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Abstract
Attempting to minimize operating costs to fishers, they sometimes decide to use the cheapest marine fuels.
Their low quality adversely affects the durability of fuel injection equipment. Similarly, reduction of sulfur
and aromatic hydrocarbons, increase the boiling point at normal pressure and cetane number of modern fuels
leads to a significant deterioration in their tribological properties. Polish fishing vessels can be achieved by
using biofuels, which is a mixture of diesel and rapeseed oil. To carry out comparative studies for diesel and
biofuel engines used to power fishing vessels were needed data, specifying lubricity and calorific value of
fuels used by Polish fishermen. The conclusions are based on the examination of the chosen parameters for
randomly selected fuel samples from Polish suppliers or taken directly on fishing vessels.
Słowa kluczowe: paliwo dla statków rybackich, testowanie paliwa na statkach rybackich, paliwa smarne,
wartość opałowa
Abstrakt
Próba minimalizacji kosztów eksploatacji dla rybaków powoduje, że często decydują się oni na używanie najtańszych paliw żeglugowych. Niska jakość tych paliw niekorzystnie wpływa na trwałość instalacji wtrysku
paliwa. Podobnie, redukcja siarki i węglowodorów aromatycznych, silny wzrost temperatury wrzenia przy
normalnym ciśnieniu i liczbie cetanowej nowoczesnych paliw, prowadzi do znacznego pogorszenia ich właściwości trybologicznych. Na polskich statkach rybackich można by stosować biopaliwa, które są mieszaniną
oleju napędowego i oleju rzepakowego. Aby przeprowadzić porównanie oleju napędowego i biopaliw używanych w silnikach statków rybackich, potrzebne były dane określające wartości smarne i wartość opałową
paliw stosowanych przez polskich rybaków. Wnioski zostały wyciągnięte na podstawie analizy parametrów
losowo wybranych próbek dostarczonych przez dostawców lub pobranych bezpośrednio ze statków rybackich.

Introduction

The noticeable trend in research and development
of self-ignition engine designs is to achieve better
atomization and precise control of fuel charge,
which require injection equipment working at very
high pressures. This, in turn, is connected with
increasingly smaller clearance between mating
components.
The content reduction of compounds providing
natural lubricity of fuels may cause accelerated
tribological wear of mating elements, which in

Attempting to minimize operating costs to
fishers, they sometimes decide to use the cheapest
marine fuels. Their low quality adversely affects
the durability of fuel injection equipment. Similarly, reduction of sulfur and aromatic hydrocarbons,
increase the boiling point at normal pressure and
cetane number of modern fuels leads to a significant deterioration in their tribological properties.
92

Scientific Journals 26(98)

Analysis of the lubricity and calorific value of distillate fuels used on Polish fishing vessels

turn results in secondary damage to the engine.
The main propulsion system breakdown during
operation of a fishing vessel at sea, quite often in
difficult hydrometeorological conditions, threatens
the property, life and the marine environment [1].
Improvement tribological properties can be
achieved by the use of additives of methyl esters
(BTL) for marine fuels. Polish fishing vessels can
be achieved by using biofuels, which is a mixture
of diesel and rapeseed oil. To carry out comparative
studies for diesel and biofuel engines used to power
fishing vessels were needed data, specifying
lubricity and calorific value of fuels used by Polish
fishermen. The conclusions are based on the
examination of the chosen parameters for randomly
selected fuel samples from Polish suppliers or taken
directly on fishing vessels.

greater than 460 μm WSA. Vessels of the Polish
fishing fleet have a wide variety of propulsion
systems. Many failures of the injection equipment
in fishing vessel engines, resulting from incorrect
or deteriorated fuel properties, are related with the
properties of the fuel used and its preparation on
board, improper storage (resulting in increased
seawater or fresh water content), increased content
of solid particle contaminants or incorrect, if any,
fuel filtration [3]. In some cases the direct cause
of the failure is heating fuel in the pipes above
the maximum temperature of ~60°C, which for
the distillate fuels such as DO and MGO results in
lowered viscosity below the boundary level 1.5 cSt.
This leads to the loss of rheological properties and
results in seizure of precision pairs [3]. Seizure may
also be caused by incorrect fuel flow through the
injection pump and fuel circulating pipes. In such
cases there occurs insufficient reception of heat,
which also leads to local exceedance of boundary
operating parameters of the precision pair, and consequently, seizure. For these reasons, improving the
lubricating properties of fuels used on board fishing
vessels is an essential part of increasing the safety
of these vessels.

Characteristics of distillate fuel oils
The tests focused on distillate fuels (diesel oils)
used in the Polish fishing fleet. Fuel oils are composed of fractions obtained during the distillation
at atmospheric pressure or under vacuum and from
fractions received from other types of deep processing or chemical synthesis. Base fuel oils thus
composed are enriched with special additives to get
a finished product. With the low content in these
fuels roughly ranging from 0.5% to 5%, these additives have a different function than those used in
lubricants. Methyl esters (BTL), getting an increasingly wider scope of use, may to a large extent
replace fuels for self-ignition engines, traditionally
obtained from mineral oils.

Table 1. Types of main engines of the most common in Polish
fishing fleet [3]
Tabela 1. Typy silników głównych spośród najpopularniejszych w polskiej flocie rybackiej [3]
Engines Type
SW 400
S312 C
AL 20/24
S 4003
UE 680/191/1
Z 108 NH
22 H 12 A
2CA90
MD1
TAMD 122A
P 95 Rekin
SW 680
6 AL 20D
MD 2003

Importance of fuel lubricity in engine
operation
The determined range of fuel lubricity used as
a common requirement results from an agreement
between designers, engine makers and fuel producers [2]. Lubricity characterizes fuel in terms of
tribological properties that are not connected with
viscosity. It expresses the ability of fuel to create
conditions for boundary lubrication in extreme
conditions. Lubricity is a fuel property that directly
affects the wear of fuel injection equipment precision pairs and the other moving elements of this
equipment. Lubricity as a fuel parameter approximately determines the wear condition of the engine
that may be expected after specific running period.
In the event that was administered on a bunker
delivery note would be an important parameter for
engine operation. According to international agreements and union in a standardized engine manufacturers HFRR test at 60°C, the fuel should not cause
Zeszyty Naukowe 26(98)

Manufactured by:
Puck Andrychów
Ursus
HC Poznań
Ursus
Puck Andrychów
ZM im. Nowotki
ZM im. Nowotki
Andoria
Volvo Penta
Volvo Penta
Puck Andrychów
Puck Andrychów
HC Poznań
Volvo Penta

Number
61
53
46
30
21
18
14
12
12
10
9
9
8
8

Research on the lubricating and calorific
value properties of distillate fuels
Lubricity tests were performed in order to
determine the influence of fuel used by Polish
fishermen on the wear of fuel injection equipment.
The tests included spectral analysis of sulphur and
phosphorus content, determination of kinematic
viscosity at a standard temperature of 40°C, water
content checked by the centrifugal method and the
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behaviour of fuel samples subject to an HFRR test.
The spectral analysis was supposed to deliver
information on the content of phosphorus compounds affecting lubricating properties of the fuel.
Kinematic viscosity was examined to exclude the
boundary conditions of precision pair lubrication.
The exclusion of exccess water in fuel allows to
obtain correct evaluation of lubricating properties.
The HFRR test delivered information whether the
fuel had lubricating properties that meet agreed
international requirements provided in the Worldwide Fuel Charter IV Edition [2]. The number of
fuel samples was restricted to ten due to cost and
research duration limitations. It was assumed that
the research was of preliminary nature and would
bring material for further studies in this direction.

water content was examined by the centrifugal method with a PETROTEST 6-15 H Ludwig-Enhard-RIM 13 D-158227 Dahelewitz device, according
to the PN-89/C-04087 standard. The kinematic
viscosity, in turn, was evaluated by standardized
certified Cannon-Fenske Reverse-Flow Viscometer,
ISO 3105 ASTM 2515 NFT 60-100 and a certified
glycol bath TV 2000 PMT TAMSON ZOETERMEER-HOLLAND, meeting the requirements of
DIN EN ISO 9001.
The lubricity HFRR test was in compliance with
PN-EN-ISO 12156-1 and PN-EN-ISO 12156-2
standards: Standard Test Method for Evaluating
Lubricity of Diesel Fuels by the High-Frequency
Reciprocating Rig (HFRR). This type of rig mainly
finds applications in testing the lubricity of lubricants and other materials used in repeated sliding
reciprocating movement of elements. The movement of elements closely resembles the movement
of precision pair components, so the rig is useful in
evaluating the lubricity of fuel oils.

Fig. 1. Sulphur content analyzer HORIBA SLFA-2100/2800
Rys. 1. Urządzenie do analizy zawartości siarki HORIBA
SLFA-2100/2800

Samples were selected at random from various
distribution points and directly from fishing vessel
operators. The tests were performed at the Laboratory of fuels, oils and lubricants, the Maritime University of Szczecin. The choice of measurement
methods was strictly related with the availability of
laboratory equipment of the relevant institute. The
X-ray analysis of the sulphur content was carried
out with a HORIBA SLFA-2100/2800 instrument,
in accordance to the ISO 8745 and ASTM-D4294
standards for petroleum products: Determination of
sulphur content – energy-dispersive X-ray fluorescence method. The spectral analysis was based
on the instruction manual of a SPECTROIL M
spectrometer made by SPECTRO INC. Industrial
Tribology Systems, Littlelton Massachusetts. The

Fig. 2. Basic set of an HFRR instrument and an example
image of a HFRR test result
Rys. 2. Podstawowy zestaw instrumentu HFRR i przykładowy
obraz otrzymany jako wynik testu HFRR

The measurement sequence and stages
Sulphur content measurement – the calibration
curve was selected on the basis of estimated content
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Mean length of wear scar

of sulphur in the tested samples. The sulphur content was determined without any difficulties. The
results obtained, considered as correct, were put in
a table.
Content of water and solid particles – the tests,
made by the centrifugal method, went smoothly.
The results obtained were considered as probable.
The respective contents of water and solid particles
were so low that their influence on the lubricity
determined by the HFRR test could be excluded.
The scope of results was rather narrow, so that no
attempt was made to look for relationships with
lubricity, therefore those results are not included in
this study.
Kinematic viscosity – the test results were compared with tables and diagrams presenting the relationship between viscosity and temperature for
similar products. The comparison allows to conclude that the analysis was correctly made.
Lubricity – during the HFRR test it was necessary to repeat four measurements. Two measurements were repeated because test conditions were
exceeded in the rig chamber. It was not possible to
maintain the relative humidity in the 30–70%
range. Another measurement was repeated because
temperature had not been measured due to the sensor not being connected. One measurement was
repeated to verify the influence of other factors on
the test result.
Testing calorific value – the test was performed
using an automatic calorimeter KL-10.
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Fig. 3. HFRR test results
Rys. 3. Wyniki testu HFRR

shows mean wear scar values obtained during the
tests.
The test results for each sample are similar and
there are no substantial deviations from the standard except for test 7, where the result significantly
differs from the mean value (appendix: Evaluating
Lubricity of Diesel Fuels by the High-frequency
Reciprocating Rig HFRRP, test sample 7). When
the components, after the test of sample 7, removed
from the engine were inspected, a dark substance
was observed, that under the microscope turned out
to be resin or deposit. The visualized test process
allows to identify the difficulty in maintaining the
lubricating film and high value of friction coefficient, which explains why a sufficient lubricating
film could not be formed. It can be predicted that
the deposit on the ball was formed due to thermal
disintegration of fuel in the contact area, which
additionally could have deteriorated lubricating
conditions. Also, sample 7 has the lowest kinematic
viscosity measured at 40°C. The measured value is
close to the boundary viscosity specified by injection pump makers (Fig. 5 – Test results of the Cannon-Fenske Reverse-Flow Viscometer). The tests
indicated a significant relation between kinematic
viscosity and tribological wear (Fig. 7).

The results analysis
The data gathered allowed to determine the fuel
properties to a satisfactory extent / degree. Based
on the sulphur content analysis the fuel samples
have been classified as low-sulphur fuels. Taking
into account the content of water and solid particles, we found out that the fuels were of good
quality, stored in proper conditions. Seeking a correlation between water content, solid particles content and lubricity was regarded as irrelevant for the
examined set of samples. The evaluation of lubricity did not indicate any incorrect properties because
all samples met the requirements of wear scar in
comparison with the boundary value (Fig. 6). The
lubricity was determined on the basis of wear scar
size (1/WSA).
A number of interesting phenomena connected
with the quantities examined were observed during
the lubricity analysis. For instance, the phoshphorus
analysis did not prove to be useful due to difficulties in obtaining representative results, which made
it impossible to compare the results, thus no relationships could be formulated. The diagram (Fig. 3)
Zeszyty Naukowe 26(98)
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Fig. 4. Sulphur content in fuel samples (HORIBA SLFA2800)
Rys. 4. Zawartość siarki w próbkach paliwa
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Lubricity

Mean kinematic viscosity
9
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Fig. 6. Lubricity determined from the size of wear scar
(1/WSA)
Rys. 6. Smarność określona na podstawie wielkości śladu
zużycia (1/WSA)

Fig. 5. Results from the Cannon-Fenske Reverse-Flow Viscometer
Rys. 5. Wyniki pomiarów lepkości przy użyciu Cannon-Fenske
Reverse-Flow Viscometer

Relation between wear and kinematic viscosity of fuel samples

ZALEŻNOŚĆ ZUŻYCIA OD LEKOŚCI KINEMATYCZNEJ PRÓBEK PALIWA
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Fig. 7. Overall effect of viscosity on fuel tribological properties
Rys. 7. Wpływ lepkości na własności trybologiczne paliwa
Relation between wear and sulphur content in fuel samples

ZALEŻNOŚĆ ZUŻYCIA OD ZAWARTOŚCI SIARKI W PRÓBKACH PALIWA
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Fig. 8. Overall effect of sulphur content on fuel tribological properties
Rys. 8. Wpływ zawartości siarki na własności trybologiczne paliwa
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Table 2. Origin of fuels tested and calorific value of the test results of selected fuels
Tabela 2. Pochodzenie testowanych paliw i wyniki testów na wartość kaloryczną wybranych paliw
Sample
number

Ships name

Port
of registry

Place / port
of sampling

Fuel supplier

Calorific value Qw
[kJ/kg]

1

Tukana

Gdynia

Darłowo

Ship-service SA

42 410

2

Uran

Szczecin

Świnoujście

Lotos Sp. z o.o.

42 018

3

Storm

Gdańsk

Hell

Arcturus Sp. z o.o.

42 786

4

Varkan Ege

Gdańsk

Gdańsk

Arcturus Sp. z o.o.

42 423

5

Halicz

Gdańsk

Kołobrzeg

Polcargo international Sp. z o.o. Gdańsk

42 363

6

Halicz 2

Gdańsk

Szczecin

Polcargo international Sp. z o.o. Szczecin

43 318

7

Held

Gdynia

Ustka

Petrocargo / OW Bunker Sp. z o.o. Szczecin

42 686

8

Gdy-6

Gdynia

Gdynia

Bunkrowanie w Dani

42 596

9

Mrz-2

Mrzerzyno

Mrzerzyno

Ship Service – Grupa Orlen Szczecin

43 358

The tests did not reveal a considerable relation
between sulphur content and lubricity, because all
fuels were low-sulphur products. To get an unequivocal relation between sulphur content and tribological properties of fuel one would have to use
fuels with a wider range of sulphur content (up to
1.5%) (Fig. 8).
Sample 9 fuel is an example of ideal behaviour
of fuel in a HFRR test, showing very good tribological properties, which maintained practically
through the whole testing period a very low value
of friction coefficient and very well separated
the examined friction components in boundary
conditions. In samples 2, 4, and 6, an accidental
influence of fine contaminants inserted between
friction faces of the precision pairs was observed.
The phenomen is reflected by a sharp increase of
the friction coefficient and decreased thickness of
the separating oil film.
Results of calorific value tests of the fuel
samples carried out using an automatic calorimeter
KL-10 are shown in tabele 2.

ties of some fuels under examination. After phosphorus content had been determined for three samples that did not ignite, further measurements were
stopped due to the results being very similar to the
calibration error. The chosen testing method proved
ineffective. The water content tests by the centrifugal method resulted in the content of water and
solid particles ranging from 0.05 to approx. 0.1%,
values fitting the acceptable limits which allow to
exclude the influence of water on lubricity. The
maximum difference in calorific value reached
2.3%. Depending on the location of the sampling
and fuel suppliers, their calorific value was slightly
different from the point of view operator engines,
but these differences are important when conducting research work.
Conclusions
The conclusions are based on the tests of the
previously said parameters of randomly selected
fuel samples from Polish suppliers or taken directly
on board fishing vessels.
1. The tests are regarded as preliminary examination providing a basis for further research
focused on the analysis of fuel lubricity and its
influence on operating conditions of main propulsion systems.
2. A slight correlation between lubricity and sulphur content and kinematic viscosity was caused
by a too narrow range of independent variables
values.
3. The low content of water in the samples excluded a possibility of predicting the effect of
this variable on lubricity.
4. Further research, aimed at ensuring reliable
work of fuel injection equipment, will cover
fuels with higher water content, which is
a frequent case on fishing vessels as well as
biofuels with varied water content.

The analysis of results
It follows from the test results that wear scars
obtained during the HFRR test for all samples
ranged in the 165–317 μm interval, which satisfied
the requirements of the mentioned standard. The
values determined as boundary for scars formed
during the standard test at 25 and 60°C were, respecively, 400 and 460 μm. None of the samples tested
did not cause excessive wear. It was assumed that
all samples had correct lubricity. The sulphur content in all samples oscillated between 0.00802 and
0.1276%, which means the sulphur content was
lower than the upper limits provided for in fuelrelated standards. The measurements of phosphorus
content yielded reliable results only for three samples due to the combustibility and explosive properZeszyty Naukowe 26(98)

97

Przemysław Rajewski
Other:

5. Operational research on vessels engines should
be conducted with fuel from the same supplier,
or examine each delivery to the conversion of
the calorific value obtained comparable results.

4. WEIN K.S., PEREZ J.M., CHAPMAN E., BOECHMAN A.L.: Alternative and low sulfur fuel options: boundary lubrication
performance and potential problems. Tribology International 38, 2005.
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