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Abstract. According to the International Council on Combustion Engines (CIMAC) and International Maritime Organiza-
tion (IMO) statistics, the rational selection of Marine Bunker Fuel (MBF) properties is an effective way to improve operating
conditions and energy efficiency of all types of marine Diesel Engines (DEs). The publication presents the results of studies
on the influence of heavy and distillate MBF properties on the characteristics of different DE types: high-speed (Caterpillar
3512B, MTU 8V 396TB), medium-speed (SKL VDS 48/42, ChN 26.5/31) ir low-speed (MAN B&W 6S60MC). The aim of
work is to form a methodological framework for assessing the influence of marine fuel properties on the energy perfor-
mance of different types of ship power plants. Numerical methods show that in the case of unfavourable selection of the
density and viscosity of marine fuels regulated by the standard ISO 8217:2017, the changes in specific fuel consumption b,
reach up to 10% low-speed, 4...7% medium-speed, and 2...3% high-speed DEs. As the density varies from light grades
to 1010 kg/m3, the change in b, is 3...4%. At low viscosity, as the density increases to 1030 kg/m?>, the low-speed engine
comparative fuel consumption increases by 5%. It is reccommended not to use fuel with a density >1010 kg/m?> and a viscos-
ity <300...400 mm?/s. Developed solutions for the rational selection of bunkered marine fuel properties for a specific DE
model trough the influence of density and viscosity on fuel injection and combustion characteristics based on multipara-

metric diagrams of relative fuel consumption change.
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Notations

Abbreviations:

BSEC - brake specific fuel consumption;
CCALI - calculated carbon aromatic index;
CDF - computational fluid dynamics;
CDS - conventional design system;
CI - cetane index;
CIMAC - International Council on Combustion En-
gines;
CN - cetane number;
CO - carbon monoxide;
CO, - carbon dioxide;
CR - common rail;
DMA - MBF markings according to the ISO 8217:
2017 standard;
DMB - MBF markings according to the ISO 8217:
2017 standard;
DE - diesel engine;
EEDI - energy efficiency design index;

HC - hydrocarbon;
HFO - heavy fuel oil;
IMO - International Maritime Organization;
MARPOL - International Convention for the Prevention
of Pollution from Ships;
MBF - marine bunker fuel;
MDO - marine diesel oil;
MM - mathematical model;
NOP - nozzle opening pressure;
RMF - residual marine fuel;
RMG - MBF markings according to the ISO 8217:2017
standard;
RMK - MBF markings according to the ISO 8217:2017
standard;

SPO - sewage sludge pyrolysis oil.

Variables and functions:

A, - area of plunger [mm?]

B - fuel bulk modulus [MPa];
b, - specific fuel consumption [g/kW-h];
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b,; - the current (i = 1) and predicted (i = 2) values
of specific fuel consumption [g/kW-h];
CNp 30 - cetane number calculated at T;, when activation
energy is 30 kJ/mol;
E, - activation energy [kJ/mol];
E,cnus — activation energy, calculated at t;, when cetane
number is 45 [kJ/mol];
H,, - calorific value [J/kg];
n — engine crankshaft speed [min~!];
NOP - nozzle opening pressure [MPa];
P, - engine power [kW];
P, - residual pressure in system [MPal];
P,,. - mean effective pressure [bar];
Pj; - pressure in the cylinder at the beginning of the
fuel injection [MPa];
Py - compressor pressure [bar];
max — Maximum cylinder pressure [bar];
R - gas constant [J/(kg-K)];
t - the temperature at which the fuel viscosity is
determined [°C];
Tj; - temperature in the cylinder at the beginning of
the fuel injection [K];
T, - exhaust gas temperature after turbine [K];
T, - exhaust gas temperature before turbine [K];
Vf— compression fuel volume [mm?];
Ve — plunger speed [mm/°c.r.al;

P

w, — mass fraction of ash in fuel [%];
w, — mass fraction of sulphur in fuel [%];
w,, — mass fraction of water in fuel [%];

oL — excess air ratio [-];
B; - conversation factor by density (i = 1, 2 for first
and second fuel);
®;,j — actual fuel injection angle [°c.ra];

A@;,; - crankshaft angle interval between the fuel sup-
ply start by the pump and fuel injection into the
engine cylinder [°c.r.a];

y; — conversation factor by viscosity (i = 1, 2 for first
and second fuel);
v — kinematic viscosity [mm?/s];
p - density [kg/m?];
P15 — fuel density at 15 °C [kg/m3];
T; — ignition delay period [°c.r.a];
T;cN — ignition delay period calculated from CN [°c.r.a];
Tig, — ignition delay period calculated from E, [°c.ra].

Introduction

Increasing energy efficiency and reducing environmental
pollution have become key components of sustainable
transport development (EC 2011). According to Euro-
stat, the transportation sector accounts for 24% of total
CO, emissions, of which maritime transport emits 2.6%,
amounting to 932 million tons by mass (Olmer et al. 2017;
Eurostat 2021). In order to ensure cleaner and greener ship-
ping, in 2011, the IMO extended MARPOL Annex VI and

introduced the EEDI for ships (Wilkison 1985; Schobert
2013) between 3000 and 15000 dwt. This indicator is in-
tended to encourage ship owners to seek energy efficiency.
The strategy foresees a 50% reduction in CO, emissions
from ships by 2050 compared to 2008 (IMO 2021). Struc-
turally, the EEDI equation is described in terms of the
vessel power, specific fuel consumption, carbon content
in fuel, deadweight, and speed. Accordingly, CO, emis-
sions can be reduced by reducing the fuel consumption,
using less carbon, or improving the ship design. However,
the actual balance of fossil fuel use to alternative energy
sources is 97 to 3% (Li, Loo 2014; Garcia-Olivares et al.
2018). HFO is economically competitive and constitutes
the bulk of consumed fuel in maritime transport, with ap-
proximately 70% of the total balance (Olmer et al. 2017;
Helgason et al. 2020). A total of 70000 vessels were using
HFO in 2019 (Fun-Sang Cepeda et al. 2019). It is there-
fore necessary to look for other means of improving the
energy efficiency of ships, either by optimising speed or by
reducing fuel consumption (Xing et al. 2019). At this time
most research focused on biofuel - diesel and diesel addi-
tives with a goal to reduce harmful pollutant emission and
improve efficiency (Labeckas et al. 2006; Fayyazbakhsh,
Pirouzfar 2017; Maawa et al. 2020). A study that analysed
diesel fuel properties influence on engine performance
found that there some correlation between fuel density and
CN, aromatic HC fraction, heat value and in addition, it
was found that CO and HC emissions increase with the
increase of fuel density (Liu et al. 2018). Soto et al. (2018)
analysed the activation energy of diesel and biodiesel fu-
els and found that lower activation energy of biodiesel has
positive effects on engine torque, power and thermal ef-
ficiency. Studies that analyse MBE, however, are very rare.
Research of HFO injection and combustion properties per-
formed by researchers Takasaki et al. (1999) and Wakuri
et al. (1990) found that HFO exhibits poor dispersion,
longer ignition delay and lower heat release in compari-
son with MDO. Wakuri et al. (1990) also determined that
higher injection pressure, improved air circulation and in-
creased temperature in combustion chamber, in compari-
son to lighter fuels, is necessary to improve HFO combus-
tion. More recent study targeted the goal of improved HFO
combustion by mixing HFO with SPO, mixtures displayed
reduced viscosity and improved combustion performance
(Kuan et al. 2020). Jang analysed influence of different
fuel additives on MBF and found that there was signifi-
cant influence on ignition delay and combustion duration
as well as particulate matter emissions (Jang, Choi 2016).
Fostiropoulos et al. (2020) attempted to improve atomiza-
tion of HFO by making fuel-water emulsions. In this study
fuel - water emulsion droplet evaporation was simulated
to better understand and improve injection.

Efficient use of MBF is also difficult because of wide
range of fuel types, ship fuel standards govern light fraction
distillates (4 species) and HFO (11 types) (ISO 8217:2017).
Heavy fuel consists of a mixture of heavy oil fractions and
distillates of different proportions. This explains the ex-



Transport, 2021, 36(4): 339-353

tensive selection of heavy fuel types on the market with a
viscosity from 10 to 700 mm?/s. The combination of the
nature of heavy fuel and the wide range of fuel brands
makes it difficult to unify the quality parameters deter-
mining the efficiency of ship propulsion plant operations.
The different types of propulsion plants used in mari-
time transport (low, medium, and high-speeds) are also
important in this context, with peculiarities of work pro-
cess performance as well as “sensitivity” to fuel quality
(Voznickij, Punda 2010). One key factor in this chain
is the deviation of the flammability properties, calorific
value, and actual injection phase due to changes in the
physical-chemical properties of the fuel from the reference
values suggested by DE manufacturers (Wright 2017).
MBF standards do not regulate the number of param-
eters determining the energy efficiency of the DEs. MBF
is essentially described by 2 properties related to combus-
tion characteristics: (1) density and (2) viscosity. All other
properties describe fuel purity. Light MBF ignition param-
eters are defined by the CI, and heavy MBF by the CCAL

Since the 1980s, MBF ignition and combustion prop-

erties have been indirectly regulated by standards. The
Shell Corporation suggested that the MBF’s ignition rat-
ing can be evaluated analytically by the CCAI, which is
dependent on the paraffinic and aromatic HC balance in
marine fuels (Wilkison 1985; Schobert 2013). The CCAI is
based on the relationship between the density and viscos-
ity of HC groups (paraffinic, aromatic):

»» the paraffinic HCs group exhibit strong self-ignition
characteristics, which provide a relatively short igni-
tion delay period t; and controlled diffusion phase
combustion, high energy efficiency parameters, and
limited mechanical and thermal loads on parts (Cat-
alufia, Da Silva 2012; MFAME 2015; Wright 2017);

»» the aromatic group HCs are characterised by poor
flammability characteristics and, in contrast to par-
affinic HCs, exhibit a counterproductive effect on
DE work processes. However, paraffinic HCs have
lower density and viscosity compared to aromatic
HCs (Schobert 2013; Totten et al. 2019).

Mathematically, these dependencies are described by

the following CCALI equation:

CCAI =p,5 - 81~ 141-1g(Ig(v +0.85)) -

4834g(t;:;3j.

(1)

A higher CCAI index indicates a lower fuel flammabil-
ity. Therefore, in order to select MBF with superior flam-
mability characteristics, it is appropriate to opt for com-
binations with the highest viscosity and a lower density
from the available ranges of p and v. As observed by the
relatively free selection of MBF p and v values, based on
statistical data (certificates from the Saybolt laboratory -
http://www.saybolt.com), the p and v ranges exhibit no
obvious interdependencies.

As the fuel species used in the propulsion plant have
expanded, compared to the fuels in the proposed CCAI
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formula, problems have arisen with poor MBF auto-
ignition and combustion characteristics. Therefore, the
CIMAC statistics indicate that numerous significant
problems exist in the operation of diesel power plants for
all vessel types (CIMAC 2011; MFAME 2015). Excessive
fuel operating costs, often caused by poor MBF ignition
characteristics and the deterioration of energy efliciency,
difficult DE start-up, especially from the “cold” state, un-
stable DE functioning in low-speed operation modes,
and increased wear of cylinder-piston parts owing to the
increased temperature of the combustion products have
been observed (Mollenhauer, Tschoke 2010; Reif 2014).

On this basis, in order to contribute to the improve-
ment in the energy efliciency of MBF consumption, the
rational selection of MBF properties is important. The
publication presents the results of research which aim is
to study the influence of the properties of a wide range of
marine fuels on the operational energy characteristics of
different types of ship power plants and to develop meth-
odological solutions for the selection of rational combina-
tions of properties:

»» analytical relationships between marine fuel density
and viscosity parameters and activation energy as
well as between marine fuel density and fuel injec-
tion phase were established, which are necessary for
adequate mathematical modelling of the DE indi-
cated process;

»» new data, detecting the effect of the interaction of
the regulated properties of the fuel (density and vis-
cosity) on the parameters of energy efliciency and
reliability of various types of DEs (low, medium and
high-speed) were obtained.

1. Materials and methods

Based on the physical characteristics of the fuel proper-
ties recommended by manufacturers in the technical
documentation, density and viscosity combinations were
selected for each DE type from the p-v field. In Figure 1,
the points in the p-v field describe the combinations of
MBF properties for the respective engines.

The main types of marine DEs selected for research
were low, medium and high-speed CDS and CR systems.
Specifications of the DE technical parameters presented
in the Table 1.

According to many experimental and numerical stud-
ies, MBF density and viscosity affect the energy efliciency
parameters of DE through the influence of fuel spray qual-
ity factor (uniformity, fineness), the work of the initial
phase of the mixture, the self-ignition of the fuel proper-
ties, as well as the fuel energy content. In a single-zone
MM, these factors, in turn, manifest themselves through
the influence of changes in the actual fuel injection angle /
phase, induction period, fuel cyclic portion due to H,,.

During this research stage multi-dimensional (Diesel-
RK software — https://diesel-rk.bmstu.ru) and single-zone
(IMPULS software - Voznickij, Punda (2010)) models
were used.
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Figure 1. Parameters of selected fuel for engine modelling process
Table 1. Parameters of researched engines
Engine
Parameter MAN B&W 6S60MC ChN 26.5/31 SKL VDS 48/42 | Caterpillar | MTU 8V 396TB
(Denmark) (Russia) (Germany) 3512B (US) (Germany)
Classification by speed low-speed medium-speed | medium-speed | high-speed high-speed
Power [kW] 13530 331 2650 1700 2150
Stroke 2 4 4 4 4
Engine crankshaft speed [min~!] 105 1000 500 1800 2000
Number of cylinders 6 1 6 12 16
Cylinder diameter [mm] 600 265 420 170 165
Piston stroke [mm] 2292 310 480 215 185
Compression ratio 13.5 12.5 12.5 15.5 18.1
Fuel system type CDS CR CDS CR CDS
Fuel type RMF/MDO RMF/MDO RMF/MDO MDO MDO

The use of single-zone MMs is determined by the in-
tended research strategy. Multi-dimensional MM are pre-
ferred among numerical models. When implemented in
software packages, multi-dimensional MMs are effective at
solving systems of moment (Navje-Stokes), energy (Fur-
je-Kirghof), and mass-endurance equations - e.g., FIRE,
KIVA and VECTIS. Based on MM benchmarking sources,
one of the most common is the CFD model. Despite the
advantages of multi-dimensional MM, their use at the pre-
liminary estimates and prognosis stage is hampered by the
lack of technical data of the study object necessary for reli-
able modelling.

These circumstances become the basis for the use of sin-
gle-zone MMs of in the research, with limited technical infor-
mation on the different types of operated ship power plants.

The IMPULS software that implements the MM per-
forms closed modelling of the DE operating process, mod-
el on closed diesel cycle with turbo-compressor. Model-
ling is based on quasi-static thermodynamic and gas dy-
namic equations with regards to exhaust system influence,
changes in turbo-compressor efficiency, heat loss, and
ambient temperature and pressure. The work processes in
the engine cylinder are described by a system consisting
of the first law of thermodynamics, law of mass retention,
and state equations.

The Diesel-RK MM used in the research, is based on
the model of N. E Razlejcev, modified by A. S. Kuleshov.
The calculation of the working mixture formation and
combustion characteristics in the DE cylinder was per-
formed in steps of 0.2...1 °c.r.a (Kuleshov 2004).
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To ensure the adequacy of the numerical investiga-
tions, the MM matching was performed in different en-
gine operating modes: propulsion, external speed, and
load (at nominal and partial DE crankshaft speeds). The
example in Figure 2 illustrates the high-speed diesel en-
gine Caterpillar 3512B series (operating according to pro-
pulsive characteristics), while Figure 3 presents compara-
tive data fragments of the average speed SKL VDS 48/42
diesel engine (operating according to load characteristics
at nominal speeds) and the numerical modelling.

In general, the numerical modelling accuracy is
characterised by the error between the MM result and
the experimental data, not exceeding 2...7%, accord-
ing to the main DE parameters (b,, P, T P etc.).
A summary of the results of the MM matching with the
research objects is provided in the Appendix A.

Higher calorific value was evaluated according to the
ISO 8217:2017 standard:

H,, =(46.704-8.802p3; 107 +
3.167py5 107 ) (1-0.01-(w,, +w, +w,))+

0.0942-w,—0.024-w,,. 2)
1000 20
o
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5
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Figure 2. Caterpillar 3512B experimental data and MM specific
fuel consumption b,, exhaust gas temperature T, and mean
effective pressure P,,, readings
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Figure 3. SKL VDS 48/42 experimental data and MM specific
fuel consumption b,, exhaust gas temperature T, and mean
effective pressure P,,, readings
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The wide range of MBF density and viscosity combina-
tions determines the engine workflow variations, which,
in turn, include energy, ecological, and reliability param-
eters. The combustibility period changes, and primarily
depends on the fuel activation energy and heat capacity
changes, which change the engine power output and en-
ergy efficiency indicators. Moreover, the fuel bulk modu-
lus changes, influencing the actual fuel injection angle in
conventional systems. These DE energy efficiency influ-
encing parameters are not defined and limited in MBF
standards. Therefore, when the MBF standardised p and v
properties change, for example, compared to previous DE
MBEF types, no measures exist for assessing the expected
changes in the DE energy parameters.

The rational selection of MBF properties could be
based on the mathematical modelling of DE parameter
changes or factographic data for a particular DE type.

2. Results and discussion

In numerous MMs, the activation energy E, and CN (Lak-
shminarayanan, Aghav 2010; Abbe et al. 2013; Tuti et al.
2017) are used to describe the fuel combustibility proper-
ties. MBF standards use the CCAI for the evaluation of
combustibility properties and the CI for distillates.

Therefore, for the purpose of obtaining input data for
modelling of DE operations on heavy fuels, the first stage
was determination of a relationship between the CCAI
and CN (Figure 4) based on literature sources and sta-
tistical data (Armas et al. 2012; Centeno-Gonzalez et al.
2013; Shuverov et al. 2015).

The determination coefficient of the resulting linear
graphical dependence R? = 0.818 testifies to the “strong”
relationship between CCAI and CN.

In the second stage, the link between E, and CN was
determined based on the variation modelling of the DE
working process, using the multizone model Diesel-RK
(Kuleshov 2004).

In the MM, based on analytical expression (Equation
(3)) of the ignition delay period t;, variation of t; was per-
formed in two manners: (1) at E, = const, CN = var and
(2) at E, = var, CN = const (Figure 5):

7,=3.8100-(1-1.6-107 -n)x

Ty E
_f.exp a .L . (3)
Pfi R~Tﬁ CN +25

80
75

o

70

65 y=-0.3417-x + 325.68
. 60 R2=0.8175
& 55 Oo

50 OOOO

45 2 %gg

40 [+)

35 &-....

30 -0

740 760 780 800 820 840 860 880
CCAI

Figure 4. Relationship between CN and CCAI
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The E, and CN values were calculated for every trend,
where t; changed from 6 to 30 [°c.r.a]. For every combina-
tion, a dependency between E, and CN over the matched ig-
nition delay period t;; = T,y was determined (Figure 6a).
For further calculations, based on the real CN and E, cor-
relation statistics (Zheng et al. 2013), the CN 3 - E,n45
dependence was selected (Figure 6b). The result is the pro-
posed E, determination for heavy MBF based on the p
and v properties, using the CN =—-0.3417-CCAI +325.68
and E, =-0.4013-CN +48.26 dependencies (Figure 6).
The E, = f (CN ) graphical dependency is used for the
distillate MBF.

A change in the fuel injection angle is typical for a
DE with a CDS. When fuel type is changed, the actual
fuel injection angle changes owing to the different fuel
bulk modulus. As the density increases, the actual fuel
injection angle occurs earlier, which consequently has a
negative impact on the DE performance. In order to assess
the change in the injection angle, it is necessary to estab-
lish the relationship between the density regulated by the
standard and the actual injection angle. For this purpose,
based on the literature, a broad array of data on the density
and corresponding bulk modulus of HC groups at 100 °C
was formed (Tat et al. 2000; Tat, Van Gerpen 2003; Mo-
nyem et al. 2001; Han et al. 2017). Following data process-
ing between the MBF density and fuel bulk modulus B, a
linear correlation with a high determination coefficient of
R? = 0.944 was determined (Figure 7).

The actual fuel injection angle ¢;,; is determined by
fuel supply system design peculiarities, which are difficult
to evaluate quantitatively and angle of fuel supply start
by the pump, and therefore, a relative change of fuel in-
jection angle evaluation was conducted, depending only
on the fuel properties. The fuel injection delay angle Ag;,;
[°c.r.a] (the crankshaft angle interval between the fuel sup-
ply start by the pump and fuel injection into the engine
cylinder) can be calculated by the Equation (4), there-
fore the injection delay angle is inversely proportional to
the bulk modulus of used fuel (Tat, Van Gerpen 2003).
A relative change in the fuel bulk modulus (K =B, / B,)
caused a relative change in the fuel injection delay angle
(A(pmj2 =Ag;,;; K ); on this basis, the actual fuel injection
angle ¢;,; could be calculated.

NOP-P,)-V
sy - “
¢ “p
where: A@;,,; is crankshaft angle interval between the fuel
supply start by the pump and fuel injection into the engine
cylinder [°c.r.a].

Based on the determined analytical solutions -
E, = f(p.v), A9, = f(p). H, = f(p) - (130 8217:2017),
mathematical modelling research on the influence of the
MBF properties p and v on the DE energy parameters was
performed. The value ranges of p and v were selected ac-
cording to the analysed DE manufacturer regulations.
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Modelling was conducted for nominal and partial
loads of different propulsion plants, with a wide range of
speed and load characteristics: according to the propul-
sion, load, and external speed-propeller).

Fragments of the modelling results for selected com-
binations of p and v for the high-speed diesel engine
MTU 8V 396TB series, medium-speed diesel engine ChN
26.5/31 series, and low-speed diesel engine MAN B&W
6S60MC series engines are provided in the Appendix B.
According to Equation (2), as the density increases,
the calorific value of the fuel decreases, and the rela-
tive fuel consumption increases accordingly. The higher
density, based on the dependence shown in Figure 7,
correlates with the decrease of the fuel elasticity modulus
and shorter injection delay, resulting in an earlier injec-
tion. With lower activation energy, ignition delay is also
shorter — Equation (3). As a result, the fuel ignites earlier,
which affects the entire combustion process. For example
in case of MAN B&W 6S60MC engine, when comparing
fuel types, fuel with p = 960 kg/m?; v = 700 mm?/s causes
4.0...5.9% lower relative fuel consumption than fuel with
p =1010 kg/m?; v = 180 mm?/s in highest and medium load
respectively. The ignition delay in both cases is 65% shorter.
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Based on the percentage change in specific fuel con-
sumption b,, equations for b, changes by density and vis-
cosity with a determination coefficient of 0.99, established
in the graphs form, are obtained. For convenience, both
dependencies on conversion factors (3; and v,) are trans-
formed into one b, prediction equation:

-1 BBy
by, =b, | 142422 7L 5
< “[ 100 100 J ©®

Depending on density and viscosity, the obtained co-
efficients allow predicting specific fuel consumption for
individual DE types. The variance of the specific fuel con-
sumption ratio for the MAN B&W 6S60MC engine (maxi-
mum load) from the base fuel (accepted for 1) is shown
in Table 2. Rectangular marked values are obtained by
modelling. A darker background indicates a higher value
for specific fuel consumption.

The obtained results confirm the above-mentioned in-
fluence of the qualitative p and v values on the DE work
process and energy efficiency parameters. A combination
of maximum viscosity and minimum density is the most
suitable for DE energy efficiency improvement. The sum-
marised mathematical modelling results with a margin of
error up to 1% to 2% are presented as factographic data
in Figures 8 to 13.

The provided results aid in evaluating numerous com-
mon influences of p and v on all DE types. The changes
in the analysed energy efficiency parameters are primarily
owing to the influence of the MBF density. The MBF vis-
cosity influence is more eminent in low-density cases, and
only with a low viscosity value change. The change in the
BSFC in the p-v field, from minimal p values to 1000 to
1010 kg/m?3, is 3% to 4%. In cases of increased density up
to 1030 kg/m? at minimal v values, the low-speed engine
BSEC intensively increases by an additional 5% (Figure 8).

Table 2. MAN B&W 6S60MC engine specific fuel consumption at full load relative change matrix in the p-v field

Y
s 0.00 | 0.1 003 | 036 | 107 | 212 | 351 5.21 7.17
B v [mm?/s] :
Density [kg/m?]

950 960 970 980 990 | 1000 | 1010 | 1020 | 1030
0.005 710 0.9827 | 0.9828 | 0.9834 | 0.9864 | 0.9934 | 1.0043 | 1.0172 | 1.0341 | 1.0540
0.013 700 0.9828 | 0.9870 | 0.9835 | 0.9865 | 0.9934 | 1.0044 | 1.0173 | 1.0342 | 1.0540
0.021 690 0.9829 | 0.9830 | 0.9836 | 0.9866 | 0.9935 | 1.0045 | 1.0174 | 1.0343 | 1.0541
0.361 390 0.9863 | 0.9864 | 0.9870 | 0.9899 | 0.9969 | 1.0079 | 1.0209 | 1.0378 | 1.0577
0.378 380 0.9864 | 09870 | 0.9871 | 0.9901 | 09971 | 1.0081 [ 1.0220 | 1.0380 | 1.0579
0.415 360 0.9868 | 0.9869 | 0.9875 | 0.9905 | 09975 | 1.0084 | 1.0214 | 1.0384 | 1.0583
0.635 270 0.9890 | 0.9891 | 0.9897 | 0.9927 | 09997 | 1.0107 | 1.0237 | 1.0407 | 1.0607
0.668 260 0.9893 | 0.9894 | 0.9896 | 0.9929 | 1.0000 | 1.0105 | 1.0244 | 1.0414 | 1.0610
0.740 240 0.9900 | 0.9901 | 0.9907 | 0.9937 | 1.0007 | 1.0117 | 1.0247 | 1.0417 | 1.0618
0.870 210 0.9913 | 09914 | 0.9920 | 0.9950 | 1.0020 | 1.0130 | 1.0261 | 1.0431 | 1.0631
1.041 180 0.9930 | 09931 | 0.9937 | 0.9967 | 1.0037 | 1.0148 [ 1.0280 | 1.0449 | 1.0650
2.469 80 1.0071 | 1.0072 | 1.0078 | 1.0109 | 1.0180 | 1.0292 | 1.0424 | 1.0597 | 1.0801
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Therefore, in operation, fuels with p > 1000 to 1010 kg/m?3
and v < 300 to 400 mm?/s should be avoided.

DEs operating on a wide range of MBFs are more “sen-
sitive” to light fuel fraction p and v changes. This corre-
lates strongly with statistical data from CIMAC. For exam-
ple, for the diesel engine ChN 26.5/31 operating on heavy
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MBF (RMG 180 - RMK 380 ISO 8217:2017), the change
in the BSFC in the standard regulated p-v field does not
exceed 3% (Figure 10), while during the operation of light
MBF (DMA - DMB), the BSFC change reaches from 7 to
11% (Figure 9). We also see in Figures 11 and 12 that as
fuel density increases and viscosity decreases, fuel con-
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Figure 8. Multivariate characteristics of relative BSFC change in MAN B&W 6S60MC engine:
a - full load; b - partial load
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Figure 9. Multivariate characteristics of relative BSFC change in ChN 26.5/31 engine working with diesel:
a — full load; b - partial load
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sumption increases. Overall, the available changes in fuel
consumption, that can be achieved by provided method
can range of 2...7% and in some cases up to 10%. This is
comparable to some of other methods, used for reduction
of fuel consumption for ships, such as changes in hull and
propulsion plant design, additional waste heat recovery,
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change of fuel type and energy management (Lassesson,
Andersson 2009; Yan et al. 2020). Fuel consumption pre-
diction and optimisation models usually involve evalu-
ation of multiple parameters including hull resistance,
weather influence, currents, engine load and many others
and by selecting optimal speed, course and load can reach
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Figure 11. Multivariate characteristics of relative BSFC change in SKL VDS 48/42 engine:
a - full load; b - partial load
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Figure 12. Multivariate characteristics of relative BSFC change in Caterpillar 3512B engine:
a - full load; b - partial load
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Figure 13. Multivariate characteristics of relative BSFC change in MTU 8V 396TB engine:
a - full load; b - partial load
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up to 2...7% in fuel consumption reduction (Panapakidis
et al. 2020; Yan et al. 2020; Kim et al. 2021; Moreira et al.
2021). But in very few it is noted, that fuel quality pa-
rameters also influence efficiency and that the effect can
be different for each engine model, as it was also shown
in this study (Lundh et al. 2016; Panapakidis et al. 2020).
The fuel quality influence, estimated by other researchers
were from less than 1% (Zannis et al. 2007) to 2% (Lundh
et al. 2016). In both estimations, it should be noted that
analysis was limited by only one engine model and small
spectra of fuel properties. With greater variations of fuels
analysed, even higher reductions can be achieved. It is also
shown by Panapakidis et al. (2020) that even though fuel
quality parameters are important factor in fuel consump-
tion prediction there are no concrete tools for estimation
of quantitative influence of the properties of a wide range
of marine fuels on the energy performance of ship power
plants. It is there for important to have tool, like the pro-
posed method, that can be easily integrated in the ship
fuel economy prediction models.

The proposed method also has some drawbacks and

assumptions that can influence application:

»» in evaluation it assumed that data on fuel properties
provided in fuel certificate are correct, but as not-
ed by Anfindsen et al. (2012), that fuel certificates
might not always be sufficiently accurate. Ideally a
separate laboratory analysis of every new bunker
should be performed;

»» effect of fuel degradation is not considered in evalu-
ation;

»» the reduction of fuel consumption depends on the
engine model and can prove to have little effect in
some cases, further research on different engines is
necessary to improve accuracy of the prediction.

Authors plan to extend the research to a wider range

of marine fuels and investigating the impact on reliability
indicators in future works.

Conclusions

The aim of work is to form a methodological framework
for assessing the influence of marine fuel properties on
the energy performance of different types of ship power
plants. Proposed methodology evaluates fuel injection
phase delay with increasing viscosity of marine fuels

(share of aromatic HCs groups in marine fuels); decrease
in activation energy and net calorific value of marine fuels
with increasing density (share of paraffinic HC groups in
marine fuels) and their influence on engine parameters
and fuel efficiency. Evaluations are provided for all ma-
jor types of marine engines with different engine models
of low, medium and high-speed, with greatest influence
determined for the low-speed and least for high-speed
engines. Unfavourable combination of fuel density and
viscosity, that can have negative impact of fuel consump-
tion have also been established. In quantitative terms the
influence of MBF properties on the comparative fuel con-
sumption of the main types of marine DEs:

»» low-speed diesel engine MAN B&W 6S60MC com-
parative BSFC increase up to 10%;

»» for medium-speed diesel engines SKL VDS 48/42
and ChN 26.5/31 comparative BSFC increased by
3...7%;

»» high-speed diesel engines Caterpillar 3512B and
MTU 8V 396TB models comparative BSFC change
averaged at 2...3%.

For the rational selection of marine fuel properties for

a specific DE model, performed complex laboratory and
MM tests and on their basis - methodological solutions are
proposed that evaluate the influence of density and viscos-
ity on the characteristics of the engine indicator process in
factographic form. Provided method also adds fuel quality
influence as a variable in moderns ship fuel consumption
prediction models that currently lack this feature. This will
improve engine fuel consumption prediction models and
also provides clarity and important information for MBF
selection process and CO, reduction.
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Appendix A: model matching
Table Al. Comparison of diesel engine Caterpillar 3512B MM adequacy validation experiment and modelling results
n [min-1] P, [bar] b, [g/kW-h] T, [K] o [-] P, [bar]
Experimental MM Experimental MM Experimental MM Experimental MM Experimental MM
1800 19.00 18.60 216.8 217.1 862 886 2.00 2.07 3.60 3.70
1600 13.50 13.70 209.0 208.5 843 836 2.04 2.00 2.40 2.40
1500 11.40 11.47 206.0 209.0 830 827 2.03 1.97 2.00 1.95
1400 9.74 9.77 205.0 208.6 814 812 1.95 1.97 1.63 1.64
1200 7.40 7.43 209.0 208.5 767 759 2.00 2.11 1.27 1.30
1000 6.05 6.08 217.0 212.5 691 702 2.21 2.28 1.18 1.16
Table A2. Comparison of diesel engine MTU 8V 396TB MM adequacy validation experiment and modelling results
1 [min-'] P, [bar] b, [g/kW-h] T, [K] o [-] Py [bar]
Experimental MM Experimental MM Experimental MM Experimental MM Experimental MM
1850 12.30 12.30 212.0 211.0 913 895 1.83 1.75 0.210 0.212
1650 13.90 13.90 204.0 204.6 923 941 1.65 1.59 0.207 0.209
1400 10.01 10.05 204.5 204.0 863 888 1.67 1.60 0.153 0.151
1100 6.16 6.16 211.7 212.6 738 740 1.93 1.96 0.116 0.117
Table A3. Comparison of diesel engine SKL VDS 48/42 MM adequacy validation experiment and modelling results
Load [%] P, [bar] b, [g/kW-h] T, [K] o [-] P, [bar]
0
Experimental MM Experimental MM Experimental MM Experimental MM Experimental MM
100 15.9 15.8 205 205 822 800 1.95 2.08 2.62 2.60
75 11.9 11.5 205 212 784 753 2.12 2.25 2.12 2.09
50 8.0 8.6 214 220 720 700 2.44 2.47 1.73 1.77
25 4.0 4.1 251 263 650 607 3.20 3.37 1.36 1.37
Table A4. Comparison of diesel engine ChN 26.5/31 MM adequacy validation experiment and modelling results
n = 1000 min!
P bar b, [g/kW-h T, [K
Load [%] ' max [Dar] . . (g ] . ¢ [K]
Experimental MM Experimental MM Experimental MM
50 136 134.2 214.69 213.3 740 772
75 173 176.3 202.20 200.5 778 808
100 195 193.2 204.80 207.2 884 866
110 200 199.5 206.31 208.4 843 896
Table A5. Comparison of diesel engine MAN B&W 6S60MC MM adequacy validation experiment and modelling results
n =500 min~!
Load [%] P, [bar] b, [g/kW-h] T, [K] P, [kW] Py [bar] P . [bar]
oa
’ Exp. MM Exp. MM Exp. MM Exp. MM Exp. MM Exp. MM
85 15.85 15.8 200.8 201.4 831 834 9553 9523 3.1 3.1 121.4 123.8
75 14.52 14.8 204.5 200.6 825 862 8460 8623 2.9 2.8 111.9 116.2
50 11.18 11.0 212.0 215.5 837 869 5638 5547 2.1 2.3 85.0 89.1
25 7.32 7.4 218.7 215.2 836 876 2968 3017 14 1.5 66.0 70.7
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Appendix B: modelling results

Table B1. Influence of MBF properties on diesel engine MAN B&W 6S60MC parameters

Load
Parameter
100% 25%
Make RMG-700 RMG-380 RMK-380 RMK-380 RMG-700 RMG-380 RMK-380 | RMK-380
p [kg/m?] 960 960 1010 1010 960 960 1010 1010
v [mm?s] 700 380 380 180 700 380 380 180
n [min™!] 105 105 105 105 66 66 66 66
H, [M]/kg] 41.63 41.63 40.92 40.92 41.63 41.63 40.92 40.92
E, [kJ/mol] 28.99 29.81 36.69 37.82 28.99 29.81 36.69 37.82
P [°c.ra] -9.75 -9.75 -10 -10 -9.75 -9.75 -10 -10
P, [kW] 17.21 17.22 16.62 16.53 7.64 7.64 7.27 7.19
b, [g/kW-h] 198.5 198.4 205.5 206.7 197 197.1 207.2 209.4
P« [bar] 126.8 127.2 120.2 117.6 79.7 79.4 66.2 63
P, [bar] 3.17 3.17 3.15 3.16 1.54 1.54 1.55 1.55
o [-] 2.23 2.23 2.22 2.23 2.55 1.77 2.57 2.58
T, [K] 725 725 724 726 647 647 651 654
T, [K] 591 591 591 591 601 602 605 607
T, [°c.ra] 3.75 3.97 9.51 10.6 5.19 5.48 13.13 14.82
Table B2. Influence of MBF properties on diesel engine ChN 26.5/31 parameters
Parameter Load
100% 25%
Make DMA DMA DMA DMB DMA DMA DMA DMB
p [kg/m?] 810 830 850 900 810 830 850 900
v [mm?/s] 6 2 4 2 6 2 4 2
n [min‘l] 1000 1000 1000 1000 755 755 755 755
H, [M]J/kg] 43.22 42.99 42.76 42.15 43.22 42.99 42.76 42.15
E, [kJ/mol] 19.21 29.53 26.81 39.16 19.21 29.53 26.81 39.16
@ [°c.r.a] 145 145 145 -14.5 -14.5 -14.5 -14.5 -145
P, [kW] 25.95 26.39 27 26.85 10.27 10.19 10.1 9.18
b, [g/kW-h] 207 208.4 208.5 222 225.6 227.4 229.1 252.6
P,y [bar] 194.6 199.5 206 193.7 117.3 112.7 114 71.61
P, [bar] 425 432 436 474 1.67 1.66 1.65 1.77
o [-] 1.93 1.9 1.87 1.9 1.76 1.74 1.73 1.87
T, [K] 899 896 901 916 825 833 830 867
T, [K] 741 737 740 744 762 771 768 795
1; [°c.r.a] 5.36 7.05 6.3 18.68 7.03 9.63 8.6 28.07
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Table B3. Influence of MBF properties on diesel engine MTU 8V 396TB parameters

Parameter Load
100% 25%

Make DMA DMB DMA DMB DMA DMB DMA DMB DMB
p [kg/m3] 810 810 830 900 810 810 830 900 900
v [mm?/s] 6 9 2 2 6 9 2 2 6
n [min‘l] 1850 1850 1850 1850 1400 1400 1400 1400 1400
H, [M]/kg] 43.22 43.22 43.00 42.15 43.22 43.22 43.00 42.15 42.15
E, [kJ/mol] 19.21 17.52 29.53 39.16 19.21 17.52 29.53 39.16 31.59
0y [Ccra] -5.75 -5.75 -6.00 -6.72 -5.75 -5.75 -6.00 -6.72 -6.72
P, [kW] 12.09 12.11 12.33 13 4.36 4.37 4.34 4.14 4.23
b, [g/kWh] 210.1 209.7 211.17 217.1 229.7 229.4 230.61 241.8 237.04
P, [bar] 128.5 129.4 126.7 121.3 78.06 77.62 72.87 59.72 71.26
P, [bar] 2.08 2.08 2.12 2.24 1.16 1.16 1.16 1.17 1.16
o [-] 1.76 1.75 1.75 1.71 26 2.6 2.61 2.64 2.61
T, [K] 890 899 896 911 656 657 662 676 658
Tg K] 818 818 812 821 639 639 644 657 640
1, [°c.ra] 2.8 2.5 52 11.2 3.1 2.9 6.1 14.3 7.6
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