
Introduction

The structure of combustion engines enables their 
modernization and, consequently, a return to the idea 
of plant fuels. Running out of petroleum fuels is an 
argument opting for resuming the plant fuel concept. 

Crude oil occupies the first place in the structure of 
the natural energy sources’ consumption [1]. Diesel oil, 
the share of which in the total processing amounts to 
from 34% to 41%, while petrol is 20% [2], is the main 
product of the crude oil’s refinement.

The European Union predictions indicate an 
increase in diesel oil use in the transportation sector and 
maintaining its constant use as an engine fuel. The legal 
conditionings of the European Union, which determine 
the biofuel’s path of development, have an impact on 
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Abstract

The most common indicators used for assessing combustion engines powered by renewable fuels 
with simultaneous fuel injection are: power, torque, fuel consumption, noise emission, amount of 
particulates present in the exhaust fumes and composition of exhaust fumes (oxygen, carbon dioxide, 
hydrocarbons, nitric oxides and air excess coefficient). The aim of this study is to analyze the impact 
of the addition of fatty acid methyl esters to diesel oil on the value of transport means performance 
parameters, particularly the level of noise generated by the transport means drive units. Generating 
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fuel controller’s settings: standard ones, increased for 2%, 4%, and 6% dosage of fuel and supercharging 
for 50 mb. We found that the increased dosages of fuel at powering with diesel oil without the additive 
of biocomponent influences the increase of the noise level within the whole tested scope.
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the fuel market situation in Poland. The basic legal act 
since 2003 to 2009 that has determined the development 
of the biofuel market was directive 2003/30/WE, which 
obliged, out of concern for the natural environment, 
the Member states of the EU to add methyl esters to 
transportation fuels at a minimum volume of 5,75% by 
the end of 2010 [3]. In 2009 the European Parliament 
introduced new provisions in directive 2009/28/WE, 
which imposes an obligation of the biofuels’ share in 
the transportation sector amounting to 10% by the end 
of 2020. This directive also determines the balanced 
development criteria concerning classification of 
biofuels to the renewable energy source category [4]. 
Two components used in engines with spark ignition 
and with self-ignition, bioethanol and the fatty acid 
methyl esters, are of basic importance on the biofuel 
market.

In the study a focus is put on additives applied to 
fuel engines with self-ignition. The following oils are 
counted among the group of plant fuels: arachis, rape, 
corn, linseed, ricinus, palm, and soya. Rape is one of 
the most popular plants for production of alternative 
fuels. A mixture of diesel oil and transesterified diesel 
oil powers engines with self-ignition. Transesterified 
diesel oils are fatty acid methyl esters characterized by 
much better lubricating properties than the traditional 
diesel oil, considerably extending engine life [5]. There 
are also many pro-ecological arguments opting for 
the use of this mixture, such as no pollution of the 
environment with sulfur compounds and a decrease of 
the CO2 volume introduced to the atmosphere [5]. Apart 
from combustion gas emissions, noise coming into 

being at the time of a combustion engine’s operation 
is one of the most important factors determining the 
engine operation arduousness. The sources of noise 
in an engine include suction murmurs, effects of the 
mechanical engine parts and fixtures contact, and 
most of all the process of fuel combustion and its 
removal from the engine via the exhaust system [6]. 
The drive units’ technological development allows for 
the improvement of their operation’s quality, including 
imitation of the level of emitted sounds reduction of 
their arduousness for the environment [7].

It must be remembered, though, that noise emission 
is one of many parameters of a drive unit. Literature 
provides analyses of tests of engine efficiency, fuel 
consumption and components of exhaust gases 
including particulates. Efficiency tests of engines 
powered by biofuels have been conducted in many 
research centers. They have all confirmed changes in the 
engine performance parameters including an increase 
in fuel flow resistance, increases in fuel thickness, 
and decreases in engine overall efficiency [8-12]. 
Literature provides numerous analyses concerning fuel 
consumption which indicate that self-igniting engines 
need more fuel when powered by mixtures of fatty acid 
methyl esters and diesel oil [13-15]. Fuel consumption 
in a combustion engine increases by about 18% for each 
addition of 35% of fatty acid methyl esters to diesel oil, 
as compared to pure diesel oil [16]. Change in a unit fuel 
consumption can already be observed for a 5% addition 
of biocomponents to diesel oil [17-20]. Numerical, 
which characterize the operation of combustion 
engines, serve as determinants of their operation to be 

Fig 1. Criteria for assessing transport means drive unit.
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used for their assessment and comparison. An analysis 
of these quantities provides detailed information on the 
combustion engine characteristics. Based on literature 
analysis, criteria for assessment of a transport means 
drive unit powered by mixtures of diesel oil and 
biocomponent have been determined.

We must highlight, though, that the most commonly 
used indicators of piston combustion engines are: 
power, torque, fuel consumption, noise emission and 
composition of exhaust fumes and exhaust smoke. Tests 
conducted by other authors have provided 7% lower 
values of the engine performance parameters and lower 
power reduction as compared to diesel, depending on the 
combustion system and characteristics of the injection 
unit [21, 22]. According to literature, using renewable 
energy sources to power combustion engines reduces  
emission of pollution of such exhaust components as: 
carbon monoxide, hydrocarbons and particulates [14, 
17, 23-30]. Nitric oxides, which indicate an increase by 
several percent as compared to diesel, are exceptions.

Based on literature, eight performance parameters 
were identified to be evaluated in terms of the impact 
on the analyzed research object functioning. These 
parameters were selected because of their significant 
influence on functioning of the drive unit powered 
by mixtures of diesel oil and fatty acid methyl esters. 
The parameters identified for engines powered by 
renewable fuels with simultaneous adjustment of fuel 
injection controller include engine noise emission and 
the quantity of particulates in exhaust gases (oxygen, 
carbon monoxide, hydrocarbons, nitric oxides and air 
excess coefficient). The results of measurements of the 
above-listed parameters were statistically analyzed to 
be included in the proposed method for assessing the 
research object functioning. On this basis an assessment 
model was developed for evaluation of the impact 
of fatty acid methyl ester additives to diesel oil on 
transport means functioning, which was verified using 
fuzzy logic elements. Based on the method of mean 
fuzzy diagrams, the parameters that are sensitive to fuel 
mixture change were identified. Fig. 2 shows a gradient 
form of fuzzy medians. Performance parameters 
are shown as decreasing in consistence with their 

scatter value. An analysis of the obtained data and its 
interpretation provide the basis for an assumption that 
the values of performance parameters whose scatter 
value is lower than 0,04 significantly change depending 
on the type of fuel used to power the drive unit of the 
analyzed transport means.

Based on the values of fuzzy median scatter, 
parameters such as noise, carbon monoxides, oxygen, 
nitric oxides and hydrocarbons are sensitive to change 
of the fuel mixture change.

This study presents a fragment of research on a 
self-ignition engine powered by mixtures of diesel 
oil and fatty acid methyl esters for variable settings 
of the fuel injection controller. The study goal is 
to analyze the influence of fatty acid methyl ester 
addition to diesel oil on the value of transport means 
performance parameters, particularly the level of noise 
emission produced by the drive units of the research 
objects. However, the practical goal is to determine 
an optimal setting for the fuel injection controller for 
different compositions of the fuel mixture, in terms 
of performance parameters of a transport means drive 
unit.

This study includes a description of the noise 
emission test for a drive unit fueled by a mixture of 
70% diesel oil and 30% of fatty acid methyl esters for 
five fuel injection controller settings and an analysis of 
the results. The noise generated by the research object 
is presented as one of the performance parameters due 
to its sensitivity to the fuel mixture composition change 
and the fuel injection controller setting.

As other authors state, the reduction of noise in the 
diesel engine also takes place in the study of combustion 
of diesel oil with various types of oxygenates. In 
various world scientific units, experimental tests were 
conducted out on a diesel engine in order to investigate 
the mechanisms of combustion noise formation for 
various alternative fuels of the mixture. However, in 
no studies were the settings of the fuel injection driver 
modified [31].

Material and Methods

Oils subject to the transesterification process, that 
is the exchange of chemically bound glycerin into 
triacylglycerol particle on the added methyl alcohol in 
the presence of basic or acidic catalyst and commonly 
called biocomponents, are the materials used for the 
studies. The tested biocomponents were mixed with 
diesel oil in the proportion 30% of biocomponent and 
70% of diesel oil.

The studies on the properties of engines with self-
ignition powered with plant oil or with the mixture of 
plant oil with diesel oil were conducted at many research 
and development centers, taking into consideration the 
studies on the engine basic parameters. The analyses of 
the study results presented by different authors concern 
problems related to the application of plant oil as an Fig 2. Gradient shape of fuzzy median.
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engine fuel [32]. An engine with self-ignition, which is 
used by the means of road transportation, was covered 
by the studies. Characteristics of the drive unit used in 
the studies are presented in Table 1.

A drive unit used in the studies is extensively applied 
in vehicles of the permissible total weight not exceeding 
3,5 t. The tested engine is characterized by a direct 
fuel injection performed with the use of the common 
rail system and the applied electro-magnetic injectors. 
The drive unit cooperates with a turbo-compressor of 
variable geometry of blades and dual mass flywheel, 
which contributes to performance improvement and 
allows it to meet stringent standards of exhaust gas 
emissions. The research object of the studies was not 
equipped with a diesel particulate filter. The tested 
engine was a 16-valve version having the timing belt 
driving one camshaft, while the other one, via chain, 
receives the drive from the first one. The disadvantage 
of the drive unit, noticed during the vehicle diagnostics 
performed after the tests, is the unsealing of the 
lubrication system after longer exploitation and turbo-
compressor breakdowns.

Adaptation of the drive system was performed in 
the object, which made it possible to change the fuel 
without any damage to the engine. The performed 
changes concerned the following: fuel supply system, 
installation of an additional fuel tank, computer 
software.

The conducted modifications did not interfere with 
the engine structure. They only concerned the fittings 
and software. Adaptations connected with the mixture 
supply to the engine consisted only in the installation of 
an internal tank, at simultaneous cutting off the liquid 

inflow from the factory tank. During the tests, neither 
additional fuel filters nor an additional fuel pump was 
installed in the engine. The fuel supply system was 
connected from the external tank directly to the drive 
unit.

The conducted tests concerned the measurements of 
the performance parameter of the means of transport 
powered with the diesel oil with 30% addition of the 
fatty acid methyl esters. Measurement of noise emission 
generated by the drive unit was subject to the tests. 
The experiment was conducted in the number of 64 
repetitions in the laboratory environment with the use 
of the chassis dynamometer. The tests were conducted 
for different settings of fuel injection: for standard ones, 
fuel dose increased by 2% and increased supercharging 
50 hPa, fuel dose increased by 4% and increased 
supercharging 50 hPa, fuel dose increased by 6% and 
increased supercharging 50 hPa, and the increased 
fuel dose by 6% and increased supercharging 150 hPa. 
Changes made to the factory software of the engine 
computer were an innovative aspect. No studies have 
been found in domestic and foreign literature in which 
modifications of the fuel injection controller settings 
have been made. 

The sound generated by the drive unit was 
determined with the use of a sonometer with a built-
in spectrum analyzer meeting the standard IEC 61672-
1:2002 and the standard IEC 60651. The principle 
of the analyzer’s operation was based on testing the 
acoustic signal, which in the form of a pressure wave 
comes to the capacitor microphone of linear frequency 
characteristics. During testing of the electric capacity’s 
changes, the membranes connected with vibrations 
were converted into correct voltage changes. A signal 
formed in such a manner reached the amplifier, and 
then through the filtering systems to the output system. 
Reaching by signal the outlet system made it possible 
to read the measurement’s result on the device’s digital 
display. The measuring device was equipped with 
correction filters, the feature of which is to adjust the 
characteristics of the carried sound to a human’s ear 
characteristics. 

Determining the acoustic parameters of a drive unit 
powered with a mixture of 70% diesel oil and 30% fatty 
acid methyl esters took place with the survey method 
aiming at determination the engine’s noise acoustic 
power level. That method consisted in calculating the 
adjusted level of acoustic power and the level of the 
acoustic power in the frequency bands on the basis of 
the acoustic pressure level in the frequency bands and 
the sound level measured with the use of a correction 
filter.

Results and Discussion 

For the purposes of creating a model which in the 
best manner would foresee the changes of the variable 
value, regression analysis was used. At the time of that 

Table 1. Basic size and style requirements.

ENGINE 1.6 HDi

Type of the engine With self-ignition

Fuel type Diesel oil

Engine cubic capacity 1560 cm3

Engine power 110 KM (81 kW) at 4000 
rev/min

Maximum torque moment 240 Nm at 1750 rev/min

Number of cylinders 4

Cylinders’ lay-out In-line

Cylinder’s diameter 73 mm

Piston stroke 88,3 mm

Number of valves 16

Type of ignition Direct, common rail

Forced induction Turbo-compressor’s forced 
induction

Injectors Electromagnetic

Diesel particulate filter No
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analysis, using it was assumed, that the dependencies 
between the variables were linear dependence and 
also the linear regression’s equation was determined. 
For analysis of the noise dependence (Y) on the dose 
(X1) and supercharging (X2), the linear regression 
in the form Y = c + b*x1 + a*x2 was used. For  
the regression equation, the multiple correlation 
coefficient R was calculated. Testing of the hypothesis 
H0 : R = 0 was equivalent with the regression equation’s 
significance testing. Rejection of the hypothesis  
H0 : R = 0 means  significance of the regression’s 
equation. At the next stage of analysis we tested the 

significance of the regression’s equation coefficients. 
These were the hypotheses in the form of H0 : b = 0 
and H0 : a = 0.

The statistical analysis concerned 64 measurements 
of the drive unit’s sound emissions, for the diesel oil 
and the mixture of 30% of fatty acids methyl esters and 
70 % of diesel oil in all the fuel injection controller’s 
settings. The values of the basic statistics for all the 
analysed fuel injection controller’s settings for the 
diesel oil and for the mixture of the diesel oil with the 
biocomponents are presented in Tables 2-3. Figs 3-4 
show the graphic form presenting the mean values and 

Table 2. Values of the basic statistics for all the analysed settings of the fuel injection controller for the diesel oil.

Number of the test 1 2 3 4 5

Dope 0 2 4 6 6

Supercharging 0 50 50 50 150

Medium 121,62 121,39 121,73 128,95 128,85

Median 121,50 121,20 121,80 128,90 128,90

Standard deviation 0,40 0,40 0,27 0,33 0,19

Variability coefficient 0,003 0,003 0,002 0,003 0,001

Min 121 120,9 121,1 128,5 128,4

Max 122,4 122,2 122,2 129,5 129,1

Fig. 3. Mean values and median of the sound measurement 
results for the diesel oil.

Table 3. Values of the basic statistics for all the analyzed settings of fuel injection, for the mixture of the diesel oil with biocomponent.

Number of the test 1 2 3 4 5

Dope 0 2 4 6 6

Supercharging 0 50 50 50 150

Medium 121,00 120,76 120,53 120,54 120,61

Median 121,10 120,70 120,60 120,60 120,60

Standard deviation 0,79 0,12 0,34 0,43 0,48

Variability coefficient 0,007 0,001 0,003 0,004 0,004

Min 119,5 120,6 119,9 119,7 119,8

Max 122,6 120,9 121 121,1 121,3

Fig. 4. Average values and the median of the sound measurement 
results for the mixture of 30% of biocomponent and 70% of 
diesel oil.
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the median for the diesel oil and for the mixture of the 
diesel oil and for the mixture of the diesel oil and the 
biocomponent.

Based on the analysis of data presented in Table 2, 
one may notice that the mean values and the median in 
the last two columns are significantly higher than in the 
first three columns. Attention should be especially paid 
to the low variability coefficient, not exceeding 0,07%.

Analysis of the values presented in Table 3 shows 
that the values of the standard deviation and of the 
variation coefficient are the highest ones in the first 
column.

Analysis of Regression

In order to study the dependencies of the values 
of noise Y for the diesel oil and the dope – X1 and 
supercharging – X2 , the equation of the multi-factor 
linear regression for the diesel oil has been determined:

Y = 119,7996 + 1,209262*X1 + 0,005923 * X2 (1)

…where X1 is dope of fuel, X2 is supercharging and Y 
is noise.

The equation is statistically significant at p<0,0001. 
The multiple correlation coefficient equals R = 0,8436. 
The coefficient 1,209262 is statistically significant 
at p<0,0001, while the coefficient 0,005923 is not 
statistically significant.

The multi-factor linear regression’s equation has 
also been determined for the mixture of 30% of fatty 
acid methyl esters and 70% of diesel oil:

Y = 120,928 - 0,0811*X1 + 0,00088 * X2    (2)

…where X1 is dope of fuel, X2 is supercharging and Y 
is noise.

The equation is statistically significant at p<0,0001. 
The multiple correlation coefficient is equal to  
R = 0,3121. The coefficient – 0,0811 is statistically 
significant at p<0,0001, while the coefficient 0,00088 is 
not statistically significant. For the mixture of the diesel 
oil and the component, the dope’s increase results in the 
decrease of the noise’s value.

Fuzzy Analysis of the Values of the Considered 
Operating Parameter

In order to verify the obtained results of the tests, 
the fuzzy analysis of the considered operating parameter 

has also been conducted. The registered values of the 
noise generated at the studied object’s operation have 
been analyzed. Just as for each study of the operating 
parameter [33-37], as well as for the noise level analyzed 
in the study, there have been introduced characteristic 
values in the form of: minimum, boundary and 
maximum values, and also characteristic ranges of the 
possible, admissible and inadmissible values described 
with expressions (4-5) and presented in Fig. 5:

HP = [hmin, hmax]                     (3)

HD = [hmin, hgr]                      (4)

HND = [hgr, hmax]                     (5)

…where:
hmin – minimum noise emission value
hgr – boundary noise emission value
hmax – maximum noise emission value
HP – range of possible values
HD – range of admissible values
HND – range of inadmissible values

Registered noise emission values as the measurement 
values are determined with approximation, which during 
the studies have been modelled in the form of fuzzy 
sets [38, 39]. Based on each series of 64 measurements, 
the flat fuzzy set type u Λ, corresponding to the noise 
emission’s value in form (6), has been defined.

      (6)

…where:
FSΛ(x) – membership function of the fuzzy set type Λ
x – element of the fuzzy set domain
lrk - minimum value of the fuzzy set’s nucleus
lrs - minimum value of the fuzzy set’s carrier
rrs - maximum value of the fuzzy set’s carrier

The mean value of the series is the modal value 
of the set where the lowest and the highest values of 
the set’s carrier is the minimum and the maximum 
value in the series. Introduction of the measurement 
value modelling with the use of fuzzy sets implicates 
modelling of diffused values and characteristic ranges, 
which is why the minimum value is expressed in the 
form of the fuzzy set type L, maximum value in the 
form of the set type Γ, and the boundary value in the 

Fig. 5. Value and characteristic ranges of noise emissions.
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form of the set Λ [40]. Analogously, the ranges of 
admissible and unadmissible values have been modelled 
in the form of fussy sets type Π.

Based on the conducted measurements, it has been 
assumed that the boundary value there shall be the value 
of the noise emission corresponding to the engine’s 
standard settings and combustion of diesel oil without 
additives. Value 0 has been assumed to be the minimum 
value, and the maximum value is the maximum value 
registered during the tests. The spheres of admissible 
and inadmissible value diffusion of sets were assumed 
as equal to the sphere of diffusion of the boundary 
values set. In such a manner there has been received the 
division of the analysed parameter domain presented in 
Fig. 6. Detailed values of the obtained fuzzy sets are 
presented in Table 4.

Making use of the introduced fuzzy values and 
characteristic ranges, the power of the common part 
of the fuzzy set of admissible values and the fuzzy  
noise emission set have been calculated for each 
measurement series. It has been assumed that if the 
power of the common part is lower than the power 
of the noise emission fuzzy set, then the value of the 
noise emission for the series belongs to the range 
of inadmissible values. On that basis it has been 
determined that the noise emission for the cases of 
diesel oil combustion at the dope of fuel of 4 and 6%, 
and supercharging 50 mbar and 150 mbar, reaches 
inadmissible values.

Then, for the remaining cases of engine operation, 
the power of the common part of the fuzzy set of the 
boundary value and the noise emission value has been 
calculated. If that power equals zero, then the value of 
the noise emission belongs to the range of admissible 

values distant from the boundary values. On that basis it 
was determined that the noise emission for combustion 
of diesel oil with the additive of biofuel at the dope of 
the fuel 2 and 4% and supercharging of 50mbar reached 
the values distant from the boundary ones.

For the remaining case, that is for diesel oil 
combustion at the dope of the fuel of 2% and 
supercharging of 50 mbar and combustion of the diesel 
oil with the additive of biofuel at the standard settings 
and the dope of the fuel of 6% and supercharging  
50 and 150 mb, the noise emission level belonged  
to the admissible values but reached the boundary value 
limit.

Conclusions

On the basis of the conducted studies it may be 
found that the addition of fatty acid methyl esters has 
an impact on the sound level emitted by the analysed 
object of the studies. The conducted statistical analysis 
showed a lowered level of noise emitted by the drive 
unit, which was powered with a mixture of 30% 
fatty acid methyl esters and 70% of diesel oil. It also 
should be noted that for that mixture, sound emission 
has considerably decreased at the change of the fuel 
injection controller’s settings, which is the increase 
of the fuel dose by 6% and supercharging increase by  
50 hPa and 150 hPa. Based on the determined  
regression equations, it may be found that the obtained 
results were statistically significant, and the increase of 
the fuel dope shall result in the drop of sound emissions 
generated by the engine. The multiple correlation 
coefficient for the diesel oil amounted to 0,8436, and 

Table 4. Values describing fuzzy sets for the characteristic values and ranges.

Fuzzy set Minimum carrier’s 
value

Nucleus minimum 
value

Nucleus maximum 
value

Maximum carrier’s 
value

Minimum value 0 0 0 0,78

Boundary value 121,0 121,62 121,62 122,4

Maximum value 128,72 129,5 129,5 129,5

Range of admissible values 0 0 121,62 122,4

Range of unadmissible values 120,84 121,62 129,5 129,5

Fig. 6. Fuzzed values and characteristic ranges of noise emission.
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for the diesel oil and biocomponent mixture it was 
equal to 0,3121. As a result of the use of the fuzzed 
emitted noise value it was determined that emission 
of sound generated by the drive unit powered with a 
mixture of the diesel oil and the fatty acid methyl esters  
and supercharging reached the boundary values as 
compared to the standard settings of the fuel injection’s 
controller.

It should be stressed that the studies and analysis 
of the emitted noise level by the drive units powered 
with fuel with the addition of a biocomponent is a 
significant and current research problem. Noise, as one 
of the main operating parameters, directly affects the 
natural environment and influences the human-factor 
engineering of an operator’s workplace.

The obtained results of operating studies are 
grounds for further author studies aimed at checking 
the adequacy of the formed conclusions for a general 
group of objects that may be powered with the analyzed 
mixtures of fuels.
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