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Abstract

International shipping is the main contributor to world trade by carrying more than 80 % of transported goods.
Though emissions per unit of goods transported are lower than any other mode of transport, the fleet is expe-
riencing increasing pressure to reduce global emissions. NTNU has developed a maritime transport emission
assessment model (MariTEAM), as part of the research project CLIMMS - Climate mitigation in the maritime
sector. MariTEAM is a computational model for the fuel consumption and emissions to air from the world
shipping fleet. This thesis contributes by developing and validating a new ship powering performance method
suitable for the MariTEAM model.

The current state of knowledge in the field of global fleet-wide power predictions has been reviewed. In line
with the literature, various empirical methods are implemented in the model developed in this thesis, which
is subdivided into five modules. First, missing input parameters are estimated for the ship. The calm water
resistance is calculated, followed by added resistance in wind and waves. Then the propulsive efficiency is
determined before the final power is obtained. As a result, the new method can predict the propulsion power
in realistic sea-states, for a wide range of ships in the fleet, while requiring few input parameters.

A case study of seven diverse vessels is applied to validate the powering performance of the new model.
The validation data include model test reports, sea trial reports and in-service data from voyages. Based
on the study, a final new power prediction method is presented. Validation against model test reports and
sea trials show that the new model achieves powering predictions with a mean deviation of + 3 % and
standard deviation of 6% for exact input parameters. When parameter estimates are applied for missing
input, deviations are within 10% for the power predictions. Validation against in-service data demonstrates
that the powering predictions and the in-service measurements correspond well if the correct loading condition
is applied.







Sammendrag

Internasjonal skipsfart er den starste bidragsyteren til verdenshandelen, og frakter mer enn 80 % av trans-
portert gods. Selv om utslippene per enhet som transporteres er lavere enn for noen annen transport, op-
plever skipsfarten et gkende press for & redusere de globale utslippene. Som en del av KPN-forskningsprosjektet
CLIMMS, har NTNU utviklet MariTEAM-modellen, en beregningsmodell for drivstofforbruk og utslipp fra ver-
dens skipsflate. Denne avhandlingen bidrar med & utvikle og validere en ny ytelsesmetode for skip som er
egnet for MariTEAM-modellen.

Den navaerende kunnskapen om prediksjon av effektforbruk for skip er gjennomgatt. | samsvar med litter-
aturen er ulike empiriske metoder implementert i modellen, som bestar av fem overordnede moduler. Farst
estimeres manglende tekniske parametere for skipet. Deretter beregnes stillevannsmotstanden, etterfulgt
av motstandsgkning i vind og bglger. Sa bestemmes propulsjonsvirkningsgraden, for det endelige effektfor-
bruket beregnes. Dermed kan den nye metoden estimere effekiforbruket i realistiske sjgtilstander og for et
bredt spekter av skip i flaten, kun ved hjelp av f& parametere.

En casestudie av syv ulike skip er benyttet for & validere prestasjonen til den nye metoden. Validerings-
grunnlaget inkluderer modelltest rapporter, prevetursdata og in-service data for seilende skip. Valideringen
mot stillevannsberegninger viser at den nye metoden kan predikere effektforbruket med gjennomsnittlig avvik
pa + 3 % og med et standardavvik pa 6%, hvis eksakte parametere er kjent. Nar parameterestimatene an-
vendes for manglende parametere avviker effektberegningene opp til 10%. Validering av in-service data viser
at det malte effektforbruket og det estimerte effektforbruket samsvarer godt hvis korrekt lastkondisjon er brukt.
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Chapter 1

Introduction

1.1 Background and Motivation

Shipping is the main contributor to world trade by carrying more than 80 % of transported goods. As of 2018,
the world merchant fleet counts about 94,000 vessels of 100 GT and above (UNCTAD, 2018). The main
part of the fleet is cargo-carrying ships (dry bulk, tankers, general cargo, container, passenger), followed by
non-cargo ships (fishing, research, offshore, and other). The largest ship segments transport cargo over
long ranges within a well-defined system of global shipping routes. Figure 1.1 illustrates the fleet-wide CO2
emissions from 2015, related directly to the vessel traffic densities on the sea routes.

150°00W 90°00W 2000w 000" 6000E 12000 180°00° Global CO2 emissions
(tonnes)
=0 - 100
2100 - 5,000
£35,000- 25,000

25,000 - 100,000
== >100,000

Figure 1.1: Fleet wide CO2 emissions in 2015 from Olmer et al. (2017), International Council on Clean Transport (ICCT,
2017). Data from exactEarth, IHS and ArcGIS.

Merchant ships in international traffic are subject to regulations by the International Maritime Organization of
the United Nations (IMO). Despite ships having lower emission intensities per unit mass transported than any
other mode of transport (Edenhofer, 2014), it is recognized that the fleet represents a significant reduction
potential to contribute to the global efforts of limiting global warming (Hoegh-Guldberg et al., 2019). Although
international shipping is excluded from the Paris Agreement, IMO is pursuing the development and imple-
mentation of measures to address greenhouse gas (GHG) emissions from the fleet (Olmer et al., 2017). In
2018 they decided that maritime GHG emissions shall be reduced by 50 % (compared to 2008) within 2050.
Shipping is experiencing an increasing pressure to decarbonize and reduce emissions to air, on the way to
reach the 2-degree target of the Paris Agreement. As of 2020, new emission regulations are applied to the
world ship fleet as the limit for sulfur in fuel oil is reduced from 3.5 to 0.5 %.

In order to develop effective strategies for this green transition, IMO member states pursue understanding the
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current trends in ship activity and emissions (Hoegh-Guldberg et al., 2019). Identifying the drivers of shipping
emissions is decisive in making informed decisions and influencing policymakers. The world shipping fleet
emissions can be estimated in terms of fuel consumption, either by top-down or bottom-up (activity-based)
approaches. Top-down methods are based on the reported marine fuel sales statistics, and ship-type specific
results are not obtained. Bottom-up methods estimate the fuel consumption for each ship based on power
produced by the engines. Such power predictions require ship technical and operational data. Due to the
enormous number of ships in the fleet, a simplified power prediction method with sufficient accuracy is needed
to obtain estimates across the whole fleet and within sub-segments.

Both the third IMO GHG study (Smith et al., 2014) and the 2017 ICCT study on GHG emissions from global
shipping, represent bottom-up studies with minor differences in the methodologies. Characteristic for these
bottom-up methods is the application of highly simplified empirical methods for the ship powering calcula-
tions. Even though empirical bottom-up methods are becoming increasingly accurate with improving AlS data
coverage (Olmer et al., 2017), there is a trade-off between the simplified calculations and the accuracy of
the results. There exist well established empirical methods like Hollenbach (1998) and Holtrop and Mennen
(1982), commonly used for power predictions. The International Towing Tank Conference (ITTC, 2017) is
a recognised worldwide association of hydrodynamics research organisations that operate towing tanks or
similar model test laboratories. ITTC establishes recommended procedures for powering predictions, includ-
ing empirical methods. However, several of these methods require many input parameters and may not be
suitable for all ship types.

In order to modify the existing methods, there are mainly two approaches found in the literature. A simple
method with few parameters is tuned to modern ships, or a detailed method is combined with smart estimates
for the required input parameters. Kristensen et al. (2017) studied the simple method of Guldhammer and
Harvald (1974) and assessed the accuracy of some of the parameters when applied to various ship types.
The study demonstrates a tuning of a historical method to present-day ship segments. Jalkanen et al. (2012)
combines several empirical methods in an assessment model of ship traffic exhaust emissions, 'STEAM3'. In
this study, the power predictions are based on Hollenbach and demonstrate how many input parameters can
be estimated for a traditional method with a higher level of detail. A similar model is 'ShipCLEAN’ by Tillig
(2020), which combines existing empirical formulas with new developed procedures to predict the ship power
performance.

Muri et al. (2019a,b) and Bouman et al. (2016) present global fleetwide emission predictions in the maritime
transport emission assessment model (MariTEAM). The model is developed as part of the KPN research
project 'CLIMMS’ (climate mitigation in the maritime sector), which is an interdisciplinary study connected
to SFI Smart Maritime. As a bottom-up model, MariTEAM applies empirical ship power prediction methods
for the emission calculations. The model input comprises ship technical data and AIS data combined with
hindcast weather data.

1.2 Objective

The main objective of this thesis is to identify, develop, and validate a new ship powering performance method
suitable for the MariTEAM model. This includes establishing the current state of knowledge in the field of
global fleet-wide power predictions. In line with the literature, various approaches to modifying empirical
methods will be assessed. Further, it includes validating the new model with data from model tests, sea trials
or in-service measurements for a range of vessel types.

1.3 Outline of Thesis

Chapter 2 presents a review of ship powering theory, in order to establish the most important effects on ship
resistance and propulsion. Chapter 3 identifies existing empirical procedures, which is narrowed down to the
most relevant. Chapter 4 outlines the current power predictions in the MariTEAM model. In addition, relevant
ship technical databases are investigated. Chapter 5 presents the methodology applied in selecting the em-
pirical methods for the new power prediction model. The new method is outlined, and potential improvements
to the current MariTEAM model is emphasized. All the empirical methods included in the model are verified,
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to ensure that these are implemented correct mathematically. In Chapter 6, a case study is conducted for
seven vessels. The results are validated against model test reports, sea trial reports and in-service data. In
addition, the performance of the new model and the current MariTEAM model is compared. Chapter 7 dis-
cusses the main findings and the performance of the new method. Chapter 8 presents the final conclusions,
before recommendations for further work are given in Chapter 9.

During the winter of 2019/2020, the project thesis was conducted as a preliminary study of candidate methods
for the ship powering calculations in the MariTEAM model. The study comprised a comprehensive literature
review of suitable methods and served as a basis for the current work. However, all relevant findings are
included and further elaborated on in this master thesis, which represents a complete and independent as-
sessment.
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Chapter 2

Theory of Ship Powering

This chapter outlines the basic theory of ship powering based on ship resistance and total propulsive effi-
ciency. In order to develop a suitable power prediction model, the ship resistance and propulsive efficiency
should be determined with the highest possible accuracy. The objective of this chapter is to establish the
aspects of ship resistance and propulsive efficiency with significance for ship powering.

2.1 Resistance

As of today, there is a consensus for defining ship resistance in the context of ship hydrodynamics for a calm
water sea state. Ships are traditionally optimized for operation in this sea state, although ships travel most
of the time in wind, waves, and current. The ideal calm water condition neglects these effects, which is a
significant simplification of the real conditions in a seaway. According to Wartsila (2019), when navigating in
head-sea, the resistance can increase by 50-100% of the ship resistance in calm weather. In order to predict
the powering performance of ships in a seaway, the added resistance due to wind and waves, and the change
of propulsive efficiency must be taken into account. This is further elaborated on in Sections 2.1.2 and 2.2.2.

2.1.1 Calm Water Resistance

The calculation of calm water resistance for a moving ship can be based on two different approaches. Either
by considering energy dissipation from the hull or by evaluating the forces acting on the hull. The energy
dissipation can be observed in terms of the flow features developing around the hull, as presented in Figure
2.1 by Molland et al. (2017). There is a wave pattern moving with the hull and a wake of turbulent flow
extending behind the ship.
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Figure 2.1: Flow features of a moving ship based on Molland et al. (2017)

Based on this method, the governing principle divides the total resistance into viscous resistance and wave-
making resistance from the wave pattern generated. It is further assumed that these are independent, which
is a practical simplification to illustrate the physical problem (Birk, 2019). Note that until 2017, ITTC applied
"Residual resistance" instead of "Wave making resistance" in their recommended procedure.
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If the forces acting on the hull is considered, it is differed between pressure resistance, acting normal to the
hull and frictional resistance, acting as a shear force on the hull. The viscous ship resistance is defined as the
frictional resistance and viscous pressure resistance, corrected for the hull shape and fullness. Ship frictional
resistance is calculated as the equivalent resistance of a flat plate with the same Reynolds number, area,
and length, moving longitudinally through the water. Due to the ship volume, the velocity along the hull is
higher than the ship speed, which increases the viscous resistance relative to a plate (Steen et al., 2016).
The viscous pressure resistance is a pressure resistance due to viscous flow effects. It accounts for three-
dimensional flow effects such as flow separation due to appendages or in the aft hull shape. In accordance
with these definitions, the total resistance can be decomposed as illustrated by Molland et al. (2017) in Figure

2.2
Total (= Pressure + Friction

i.e. local water forces acting on hull)

(Normal forces P (Tangential shear
Pressure on hull) Friction forces on hull)
Viscous pressure (Note: in deeply submerged
submarine (or aircraft) wave = 0
and Viscous pressure = pressure)
Wave |(Energy in wave pattern) Viscous (Energy lost in wake)

Total (= Wave + Viscous
i.e. energy dissipation)

Figure 2.2: Decomposition of ship resistance components based on Molland et al. (2017)

The resistance components are commonly expressed as dimensionless coefficients, as presented in Equation
2.1 for the total resistance coefficient.

Ry

CT:O.5-p-S~V2

(2.1)

Ry [N] is the total resistance, p [kgm 3] is the sea water density, S [m?] is the wetted area, and V is the ship
speed [ms~ 1.

MARINTEK restistance decomposition

Under the main assumption of resistance being divided into wave making (or residual) and viscous resistance,
there are several ways of decomposing the total resistance into smaller components. These include air
resistance, base drag, roughness effects, and more. In the current work, it is chosen to apply a decomposition
suggested by MARINTEK (2020), given in Equation 2.2.

Cr=Cr+(1+k)(Cr+ACr)+Cpp+Can+ Capp+Cy (2.2)

where the dimensionless coefficients are:
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Cr - Total resistance
Cr - Residuary resistance
k - Form factor

Cr - Frictional resistance
ACFr - Hull roughness correction
Cpp - Basedrag
Caa - Air resistance
Capp - Appendage resistance

C4 - Correlation allowance

MARINTEK applies a modification of the ITTC’78 procedure following Equation 2.3 (ITTC, 2017). In ITTC'78,
the base drag coefficient Cp g is not included, and the hull roughness correction ACr may include correlation
allowance. Further, the viscous resistance is defined differently in the two methods. As seen in Equation 2.2,
MARINTEK includes the roughness correction in the viscous resistance term.

Cr=(14+k)Cr+ACr+Ca+Cr+Cyau (2.3)

The theory of the various ship resistance components will be briefly elaborated on in the following, based
on the basic division into components as outlined by MARINTEK. The respective calculation methods are
presented in Section 2.3.

Residuary resistance

Froude first defined the term residuary resistance in the 1860s as the remaining resistance when the friction
is subtracted from the total. Today the method is refined, and it is common to subtract all other non-Froude
scaled resistance components, in accordance with Equation 2.2. It is difficult to determine the residuary
resistance accurately, but the main contributions are from wave resistance and viscous pressure resistance.
The viscous pressure resistance represents the smaller contribution and is mainly due to flow separation
behind the hull. As presented previously, the ship generates a typical wave system that contributes to the
wave resistance. The interaction between the hull and the wave system is complex to evaluate but depends
strongly on the local shape (Schneekluth and Bertram, 1998). The wave resistance dominates the total
resistance for a fast, slender ship. According to Wartsila (2019), the residual resistance typically accounts for
the following amount of total resistance:

* 40-60% for high-speed ships (such as container ships and passenger ships)

» 10-25% for low-speed ships (such as bulk carriers and tankers)

It is therefore deemed important to predict the residual resistance with high accuracy.

Form factor

The calculation of frictional resistance assumes a flat plate, and the form factor is introduced to account for
the hull’s shape and fullness. Form factors commonly express the relation between the viscous resistance
Cy and the frictional resistance, as presented in Equation 2.4. The value of the form factor can both refer to
k and (1 + k) (Steen et al., 2016). It is also important to note that the value of the form factor is related to the
friction line applied to find the frictional resistance C'r.

Cy = (1 + k) (CF + ACF) (2.4)

Several friction lines exist and the ITTC’57 correlation line is among the widely used methods. The frictional
coefficient is expressed empirically as a function of the dimensionless Reynolds number R,,, as presented in
Equation 2.5

0.075

_ 2.5
(log(Ry,) — 2)2 (&9)

F =
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A correction for form effect is included in the ITTC’57 formula and initially it was applied without an additional
form factor. However, today it is common practice to consider the ITTC’57 as a flat plate friction line and add
a form factor.

A number of empirical formulas to determine the form factor exist, including MARINTEK'’s formula and Holtrop’s
formula. Since the formulas are determined by fitting a curve to scatter plots, results can range from upper
to lower estimates, i.e., include varying resistance contributions. According to Steen (2011) it is convenient to
apply a form factor which includes the viscous pressure if model tests are unavailable. The Holtrop formula
includes viscous pressure effects and is therefore considered relevant to evaluate in selecting the form factor
method. The selection of form factor for the power prediction model is presented in Section 5.1.

Frictional resistance

The frictional resistance of a full scale ship is computed as the resistance of a flat plate with the same speed,
area, and length, corrected for the increased frictional resistance due to hull roughness (Cr + ACF). The hull
roughness is a function of coating type, fouling, fractures in the coating, and rust and damage from mechanical
devices. Fouling is the marine growth on the hull and can develop faster than other roughness contributions.
As fouling is a living organism, it depends on temperature, light, salinity, and a number of parameters, which
makes it challenging to make a reliable estimate of the increased resistance. The roughness is measured in
pm and increases over time. Typical roughness values are presented in the following. It is important to note
that the values are dependent on the frequency of docking and cleaning or recoating the hull.

Based on Steen et al. (2016):

* Newbuild vessel: 100 — 150um
* Yearly growth rate due to rust and paint detoriation: 20um
* 10-15 year old vessel: 300um

Based on Townsin and Byrne (1980):

* Newbuild vessel: 80 — 120um

* Yearly growth rate due to rust and paint detoriation:
10um for high-performance coating and cathodic protection
75 — 150pm for resinous coatings and no cathodic protection

The total frictional resistance depends on the size of the wetted area of the ship, Reynolds number, and rough-
ness. However, above a certain Reynolds number, the roughness contribution dominates, and the frictional
resistance is no longer dependent on the Reynolds number (Steen et al., 2016). Wartsila (2019) estimate
the frictional resistance to represent 70 — 90% of the total resistance for low-speed ships and up to 40% for
high-speed ships.

According to Townsin and Kwon (1983), the deterioration from a good newbuilding hull surface (100um) to a
typical in-service value (220um) can result in the same added resistance as from wind and waves. Another
significant effect is the growth of roughness and fouling on the propeller, which can significantly reduce the
power performance of the ship further. It is therefore considered important to include the effects of roughness
in the fleetwide calculations. MARINTEK (2020) suggests the following roughness correction formula:

ACp = [110- (H - V)%?' — 403] - C%. (2.6)

where H [um] is the roughness. Other empirical formulas exist, such as Equation 2.7 according to Townsin
and Mosaad (1985), recommended by ITTC (2017).

H-1075\"?
ACE = 0.044 () —10- R;Y3| 4 0.000125 (2.7

Lwr

where Ly, [m] is the ship waterline length. The roughness correction applied in the model is presented in
Section 5.1.
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Base drag

Most ships have a partly submerged transom stern, which causes a separated flow at the transom. The
separation creates the base drag force, which can be represented dimensionless in accordance with Steen
et al. (2016) as Equation 2.8.

Dg (Sp/S)*
5 —0.020¢) =22 2.8
$pV2S Cr (2:8)

Cpp =
where S [m] is the wetted surface area, excluding that of the transom, and Sp is the base/transom/frontal
area. The formula is based on a body shaped like a projectile in infinite fluid and is valid for ships as long as
the speed is sufficiently low for the transom stern to be wetted. Base drag effects are important for ships with
low Froude numbers and large transoms.

Air resistance

The ship structure above the waterline (superstructure) is subject to air resistance, which depends on the
superstructure size, shape, and ship speed. The air resistance coefficient C'4 4 can be calculated according
to the ITTC’78 procedure presented in Equation 2.9 by Birk (2019).

Pair - Ay

5 (2.9)

Caa=0Cba

where Cp 4 is the air drag coefficient, commonly determined by wind tunnel test data or by empirical esti-
mates. Ay is the transverse projected area above the waterline. Note that air resistance refers to a ship
traveling in still air, hence it does not account for wind. The resistance contribution is not significant for slow
ships.

Appendage resistance

Typical ship appendages like rudders, bilge keels, stabilizer fins, shaft brackets, and more, add to the ship
resistance. The resistance contribution is mainly frictional, although bluff or poorly aligned appendages may
cause flow separation. Molland et al. (2017) estimate the main appendages (rudder and bilge keel) resistance
to be 2-5% relative to the hull naked resistance of single-screw ships and it is predicted to be higher for twin
screw ships. Several empirical formulas to predict appendage resistance exist and these typically require
detailed characteristics of the appendages. Fortunately, most merchant ships only have a few appendages
and the difficulties in estimating effects of appendages are only significant for some unconventional ships
(Bertram, 2012). The error of neglecting this contribution is therefore considered relatively small.

Correlation factor

When resistance is calculated based on model tests, an empirical correlation factor C' 4 is applied in the scaling
process. The factor depends on the model test and scaling method. It accounts for deviations between the
predicted resistance from the model test, and the calculated full-scale resistance from power measurements.
Some of the empirical resistance prediction methods are regression-based from model tank tests and include
correlation factors.

Shallow water correction

Correction of the ship performance can be made due to the effects of shallow water. Shallow water can
increase the frictional resistance and the wave resistance for the ship (Schneekluth and Bertram, 1998). A
significant increase occurs at a depth h near the critical depth Froude number F,;, = V/v/gh = 1. Itis difficult
to calculate the increase if the effect is strong, but simple corrections can be made for a weak influence e.g.
as suggested by Lackenby (1963).




Chapter 2. Theory of Ship Powering

2.1.2 Added Resistance due to Wind and Waves

The calculation of added resistance due to wind and waves is needed to predict the powering performance of
a ship in a seaway. Wind resistance is enforced on the superstructure, while wave resistance is generated by
wave-induced ship motions and wave reflection of the hull. The contributions add to the calm water resistance
from Equation 2.2 to predict the real conditions in a seaway. Equation 2.10 illustrates the summation as
suggested by ITTC (2018). In the current work, R;.: defines the total ship resistance, including weather
effects, and Rt defines the total calm water resistance.

Riot = Rt + Ryind + Rywave (21 0)

R;,: - Total resistance in wind and waves
Rt - Total calm water resistance
Ruina - Added resistance due to wind
Ry ave - Added resistance due to waves

Added wave resistance

The added wave resistance can be further subdivided as Equation 2.11, composed of mean resistance due
to wave reflection Rawrr, and mean resistance due to induced wave motions Rawwi,-

Ryave = Rawrr + Rawmn (2.11)

The predictions of added resistance from a specific region or route depend on seastate and weather data.
Regarding ship characteristics, the added wave resistance is generally more dependent on ship size than the
ship shape (Schneekluth and Bertram, 1998). For ships with a large length L relative to the wavelength A,
wave reflection dominates the wave resistance. This is typically the case for ships in head waves if the sea
state is mild, and the wave height is restricted (ISO Technical Committee, 2015). If the ship’s length is short
relative to the wavelength, wave-induced motions are significant and must be considered. Faltinsen et al.
(1980) presents a relation between typical wavelengths and added resistance for ships in regular head sea
waves in Figure 2.3.
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Figure 2.3: Typical wavelength dependence of added resistance R.qve in regular head sea waves. (, is the wave
amplitude, B is the beam of the ship. (Faltinsen et al., 1980)

The illustrated relation considers regular waves, a simplified representation of the irregular sea that the ship
meets. In order to calculate the mean wave resistance in irregular seas, it is common to simulate the irregular
sea as a number of regular wave components and summarise the wave loads from each component by linear
theory. The sea state can be evaluated in terms of a wave energy spectrum S(w) as a function of circular
frequency w.
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Figure 2.4: Example of ISSC-spectrum with H, ;3 = 8m and T' = 10s, from Faltinsen (1993). (The energy is distributed
into the energy of N = 10 regular wave components)

The modified Pierson-Moskowitz (ISSC) spectrum in Figure 2.4 by Faltinsen (1993) demonstrate a widely-
used model, recommended by the ITTC for fully-developed seas. It is characterised by two sea state pa-
rameters, the significant wave height H,,3, and wave period T'. Several empirical methods to predict wave
resistance exist and are further elaborated on in Section 3.2.

Added resistance in wind

The wind resistance enforced on the superstructure depends on the projected area above the waterline, wind
direction, and velocity. The resistance increase is significant for ships like container ships and ferries, with
large areas above the waterline. Wind resistance coefficients depend on ship type, shape, and geometry, as
well as the relative wind direction. Equation 2.12 presents the resistance increase according to ITTC (2014).

1
Ryina = §PAVVQVRCX (Pwr) Avt — 0.5ps - Cx(0) - Ayt - V& (2.12)

pA - Mass density of air

Vawr - Relative wind speed
Cx - Wind resistance drag coefficient

Ywr - Relative wind direction

Ay - Transverse cross-sectional area above waterline
Ve - Ship speed over ground

The wind resistance drag coefficients are derived from wind tunnel tests or may be determined by empirical
data sets. As values for wind velocity and direction vary with time, mean values over specific periods are
commonly applied in calculations. Calculation procedures are presented in Section 3.2.

Sea margin

In the design stages of a ship, it is common practice to account for the speed loss due to wind and waves by
using a sea margin of 15 % on the power (SFI, 2016). However, this margin often accounts for other service
condition effects as well (like roughness). Current standard procedures can calculate effects of wind to still air
conditions with confidence, however it is difficult to make corrections for waves with a high level of accuracy
(Townsin and Kwon, 1983). Despite this, there exist several computational and empirical methods, which will
be presented in Section 3.2.

11
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2.2 Propulsion

The propulsive efficiency np must be determined in order to calculate the necessary machinery power of the
ship. It expresses the relationship between the effective power and the power developed by the propeller Pp in
ideal conditions. Since the propulsion system and the ship hull interacts, the flow field changes. The propeller
inflow is influenced by the hull upstream, and the presence of the propulsion system itself changes the aft hull
flow. By taking the effect of these interactions into account, the propulsive efficiency can be determined in
accordance with Equation 2.13 (Schneekluth and Bertram, 1998).

Rr-V
Pp

MD =Mo" NMH MR = (2.13)

1o - Open-water (propeller) efficiency
nm - Hull efficiency

nr - Relative rotative efficiency
Pp - Delivered power at the propeller
Ry - Total calm water resistance

V' - Ship speed

2.2.1 Propulsive Efficiency in Ideal Conditions

The propulsive efficiency coefficients are commonly evaluated in ideal calm water conditions. However, it is
well known that the propulsive efficiency changes in a seaway and the amount of change depends on the
added resistance. The following sections establish the efficiency components in ideal conditions, and the
effect of load variation in a seaway is outlined in Section 2.2.2.

Propeller efficiency

The propeller efficiency 7y evaluates the propeller’s performance in open water, i.e., without the influence of
the hull. It is often determined by model tests but can be estimated empirically based on propeller series data
or by the use of different numerical methods. According to Steen et al. (2016), the propeller efficiency for
conventional propellers in design condition is typically in the range of 0.6-0.8.

Hull efficiency
The hull efficiency 7y is defined by Equation 2.14

1—t
=1 (2.14)

w is the effective mean wake fraction, accounting for the speed reduction from the ship speed V' to the inflow
to the propeller V4. It is defined as

w=1-V4)V (2.15)

The thrust deduction factor ¢ accounts for the increased resistance on the hull introduced by the working
propeller. The resistance is mainly due to the propeller accelerating the water inflow, and the increased speed
results in reduced propeller efficiency. The thrust factor is defined as

t=1-Rp/T (2.16)

where R is the total resistance and T’ is the propeller thrust. Both the thrust factor and the wake fraction are
often determined by model tests, but can be found by empirical methods. The hull efficiency for single screw
ships are usually larger than 1.0, and typically in the range of 1.05-1.1 (Birk, 2019).

Relative rotative efficiency

The relative rotative efficiency nr accounts for the variable propeller blade loads due to the non-homogenous
wakefield inflow. It is normally in a narrow range of 0.97-1.03 (Steen et al., 2016).

12
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2.2.2 Load Variation Correction

The propulsive efficiency changes due to load variations introduced by the added resistance in a seaway.
Increased load on the propeller due to wind and waves usually decreases the efficiency. According to Valanto
and Hong (2017), the propulsive efficiency losses are strongly connected to the decreasing open-water effi-
ciency ng, under increased propeller loading in waves. The propeller efficiency is reduced as a result of the
changed propulsion point. Methods to predict the change in the propeller efficiency are presented in Section
3.3.4.

The changes in hull interaction factors such as wake and thrust deduction are less known effects (SFI, 2016).
According to Tillig (2020), the changes in thrust factor, wake fraction, and relative rotative efficiency are small
and it may be reasonable to neglect these effects.

The final corrected propulsive efficiency is denoted as 7;,: in the current work, and is defined by Equation
2.17.

R + Rwave + Rwin -V
MNtot = 10,corrected * NH * IR = ( & 2 d) (217)
D

2.2.3 Total Delivered Power

When the total resistance and the propulsive efficiency is determined, the final power requirement can be
calculated. The total delivered brake power Pz must overcome mechanical losses, losses in the transmission
system due to shafts and bearings, and is finally determined by Equation 2.18.

P, Riot -V
__Pp B (2.18)
NG - 1s NG - Ns - Mot

Pp

ng - Gear box losses
ns - Losses in the transmission system

By knowing the propulsive efficiency and losses in mechanical and transmission systems, and by calculating
the ship resistance at a certain speed V, the required power can be found. According to Schneekluth and
Bertram (1998), the shaft efficiency 7 is typically 0.98-0.985. If the system is fitted with gears, 7 is usually
larger or equal to 0.95 (Birk, 2019).

2.3 Ship Powering Methods

The ship powering evaluation methods range from traditional model tests to advanced numerical (CFD) meth-
ods. Generally, these methods are applied at a design stage in the absence of a prototype to test at full scale.
Model tests are well established and considered to be a reliable performance prediction method at a design
stage. Numerical analyses, i.e., CFD simulations, are of increasing significance, but are time-consuming and
not as reliable as model tests unless the user has significant experience. Therefore, model tests and CFD
simulations are not considered relevant to develop simplified prediction methods and are not further studied
in the current work.

In order to compute the required power for the observed speed of each ship in the world fleet, empirical
methods represent the most suitable approach. Historically, many systematic ship model tests and propeller
series have been conducted. The empirical regression methods available are results of regression analyses
of data from these model tests and full-scale ship trials. Most estimates are simple but have limited accuracy
and application area. Despite a limited accuracy of £10%, the empirical regression methods are generally
the method of choice in early design stages (Birk, 2019).

13
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Some of the old regression-based empirical methods can be re-visited and modified to apply to fleet-wide
calculations of ships in service. For some of the methods having general applicability, there is a considerable
variation in the level of detall, i.e., the required number of input parameters for the calculations. This applies to
both resistance estimates and propulsive efficiency predictions. A review of the relevant empirical prediction
procedures will be presented in the next chapter.

14



Chapter 3

Empirical Prediction Methods

This chapter presents the relevant existing ship powering performance prediction methods. As discussed in
Section 2.3 it is focused on computationally simple models with a wide application area, while requiring limited
input. Methods to predict resistance, propulsion and the change of performance due to wind and waves are
included. A comparison of these methods is presented in Section 5.1. Some parts of this chapter are based
on a comprehensive literature study from the project thesis (Dale, 2020), although outlined in a more concise
version in the following.

3.1 Empirical Resistance Procedures

A wide range of empirical resistance methods are identified, and systematic series and regression analysis
are amongst the main approaches to empirically predict ship power requirements. The relevance of the well-
known procedures is reviewed in the following. The empirical methods with limited applicable areas are listed
in Table 3.1.

Table 3.1: Empirical resistance procedures with limited applicable area

Method Applicable area Author and publication

Ayre Cargo ships Remmers and Kempf (1949)
Taggart Tugboats Taggart (1954)

Taylor-Gertler Slender cargo ships and warships | Gertler (1954)

Series-60 Cargo ships Todd (1957)

BSRA Cargo ships Moor et al. (1961)

Helm Small ships Helm (1964)

Danckwardt Cargo ships and trawlers Danckwardt (1969)

Oortmessen Small ships Van Oortmerssen (1971)
Lap-Keller Cargo and passenger ships Lap (1954) and Auf’'m Keller (1973)
NPL Small ships Bailey (1976)

Digernes formula | Fishing vessels Digernes (1982)

HSVA Catamarans Fritsch and Bertram (2002), Bertram (2012)

According to Bertram (2012), all the systematic series and most of the regression-based methods in Table 3.1
are out of date, and several inaccurately predict the ship resistance. The reason may be the evolution of the
hull form. Therefore, these are disregarded as suitable methods in the current work. However, some more
'modern’ empirical methods with general applicability are widely used today, and these are presented in the
following.

3.1.1

The procedure by Guldhammer and Harvald (1974) in its latest form, including update of procedure by Ander-
sen and Guldhammer (1986) and by Kristensen et al. (2017).

Guldhammer-Harvald

15



Chapter 3. Empirical Prediction Methods

Published: 1965, 1974, 1986 (update of procedure), 2012 (update of procedure)
Area of application: Universal, tankers, single and twin screw vessels

Basis for procedure: Extensive analysis of well-known published model tests such as Lap (1954), Gertler
(1954), Todd (1957), Moor et al. (1961)

Output: Total calm-water resistance Ry, thrust factor ¢, wake fraction w

Key calculations:
Cr=Cr+Cpr+Cs+Caap (3.1)

Where the residual resistance coefficient Cr is f(F;, or V/\/E L/V1/3, Cp). Cr is found by the ITTC’57 line
and no form factor is applied. The hull-propeller interaction parameters are based on values given in diagrams
in Harvald (1992). Kristensen et al. (2017) presents regression formulas for the diagrams that may be used
for the calculations, including a bulb correction and corrections for ¢t and w.

Input: As defined in accordance with Birk (2019)

Table 3.2: Required and optional input parameters for the Guldhammer-Harvald method

Required parameters Symbol
Length between perpendiculars Lyp
Length in waterline Loy
Length over wetted surface Los
Max. molded beam in waterline B
Molded draft T
Volumetric displacement \V4
Block coefficient Cp
Prismatic coefficient Cp
Area of ship and cargo above waterline Ay
Propeller diameter D,
Optional parameters

Longitudinal center of buoyancy LCB
Transverse cross section area of bulb Apr
Wetted surface S
Wetted surface of appendages Sapp
Form factors, fore and aft body Frp,Fy

Permissible range: As defined in accordance with Birk (2019)

Table 3.3: Recommended range for speed and main dimensions in Guldhammer-Harvald

Parameter | Symbol | Unit | Range
Froude number F, — <0.33
Block coefficient Cp — | [0.55,0.85]
Length-beam ratio L/B - (5.0, 8.0]

Length-displacement ratio | L/~ [4.0,6.0]

Remarks:
« The resistance for ships with small L/B is underestimated (Schneekluth and Bertram, 1998).

References:
Guldhammer and Harvald (1974), Andersen and Guldhammer (1986), Schneekluth and Bertram (1998), Birk
(2019).
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3.1.2 Holtrop-Mennen

Resistance procedure by Holtrop (1984), often referred to as Holtrop’84.

Published: 1977, 1978, 1982, 1984, 1988 (Update of procedure not applied in the current work)
Area of application: Universal, wide range of ship types

Basis for procedure: Regression analysis of database of the Dutch model basin MARIN
Output: Total calm-water resistance R, w, t and power prediction

Key calculations: ITTC’78 resistance procedure applied including form factor

Rr = (1+k)Rr + Rw + Ra+ Rapp + Raa+ Rp + Rpp (3.2)

Ry is resistance due to bulbous bow near the water surface. Coefficients for computing the form factor (1+k)
and the wave resistance Ry, is added to Appendix C. A viscous resistance coefficient C'y is introduced for
the hull-propeller interaction parameters w, t and n:

1+ k)Rr+ Rapp+ Ra
$pV2(S+Y, Sarp,)

oy = 3.3)

Input: As defined in accordance with Birk (2019)

Table 3.4: Required and optional input parameters for Holtrop-Mennen’s method

Required parameters Symbol
Length in waterline Ly
Max. molded beam in waterline B
Molded mean draft, typically T = (T4 + Tr) T
Molded draft at aft and forward perpendicular | T4,TF
Volumetric displacement \%
Block coefficient Cp
Prismatic coefficient Cp
Midship section coefficient (or Cpy = C/Cp) Cu
Waterplane area coefficient Cwp
Longitudinal center of buoyancy LCB
Area of ship and cargo above waterline Ay
Area of immersed transom Ap
Area of bulbous bow Apr
Height of center of Agr hp
Stern shape factor Cstern
Propeller diameter D,
Optional parameters

Wetted surface S
Wetted surface of appendages Sapp
Half angle of waterline entrances iR
Diameter of bow thruster tunnel drg

Permissible range: As defined in accordance with Birk (2019)
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Table 3.5: Recommended range for speed and main dimensions in Holtrop-Mennen

Parameter | Symbol | Unit | Range
Froude number F, — <0.45
Prismatic coefficient Cp — | [0.55,0.85]
Length-beam ratio L/B - [3.9,9.5]

Remarks:

» Bulbous bow and transom stern taken into account.
» According to Steen (2020), the bulb correction in Holtrop-Mennen is generally not applied.
» Covers a wide range of ships but require many parameters.

References: Holtrop (1977, 1984), Holtrop and Mennen (1982), Schneekluth and Bertram (1998), Birk
(2019), Bertram (2012), Steen (2020)

3.1.3 Hollenbach

Resistance and power prediction procedure by Hollenbach (1998). The estimation of residuary resistance is
emphasized in the following.

Published: 1997, 1998

Area of application: Universal, modern cargo ships, single and twin screw ships
Basis for procedure: Analysis of database of Vienna ship model basin

Output: Total calm-water resistance Ry, w, t and power prediction

Key calculations:
Mean, minimum and maximum total resistance coefficients:

CT,mean = CR,mean + CVF + CA + CAPP + CAA
Crmin = Crmin + Cr +Ca +Capp +Can (3.4)
CT,maw = hICR,mean
The residuary resistance is based on (BT) instead of wetted surface S. The method does not include a form

factor k. According to Steen et al. (2016) the calculation can be improved by introducing a form factor as
follows:

Cr=(Cr+ACF) - (1+k)+Cr+Ca+Capp+Caa (3.5)
where the residual coefficient is a function of ship model frictional coefficient Cr.,, as f (R, Fy.):
B-T
CRr = CR Hollenbach - 5 - k-Crm (3.6)

Coefficients of Cg nolenbach IS added to Appendix A. The added frictional resistance is also included as dis-
cussed in Section 2.1. The resistance estimate is combined with open water tests and corrected for the
hull-propeller interaction by:

nr - relative rotative efficiency
t - thrust deduction fraction
w - wake fraction

Input: As defined in accordance with Birk (2019)
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3.2 Added Resistance due to Wind and Waves

Table 3.6: Required and optional input parameters for Hollenbach’s method

Required parameters Symbol
Length between perpendiculars Lyp
Length in waterline Loy
Length over wetted surface Los
Molded beam B
Molded draft at aft and forward perpendicular Ta, Tr
Volumetric displacement \V/
Propeller diameter D,
Block coefficient Cp
Area of ship and cargo above waterline Ay
No. of appendages (rudders, shaft brackets, bossings, thrusters) | Nuppendages
Optional parameters

Wetted surface S
Wetted surface of appendages Sapp
Diameter of bow thruster tunnel dry

Permissible range: As defined in accordance with Birk (2019) for a single screw vessel on design draught

Table 3.7: Recommended range for main dimensions in Hollenbach
(*) Extended range for mean resistance calculation by Birk (2019)

Parameter Symbol | Unit Range

Block coefficient Cp — | [0.49,0.83]*
Length-beam ratio L,,/B - [4.71,7.11)
Beam-draught ratio B/T - [1.99,4.00]
Propeller diameter-draught ratio | D, /T — [0.43,0.84]
Length-displacement ratio L/~ | — [4.49,6.01]

Remarks:

» Resistance estimated for trial conditions and for a ship without propulsor.
« Based on a relatively modern database.

References:
Hollenbach (1998), Schneekluth and Bertram (1998), Bertram (2012), Birk (2019)

3.2 Added Resistance due to Wind and Waves

Several empirical methods to predict added resistance due to wind and waves are identified in this section.
The methods vary in level of detail and applicable range and will be compared in Section 5.1.

ITTC (2014) recommends four different methods to predict added wave resistance. Two of the methods re-
quire tank tests and are not relevant for fleet calculations. However, the other two are empirical and are also
recommended in ISO 15016 standard by ISO Technical Committee (2015). The respective empirical methods
for added wave resistance predictions are developed by MARIN (2006). These are presented in the following
based on the recommended procedures in the ISO 15016 standard. If limited heave and pitch motions can
be assumed, STAWAVE-1 is applicable, otherwise, STAWAVE-2 is recommended.

In cases where wind tunnel tests are unavailable, ITTC (2014) recommends two empirical methods for pre-
dicting added wind resistance. The methods are developed by MARIN (2006) and Fujiwara et al. (2017) and
presented in the following. In addition, the method by Blendermann (1995) is included. The study is based on
extensive wind tunnel tests and is widely applied in the literature.
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3.2.1 STAWAVE-1

A simplified method to estimate the added resistance in waves for modern ships when limited input data is
available. Developed by MARIN (2006) and recommended in ISO 15016.

Published: 2006 (MARIN), 2015 (ISO 15016)
Area of application: Universal, present-day ships, limited to low-to-mild sea states (defined under 'Remarks’)
Basis for procedure: Model tests in MARIN'’s Depressurised Wave Basin (DWB)

Output: Mean wave resistance in long crested irregular waves, approximated by the mean wave reflection
resistance

Key calculations: Equation 3.7 estimates the mean wave resistance R 4w ., in long crested irregular waves:

1 B
Ryave = R = —pggH?,,By| —— 3.7
ave AWL 16,089 1/3 Lowe (3.7)

Table 3.8: Required input parameters for STAWAVE-1

Input: As defined in Table 3.8

Required parameters Symbol
Significant wave height Hys
Ship breadth B
Length between perpendiculars Lpp
Distance of the bow to 95 %

maximum breadth on the waterline | Lgw

Where Lpw 1 is defined according to Figure 3.1 from ISO 15016.

LE’WL

=

Figure 3.1: Definition of Lpw in STAWAVE-1 (ISO Technical Committee, 2015)

95% B

Remarks: Method limited to sea states where the following can be assumed:

+ Low to mild sea states with restricted wave heights (H,,3 < 2.25/Lpp/100)
» Waves from ahead [0 to =+ 45 (°)]

=- Limited heave and pitch motions
= Wave reflection dominates the added wave resistance
= Wave induced ship motions can be neglected

References: MARIN (2006), ISO Technical Committee (2015)

3.2.2 STAWAVE-2

An empirical correction method developed by MARIN (2006). The method applies a frequency response func-
tion for ships with heave and pitch, and covers both wave reflection and induced motion effects.

Published: 2006 (MARIN), 2015 (ISO 15016)
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Area of application: Universal, present-day ships, within the defined range defined in Table 3.10
Basis for procedure: Model tests in MARIN'’s Depressurised Wave Basin (DWB)
Output: Mean wave resistance in long crested irregular waves

Key calculations: Equation 3.8 estimates the mean wave resistance in long crested irregular waves:

* Rawr, (w; Vs)

Ryave = 2 5 Sy (w)dw (3.8)
0 X
The mean resistance increase in regular waves R 4w 1, is
Rawr = Rawmr + RawrL (3.9)
where the motion induced resistance component is
BZ
Rawwmr = 4psgCa TW(W) (3.10)
PP
and the wave reflection component is
1 2
RawrL = §PSQCABO¢1(W) (3.11)

Taw(w) is the empirical transfer function as f(F,, Lyp, kyy, 9, Cr). The entire calculation is lengthy and there-
fore not outlined further here.

Input: As defined in Table 3.9

Table 3.9: Required input parameters for STAWAVE-2

Required parameters Symbol
Ship speed Vv
Ship breadth B
Length between perpendiculars Lpp
Draught at midships T
Block coefficient Cp
Radius of gyration in lateral direction kyy
Significant wave height Hys
Wave amplitude Ca
Wave number k
Modified Bessel function of first kind of order 1 I
Modified Bessel function of second kind of order 1 K;
Frequency spectrum (ISSC for wind waves) Sy

Permissible Range: As defined in Table 3.10

Table 3.10: Permissible range for STAWAVE-2

Parameter Symbol Unit Range
Wave heading direction Jé] deg [°] [0, £45]
Length Lyy m [75, 350]
Block coefficient Cp - [0.50,0.90]
Length-beam ratio L,,/B - [4.0,9.0]
Beam-draught ratio B/T - [2.2,5.5]
Froude number Fn — [0.10,0.30]

Remarks:
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* Wave spectrum defined without forward speed.
» Pierson-Moskowitz spectrum recommended for fully developed sea.
+ JONSWAP spectrum recommended for young developing sea states.

References: MARIN (2006), ISO Technical Committee (2015)

3.2.3 STA-JIP wind

An empirical method to predict wind resistance by MARIN (2006), and recommended in ISO 15016. The
method presents wind resistance coefficients for a range of common present-day ship types.

Published: 2006 (MARIN), 2015 (ISO 15016)

Area of application: Common present-day ship types, including tankers, LNG carriers, container ships, car
carriers, ferry/cruise ships and general cargo ships

Basis for procedure: Systematic wind tunnel experiments and CFD simulations conducted by MARIN (2006),
Witherby & Co (1985) for OCIMF, and Blendermann (1995)

Output: W