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Analysis of the uniqueness of the combustion process of the Perkins 1104D-E44TA 

engine in dual-fuel operation powered by natural gas and diesel fuel 
 

The paper presents the results of the research on the uniqueness of the combustion process in the Perkins 1104D-E44TA engine 

already equipped with a Common Rail injection system, and then adapted on an engine test stand to dual-fuel operation. The result of the 

combustion process is an indicator diagram. The combustion process in the cylinder of the tested engine was evaluated by determining 

the uniqueness indicators of subsequent operating cycles, such as: the uniqueness indicator for the maximum pressure of the operating 

cycle, the uniqueness indicator for the mean indicated pressure, the uniqueness indicator for the indicated diagram and the uniqueness 

indicator for the partial indicator diagram. The conducted tests and the analysis of the results showed the impact of dual-fuel power 

supply of the tested engine on the combustion process, as compared to supplying the engine only with diesel fuel, for which it has been 

optimized. 
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1. Introduction 

Fuels for compression-ignition combustion reciprocat-
ing engines must have high atomization, evaporation and 
air mixing capability, so as to ensure easy engine start-up as 
well as long service life and reliability. The conventional 
fuels used to power these engines are diesel fuels obtained 
from crude oil in the process of its distillation and in the 
process of secondary processing of heavy distillation resi-
dues. Diesel fuels are a mixture of many different hydro-
carbons with different properties and structure of mole-
cules, containing from 14 to 20 carbon atoms in a molecule, 
boiling at a temperature from 150°C to 380°C [1]. Its density 
at a temperature of 15°C is approximately 817-856 kg/m3. 
Diesel fuels include the following hydrocarbons: linear 
paraffinic, branched isoparaffinic as well as naphthenic and 
aromatic with a ring structure. The number of individual 
hydrocarbon groups in diesel fuel determines its physico-
chemical properties affecting the efficiency of engine oper-
ation and the toxicity of exhaust fumes. In the elemental 
composition, diesel fuels contain about 86% of carbon and 
14% of hydrogen [23, 24]. The properties of modern diesel 
fuels used to power compression-ignition engines are well 
known, defined in detail and adapted to engine require-
ments. They are mainly characterized by good compres-
sion-ignition properties. They have a high calorific value 
per unit of mass as well as per unit of volume. Diesel fuels 
are relatively easy to store, transport and use as a fuel for 
combustion engines. The properties of diesel fuels change 
as needed, by modifying their hydrocarbon composition 
and introducing various additives. 

Natural gas is an interesting alternative to power recip-
rocating combustion engines. It presents smaller risk to the 
environment compared to crude oil or coal. It is a fuel 
which occurs in large quantities and is characterized by 
favorable properties in terms of possibilities to power com-
bustion engines [3, 21, 28]. First and foremost, by a simple 
chemical structure, which determines fast and complete 
combustion, low content of toxic compounds and solids, as 
well as a smaller quantity of carbon dioxide in exhaust 

fumes. It consists mainly of one, the simplest carbon-
hydrogen compound, methane. Its content in natural gas 
may be 85–99% [5]. Natural gas also includes other hydro-
carbons such as ethane, propane, butane, isobutane, hexane, 
heptane, octane, pentane, isopentane. It may also contain 
impurities such as carbon dioxide, nitrogen, hydrogen sul-
phide, helium and small amounts of water vapor [2]. Natu-
ral gas is lighter than air. In the case of tank leaks, it quick-
ly rises up to higher atmospheric layers. It forms explosive 
mixtures with air. The autoignition temperature of com-
pressed natural gas can range from 480°C to approximately 
630°C [11]. Under normal conditions, the density of natural 
gas vapor is 0.72–0.76 kg/m3 [8]. The properties of natural 
gas are largely determined by the properties of methane, 
which is its main component. The boiling point of methane 
is –161.0°C and the melting point is –182.0°C [9]. Its au-
toignition temperature is 595°C [10]. It has a high octane 
number of about 130, which means that it is resistant to 
detonation. 

The properties of diesel fuel and natural gas presented 
above are significantly different. They make natural gas 
easier to use for powering spark-ignition engines. Accord-
ing to [26, 27], the autoignition temperature of natural gas 
can be 650°C and for diesel fuel 250°C. Diesel fuels have 
the ability of autoignition at the level of the cetane number 
of 45–55, whereas natural gas is resistant to detonation 
described by the octane number at the level of 120–130 
[12]. This makes it more difficult to use natural gas in com-
pression-ignition engines. The natural gas/air mixture com-
pressed in the cylinder will not self-ignite. An ignition 
source is required to initiate the combustion of a natural 
gas/air mixture. In addition, natural gas burns slower than 
liquid petroleum fuels for supplying high-speed combustion 
engines.  

The calorific value per unit of mass for natural gas is 
greater than the calorific value of diesel fuel [4, 28, 29]. 
However, the density of natural gas at ambient conditions 
is, of course, much lower than that of diesel fuel. Thus, the 
calorific value of the gaseous fuel per volume unit at ambi-
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ent conditions is smaller than of diesel fuel. In order to 
increase the energy density of natural gas, it is necessary to 
compress it to high pressures (about 20 MPa) or to con-
dense it at a temperature of about –162°C and ambient 
pressure. Compression or condensation of natural gas is 
technologically and technically possible, but also causes 
additional problems in terms of transport, storage and use 
for powering the engines. 

There are two options of the use of natural gas for pow-
ering compression-ignition engines. The first is the intro-
duction of significant changes in the engine structure, i.e. a 
reduction in the compression ratio and the introduction of 
the ignition system. In fact, a compression-ignition engine 
becomes a spark-ignition engine and can no longer be pow-
ered by diesel fuel. The second option is the use of dual-
fuel supply [13, 14, 22, 25]. This means that two fuels can 
be burned simultaneously in a cylinder of a dual-fuel en-
gine: natural gas and diesel fuel. Diesel fuel, injected at the 
end of the compression process, is the source of ignition of 
the natural gas. This approach allows the engine to be pow-
ered by two fuels simultaneously or by diesel fuel only. The 
technology of dual-fuel powering of compression-ignition 
engines by natural gas and diesel fuel is still being devel-
oped. The conducted research concerns, among others, the 
processes of fuel-air mixture formation and combustion 
while simultaneously powering the engine with natural gas 
and diesel fuel. 

2. Object of the study 

The object of the study was a four-cylinder compres-
sion-ignition engine Perkins 1104D-E44TA equipped with 
a Common Rail injection system with direct fuel injection 
and electromagnetically controlled injectors. It meets the 
Tier 3 emission standard for engines with non-road applica-
tions [19]. It is equipped with a forced induction with  
a turbocharger controlled by a blow off valve connected to 
the solenoid valve controlled by an electronic unit control-
ling the engine operation. On the basis of information pro-
vided by the sensors determining the engine operating con-
ditions, this unit calculates the injected fuel dose, control-
ling the value of pressure in the fuel tank and the time of 
injection as well as charging pressure. The basic technical 
data of the tested engine are presented in Table 1. 

 
Table 1. Basic technical data of the Perkins 1104D-E44TA diesel engine 

Parameter Unit Value 

Cylinder arrangement – straight 

No of cylinders – 4 

Injection type – direct 

Type of fuel system – Common Rail 

Max. engine power kW 96,5 

Engine speed at maximum power rpm 2200 

Max. torque Nm 516,0 

Engine speed at max. torque rpm 1400 

Engine cubic capacity  m3 4.4·10-3 

Cylinder diameter mm 105 

Piston stroke mm 127 

Compression ratio – 16.2 

Air supply system – turbocharger, intercooler 

 

Perkins 1104D-E44TA engine, located at the engine test 
stand in the Heat Engines Laboratory at the Kielce Univer-
sity of Technology, has been adapted to dual-fuel operation 
using the compressed natural gas CNG and diesel fuel ON. 
This engine is equipped with a CNG powering system with 
an electronic control unit of the OSCAR-N DIESEL system 
[7]. The flow chart of the Perkins 1104D-E44TA engine 
powering system by CNG of the OSCAR-N DIESEL sys-
tem is shown in Figure 1. Gaseous fuel is delivered to the 
intake system between the turbocharger and the intercooler. 
Natural gas is fed by means of four injectors mounted on  
a common rail. Injectors supply gas fuel through flexible 
hoses to the hose, where the air from the turbocharger flows 
to the cooler. The mixture of gaseous fuel and air after 
passing through the cooler is fed to the engine cylinders. It 
is compressed in the engine cylinders. At the end of the 
compression process, a reduced amount of diesel fuel is 
injected into the cylinder, which then ignites itself and 
starts the process of combustion of the gas fuel accumulated 
in the cylinder. The amount of gaseous fuel supplied to the 
engine intake system shall be determined by the controller 
of the system for powering the engine with this fuel. This 
depends on the operating conditions of the engine. The 
amount of natural gas supplied to the cylinder must not 
exceed the amount causing detonation and exceeding the 
permissible temperatures. This means that at higher loads, 
the dose of natural gas is reduced and the dose of diesel fuel 
is increased. In the absence of gaseous fuel, the engine is 
conventionally powered by diesel fuel.  

 

 
Fig. 1. The flow chart of the natural gas fuelling system OSCAR-N DIESEL: 1 
– Perkins 1104D-E44TA engine, 2 – controller of the engine gas fuelling 
system, 3 – computer, 4 – reducer, 5 – gas system switch, 6 – gas injectors, 
7 – turbocharger, 8 – gas pressure regulator, 9 – temperature sensor, 10 –  
 emulator, 11 – ignition switch, 12 – air filter 

3. Engine test stand  
The tests were carried out on an engine test stand locat-

ed in the Heat Engines Laboratory at the Kielce University 
of Technology. Perkins 1104D-E44TA engine being tested 

at this stand is connected with an eddy current brake, which 
enables the engine to operate under various load and crank-
shaft speed conditions. The change of the engine test 
stand’s operational parameters is carried out by means of  
a control module located in the control room of the test 
stand. The measurement of the mass consumption of diesel 
fuel in the tested engine is carried out using the fuel gauge 
manufactured by Automex. Mass consumption of natural 
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gas is measured at the test stand using the Coriolis flow 
meter by Emerson. An accurate measurement of the mass 
of air supplied to the cylinders is carried out using an ABB 
flow meter. The diagram of the engine test stand on which 
the tests were performed is shown in Fig. 2. 

 

 
Fig. 2. Test stand elements: 1– Perkins 1104D - E44TA engine, 2 – Au-
tomex AMX 200/6000 brake, 3 – measurement module, 4 – measurement 
cabinet with stand control system, 5 – computer to control station parame-
ters and archive test results, 6 – Automex ATMX2040 mass fuel dosime-
ter, 7 – ABB mass air flow meter, 8 – Coriolis flow meter for measurement 
of CNG consumption, 9 – sensor of the pressure in the engine cylinder, 10 
– engine crank angle encoder AVL 365C, 11 – converter for measuring the 
current controlling the operation of the injector LA25NP, 12 – AVL 
IndiSmart 612 system for indicating fast-changing quantities, 13 – com- 
 puter for archiving fast-changing quantities 
 

The tests of the working medium pressure in the Per-
kins 1104D - E44TA engine cylinder were carried out using 
the AVL IndySmart 612 measuring system. It consisted of 
the following elements: 
• AVL IndiSmart 612 data acquisition system,   
• piezoelectric pressure sensor in the AVL GH13P/AG04 

engine cylinder,  
• optical encoder of an engine crank angle AVL 365C.  

The piezoelectric sensor enables the continuous meas-
urement of the pressure in the engine cylinder. The ana-
logue signal from the sensor is sampled at high frequency. 
The AVL 365C photoelectric encoder used in the system 
generates 720 electrical impulses per revolution. This al-
lows the pressure to be measured in increments of 0.5°of 
the crank angle. The measurement system enables the mul-
tiplication of this signal, which allows to increase the reso-
lution of the measurement to 0.1° of the crank angle. AVL 
Indicom Mobile 2012 is used to operate the engine cylinder 
pressure measuring system. It allows, among other things, 
to record pressure for subsequent operation cycles and to 
draw up mean indicator diagrams. It also enables the analy-
sis of the combustion process based on the heat released 
during this process. The system for measuring the fast-
changing quantities of the tested engine has been addition-
ally equipped with a system for measuring the current con-
trolling the operation of the injector. This system was con-
nected in series to the line controlling the operation of the 
injector of this cylinder, in which the pressure was recorded. 
It made it possible to record the profile of the current control-
ling the operation of the injector as a function of the crank 
angle. The flow chart of the fast-changing quantity measure-
ment system used during the tests is shown in Fig. 3. 

 
Fig. 3. The flow chart of the measurement system of fast-changing quanti- 
 ties of Perkins 1104D-E44TA engine used for testing 

4. Indicator diagrams for Perkins 1104D-E44TA engine 

in dual-fuel operation 
Tests of Perkins 1104D-E44TA engine running on 

compressed natural gas and diesel CNG + Diesel in dual-
fuel operation and, for comparison, when powered by diesel 
fuel only, were conducted when it was operating according 
to the external speed characteristics and the load character-
istics for crankshaft speed n = 1800 rpm. Using the AVL 
IndiSmart 612 system for measuring fast-changing quanti-
ties, the pressure waveform in the cylinder of the engine 
under test were recorded for subsequent fifty operating 
cycles under steady state conditions. The measurements of 
the pressure in the cylinder were carried out with a resolu-
tion of 0.1° of the crank angle. Diagrams constituting Fig-
ure 4 show example results of pressure measurements in the 
engine cylinder as a function of the crank angle for subse-
quent fifty operating cycles of the Perkins 1104D-E44TA 
engine in dual-fuel operation and powered by diesel fuel 
only. The diagrams show that in the case of an engine pow-
ered by CNG and diesel fuel, the spread of the maximum 
combustion pressures is significantly greater than the 
spread of these values obtained in an engine powered by 
diesel fuel only. It should be noted that the diagrams pre-
sented were developed at low engine load, where the share 
of natural gas in total fuel consumption is high. The sets of 
indicator diagrams determined under the steady state oper-
ating conditions, while powering the tested engine with a 
specific fuel, were used to calculate the uniqueness of the 
combustion process. Figure 5 shows a comparison of the 
pressure waveforms during the combustion process in the 
Perkins 1104D-E44TA engine cylinder operating according 
to external speed characteristics for selected crankshaft 
speeds n = 1400, 1800 and 2200 rpm, in dual-fuel operation 
CNG + Diesel and powered by diesel fuel only. For the two 
different powering methods tested, slight differences in the 
pressure waveforms were obtained. Figure 6 shows a com-
parison of the pressure waveforms during the combustion 
process in the Perkins 1104D-E44TA engine cylinder oper-
ating according to the load characteristics for crankshaft 
speed n = 1800 rpm, with selected loads of the engine T =  
= 20, 200 and 450 Nm, in dual-fuel CNG + Diesel opera-
tion and powered by diesel fuel only. In this case, greater 
differences in pressure waveforms during the combustion 
process at lower loads can be noted. These differences 
become smaller as the load increases. This is due to the fact 
that as the load increases, the energy share of natural gas in 
the total amount of energy supplied to the engine cylinders 
significantly decreases. The energy share of natural gas in 
the total energy supplied to the engine cylinders for the 
tests performed is shown in Fig. 7. 
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Fig. 4. Example sets of indicator diagrams determined under steady state 
conditions for subsequent operating cycles of Perkins 1104D-E44TA 
engine in dual-fuel CNG + Diesel operation and powered by diesel fuel 
only, operating according to the load characteristics for crankshaft speed  
 n = 1800 rpm and load T = 20 Nm 

 

 

 

 
Fig. 5. Comparison of the pressure waveforms during the combustion 
process in the Perkins 1104D-E44TA engine cylinder operating according 
to external speed characteristics for selected crankshaft speeds n = 1400, 
1800 and 2200 rpm, in dual-fuel CNG + Diesel operation and powered by 
 diesel fuel only 

 

 

 

Fig. 6. Comparison of the pressure waveforms during the combustion 
process in the Perkins 1104D-E44TA engine cylinder running according to 
the load characteristics for crankshaft speed n = 1800 rpm, with selected 
loads of the engine T = 20, 200 and 450 Nm, in dual-fuel CNG + Diesel  
 operation and powered by diesel fuel only 
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Fig. 7. The energy share of natural gas in the total energy input to the 
cylinders of the Perkins 1104D-E44TA engine running in dual-fuel CNG + 
Diesel operation and according to external speed characteristics and load  
 characteristics for crankshaft speed n = 1800 rpm 
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5. Combustion process uniqueness indicators  
The result of the processes taking place in a reciprocat-

ing combustion engine is an indicator diagram. It makes it 
possible to determine the basic indicators of engine opera-
tion and combustion process parameters. With subsequent 
indicator diagrams of the operating engine, it is possible to 
assess the correctness of the combustion process. The aim 
is to ensure that the indicator diagrams of the engine run-
ning under steady operating conditions are the same. In 
fact, these diagrams vary. Each subsequent pressure wave-
form in the cylinder is different from the previous one. This 
is the result of the variability of the processes occurring in 
the engine: air supply process, fuel injection process, fuel-
air mixing process, ignition initiation or autoignition pro-
cess, environmental condition variability. An important 
factor affecting the course of subsequent operating cycles in 
the engine cylinder during its tests on the test stand is the 
ability to ensure stable engine operation parameters [20]: 
crankshaft speed, torque curve, constant temperatures and 
pressures of: collector air, engine lubricating oil and cool-
ing liquid. The lack of repeatability of these processes oc-
curring in the engine and the variability of the engine oper-
ating conditions causes that the subsequent cycles of its 
operation differ. This may affect the values of the engine's 
performance indicators, including engine noise and exhaust 
fumes composition. In addition, the problem of the unique-
ness of subsequent indicator diagrams should be taken into 
account when analyzing them. A single recorded pressure 
waveform may not be representative of the engine and the 
indicators determined on its basis. Therefore, usually for 
the analysis of the indicator diagram, a mean diagram of 
several dozen operating cycles measured under steady con-
ditions of the engine operation is prepared. It may then be 
assumed that such an indicator diagram is representative of 
an engine operating under the specified conditions.  

Uniqueness is a statistical parameter used to character-
ize the variability of the data set obtained from measure-
ments. The uniqueness of the combustion process can be 
assessed by determining the uniqueness of the parameters 
characterizing this process [15–18, 20]. Classical indicators 
of the uniqueness of the combustion and fuel injection 
process have been discussed, among others, by Heywood 
[6]. The combustion process is analyzed on the basis of 
indicator diagrams and parameters determined on its basis. 
The uniqueness or, in other words, variability of these pa-
rameters shall be determined by dividing the standard devi-
ation of a given parameter by its mean value in the set of 
results: 

 
Y

X Y
Y

σ=  (1) 

where: σY – standard deviation of parameter Y, Y  – ave-
rage value of the parameter under consideration. 

The paper includes the analysis of the uniqueness for 
the combustion process of Perkins 1104D-E44TA engine 
running on compressed natural gas and diesel fuel in dual-
fuel operation and on diesel fuel only. The values of four 
uniqueness indicators for subsequent engine operating cy-
cles were determined: the uniqueness indicator for the max-
imum combustion pressure of the operating cycle, the 
uniqueness indicator for the mean indicated pressure, the 

uniqueness indicator for the indicator diagram and the 
uniqueness indicator for the partial indicator diagram. 

The values of the uniqueness indicator for the maxi-
mum combustion pressure of the operating cycle were cal-
culated with the equation: 
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where: pmax,i – maximum combustion pressure of the i-th 
operating cycle of the engine, 

maxpσ  – standard deviation 

of the maximum combustion pressure, maxp  – average 

maximum combustion process pressure calculated from N 
engine's subsequent operating cycles, N – number of subse-
quent engine operating cycles recorded. 

The indicator of the uniqueness of the mean indicated 
pressure has been calculated using the equation: 
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where: 
ipσ  – standard deviation of the mean indicated 

pressure value, ip  – average value of the mean indicated 

pressure from the subsequent N operating cycles of the 
engine, pi,i – average indicated pressure of the i-th cycle. 

The uniqueness indicator for the indicator diagram was 
determined from the following formula: 
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where: σS – standard deviation of the area under the opened 
indicator diagram, S� – mean value of the area under the 
opened indicator diagram calculated for subsequent N oper-
ating cycles of the engine, Si – area under the i-th opened 
indicator diagram. 

The area under the opened indicator diagram was calcu-
lated from the formula: 

  α=
α

α

k

p

pdS  (5) 

where: αp, αk – values of the crank angle corresponding to 
the first and last point on the analyzed indicator diagram. 

The uniqueness indicator for the partial indicator dia-
gram has been calculated using the equation: 
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where: 
CSσ  – standard deviation of the area under the 

curve of the opened indicator diagram from the closing of 

inlet valves to the opening of outlet valves, CS  – mean 
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value of the area for the following N diagrams calculated 
under the opened indicator curve from the closing of inlet 
valves to the opening of outlet valves, SC,i – value of the 
area under the curve of the i-th opened indicator diagram 
from the closing of inlet valves to the opening of outlet 
valves. 

The surface area under the curve of the partial indicator 
diagram limited by the crank angle at which the inlet valves 
close and the crank angle at which the outlet valves begin to 
open is calculated from the formula: 

  α=
α

α

ow

zd

pdSC  (7) 

αzd, αow – values of the crank angle corresponding respec-
tively to the closing of inlet valves and opening of outlet 
valves. 

6. Analysis of the uniqueness indicators  

for the combustion process of the Perkins 

1104D-E44TA engine in dual-fuel operation 

running on natural gas and diesel fuel   
The diagrams below present the comparison of the 

uniqueness indicators of the combustion process of Perkins 
1104D-E44TA engine running on compressed natural gas 
and diesel fuel CNG + Diesel in dual-fuel operation and, for 
comparison, on diesel fuel only. The results of the calcula-
tion of the uniqueness indicator for the maximum combus-
tion pressure of the operating cycle of the tested engine 
operating according to the external speed characteristics are 
shown in Figure 8. They obtain similar values for engines 
in dual-fuel operation powered by CNG + Diesel fuel and 
by diesel fuel only. The obtained values of this indicator do 
not show an unambiguous correlation for the two methods 
of powering. It should be noted, however, that the energy 
share of natural gas in the total amount of energy supplied 
to the engine during its operation according to its external 
speed characteristics is practically below 20%. As a result, 
there are no significant differences in the combustion pro-
cess on the indicator diagram. The values of the  uniqueness 
indicator for the maximum combustion pressure of the 
operating cycle of the Perkins 1104D-E44TA engine run-
ning according to the load characteristics are shown in 
Figure 9. For loads of 20, 50 and 100 Nm, higher values of 
this ratio were obtained in the case of dual-fuel supply. 
However, they decrease significantly as the load increases. 
For loads above 100Nm, similar values of the uniqueness 
indicator for the maximum combustion pressure of the 
cycle of the tested engine in dual-fuel operation and run-
ning on diesel fuel were obtained. As the load increases, the 
energy share of natural gas in the total amount of fuel sup-
plied to the cylinders decreases. 

Figures 10 and 11 present the values of uniqueness indi-
cators of the mean indicated pressure of the Perkins 1104D-
E44TA engine, operating according to external speed char-
acteristics and load characteristics for crankshaft speed n = 
1800 rpm, in dual-fuel operation powered by CNG + Diesel 
and by diesel fuel only. In the case of dual-fuel operation of 
the engine, greater values of the uniqueness indicator of the 
mean indicated pressure as compared to the engine running 
on diesel fuel were obtained. Definitely greater values of 
this indicator were obtained for the smallest loads (20 Nm 

and 50 Nm) at engine operation according to the load char-
acteristics. Under these engine operating conditions, the 
energy share of natural gas in dual-fuel operation was 71% 
and 62%, respectively. With an increase in engine load and 
a decreasing share of natural gas from about 54% to about 
16%, the differences in the analyzed indicator for the two 
methods of powering are not so significant. 

  

 
Fig. 8. Comparison of the value of the uniqueness indicator for the maxi-
mum pressure of the combustion process of the operating cycle of the 
Perkins 1104D-E44TA engine operating according to external speed 
characteristics, in dual-fuel operation, powered by CNG + Diesel and by  
 diesel fuel only 

 

 
Fig. 9. Comparison of the value of the uniqueness indicator for the maxi-
mum pressure of the combustion process of the operation cycle in the 
Perkins 1104D-E44TA engine cylinder, running according to load charac-
teristics for crankshaft speed n = 1800 rpm, in dual-fuel operation powered  
 by CNG + Diesel and by diesel fuel only 

 
The values of the uniqueness indicator for the indicator 

diagram and the uniqueness indicator for the partial indica-
tor diagram of the Perkins 1104D-E44TA engine in dual-
fuel operation powered by CNG + Diesel and diesel fuel 
only are shown in Figures 12 to 15. For a dual-fuel engine, 
both during operation according to external speed charac-
teristics and load characteristics, higher values of the 
above-mentioned indicators were obtained. The greatest 
differences in the values of uniqueness indicators of the 
indicator diagram and partial indicator diagram for two 
methods of powering the tested engine were obtained at low 
engine loads. 
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Fig. 10. Comparison of the value of the uniqueness indicator for the mean 
indicated pressure of the Perkins 1104D-E44TA engine operating accord-
ing to external speed characteristics, in dual-fuel operation powered by  
 CNG + Diesel and by diesel fuel only 

 

 
Fig. 11. Comparison of the value of the uniqueness indicator for the mean 
indicated pressure of the Perkins 1104D-E44TA engine, running according 
to load characteristics for crankshaft speed n = 1800 rpm, in dual-fuel  
 operation powered by CNG + Diesel and by diesel fuel only 

 

 
Fig. 12. Comparison of the value of the uniqueness indicator for the indi-
cator diagram of the Perkins 1104D-E44TA engine operating according to 
external speed characteristics, in dual-fuel operation powered by CNG +  
 Diesel and by diesel fuel only 

 

 
Fig. 13. Comparison of the value of the uniqueness indicator for the indi-
cator diagram for the Perkins 1104D-E44TA engine, operating according 
to load characteristics for crankshaft speed n = 1800 rpm, in dual-fuel  
 operation powered by CNG + Diesel and by diesel fuel only 

 

 
Fig. 14. Comparison of the value of the uniqueness indicator for the partial 
indicator diagram of the Perkins 1104D-E44TA engine operating accord-
ing to external speed characteristics, in dual-fuel operation powered by  
 CNG + Diesel and by diesel fuel only 

 

 
Fig. 15. Comparison of the value of the uniqueness indicator for the partial 
indicator diagram for the Perkins 1104D-E44TA engine, operating accord-
ing to load characteristics for crankshaft speed n = 1800 rpm, in dual-fuel  
 operation powered by CNG + Diesel and by diesel fuel only 
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5. Conclusion  
The research showed that when powering the Perkins 

1104D-E44TA engine by both natural gas and diesel fuel, 
the values of uniqueness indicators: mean indicator pres-
sure, indicator diagram and partial indicator diagram are 
greater than when powering the engine by diesel fuel. Sig-
nificantly greater values of the above-mentioned indicators 
were obtained at the lowest loads of the engine operating 
according to the load characteristics. The obtained values of 
the uniqueness indicator for the maximum combustion 
pressure of the operating cycle of Perkins 1104D-E44TA 
engine for the smallest loads of the engine operating ac-
cording to the load characteristics are also significantly 
greater when powering the engine by natural gas and diesel 
fuel. For the remaining measuring points, the values of this 
indicator do not differ significantly and are not clearly 
smaller or greater for one of the two methods of powering 
the tested engine. The results obtained are certainly influ-
enced by significantly different physical and chemical 
properties of natural gas and diesel fuel, as well as different 

shares of natural gas in the total amount of fuel supplied to 
the engine cylinders. The share of natural gas in the total 
amount of fuel supplied to the engine cylinders could not be 
the same, due to the possibility of detonation under greater 
engine loads. With low engine loads and a high share of 
natural gas in a dual-fuel supply, this type of supply has a 
significant impact on the processes occurring in the engine 
cylinder. The uniqueness of the combustion process is 
clearly increasing. When the engine is running according to 
external speed characteristics and at high loads, the unique-
ness for most of the indicators determined is greater in the 
case of dual-fuel supply. However, these differences be-
tween dual-fuel operation and powering by conventional 
fuels are not significant. According to the authors, further 
research should be carried out on the uniqueness of the 
combustion process in dual-fuel operation of the engine, 
with constant load and different shares of natural gas in the 
total amount of fuel supplied to the engine cylinders. 
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