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Propulsion of 46,000-50,000 dwt MR tankers

The global trade is growing, increasing the demand
for transportation of chemicals and refined
products. As MR tankers carry these products
around the globe the demand for such vessels is
expected to increase, additionally driven by the
high average age of the current fleet.

This paper will focus on reducing the environmental
impact of MR tankers, and present solutions that
will make designs capable of fulfilling EEDI phase 2
and 3. This is not only beneficial to the
environment, but also to the owners, as the
resulting super eco-ships see higher day rates in

the market.

The main ship particulars of
46,000-50,000 dwt MR tankers are
normally as follows: the overall ship
length is 183 m, breadth 32.2 m and
design/scantling draught 11.0 m/12.2
m, see the opening page for an
example of a typical vessel.

Development steps within engine
technology since the mid-2000s have
made it possible to offer solutions,
which enable significantly lower
transportation costs for and reduced
emissions from MR tankers and similar
sized bulk carriers.

With the increased focus on reducing
CO2 emissions from ships, as
governed by the International Maritime
Organisation’s Energy Efficiency
Design Index (EEDI), further reductions
of the fuel consumption are required.
Especially tankers must reduce
emissions, in order to fulfil EEDI phase
2 from 2020 (20% reduction) and EEDI
phase 3 from 2025 (30% reduction).

Some of the measures to reduce fuel
consumption extending beyond the

installation of a modern fuel efficient
engine is the optimisation of the
aftbody and hull lines of the ship - also
considering operation in ballast
condition - in order to install a propeller
with a larger than usual diameter.
Hereby a higher propeller efficiency is
obtained, at a reduced optimum
propeller rpom. Additionally, high
efficiency propellers of e.g. the Kappel
design, along with other energy saving
devices, provide substantial reduction
potential.

The modern super-long-stroke S-type
engines and ultra-long-stroke G-type
engines have a lower than usual shaft
speed. The reduced optimum propeller
rpom of the larger propellers can hereby
be contained within the layout
diagrams of these modern engines.

As an alternative to or in combination
with an optimisation of the hull,
alternative fuels such as LNG, LPG,
methanol or ethane, offered for a wide
pallet of engine types, will also result in
a significant reduction of the EEDI
attained.

Through three case studies of a 47,000
dwt ton MR tanker, this paper will
outline the effect of possible initiatives
to reduce the environmental impact of
such a vessel. It shows that such
initiatives must be implemented to
comply with EEDI phase 2 and 3, if the
typical service speed of today, 14.5
knots, is to be maintained.

The effect of a speed reduction to a
service speed of 14.0 knots is
investigated, along with a comparison
to the higher service speed of 15.1
knots of the past, still possible if
alternative fuels are applied.

All the comparisons of the most recent
engine technology in combinations with
a larger propeller diameter, various
energy saving devices and alternative
fuels are performed with reference to a
S50ME-C8.5 engine witha 5.9 m
diameter propeller. This propulsion
plant is included in many designs
delivered in the mid 2010s, and as
such, the savings presented in this
paper are relative to recent designs.
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Fig. 1: EEDI requirements for tanker vessels

The EEDI guidelines are a mandatory
instrument adopted by the International
Maritime Organization (IMO) that
ensures compliance with international
requirements on CO2 emissions of new
ships. The EEDI represents the amount
of CO2 in gram emitted when
transporting one deadweight tonnage
of cargo for one nautical mile:

CO,
EEDI~ Transport work

The EEDI is calculated on the basis of
cargo capacity, propulsion power, ship
speed, specific fuel consumption and
fuel type. However, certain correction
factors are applicable, as well as reduc-
tions can be obtained by e.g. installing
waste heat recovery systems (WHRS).

A reference index for a specific ship

type is calculated based on data from
ships built in the period from 2000 to
2010. According to the EEDI guidelines

implemented on 1 January 2013, the
required EEDI value for new ships is

reduced in three steps. This leads to a
final EEDI reduction of 30% compared

to the reference value for a vessel built
after 2025, see Fig. 1.

For a tanker vessel the reference and
attained EEDI is calculated based on
100% utilisation of capacity (in dwt).
The reference speed must be
consistent with this loading of the
vessel, at 75% SMCR (specified
maximum continuous rating), and with
the hull in a condition as on sea trial.

The attained EEDI shall not exceed the
required EEDI.
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There are a number of methods that
can be applied to lower the attained
EEDI value. By derating the engine, the
specific fuel consumption (SFC) is
lowered as the mean effective pressure
is reduced relative to the maximum
(firing) pressure, which remains
constant.

Engine tuning methods such as e.g.
exhaust gas bypass (EGB) or
high-pressure tuning (HPT) can
optimise the fuel curve at part-load
thus reducing SFC at 75% load, the
EEDI reference value. Part-load tuning
will typically provide the lowest SFC at
the EEDI reference value, whereas
low-load tuning also will result in a
reduction at this point compared to
high-load tuning. In the present case
studies, part-load optimisation of the is
applied, except for cases where
EcoEGR is applied. This reflects a good
compromise considering the changing
nature of the MR tanker trade, as well
as ensures optimum prerequisites for
EEDI compliance.

EcoEGR is a special option available for
engines with EGR. Through activation
of the EGR system also when in Tier Il
mode, it is possible to optimise the
combustion parameters for optimum
efficiency. The EGR plant reduces the
emission of NOx and ensures Tier I
compliance. Hereby can the fuel
consumption be significantly lowered in
Tier Il mode, as illustrated by the
inclusion of ECOEGR as an option in
each of the case-studies.

The power installed is an additional
parameter that can be reduced to
achieve a lower EEDI value. This can be
achieved by either lowering the vessel

speed, improving the hull design to
minimise resistance, by optimising the
propeller efficiency, or by installing
energy saving devices. The propeller
efficiency can be improved by the
application of a Kappel propeller or
other high-efficiency designs. Energy
saving devices (ESD), typically alter the
flow at the propeller, or fore or aft of it,
in order to regain some of the losses on
the propeller or to minimise the
resistance i.e. through the application
of a rudder bulb.

The effect of such technologies is
reflected throughout this paper. Each of
the outlined propulsion plants is
considered in an edition with a Kappel
propeller and a Kappel propeller in
combination with a rudder bulb - this
combination is termed the optimised
aft ship. In a third case, the former two
technologies are combined with a PTO
as well, and finally ECOEGR is included
for the traditional fuel plants
considered. The effect on EEDI is
depicted for all cases, along with the
positive economic impact of
implementing these
environmental-friendly solutions.

Additionally, the effect on EEDI of
applying alternative fuels is considered
for each specific case study through
the application of LNG and LPG, both
with and without the modified aft ship
and PTO. Such fuels have a significant
impact on EEDI, and will typically allow
the design speed to be kept high at
approx. 15 knots, as illustrated in the
first case study.

Installation of green technologies, like
waste heat recovery systems or similar
will also lower the EEDI value.

For further information on the
calculation of EEDI, further details on
the reduction hereof, and other environ-
mental regulations, see Chapter 4 of
the separate paper “Basic principles of
ship propulsion”.

Minimum propulsion power

While lowering a ship’s installed power
has been acknowledged as a method
to obtain a lower EEDI value, it has also
raised a concern that it could result in
underpowered ships with reduced
manoeuvrability in heavy weather. As a
result of this, the IMO has published an
assessment method for determining
the minimum propulsion power
required to maintain the safe
manoeuvrability of ships in adverse
conditions.

It should be noted that this assessment
method is currently valid for phase 0
and phase 1 of EEDI. It is expected that
it will also be incorporated for EEDI
phase 2 which will be in force from 1
January 2020.

The minimum propulsion power
required can be determined by
assessment level 1 or 2.

Assessment level 1 allows for
calculation of the minimum power value
required based on ship type and
deadweight, with value aand b
according to the IMO guidelines. For a
tanker of 47,000 dwt, the equation
below sets the minimum power
required:

Minimum Power = a x dwt + b
=0.0652 x 47,000 + 5,960 = 9,025 kW
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Fig. 2: MPP Assessment level 1 requirements for tanker and bulk carriers

However, if the propulsion power
intended is below the given minimum
power line value of assessment level 1,
an evaluation must be performed
according to assessment level 2. Here,
the actual design’s performance in
head wind and waves must be
considered, see the IMO guidelines.

In the specific case of the MR tanker
considered in this paper, the minimum
propulsion power required for
performing the assessment at level 1, is
relatively high compared to existing
designs. During the mid and late 2010s,
designs with approx. 50,000 dwt

capacity have been delivered with as
little as approx. 7,200 kW SMCR-power
in combination with a propeller
diameter of up to 6.8 m.

In this case, it seems possible to fulfil
the MPP requirements with less than
level 1 power, the assessment of the
actual design will though have to be
performed at level 2.

If the ship cannot fulfil the criteria to
either of the assessment levels, various
options can be considered: Alternative
fuels lowering EEDI will allow for a more
powerful engine, as it will be

185,000

205,000 225,000 245,000 265,000 285,000

considered in the case studies. Hull
lines and the bow can be refined to
minimise resistance in general and from
interaction with waves specifically. An
increased light running margin may also
be considered, as this will allow the
engine to deliver maximum power
within a broader range of operation.

Alternatively, a controllable pitch
propeller can be employed, as this in
principle will allow the propeller to load
the engine at all points within the
engine load diagram, see Chapter 3 of
the paper “Basic principles of ship
propulsion”.
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Major propeller
and engine parameters

In general, the highest possible
propulsive efficiency is obtained with
the largest possible propeller diameter
d, in combination with the
corresponding optimum pitch/diameter
ratio p/d.

As an example, this is illustrated for a
46,000-50,000 dwt MR tanker with a
service ship speed of 15 knots, see the
black curve on Fig. 3. The required
propulsion SMCR power and rpm is
shown for a given optimum propeller
diameter d and p/d ratio.

According to the black curve, a
propeller diameter of 5.8 m may have
the optimum pitch/diameter ratio of
0.72, and the lowest possible SMCR
shaft power of about 9,900 kW at about
131 rpm.

The black curve shows that if a bigger
propeller diameter of 6.8 m is possible,
the necessary SMCR shaft power will
be reduced to about 9,050 kW at about
95 rpm. In other words, the bigger the

propeller, the lower the optimum
propeller speed, and required power.

The red curve illustrates that if the pitch
for a given diameter (initially with
optimum pitch/diameter ratio) is
changed, the propulsive efficiency will
be reduced, which means that the
necessary SMCR shaft power will
increase.

Fig. 3 also shows that propulsion-wise
it will always be an advantage to
choose the largest possible propeller
diameter, even though the optimum
pitch/diameter ratio would involve a too
low propeller speed in relation to the
speed of a possible main engine as
defined by the engine’s layout diagram.

When applying a somewhat lower
pitch/diameter ratio, compared with the
optimum ratio, the propeller/engine
speed will increase, while the lower
pitch will only cause a minor power
increase. Through the introduction of

the ultra-long-stroke G-type engines, a
change of pitch away from the optimum
will typically not be relevant for tankers
of MR dimensions, even if propeller
diameters are extended beyond 6.8
meters.

The efficiency of a two-stroke main
engine particularly depends on the ratio
of the maximum (firing) pressure and
the mean effective pressure (mep). The
higher the ratio, the higher the engine
efficiency, i.e. the lower the SFC. An
engine with a lower mep (with an
unchanged firing pressure) is termed a
(mep) derated engine.

Furthermore, the higher the stroke/bore
ratio of an uniflow scavenging
two-stroke engine, the higher the
engine efficiency in general. The effect
of derating normally has a larger effect
on the SFC, than to select an engine
with a longer stroke.
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On Fig. 4, the layout diagrams of
possible engines for the three service
speeds of 15.1, 14.5, and 14.0 knots
considered in this paper are illustrated
along with the required power
depending on the propeller diameter.
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13,000

Propulsion of 46,000-50,000 dwt MR tankers

As MR tankers are compact vessels,
the dimensions of the main engine can
be critical for the project. Dimensions
of possible engines are shown in Fig. 5.
Here the natural consequence of a
longer stroke - a wider crankcase - are
shown. The length of the engine is
primarily determined by the number of

cylinders and the distance between
those. If considering the same engine
design, the shortest engine will have
the lowest number of cylinders, but will
also be the less derated engine. The
ship designer must consider the
number of cylinders in the light of this
conflict of interests.
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light running margin

7,553
8,130

3,150

8,752

3,776

8,525

3,520

3,350 \

1,190 |575

| 1,085 ‘575

L

S50ME-C8.5

1,205 |620

S50ME-C9.7

Fig. 5: Main dimension of possible main engines, all measurements in mm

G50ME-C9.6

1,300 650

S60ME-C10.5



Passage of barred speed range
- the dynamic limiter function

A barred speed range imposed by
vibrations in the shafting must be
passed sufficiently quick, in order not
to damage the shafting due to
vibrations resulting in excessive
stresses. As the installed power on
board tanker vessels is reduced to
meet EEDI requirements, less power
will also be available to accelerate the
shafting and the ship. Hereby,
considerations on sufficiently quick
passage of the barred speed range
have become increasingly important.

What is meant by “sufficiently quick”
depends on how high the stresses in
the shaft are compared to the strength
of the shaft material. In general, the

Power [%SMCR]

barred speed range must be passed
within seconds, not minutes.
Furthermore, the definition of
“sufficiently quick” depends on how
often the barred speed range will be
passed during the expected lifetime of
the ship. For example, a product tanker
with many port calls will pass the
barred speed range more frequently
than a large crude carrier that mostly
performs ocean crossings.

Sufficiently quick passage of the barred
speed range can be a challenge
especially for 5- and 6-cylinder
engines, which are typical for this
segment of tankers. This situation, and
the dynamic limiter function (DLF)
dealing with it, is explained further in
the separate paper “The dynamic
limiter function”.

11

The most basic guidance to avoid slow
passing of the barred speed range is to
avoid barred speed ranges that extend
higher than to 60% of engine
SMCR-rpm.

A more detailed approach is to ensure
a BSRPM of at least 10% in the design,
as calculated by:

Pe is the power required by the bollard
pull propeller curve at the upper end of
the barred speed range, whereas P, is
the engine power limit without DLF at
the same rpm, see Fig. 6.
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Fig. 6: Increased possibility for passage of a barred speed range with DLF

Speed [%SMCR]
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47,000 dwt MR tanker

Scantling draught m 12.2
Design draught m 11.0
Length overall m 183.0
Length between perpendiculars m 174.0
Breadth m 32.2
Sea margin % 15
Engine margin % 10
Light running margin % 5
Design ship speed kn 15.1,14.5 & 14.0
Type of propeller FPP
No. of propeller blades 4
Propeller diameter m 5.9,6.2&6.7

Table 1: Vessel particulars for a typical MR tanker

47,000 dwt MR tanker example

For a 47,000 dwt MR tanker, the
following case study illustrates the
potential for reducing fuel consumption
by increasing the propeller diameter
and introducing modern fuel-efficient
main engines. The ship particulars
assumed are as shown above.

Based on the vessel particulars
assumed in Table 1, a power prediction
calculation (Holtrop & Mennen’s
method) have been made for the
different design speeds and propeller
diameters.

The corresponding SMCR power and
speed, point M, for propulsion of the
MR tanker, including the sea, engine,
and light running margin, is found, see
Fig. 4. A four bladed propeller is
applied in all cases.

The propeller diameter change
corresponds approximately to the
constant ship speed factor:

oa=0.28 [PM2 =Py X (ng/n1)“]

where P is the propulsion power and n
is the rotational speed. These curves
are included along with layout diagrams
of possible engines in Fig. 4.

It should be noted that the design
speed stated refers to the design
draught and to normal continuous
rating (NCR) = 90% SMCR including

15% sea margin. If based on calm
weather, i.e. without sea margin, the
obtainable vessel speed at NCR = 90%
SMCR will be about 0.5 knots higher.

If based on 75% SMCR, 100% of
maximum dwt, calm water, and the hull
in sea trial condition, as applied for
calculation of the EEDI, the vessel
speed will be about 0.2 knots lower
than the design speed.

In all three cases, the EEDI has been
calculated, for the “standard”
propulsion plant, thereafter with the
inclusion of a Kappel propeller.
Hereafter, a rudder bulb is added, in
combination with the Kappel propeller,
here termed an optimised aft ship,
whereafter the EEDI is also calculated
for the optimised aft ship in
combination with a shaft generator/
PTO. Finally is ECOEGR considered for
the traditional fuel plants.

The same calculations of EEDI for the
different configurations are finally
performed for LPG and LNG as fuels,
showing the significant influence
hereof.

Throughout the calculations, the
Kappel propeller is assumed to reduce
the required power by 3%, and in
combination with a rudder bulb, the
optimised aft ship is assumed to
reduce the required power by 4%.
These numbers are set conservative.
Similar or higher numbers have been

experienced from retrofitting similar
tankers. An optimised aft ship has to be
designed for each specific project, and
as such the values set here are
considered to be of guidance only.

The Kappel propeller and a rudder bulb
have been selected as energy saving
devices as both of these components
do not require any special
consideration during operation.
Furthermore, they do not require any
extra maintenance work, neither from
the crew on-board nor during
dry-docking. The optimised aft ship will
also ensure significant economical
savings to the ship-owner, as illustrated
throughout the case studies.



Main engine
operating costs

15.1 knots
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Engine SMCR point NCR Dprop
6S50ME-C8.5 M1: 9,960 kW, 127 rpm N1: 8,960 kW 59m
6S50ME-C9.7 M2: 9,730 kW, 117 rpm N2: 8,760 kW 6.2m
6G50ME-C9.6 M3: 9,310 kW, 100 rpm N3: 8,380 kW 6.7m
7G50ME-C9.6 M4: 9,310 kW, 100 rpm N4: 8,380 kW 6.7m
5S60ME-C10.5 M5: 9,310 kW, 100 rpm N5: 8,380 kW 6.7m
Table 2: Calculated main engine examples for 15.1 knots
The main engine fuel consumption and Power demand
operating costs at N = NCR = 90% atN = NCR [kW]
SMCR have been calculated for the 10,000 § 3 8 5 ° ° °
above six propulsion plants operating 9,000 - 35— 2 g 3 g &8
at the relatively high speed of 15.1 8,000 © © ©_
knots, as often used earlier. The effect 7,000 E—
of the increased propeller diameter to
the NCR power required to propel the 6,000 1%
ship at the service speed including the 5,000 % | 102%—10%
sea margin is seen on Fig. 7. 4,000 8%
3,000 6.2% 0i5% 6.5% 65% oo

The fuel efficient S6B0ME-C10.5 engine

; : ; 2,000 4.0% 4%
design has been included, in order to
investigate the possibilities of 1,000 " 2%
maintaining the high service speed, by 0 _
applying a very modern, larger than BS50ME-C8.5  6S50ME-C9.7  6GS0ME-C9.6 ~ 7G50ME-C9.6  5S60ME-C10.5
usual engine. N1 N2 N3 N4 NS

D 59m 6.2m 6.7m 6.7m 6.7m

prop*

= Expected propulsion power demand at NCR = 90% SMCR

= Optimised aft ship

Fig. 7: Expected propulsion power demand at NCR = 90% SMCR for 15.1 knots
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Fig. 8 shows the influence on the main SFOC
engine efficiency, indicated by the [o/kWh]
specific fuel oil consumption (SFOC) of lfg T MOTerl e
marine diesel oil (MDO) for the cases. 176 ISO ambient conditions
v LGV = 42,700 kJ/kg

A significant reduction can be seen 172 Part-load exhaust gas Z M1 6S50ME-C8.5 D,=5.9m
from the S50ME-C8.5 compared to the gg bypass optimised engines 7" g
more modern engine designs. The 166 = /

. : M2 6S50ME-C9.7 D= 6.2 m
effect of derating by adding an 164 SN N3 (4.1%) ¢
additional cylinder can be clearly 162 <_ N2 G.i%8"
identified: The 6G50ME-C9.7 has an i NANS 610
SFOC of 161.3 g/kWh at NCR whereas 156 M5w. ECORGR  D=6.7m
the heavily derated 7G50ME-C9.6 with 154 NS, EcoECR (84%19
the same power output and an added 152
cylinder shows an SFOC of 159.2 g/ ]ig
kWh. If ECOEGR is applied as 146
exemplified through the 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 Engine shaft
5S60ME-C10.5-EcOEGR, it is possible N = NCR power [%SMCR]
to attain a SFOC as low as 154.6 g/kWh
at NCR.
The daily fuel consumption shown in
Fig. 9 is found when multiplying the Fig. 8: SFOC for 15.1 knots as of 2019 with reductions relative to N1 stated in parenthesis. For reference,
propulsion power demand at NCR = use the online calculation tool CEAS available on our homepage
90% (Fig. 7) with the SFOC (Fig. 8).
The influence of the optimised aft ship
(including a Kappel propeller and
rudder bulb) on the daily fuel
consumption is clearly seen as the blue
columns. Furthermore, is the effect of
the increased propeller diameter seen,
all designs that employ a propeller of a
diameter of 6.7 m, show a significant
reduction compared to the original Fuel consumption [ton/24h] 17.8% 177%
design. Again, the effect of derating 45 65% 18%
can be seen when the 6G50ME-C9.6 40 15.9% 15.8% 16%
engine is compared to the a 13.4% 14.4% 149
7G50ME-C9.6. The inclusion of 12.8% 12.9% ’
EcoEGR will reduce the daily fuel costs 30 g% * * 12%
further. These savings are especially o5 0‘% | o
relevant if more expensive low-sulphur
fuels are applied. 20 - 4% — 8%
Despite the fact that the SFOC of N3 is 1 g/ o
higher than the SFOC of N2 (see Fig. 8), 10 — 4%
the daily fuel consumption at 90% 5 § 2 oy
SMCR of N3 will still be lower than N2, 0%
due to the increased propeller O TESSOME-C85  6S50ME-CO.7  6GSOME-CO.6  7GSOME-C9.6  5SGOME-C105
diameter. This illustrates that in some N1 N2 N3 N4 N5
cases it can be beneficial to sacrifice Dyopt 59m 62m 6.7m 6.7m 6.7m
some engine efficiency for a larger
increase in propeller efficiency by = Expected fuel consumption at NCR = 90% SMCR IMO Tier Il
increasing the propeller diameter, or Optimised aft ship ISO ambient conditions

. LCV = 42,700 kd/kg
select one of the other possible EcoEGR

combinations. The ship designer must

evaluate these options to ensure the

best design, depending on the priorities

of the project. Fig. 9: Expected daily fuel consumption at NCR for 15.1 knots



EEDI

The reference and the actual EEDI
figures have been calculated for a
part-load optimised engine including a
6% tolerance on the SFOC, and a
SFOC of 200 g/kWh for the auxiliary
engines, all operating on MDO. The
results are seen in Fig. 10. The
reference value is calculated based on
the following equation given by the
IMO, and reduced according to the
EEDI phases (10, 20 and 30%)
reduction.

(EEDl et.tanker = 1218.8 x dwit-0488)

As it can be seen in Fig. 10, only a few
of the propulsion plants attaining a
speed of 15.1 knots fulfil EEDI phase 2
(20% reduction), namely M4 and M5. To
do this, both a Kappel propeller, rudder
bulb, PTO and EcoEGR must be
applied. As, an alternative can fuels
such as LPG and LNG be considered
for which the results are shown in Figs.
11 and 12 respectively.

EEDI

15

7

6

prop'

I

GSSOME C8.5 6850ME Co.7 GGSOME Co.6 7G5OME C9.6

EEDI -
EEDI -
EEDI -
EEDI -
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Fig. 10: Phase 0, 1, 2, & 3 required and attained EEDI at 15.1 knots for MDO
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The influence of alternative fuels on the
attained EEDI is massive. If LPG is
applied as fuel, all the designs that
employ the 6.7 m propeller can fulfil
EEDI phase 2 without the application of
any energy saving devices.

When the optimised aft ship is included
along with a PTO the designs with a 6.7
m propeller and a service speed of 15.1
knots are almost capable of fulfilling
EEDI phase 3 as well (30% reduction).

It is expected that development within
engine technology and further
optimisations of the hull will make it
possible to achieve compliance with
EEDI phase 3 in 2025 by the application
of LPG as fuel.

If LNG is applied, even further
reductions of EEDI can be achieved,
and EEDI phase 3 can be fulfilled only
by applying the 6.7 m propeller and
LNG as fuel.

At the moment the availability of LNG is
more limited than LPG, and the ship
designer must consider the availability
of the alternative fuels in the area where
the vessel is intended to operate.

Availability will be an important
parameter when evaluating whether
LNG is a better solution for the
fulfilment of EEDI phase 3 than LPG in
combination with an optimised aft ship,
PTO and further reductions.
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Fig. 11: Phase 0, 1, 2, & 3 required and attained EEDI at 15.1 knots for LPG
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Operating costs

While the previous comparisons of
engine fuel performance are based on
a constant engine load of 90% (NCR),
the yearly operational costs of the
engine greatly depend on the engine’s
load profile.

An example of a load profile for the
engine of a MR-tanker, see Fig. 13, is
applied to calculate the total main
engine operating costs, including
lubricating oil per year, assuming an
operating profile of 250 days/year at
sea. For this purpose, a fuel price of
500 USD/ton and a lubricating oil price
of 2,000 USD/ton is assumed. The
results are shown in Fig. 14.

The comparison of operational costs
are only performed for fuel oil, as the
price of LNG and LPG varies to a larger
extend, depending on location and
availability.

The savings in annual main engine
costs by applying ECOEGR is relatively
smaller than the resulting fuel saving of
applying EcoEGR (see Fig. 8 & 9), as
the cost of operating the ECOEGR has
been included. A price of 200 USD/ton
is assumed for the NaOH (in a 50%
solution) required to operate the EGR,
as well as a price for handling the
discharged sludge of 100 USD/ton is
assumed.
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Fig. 13: Load profile for the time at sea
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Fig. 14: Total annual main engine operating costs including fuel, cylinder and system lubricating oil for
15.1 knots
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The relative savings in operating costs
in net present value (NPV) are obtained
with the 6S50ME-C8.5 with a propeller
diameter of 5.9 m as a reference.
Significant NPV savings can be
attained for designs with a propeller
diameter of 6.7 m, as illustrated in Fig.
15.

For M2 with a 6.2 m propeller a saving
of 2.0 million USD is attained over 10
years. M3, a 6G50ME-C9.6 with a
propeller diameter of 6.7 attains a
saving of 2.8 million USD over 10 years,
which can be compared to M4, a
7G50ME-C9.6 that attains a saving of
3.3 million USD and hereby illustrates
the effect of derating. A similar saving
is attained for M5, which also represent
heavily derated engines.

The same NPV calculations are
performed for the solution with the
optimised aft ship and ECoEGR, still
with the 6S50ME-C8.5 with a propeller
diameter of 5.9 m and with the
standard aft ship as reference.

With a Kappel propeller and rudder
bulb M4 and M5 will achieve a saving of
4.6 million USD over 10 years. This is
1.3 million USD more than the solution
without the optimised aft ship, where
1.0 million USD is attained from the
optimised aft ship and 0.3 million USD
from ECoEGR. If more expensive fuels
than HFO (as in this example) are used
will the savings of applying ECOEGR be
significantly larger.

These improved NPV figures shows
that - whether required or not by the
EEDI - will the application of energy
saving devices and ECOEGR in general
not only be beneficial to the
environment but also make the vessel
more profitable.
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Fig. 15: Saving in main engine operating costs (NPV) for 15.1 knots without (above) and with optimised
aft ship (below)
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Main engine
operating costs 4.5knots

Engine SMCR point NCR Dprop
6S50ME-C8.5 M1 8,500 kW, 119 rpm N1 7,650 kW 59m
6S50ME-C8.5 M2¢: 8,310 kW, 110 rpm N2¢: 7,480 kW 6.2m
6S50ME-C9.7 M3‘: 8,310 kW, 110 rpm N3‘: 7,480 kW 6.2m
6G50ME-C9.6 M4*: 7,950 kW, 94 rpm N4¢: 7,155 kW 6.7m
7S50ME-C9.7 M5°: 7,950 kW, 94 rpm N5¢ 7,155 kW 6.7m

Table 3: Calculated main engine examples for 14.5 knots

The main engine fuel consumption and Power demand

operating costs at N = NCR = 90% at N = NCR [kW]

SMCR have been calculated for the 10,000 #10.2% @10.2% —10%
above flvg propulglon plants operating 9,000 = - - 9%
at the typical service speed of 14.5 8,000 e 3 N 8 N 8 8 g B-yg 8%
knots. The effect of the increased 7000 = ~ ~ ~ S ~ 2 7%
propeller diameter to the NCR power 6,000 N N 6.5% 6.5% 6%

required to propel the ship at the

service speed including the sea margin 5,000 — 5%
is shown in Fig. 16. 4,000 4.0% 4%
3,000 | 5
2,000 22% 2.2% o
1,000 e

0.0%
6S50ME-C8.5 6S50ME-C8.5 6S50ME-C9.7 6G50ME-C9.6 7S50ME-C9.7
N1 N2 N3 N4 N5
59m 6.2m 6.2m 6.7m 6.7m

D

prop”

= Expected propulsion power demand at NCR = 90% SMCR
Optimised aft ship

Fig. 16: Expected propulsion power demand at NCR = 90% SMCR for 14.5 knots
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Fig. 17 shows the influence on the main SFOC
engine efficiency, indicated by the [o/kWh]
specific fuel oil consumption (SFOC) of 180 IMO Tier |
marine diesel oil (MDO) for the five 178 ISO ambient conditions
cases. 176 LCV = 42,700 kJ/kg
174
. . 172 Part load exhaust gas
As the cylinder number of the engines 170 D\ bypass optimised engines M2 6S50ME-C8.5 D.=6.2m
have been maintained compared to the 168 N2 (0.9%)g—"
15.1 knots case, the lower power 166 N1 09T @
required for the lower service speed 164 M4 6G50ME-CO.6 D=6.7m
allows for the engines to be derated for 162 — Ne 4.0%] Z
this 14.5 knots case. 122 - N3 EO%e
This is reflected in an approximate 156 b _ /w@s%)% M5 w. EcoEGR D.=6.7m
redL_Jctlon of 2 g/kWh for all the engine 154 - )
designs (compared to Fig. 8), further 152 N5 w. EcoEGR (7.7%)
contributing to the savings achieved by 150
reducing the service speed. Again, the 148
146 , Engine shaft

modern engine designs outperform the - T T T T T
traditional S50ME-C8.5 design. 25 30 35 40 45 50 55 60 65 70 75 80 85 O

N =
The daily fuel consumption shown in
Fig. 18 is found when multiplying the
propulsion power demand at NCR =
90% (Fig. 16) with the SFOC (Fig. 17).
The influence of the optimised aft ship
(including a Kappel propeller and
rudder bulb) on the daily fuel
consumption is clearly demonstrated
by the blue columns.

Fuel consumption

0 95 1
NCR

00 power [%SMCR]

Fig. 17: SFOC for 14.5 knots as of 2019 with reductions relative to N1 stated in parenthesis. For
reference, use the online calculation tool CEAS available on our homepage
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Optimised aft ship
+ EcoEGR

Fig. 18: Expected daily fuel consumption at NCR for 14.5 knots

IMO Tier Il
ISO ambient conditions
LCV =42,700 kJ/kg



EEDI

The reference and the actual EEDI
figures have been calculated for a
part-load optimised engine including a
6% tolerance on the SFOC, and a
SFOC of 200 g/kWh for the auxiliary
engines, all operating on MDO, the
results are seen on Fig. 19. The
reference value is calculated based on
the following equation given by the
IMO, and reduced according to the
EEDI phases (10, 20 and 30%)
reduction.

(EEDletanker = 1218.8 x dwt-0.488)

As it can be seen in Fig. 19, the
propulsion plants for 14.5 knots with
MDO as fuel fulfil EEDI phase 2 (20%
reduction) if combined with a 6.7 m
diameter propeller. A margin can be
attained if energy saving devices are
included. Fulfilling EEDI phase 3 (30%
reduction) can still pose a challenge,
but if ECOEGR is applied M4’ and M5’
attains an index lower than the required
for EEDI phase 3.

If alternative fuels are applied, a
massive impact is found once again.
With the application of a 6.7 m diameter
propeller, compliance with EEDI phase
2 can be achieved without further
consideration, as e.g. for the lightly
derated 6S50ME-C9.7, and if energy
saving devices are applied fulfilment of
phase 3 can also be achieved.

For LNG, all the designs with a service
speed of 14.5 knots fulfil phase 3,
regardless of propeller diameter and
energy saving devices.

A general remark on derating of
engines operating on alternative fuels
by adding a cylinder is that this is not
as effective as on a traditional fuel
engine, which is also reflected in

Fig. 20. A minimum of pilot oil per
cylinder is required to ensure that the
alternative fuel ignites, and when a
cylinder is added for the same power
output, the relative amount of pilot oil
required increases.

Again, considerations on the availability
of the alternative fuels are important.
For LNG, see Fig. 21 next page.
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Fig. 19: Phase 0, 1, 2, & 3 required and attained EEDI at 14.5 knots for MDO
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Fig. 20: Phase 0, 1, 2, & 3 required and attained EEDI at 14.5 knots for LPG
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Operating costs

While the previous comparisons of
engine fuel performance are based on
a constant engine load of 90% (NCR),
the yearly operational costs of the
engine greatly depend on the engine’s
load profile.

The same load profile as in the previous
case is applied, see Fig. 13. A fuel price
of 500 USD/ton and a lubricating oil
price of 2,000 USD/ton is assumed
along with 200 USDy/ton for the NaOH
(in a2 50% solution) and 100 USD/ton for
sludge discharge for the ECOEGR. The
comparison of operational costs are
only performed for fuel oil, see Fig. 22,
as the price of LNG and LPG vary to a
larger extend, depending on location
and availability.
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EEDI - PTO

Fig. 21: Phase 0, 1, 2, & 3 required and attained EEDI at 14.5 knots for LNG
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Fig. 22: Total annual main engine operating costs including fuel, cylinder and system lubricating oil for
14.5 knots



The relative savings in operating costs,
(calculated in net present value, NPV)
with the 6S50ME-C8.5 with a propeller
diameter of 5.9 m used as reference,
indicate significant NPV savings for
designs with a propeller diameter of 6.7
m, as illustrated in Fig. 23.

Compared to the 15.1 knots case the
savings of the more efficient vessels
will be relatively smaller, as the energy
consumption naturally is smaller at a
lower speed. Nevertheless, a saving of
2.7 million USD is attained over 10
years for M5’, the heavily derated
7S50ME-C9.7 engine, and a saving of
2.4 million USD for M4’, the
6S50ME-C9.7 engine.

The same NPV calculations are
performed for the solution with the
optimised aft ship and ECoEGR. In
general a saving of 1.1-1.2 million USD
is attained over 10 years, savings that
will be more significant if more
expensive fuels than HFO as in this
example are used.

Net present value
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Main engine

operating costs

14.0 knots

Engine SMCR point NCR Dorop
5S50ME-C8.5 M1%: 7,400 kW, 113 rpm N1“: 6,650 kW 59m
5S50ME-C9.7 M2“: 7,230 kW, 105 rpm N2“: 6,500 kW 6.2m
5G50ME-C9.6 M3“: 6,920 kW, 89 rpm N3“: 6,230 kW 6.7m

Table 4: Calculated main engine examples for 14.0 knots

A typical option considered to achieve
EEDI phase 3 (30% reduction)
compliance for this type of vessels is to
reduce the service speed even further.
To illustrate the effect of this, a case
with a service speed of 14.0 knots have
been included in this paper as well.

In this case a sea margin of 15% has
been included as in the other cases,
but it is important to consider that the
size of the waves and the vessel is not
reduced even though the service speed
is reduced. Therefore, an increase of
the sea margin to a value above 15%

can be beneficial for such a low service
speed, depending on the intended
operational area and profile.

This is further underlined, when the low
power installed on board, is considered
in the light of the IMO minimum
propulsion power requirements (see
Fig. 2) and passage of the barred
speed range (see Fig. 6) as discussed
in the beginning of this paper.

Designs with a SMCR of approx. 7,200
kW power in combination with a 6.8 m
diameter propeller have been delivered

in recent years. Hereby, the designs
considered in this 14.0 knots-case are
on the very limit of minimum power
requirements and may not be
permissible.

Compliance with the minimum
propulsion power requirements will in
any case have to be evaluated at
assessment level 2, which require
model tank tests.

This case will not be combined with
alternative fuels, as a higher speed is
expected if such fuels are applied.



The main engine fuel consumption and
operating costs at N = NCR = 90%
SMCR have been calculated for the
above three propulsion plants
operating at the low speed of 14.0
knots. The required power to propel the
ship including the sea margin is seen
on Fig. 24.

Fig. 25 shows the influence on the main
engine efficiency, indicated by the
specific fuel oil consumption (SFOC) of
marine diesel oil (MDO) for the three
cases. For this case, the cylinder
number of the engine must be reduced
to five cylinders to accommodate the
SMCR point within the engine layout
diagram (see Fig. 4). Hereby, the
engines are not as derated as for the
14.5 knots case, why a higher SFOC is
attained, see Fig. 17.
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Fig. 24: Expected propulsion power demand at NCR = 90% SMCR for 14.0 knots
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Fig. 25: Expected SFOC for 14.0 knots as of 2019 with reductions relative to N1 stated in parenthesis.
Fore reference, use the online calculation tool CEAS available on our homepage
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The daily fuel consumption shown in Fuel consumption [ton/24h]
Fig. 26 is found when multiplying the
propulsion power demand at NCR =
90% (Fig. 24) with the SFOC (Fig. 25). In 35.0
Fig. 25 the fuel consumption of N2” is

40.0

lower than N3”” as the smaller 6.2 m %00
propeller in this case allows for a more 250 242 1oa
optimum position in the layout diagram, 20.0 : 224 219 216 1578 20%
but the overall fuel consumption will still 16.3%
be reduced by the 6.7 m propeller that 15.0 13.6% ¢ B 15%
can only be accommodated within the 10.0 ¢ W 103% 10%
layout diagram of N3” the 6.6% H 7.4%
5G50ME-C9.6. 50 *45% 5%
00 0.0%
The influence of the optimised aft ship 5850,\“1"5'08'5 5850”\\‘/'5[09'7 5650,5/';[ co.6
(including a Kappel propeller and D,.; 59m 6.2m 6.7m
rudder bulb) on the daily fuel
COﬂSUleptiOﬂ is again Clearly seen as ® Expected fuel consumption at NCR = 90% SMCR IMO Tier Il
the blue columns. Optimised aft ship 1SO ambient conditions
+ ECOEGR LCV = 42,700 kd/kg
EEDI
The reference and the actual EEDI Fig. 26: Expected daily fuel consumption at NCR for 14.0 knots
figures have been calculated for a
part-load optimised engine including a
6% tolerance on the SFOC, and a
SFOC of 200 g/kWh for the auxiliary
engines, all operating on MDO, the
results are seen on Fig. 27. The EEDI
reference value is calculated based on 7
the following equation given by the 6.40
IMO, and reduced according to the 6 5.76
EEDI phases (10, 20 and 30%) 542
reduction.

4.48

The EEDI is the interesting part of the
14.0 knots case as it can be seen that
with the 6.2 or 6.7 m propeller,
fulfillment of phase 2 can be achieved
without any energy saving devices,
and, if energy saving devices are
included, fulfilment of EEDI phase 3 can

. 5S50ME-C8.5 5S50ME-C9.7 5G50ME-C9.6
also be attained. INPH N N3
(D 59m 6.2m 6.7m
It must be stressed that the low power
installed onboard (due to the low W EEDI - MDO, 100% capacity and 75% SMCR, v,, =13.8 kn
service speed) is what results in the low EEDI - Kappel propeller

m EEDI - rudder bulb
EEDI - PTO
EEDI - ECoEGR

EEDI, and hereby this illustrates why
EEDI gave rise to concerns about
minimum propulsion power. The
capability of a design to maintain safe
manoeuvring with this low service
speed must be evaluated at IMO MPP
assessment level 2. Fig. 27: Phase 0, 1, 2, & 3 required and attained EEDI at 14.0 knots for MDO



Opertating costs

While the previous comparisons of
engine fuel performance are based on
a constant engine load of 90% (NCR),
the yearly operational costs of the
engine greatly depend on the engine’s
load profile.

The same load profile as in the previous
case is applied, see Fig. 13. A fuel price
of 500 USD/ton and a lubricating oil
price of 2,000 USD/ton is assumed.
The results are shown in Fig. 28

Million USD/year
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Fig. 28: Total annual main engine operating costs including fuel, cylinder and system lubricating oil for

14.0 knots
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A comparison of the relative savings in
operating costs in net present value
(NPV), with the 6S50ME-C8.5 with a
propeller diameter of 5.9 m used as
reference are shown in Fig. 29.

Again, it is seen that the absolute size
of the savings is reduced compared to
the reduced energy consumption, but
over 10 years a saving of more than 2.1
million USD is still achieved for the 6.7
m propeller. For the optimised aft ship
with ECOEGR is a saving of up to 3.0
million USD achievable.

Net present value

[million USD]
9
8 IMO Tier II
ISO ambient conditions
. 250 days/year

Fuel price: 500 USD/ton
Rate of interest and discount: 6% p.a.
Rate of inflation: 3% p.a.

6

5

4 5 SQVECR® e
3 5S50h 1e-C9.1 N2

2

1

0 6S50ME-C8.5 N1”

0 5 10 15 20 25
Lifetime [years]

Net present value

[million USD]
9
8 IMO Tier Il
ISO ambient conditions
. 250 days/year

Fuel price: 500 USD/ton
Rate of interest and discount: 6% p.a.
Rate of inflation: 3% p.a.

6 2 0\}'
cooN
£eBONE”
5
o opt:
oo
sSEONE
4
3
2 a5 N-opt
5S50ME-C
‘I ~
0 6S50ME-C8.5 N1”

0 5 10 15 20 25
Lifetime [years]

Fig. 29: Saving in main engine operating costs (NPV) for 14.0 knots without (above) and with optimised
aft ship (below)



Summary

Modern designs of tankers in the
50,000 dwt segment (and similar sized
bulk carriers) face numerous
challenges: EEDI regulations govern the
energy consumption of ships, and
compliance with EEDI phase 2 and 3
requirements can pose a challenge to
such vessels. At the same time the
vessels must not be underpowered,
and considerations on minimum
propulsion power are important when
evaluating the different options to
ensure compliance with EEDI
regulations.

Besides a larger than usual propeller,
different possible paths to ensure
compliance with EEDI phase 2 and 3
have been considered in this paper.
Significant energy savings can be
attained by the application of various
energy saving devices. In the cases
presented here, the high efficiency
Kappel propeller shows valuable
savings - savings that can be further
enhanced if combined with a rudder
bulb.

EcoEGR can furthermore contribute to
lower the fuel consumption of the
vessel, something that can ensure large
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savings especially for vessels indented
for operation on low-sulphur fuels.

The application of a larger than usual
propeller, ECOEGR, energy saving
devices along with alternative fuels,
does not only ensure EEDI compliance
but also provide good value for the ship
owner, as the super eco-ships typically
sees higher day rates.

If alternative fuels are applied, the
typical service speed of today, approx.
14.5 knots, can be maintained in the
future. Furthermore, alternative fuels
provide an option to attain speeds as
high as approx. 15 knots.

Besides offering the capability to use
different fuels the MAN B&W S- and
G-type engines also offer a significant
variety of possible bores and stroke
lengths for the 50,000 dwt segment.
This ensures that an optimum fit always
can be achieved for each individual
project, and that the optimum rpm of a
desired propeller always can be
contained within the layout diagram of
one of the many possible engine
designs.
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