separate steady-state points, they may not adequately describe the engine response during
successive loading and unloading or during changes in the ratio between gaseous and liquid fuels.

When a conventional high-pressure fuel pump is used, the formation of a stable diesel pilot dose is
especially important. Mechanical limitation of the pump rack displacement can restrict the maximum diesel
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supply, but it also changes the operating conditions of the standard all-speed governor. As a result, the governor
may attempt to compensate for a reduction in engine speed by increasing the diesel supply, while the
mechanical stop prevents the rack from reaching the required position. This interaction can lead to unstable
control, irregular fuel delivery, and difficulties in coordinating the LPG and diesel supplies. Consequently, an
additional mechanical control device is required to regulate the pump rack position and the gas throttle
simultaneously while preserving the function of the maximum-speed limiter.

The available publications confirm the technical feasibility of LPG application in compression-ignition
engines and demonstrate the possibility of reducing diesel fuel consumption [6-14, 17-20]. Nevertheless, they
do not provide a universal method for converting a serial tractor diesel engine equipped with a mechanical high-
pressure fuel pump. There is also insufficient experimental information on the behaviour of such an engine over
a complete loading—unloading cycle and on the relationship between effective power, torque, LPG flow rate, and
diesel pilot-fuel consumption. The maximum substitution ratio that can be achieved without power loss, unstable
combustion, or risk of knock remains dependent on the design and settings of the particular engine.

Thus, the unresolved part of the problem is the development of a technically simple and reliable LPG—
diesel fuel supply system that can be installed on a serial tractor engine without major modification of its basic
architecture. This system should ensure coordinated control of the LPG supply and diesel pilot dose, stable
engine operation under different load and speed conditions, and limitation of the maximum crankshaft speed.
It is also necessary to develop an experimental procedure that makes it possible to determine fuel consumption,
effective power, and torque during both increasing and decreasing load and to establish the operating range
with the greatest technically permissible diesel fuel substitution.

3. The purpose of the article

The purpose of the research is to develop methods and technical means for experimentally
investigating a serial tractor diesel engine operating in the LPG—diesel cycle and to ensure its stable operation
under different load-speed conditions and with different proportions of gaseous and liquid fuels.

Research objectives:

— establish the maximum degree of substitution of liquid fuel with gaseous fuel,

— to establish the optimal method of converting diesel engines using liquefied petroleum gas;

— conduct comparative engine tests in diesel and gas-diesel modes.

4. Results and discussion

For the experimental study, a KI-5542 brake running-in stand with a 4F11.0/12.5 engine equipped
with gas cylinder equipment was used (Fig. 1). The KI-5542 stand consists of the following main components:
an electric dynamometer 10, a rheostat 1, an electrical cabinet 12, a control panel, installation stands,
longitudinal and transverse plates 8.7, a fuel tank 3, and a weighing device 6 (Fig. 1(b)).
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a — general view b — schematic diagram

Fig. 1. Brake and running-in stand KI-5542 with engine 4F11.0/12.5:
a — general view b — diagram: 1 — rheostat; 2 — stand; 3 — fuel tank; 4 — three-way valve; 5 — fuel
line; 6 —load; 7, 8. — plate; 9 — thrust; 10 — dynamometer; 11 — control panel; 12 — electrical cabinet.
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To conduct the planned experimental studies, the KI-5542 test stand and the investigated 4F11.0/12.5
diesel engine were retrofitted with the LPG equipment shown in Fig. 2. The additional equipment included a
toroidal LPG cylinder, a reducer-evaporator, gas pipelines, an electromagnetic shut-off valve, an LZM-15ZT-
4 rotameter, a gas supply control valve, and a special device for adjusting the position of the UTN-5 high-
pressure fuel pump rack.

A toroidal cylinder was used to store liquefied petroleum gas and ensure a continuous fuel supply to
the experimental engine. The reducer-evaporator reduced the LPG pressure and heated the fuel, thereby
converting it from the liquid to the gaseous state before delivery to the engine intake system. An LZM-15ZT-
4 rotameter was used to measure and regulate the gas supply. The rotameter was calibrated for a propane—
butane mixture under standard conditions and enabled the LPG flow rate to be adjusted during each
experimental run.

Initial tests showed that the liquefied petroleum gas (LPG) supply system using a fourth-generation
evaporator reducer and diesel fuel did not provide stable engine operation over the entire load and speed range
studied. When the LNG supply was increased and the diesel fuel regulator control lever remained in a fixed
position, the crankshaft speed either remained unchanged or increased only slightly. This behavior was
explained by the operation of the standard UTN-5 high-pressure fuel pump speed regulator, which
automatically adjusted the diesel fuel supply to maintain a given crankshaft speed.

Based on these observations, the standard all-speed governor was disconnected, unlike the control
method used in the conventional KAMAZ LPG-diesel system [16]. A special mechanical device was
developed to replace its control function and provide manual adjustment of the UTN-5 pump rack position.
This modification made it possible to set and maintain the required diesel pilot dose independently of the LPG
supply and thereby improve the stability of the engine during experimental testing. The final configuration of
the experimental engine equipped with the LPG system, measuring devices, and the pump-rack control
mechanism is presented in Fig. 2.

o e o A BNEN ae > Taad
Fig. 2 Experimental installation with gas cylinder equipment:

1,9 —connection points of the gas reducer to the cooling system, 2 — reducer-evaporator for reducing
the supply pressure and heating the gas, 3 — gas supply control board from the reducer to the engine,
4 — pressure gauge-vacuum gauge, 5 — liquefied petroleum gas supply tube from the cylinder to the reducer,
6,8 — gas supply hoses from the reducer to the engine intake manifold, 7 — rotameter with a gas supply
control valve, 10 — gas supply shut-off valve, 11 — gas supply fitting to the engine intake manifold, 12 —

device for adjusting the position of the HPFP rail, 13 — electromagnetic valve, 14 — temperature sensor.

The experimental results were obtained using the standard recommendations for testing tractor diesel
engines [16], with appropriate adjustments to account for the specific features of LPG—diesel operation. During
the experiments, the crankshaft rotational speed was maintained as close as possible to its nominal value, while
the engine load was varied using the dynamometer.
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For each experimental point, the time required to consume a fixed volume of 100 ml of diesel fuel was
recorded. Simultaneously, the LPG flow rate was gradually increased in equal increments of 0.25 I/min using
the rotameter. The measurements were initially performed with a successive increase in LPG supply and engine
load until the maximum investigated operating condition was reached. The tests were then repeated in reverse
order by gradually decreasing the gas supply and engine load. This loading—unloading procedure made it
possible to evaluate the stability of the engine operating parameters and identify the influence of thermal and
fuel-system inertia on the recorded characteristics.

The measured parameters obtained during the complete experimental cycle are presented in Table 1. These
data were subsequently used to calculate the effective engine power, torque, hourly LPG consumption, and hourly
diesel fuel consumption. The calculated results presented in Table 2 form the basis for analysing the relationships
between engine load, fuel composition, power output, and fuel consumption in LPG-diesel operation.

Table 1
Test results 4F11.0/12.5 at different load conditions

glfug?jgﬂg n, rpm sec-g’nds m,g | Vdp,ml | Q,l/min | t °C. Pg, kgf
n

expearir?wnts 1 2 3 4 5 6 !
1 1880 58 70 100 0.5 48.9 12
2 1920 60 50 100 0.75 49.5 13.5
3 1930 60 70 100 1 50.3 13
4 1890 43 60 100 1.25 51.7 20
5 2150 49 80 100 15 52.2 18
6 2220 46 70 100 1.75 51.7 17
7 2240 41 80 100 2 52.7 215
8 2200 45 80 100 2.25 54.2 24.5
9 2200 41 90 100 2.5 55.2 27
10 2220 42 70 100 2.5 52.7 28
11 2200 38 50 100 2.25 56.6 29
12 2150 36 60 100 2 57.4 28.25
13 2150 40 60 100 1.75 58.1 28
14 2080 37 60 100 1.5 59 27
15 2000 40 50 100 1.25 58.9 25
16 1920 39 40 100 1 60.7 25.25
17 1900 37 35 100 0.75 58.4 24.75
18 1820 38 30 100 0.5 57 22

Based on the indicators given in Table 1, the following parameters were calculated:
Ne — engine power in different load modes and at different percentages of gas-diesel mixture, kW. To
determine the power, we use formula 1
Ne =736-107°P, - n (1)
where: n — speed, rpm; Pg — force measuring mechanism effort, kgf; G.ec — hourly gas consumption,
ka/h. To determine it, we use formula 2
3,6°Ag

GLp = T (2)
where: T — measurement duration, sec; Ag — fuel consumption during the experiment, g; Gor — hourly

diesel fuel consumption, kg/h. To determine it, we use formula 3:
3,6'AVpFjn
GDF = 7 (3)
where: AVpr — volume of fuel consumed, ml; jy is the density of diesel fuel, which is equal to 0.840 kg/I.

We will also determine the torque of the test engine using formula 4:

9550'Ne
Mk =

(4)

n

where: MKk is the torque, N-m.
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All calculation results were entered into a Table 2.
Table 2
Dependence of hourly fuel consumption and torque on effective engine power
E’;ﬂf}:ggf“ Ne, KW Gy, kg/h Gor, kg/h MKk

1 16,604 4,345 5,214 84,346

2 19,077 3,000 5,040 94,889

3 18,466 4,200 5,040 91,374

4 27,821 5,023 7,033 140,576

5 28,483 5,878 6,171 126,518

6 27,777 5,478 6,574 119,490

7 35,446 7,024 7,376 151,119

8 39,670 6,400 6,720 172,206

9 43,718 7,902 7,376 189,778

10 45,750 6,000 7,200 196,806

11 46,957 4,737 7,958 203,835

12 44,703 6,000 8,400 198,564

13 44,307 5,400 7,560 196,806

14 41,334 5,838 8,173 189,778

15 36,800 4,500 7,560 175,720

16 35,681 3,692 7,754 177,477

17 34,610 3,405 8,173 173,963

18 29,469 2,842 7,958 154,634

Based on the experimental data presented above, a graphical dependence was constructed to illustrate
the complete trajectory of the engine tests, from the initial operating conditions through a gradual increase in
load and fuel supply to the maximum investigated operating mode, followed by a successive reduction in load
to the final test points (Fig. 3). This representation makes it possible to compare the loading and unloading
stages, evaluate changes in LPG and diesel fuel consumption, and identify possible differences in engine
behaviour caused by the thermal and fuel-system inertia of the LPG—diesel power supply system.

Experimental data and mathematical trend lines of engine parameters

@ LPG consumption (Gg, data points) ™ 7
= PG consumption trend
84 = Diesel fuel consumption (Gpr, data points) "
=~ Diesel fuel consumption trend
¢ Torque (Mg, data points)
- Torque trend

200

o

180

160

140

Torque (Mk), N-m

120

Hourly fuel consumption (G), kg/h

100

15 20 25 30 35 40 45
Engine power (Ne), kW
Fig. 3. Experimental and approximated relationships between fuel consumption, torque, and effective
engine power in LPG—diesel operation.
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Figure 3 presents the relationships between the main engine operating parameters and its effective
power. The torque (MK) follows an almost linear upward trend over the entire investigated power range. This
relationship is consistent with the approximately constant crankshaft speed maintained during the tests and
indicates stable operation of the engine’s mechanical system under changing load conditions.

Hourly LPG consumption (Gg) generally increases with effective power. However, the dispersion of
the experimental points around the trend line indicates that the gas flow rate was also influenced by the
loading—unloading sequence, manual gas regulation, and the thermal inertia of the fuel supply system.
Therefore, slightly different LPG consumption values were recorded at comparable power levels during
increasing and decreasing engine load.

Diesel fuel consumption (Gpe) exhibits a nonlinear, arc-shaped dependence on effective power. It
increases as the engine load rises, reaches its highest values in the medium-to-high power range, and then tends
to stabilize or decrease slightly near the maximum investigated power. This behaviour reflects the
redistribution of the fuel components during the experimental cycle and the coordinated use of diesel fuel as
the pilot dose and LPG as the supplementary energy carrier.

For a quantitative comparison of the LPG—diesel and conventional diesel operating modes, experiment
Ne 9 was selected because it provided almost identical engine power in both cases and the maximum investigated
LPG share in the combined fuel mixture. In LPG—diesel mode, the effective power was (Ne = 43.718 kW), LPG
consumption was (Gg = 7.902 kg/h), and diesel fuel consumption was (Gpr = 7.376 kg/h). Accordingly, the total
mass consumption of the two fuels was: Gsum =7.902 + 7.376 = 15.278 kg/h.

The mass composition of the consumed fuel mixture consisted of 51.72% LPG and 48.28% diesel fuel.
Thus, under the investigated conditions, more than half of the total fuel mass was supplied in the form of LPG.

During conventional diesel operation at a practically identical effective power of (Ne = 43.750 kW),
hourly diesel fuel consumption was (Gor = 14.620 kg/h). The difference in effective power between the two
operating modes was only approximately 0.07%, which makes their comparison sufficiently representative. The
transition to LPG—diesel operation reduced the absolute diesel fuel consumption by 7.244 kg/h, corresponding to
approximately 49.55%, while maintaining virtually the same engine power. These results confirm the possibility
of replacing a substantial proportion of diesel fuel with LPG under the investigated load conditions.

5. Conclusion

The engine operating mode investigated in experiment Ne 9 (Ne = 43.718) kW) was characterized by
the maximum degree of liquid fuel substitution with gaseous fuel. LPG consumption was 7.902 kg/h, while
diesel fuel consumption was 7.376 kg/h. Accordingly, LPG accounted for 51.72% of the total mass of the fuel
mixture, whereas the share of diesel fuel was 48.28%.

A comparative analysis with the conventional diesel mode at the same load level (Ne = 43.750 kW)
demonstrated the high technical and economic feasibility of the LPG—diesel process. When the engine operated
on the combined fuel mixture, the absolute consumption of diesel fuel was reduced to a stable pilot-dose level
of 7.376 kg/h. Thus, more than half of the total fuel mixture was replaced with liquefied petroleum gas while
practically the same effective engine power was maintained.

Maintaining approximately the same effective power of 43.7 kW in both operating modes confirms
the effectiveness of the mixed-fuel combustion process under the investigated conditions. Since the lower
heating value of LPG (approximately 46 MJ/Kkg) is higher than that of diesel fuel (approximately 42.5 MJ/kg),
the established ratio of the fuel components provides a favourable thermal balance of the operating cycle
without signs of abnormal combustion or detonation, which may limit the further increase in the gaseous fuel
proportion near the nominal engine operating mode.

The analysis of the experimental dependences also showed that torque changed almost linearly with
increasing effective power, indicating stable operation of the mechanical components of the engine throughout
the investigated load range. At the same time, the differences between fuel consumption during the loading
and unloading stages indicate the influence of the thermal and fuel inertia of the engine. The obtained
mathematical dependences make it possible to describe these changes and identify the operating range in which
the most intensive substitution of diesel fuel with LPG is achieved.

Therefore, the proposed method for determining LPG and diesel fuel consumption is fully operational
and suitable for experimental studies of tractor diesel engines operating in dual-fuel mode. The developed
system can be used in further research to construct complete engine load characteristics, determine rational
LPG—diesel ratios, and evaluate the operational, energy, economic, and environmental performance of
converted diesel engines.
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PO3POBKA TA EKCHEPUMEHTAJIBHE JOCJIKEHHA CUCTEMHA )KUBJIEHHS
JAN3EJBHOT'O IBUT'YHA ABTOTPAKTOPA JJIS1 POBOTHU B 'A30AU3EJIBHOMY PEXUMI
HA 3PIJVKEHOMY HA®TOBOMY I'A3I

Mooepuizayis ma nepegedenHsi CilbCbKO2OCHOOAPCHLKOI MEXHIKU HA AIbIMEPHAMUSHI 8UOU NAIUBA €
KIIOY0BUM THCTHPYMEHMOM NOKPAWEHHSL i eKON0IYHUX Ma eKOHOMIYHUX NOKA3HUKIE. Buxopucmanns 3pidoicenozo
Hagpmosoeo 2azy (3HI') y 0sonanusnux cucmemax 0036045€ 3HAUHO 3MeHWUMU 8UKUOU wKionueux peuosut (CO»,
CO, NOxy), npome ycniume nepeeedeHHst CepilHUX MPAKMOPHUX OU3ETbHUX OBUSYHIB i3 3a0e3nedeHHAM CMAOiTbHUX
EeKCNIYAMAYIiHUX XAPAKMEePUCMUK Ha 6CIX PEXHCUMAX HABAHMANCEHHS 3AIUMAEMbC HEBUPTUWEHOI0 HAYKOBOK Ma
npakmuuHolo npoobnemoro. Memorwo pobomu € po3pobka memodie ma MemoOUK eKCnepuMeHmaIbHOZO
00CTIOIHCEHHS QU3ETILHO20 08USYHA 6 2A300U3CTIbHOMY YUK, Wo 3abe3nedye to2o cmabiibHy podomy Ha pisHUX
PENHCUMAX HABAHMANCEHHS-UUBUOKOCI 3 PI3HUM CKIAOOM NATUSHOL CYMILUI.

lna peanizayii nocmagneHux 3a80aHb pPO3POOAEHO OPUSIHATLHY NPUHYUNOBY CXeMy CUCmeMu
JHCUBEHHS 2A300U3ENbHO20 OBUSYHA 3 MEXAHIYHUM HPUCTHPOEM DYHUHO2O De2yNO8AHHA NONONCEHHS PAMNU
namugeno2o Hacoca eucoxkozo mucky (I[IHBT) muny YTH-5, wo 003601uno ycywymu HecmabilbHiCMb
WMAMHO20 B8CEPENHCUMHO20 pezyramopd. Excnepumenmanvhi 0OCHIONCEHHS NPOBOOUNUCS HA OOKAMHOMY
cmendi eanom KI-5542 na 6aszi womupuyuninopoeozo ouzeavHoz2o oeucyna 4411.0/12.5, dodamxoso
OCHAWEH020 2a300a10HHUM O00AAOHAHHAM, nauenvHum pomamempom LZM-157T-4 ma enexkmpornnoio
CUCMEMOI0 KOHMPOAIO 8a2u NOMOKY 2a3y. Bunpobysanus nposoounucs 3a yuxiom «HAGAHMANCEHMS -
possaumadcenHay. [na nodyooeu mamemamuyHux Mmooeneli MeHOeHYill OCHOBHUX Napamempie
3acmoco8ysascs memoo HaumeHwux keaopamis (LSK).

Tlobyooseano epaghiuni ma mamemamuyuni 3anedxcHocmi coounnoi sumpamu namea (Gg, Gdp) ma kpymmnoeo
momenmy (Mk) 6i0 eghexmueroi nomyorcnocmi osueyna (Ne). Bcmarogiero, wo KpymHutl MOMEH OeMOHCIPYE YImKY
JUHIUHY  3a7eXCHICMb 610 NOmydicHOCHI. Busigneno eniue meniosoi ma NamueHoi iHepyii y euenadi nemii
«HABAHMAIICEHHS-PO3BAHMANCEHHAY. []08e0eHO, W0 MAKCUMATTLHA THMEHCUBHICTb 3AMILYeHHs PIOKO20 NATUBA 2A30M
0ocsi2acmvCsi 6 cepedHboMy dianazoni nomydxcHocmetl. 110 wac nopieHAIbHO20 aHAIZY, HPU MILL CAMITL ROMYHCHOCII,
3aiKcOBAHO MAKCUMATIGHULL CIYNIHb 3AMIWEHHS OU3ETbHO20 NANUBA 2a30M 0e3 pusuKy OemoHayiiHux aeuw. /[ia
NOPIGHANHHSL OVNI0 OOCTIONCEHO GUMPAMY NAMUBA 6 YUCMO OU3ETLHOMY PEeXCUMI. 3anponoHoeawuii memoo ma
PO3DODIEHA eKCnepUMEHMATIbHA YCIAHOBKA NIOMBEEPOUIU IX NOBHY NPaye30amHicims ma MOXCYmys OYmu 6UKOPUCHAH]
011 BHAMMISL XAPAKMEPUCTIUK NOBHO20 HABAHMANICEHHSL MA CEPILHO20 NEPEOOIAOHAHHS A8MOMPAKMOPHUX OBUSYHIB.
Pesynomamu oocrionuywroi pooomu 0125U000363 npedcmaenei 6 yitl HayKosit cmammi,

Knwouosi crosa: sumpama nanuéa, OuseibHa NATUGHA anapamypd, 2a300U3eibHUll 08USYH, 3PI0NCEHULL
Hagmosuti 2az (3HI), ninomna 003a, cucmema HeusLeHHs:, HOMYNCHICIb OBUSYHA, KDYIHUL MOMEHM.
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