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Summary

In this thesis two tankers owned by Kristian Gerhard Jebsen Skipsrederi (KGJS) were investi-

gated. A method of calculating service and sea margins for different speeds has been developed.

When a ship is in normal operation, the additional power required to reach a certain speed will

be higher than the predicted and measured on the delivery sea trial. This increase due to wind,

waves and fouling is usually expressed as a sea margin. Typical values are 15-20% of the power

required in ideal conditions.

The model in this thesis used noon reports provided by KGJS for the two ships. These are daily

reports of fuel consumption, speed and weather conditions. For each report the added power

due to waves, wind and roughness were calculated. The change in propeller efficiency due to

the added resistance was calculated and the calm water power requirement was corrected for

changes in draft. The calm water speed-power relation for the ships did not cover the whole

speed range typical for the ships. Therefore the relation was extrapolated to also cover the lower

speeds.

The results indicate that the total sea margin and the wave part of the margin both decrease

with speed. The wind part of the sea margin seems to be negligible on average. The fouling part

of the margin was modeled as roughness according to theory. This results in a constant fouling

margin independent of speed of 15-20%. This was an underestimation for the lower speeds,

which could indicate that the calm water speed-power relationship was underestimated for the

lower speeds where model test data was not available and the relationship was estimated.

Approximate formulas were developed for calculating the different margins. The total sea mar-

gin and the wave margin are inversely proportional to the ship speed. The wind margin seems

to be negligible.
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Sammendrag

I denne oppgaven ble to tankskip eid av Kristian Gerhard Jebsen Skipsrederi (KGJS) undersøkt.

En metode for beregning service- og sjømarginer for ulike hastigheter har blitt utviklet. Når

et skip er i normal drift vil effektbehoved være høyere enn det som er estimert i modelltest og

sjøtest. Denne økningen i effekt på grunn av vind, bølger og begroing er vanligvis uttrykt som

en sjømargin. Typiske verdier er 15-20 % av effekten som kreves under ideelle forhold.

Modellen i denne oppgaven brukte rapporter fra KGJS for de to skipene. Dette er daglige rap-

porter om drivstofforbruk, hastighet og værforhold. For hver rapport ble tillegget i effekt på

grunn av bølger, ble vind og ruhet beregnet. Endringen i propellens effektivitet på grunn av

den ekstra motstanden ble beregnet og effektbehov for stillevann ble korrigert for endringer

i dypgang. Effektbehovet for forskjellige hastigheter beregnet ved modelltest dekket ikke alle

hastighetene som skipene seiler. Relasjonen effekt-hastighet ble derfor ekstrapolert for å dekke

disse hastighetene.

Resultatene indikerer at den totale sjømarginen og bølgedelen av marginen begge synker med

økende hastighet. Vinddelen av marginen synes å være neglisjerbar. Den delen av marginen

som er på grunn av begroing ble modellert som ruhet i henhold til teorien. Dette resulterer i en

konstant begroingsmargin uavhengig av hastighet på 15-20 %. Dette var en undervurdering for

de lavere hastighetene, noe som kan indikere at det ekstrapolerte effekt-hastighetsforholdet ble

undervurdert for lavere hastigheter der modelltest data ikke var tilgjengelig.

Formler ble utviklet for å beregne de forskjellige marginene. Den totale sjømarginen og bølge-

marginen er omvendt proporsjonale med skipets hastighet. Vindmarginen synes å være neglis-

jerbar.
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Chapter 1

Introduction

1.1 Background

When a ship is built by a shipyard, the speed-power relationship is usually predicted for an ide-

alized situation, with a clean hull and no or negligible wind and waves. This is however not very

representative for the speed-power relationship for a ship in service, affected by environmental

effects such as wind and waves, and aging effects such as fouling on hull and propeller. The

additional power required, on top of the power for an ideal situation, to make a certain speed

requirement is called sea margin or service margin. Often shipyards will include this as a fixed

percent of the power in the speed-power relationship, typically 15 %.

There is a need for developing speed dependence of the various margins, as the are not neces-

sarily well represented by a fixed percentage for all speeds. Analysis of noon reports by Kristian

Gerhard Jebsen Skipsrederi (KGJS) indicate that the service margin decreases with speed, this

is contradictory to conventional theory, given that the main cause of the service margin is hull

fouling.

For shipowners it is important to be able to accurately predict the power requirements, and in

turn fuel consumption, so that they can choose the most economic speed.

1.2 Scope

In this thesis two merchant vessels by KGJS will be investigated to develop improved formu-

lations and methods to determine the most significant operational margins for conventional

1
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merchant vessels. Special emphasis is on the understanding of how the margins depend on

speed.

1.3 Structure

In chapter two the operational margins and available methods to compute them will be re-

viewed

In chapter 3 a method for calculating the different margins will be developed

In chapter 4 the results will be presented along with alternative formulations for the different

margins



Chapter 2

Prediction of Operational Margins

2.1 Definition of Margins

Sea margin is a margin to account for the average environmental condition the ship will en-

counter, as well as increase of roughness and fouling over time.

The following margins are defined by ITTC (2008):

Calm water powering margin: the power above the tow tank prediction to ensure that a ship

meets its calm water speed - power requirement. If proper considerations are made for the se-

lection of model-ship correlation factors to meet the calm water speed requirement, it is not

necessary.

Sea margin, also called powering margin: the margin that has to be added to the estimation of

speed - power relationship in ideal conditions in order for the ship to meet its speed require-

ments in other weather conditions. It should take into account effects such as wind and waves,

steering effects and air- and water temperature as well as the effects of aging and fouling on the

hull and propeller surface.

Engine operation margin: This margin describes the power reserve of the engine(s), with re-

spect to reasonably low fuel and maintenance costs.

Light running margin: This is the margin in propeller revolution considered for a new ship to

absorb 100% engine power in future service conditions.

If either no model tests or other reliable performance data are available, the following values

can be used to determine the margins:

• Sea margin: 15 to 25 % on the specified MCR power

3
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• Engine Operation Margin: 10 to 15 % on the specified MCR power

• Light Running Margin: 5 to 7 % on the specified MCR power

Arribas (2007) uses sea margin or weather margin to describe the margin due to weather. It is

stated that this value is often 15-30 % of the ship calm water power. Fouling is not mentioned.

Arribas suggests that ship motions and other parameters should be obtained through numerical

calculations or towing tank tests to obtain a more accurate value of the sea margin.

Nabergoj and Prpic-Orsic (2007) claim that the performance evaluation of a ship in a seaway

usually does not properly consider the weather conditions on the operating route. The value of

the sea margin is usually states at the design stage by the ship owner or ship designer based on

tradition or experience of similar ships sailing on the same route. 15-30 % of the ship calm water

power is mentioned as a typical value.

Stasiak (2004) is critical of the service margin method and thinks the method slows down im-

provement in designing more efficient ships. The need of revising the "service margins" is a con-

sequence of an obvious need for most efficient ships from the technical as well as economic point

of view. According to Stasiak, ship design and research is mainly focused on the ideal part of the

problem, the calm water conditions. Although methods exist for calculating added resistance

in waves this does not seem to be used in the design process. Stasiak says it may and should

be assumed that even modern sea-going ships carry at least a dozen or so per cent reserve of

never used main propulsion system horsepower due to this problem. Stasiak thinks the reason

for this situation is connected with the ship delivery-acceptance procedures. The shipyard will

not benefit from optimizing the ship for the most common operating conditions because the

contract requirements are in calm water conditions.

In Molland et al. (2011) it is stated that the margins to account for the increase in power due to

roughness, fouling and weather are derived in a scientific manner for the purpose of installing

propulsion machinery with an adequate reserve of power. According to other litterature this

does normally not seem to be the case. In an example the margin due to roughness and fouling

is estimated to be around 10 %.

2.1.1 Definition of margins for this thesis

In this thesis the following definitions of margins will be used:

Sea margin The total added power in service

Wave margin The added power due to waves
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Wind margin The added power due to wind

Fouling margin The added power due to fouling on hull and propeller
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2.2 Methods of Calculating Margins

Up to the 1960s the service margin method, meaning adding a fixed percentage margin to the

power predicted in calm sea to account for weather and fouling, was a justified practical ap-

proach (Stasiak, 2004). It was at that time a complex problem that was not sufficiently investi-

gated. Sticking to that method later, as the resistance prediction tools have improved and be-

come more avaliable, has according to Stasiak held back development of ship design.

The simplest way to predict ship service power PT S is using a service margin on the form:

PT S(VE ) = (1+kw )PT (VE ) (2.1)

where PT (VE ) is the calm water power as a function of the service speed VE and kw is the di-

mensionless service margin coefficient.

2.2.1 Stasiak Method for Calculation of Wave Margin

Stasiak (2004) proposes a method for calculating the wave part of the service margin that consist

of a generalization of the long-term prognosis of additional ship resistance from sea waves RAV .

Where the wave margin is a function of hull geometry and ship speed. The resistance increase of

a ship moving with constant speed was determined as probabilistic estimation of a mean value

of a set of random short-term additional resistance RAW :

RAV =ΣRAW (x)p(x) (2.2)

where p(x) is a probabilistic model discrete sailing conditions x. Elements of the x are: ship

loading conditions, sailing regions and sea states.

The short term added resistance RAW (x) were determined as:

RAW (x) = 2
∫
ω

raw (ω, a)S(ω,b,c)dω (2.3)

raw (ω, a) dimensionless resistance increase coefficient determined from ship model tests car-

ried out in regular head waves with different frequencies ω

S(ω,b,c) wave specter of stationary irregular waves. Assigned to a sea region b and sea state

characteristics c = c(H1/3,T1): significant wave height H1/3 and characteristic period T1
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Figure 2.1: Dimensionless wave margin coefficient k as a function of Froude number for a
tanker, container and a ro-ro ship from calculations by Stasiak (2004). Figure from Stasiak
(2004).

Based on these formulations a universal function for the wave margin k for the ships investi-

gated in the paper (a tanker, a container carrier and a ro-ro ship) was proposed:

k = RAV

RT
= 0.0635

F n
−0.157 (2.4)

2.2.2 ITTC Method for Calculation of Sea Margin

In ITTC (2008),the following procedure is recommended for calculating sea margin. The effect

of thrust and torque from change of propeller submergence in waves is taken into account in

addition to the added resistance in waves.

Thrust KT and torque KQ coefficients are corrected for reduction in propeller submergence due

to waves and ship motions. The average propeller thrust in a regular wave can be expressed

as

K ∗
T = RT 0 +RAW

ρn2D4(1− t )
≡ const ant · J 2

0 (2.5)

where R0 is the still water resistance, RAW is the added resistance in waves and t is the thrust de-

duction coefficient in still water..The wind resistance and increase in resistance due to increase

in roughness and fouling should also be included, so the total added resistance is considered.
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Relative increase in propulsion power in a regular wave can be expressed as:

PDS

PDSC
= KQ

KQC
(

J0C

J0
)3 = KQ

KQC
(1−w)3 (2.6)

where subscript C is used for the calm water values.

Calculating the sea margin

It is assumed that the waves are consistent with a narrow banded process and that they are

long-crested. The average power increase in a given sea state can be expressed as:

PDS

PDSC
=

∞∫
0

dζ

∞∫
−∞

dω f (ζ,ω)
KQ

KQC
(1−w)3 (2.7)

The average long term value of the power increase can be found as

P M =
∑

i

∑
j

∑
k

p(H (i )
1/3,T ( j )

P ,α(k)) ·
∞∫

0

∞∫
−∞

f (ζ,ω)
KQ

KQC
(1−w)3dωdζ−1

 ·100% (2.8)

where p(H (i )
1/3,T ( j )

P ,α(k)) is the probability that a certain sea state occurs, with mean significant

wave height H1/3, mean peak period TP and wave directionα. p(H (i )
1/3,T ( j )

P can be found in wave

atlases (without the effect of α).
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Figure 2.2: Aertssen values for m and m. Head seas range from 30 degrees starboard to 30 de-
grees port, bow seas range from 30 degrees starboard/port to 60 degrees starboard/port. Figure
from Aertssen (1969)

2.3 Calculation of Speed Loss

Another way of thinking about the effects of weather on a ship is speed loss. While the wave

and wind margin discussed are the additional power required to maintain speed in weather

conditions, speed loss is the speed lost for a given power.

Aertssen (1969) formula:
∆V

V
·100% = m

Lpp
+n (2.9)

where Lpp is the ship length between perpendiculars and m and n are coefficients depending

upon heading and severity of the sea (Beaufort number). The formula does not account for

ship type, condition or fullness. The formula was made as an attempt to establish a weather

allowance (margin) for merchant ships from information obtained at sea. It assumes relatively

high speed of 16-18 knots, slow ships being ignored.

Approximate formulas for the speed loss in bad weather was developed by Townsin and Kwon

(1983). The weather was described simply in terms of Beaufort scale. Kwon (2008) updated the

formula:

α ·µ · ∆V

V
·100% (2.10)

where

∆V speed loss due to head weather

V design service speed

α is the correction factor for block coefficient (CB and Froude number (Fn)

µ is the weather direction reduction factor

The head weather percentage loss for CB = 0.75,0.80 and 0.85, vessel in loaded condition (all
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Table 2.1: The Beaufort scale (Pettersen, 2007) Pettersen (2007)

Beaufort number Description Wind speed [m/s] Wave height [m]

0 Calm 0-0.2 0
1 Light air 0.3-1.5 0-0.2
2 Light breeze 1.6-3.3 0.2-0.5
3 Gentle breeze 3.4-5.4 0.5-1
4 Moderate breeze 5.5-7.9 1-2
5 Fresh breeze 8.0-10.7 2-3
6 Strong breeze 10.8-13.8 3-4
7 Moderate gale 13.9-17.1 4-5.5
8 Fresh gale 17.2-20.7 5.5-7.5
9 Strong gale 20.8-24.4 7-10
10 Whole gale 24.5-28.4 9-12.5
11 Storm 28.5-32.6 11.5-16
12 Hurricane 32.7- >14

ships except container ships):

∆V

V
·100% = 0.5B N + B N 6.5

2.7∇2/3
(2.11)

For CB = 0.75,0.80 and 0.85, vessel in ballast condition (all ships exept container ships):

∆V

V
·100% = 0.7B N + B N 6.5

2.7∇2/3
(2.12)

For CB = 0.55,0.60,0.65 and 0.70, vessel in normal condition (container ships):

∆V

V
·100% = 0.7B N + B N 6.5

22∇2/3
(2.13)

The head weather formulas are derived for container ships in their normal service condition

and for tankers in loaded and ballast condition. Kwon (2008) assumes formulas derived from

tankers are applicable for all ships except container ships. He also says the formulas are unlikely

to be accurate for Beaufort numbers above 6.

Molland et al. (2011) compares the Aertssen and Townsin-Kwon formulas for a container ship

with a length of 220 m, CB = 0.60,∇= 36,500m3andF r = 0.233.

If we assume the ship resistance varies as V 2 then we can approximate the speed loss from the

change in resistance ∆R as:
∆V

V
=

[
1+ ∆R

R

]1/2

−1 (2.14)
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Table 2.2: Comparison of Aertssen and Townsin-Kwon formulae. From Molland et al. (2011).

Beaufort number B N Aertssen ∆V
V (%) Townsin-Kwon ∆V

V (%)
5 6.1 5.4
6 11.9 9.7
7 20.5 19.4
8 34.4 39.5

Figure 2.3: Values for correction factor α. Figure from Kwon (2008)

Where V is the calm water speed and R is the calm water resistance. If the same approach is

used the speed loss may be converted to power increase under the assumption that P varies as

V 3:
∆P

P
= 1(

1− ∆V
VS

)3 −1 (2.15)
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2.4 Calculation of Resistance

2.4.1 Added Resistance in Waves

Theoretical added resistance for a ship in regular waves can be derived in two ways. Directly

integrating the pressure over the wetted ship surface or by using equations for conservation of

momentum and/or energy in the fluid. The wave induced motions and loads are a first order

approximation of the problem. The added resistance is then found as the mean longitudinal

second order forces Faltinsen et al. (1980).

Direct pressure integration by Faltinsen et al. (1980)

F1 =
∫

_L1Fn sin(θ)dl (2.16)

Fn = 1

2
ρgζ2

([
1

2

k1

k0
− 1

2
cos2(θ+α)

]
1

2

k2

k0
sin(θ+α)

)
(2.17)

k1 = [ωe −V k0 cos(θ+α)]2

g
(2.18)

k2 =
√

k2
1 −k2

0 cos2(θ+α) (2.19)

Fn force per unit length normal to the hull

ζ wave amplitude

thet a angle between the tangent of the waterline and the fore- and aft axis (x-axis)

α wave direction (α= 0 is head sea)

L1 the part of the waterline that experiences the incoming waves

ωe circular frequency of encounter

V forward speed of the ship

k0 wave number
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Radiated energy method

Gerritsma and Beukelman (1972) snd W. Beukelman (1972) derived a formula for added resis-

tance in waves. The method is based on strip-theory approximation and shows that

RAW = k

2ωe

∫
L

(
B (2D)

33 +U
d

dx
A(2D)

33

)
V 2

za(x)dx (2.20)

The integration is along the length of the ship and Vza is the amplitude of the relative vertical

velocity between the ship and the waves. The formula shows that the added resistance depends

strongly on the relative vertical motion between the ship and the waves. According to Faltinsen

(1990) it is also questionable in the small wavelength range for blunt ship forms.

2.4.2 Wind resistance

Wind and air resistance can be calculated from the following formula (Molland, 2011):

RA = 1

2
ρACD AP V 2

A (2.21)

RA wind resistance + air resistance

ρA air density 1.23kg /m3

CD drag coefficient for the ship

AP projected area perpendicular to the relative velocity of the wind to the ship

VA relative wind velocity

This method of calculating the wind resistance also includes the air resistance. The air drag on

the ship when it sails in an area with no wind. However, the air resistance is included in the

calm water resistance and should therefore be subtracted from this formula in order to obtain

the wind resistance:

RW = RA −RA A = 1

2
ρACD AP V 2

A − 1

2
ρACD0 AP0V 2

S = 1

2
ρA

(
CD AP V 2

A −CD0 AP0V 2
S

)
(2.22)

RA A air resistance

CD0 drag coefficient for the ship in head wind

AP0 projected area of the ship as seen from the front
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VS ship speed

2.4.3 Fouling Resistance

Resistance increase due to fouling on the hull and propeller can be significant. Effects of marine

fouling cam be responsible for 30 to 40 % increases in fuel consumption (Carlton (2007)). Data

from KGJS show that the reduction in fuel consumption after hull and propeller cleaning can be

over 30%. The effect of roughness can be considered as an addition to the frictional component

of resistance of the hull. Carlton says the the roughness of the hull can be considered to be

the sum of permanent roughness and temporary roughness. Where the permanent roughness

refers to amount of unevenness in the steel plates and the temporary roughness is that caused

by marine fouling. Total increase in roughness (including fouling) leads typically to increases in

CF of about 2%-2% according to Molland et al. (2011).

If fouling can be modeled as an increase in the frictional resistance CF the power increase due to

fouling should be proportional to the ship speed cubed. Data from KGJS show that the increase

in resistance due to fouling does not seem to be proportional to the ship speed cubed and that

is one of the reasons for this thesis.

Townsin (1985).

∆CF =
{

44

[(
kS

L

)1/3

−10Re−1/3

]
+0.125

}
·10−3 (2.23)



Chapter 3

Case Study

Two merchant vessels provided by KGJS were analyzed in this thesis. The 159,000 DWT class

crude oil carrier SKS Satilla and the 120,000 DWT class product carrier SKS Doda. Model test

reports and sea trial reports were provided for both vessels. For SKS Satilla the line drawings

and body plan were also provided.

3.1 Ship Properties

Table 3.1: Ship specifications

SKS Satilla SKS Doda
Length Overall [m] 274.26 250.00
Length between perpendiculars [m] 264.00 239.00
Breath Moulded [m] 48.00 45.00
Depth Moulded [m] 23.10 21.50
Draught Moulded (design) [m] 16.00 15.20
Deadweight 159,000 120,000

3.2 Calculation method

The calculations were done by writing a scipt in Matlab. The script is attached in the appendix.

Data from noon reports (figure ??) provided by KGJS in Excel format were imported (figure ??).

The data used in the calculations were main engine consumption in tons per day, GPS speed,

draft, wind direction, wind speed and sea state. Log speed, speed through water were provided

15
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in the noon reports, but they appeared to be very inaccurate so the GPS speed was used instead.

The calculations were done in the following way:

1. Load data from noon reports (excel format)

2. Select drafts close to design draft or ballast draft

3. Calculate added resistance in waves

4. Calculate added resistance in wind

5. Calculate propulsion point (propeller efficiency)

6. Calculate added power in waves and wind

7. Calculate calm water power corrected for draft

8. Calculate added power due to fouling

9. Calculate margins

3.3 Calm Water Resistance Extrapolation

The speed-power performance in calm water from model tests and sea trial was calculated by

the ship builder, Hyundai Heavy Industries. The noon reports show that the ships often sail at

lower speeds than the shipbuilder has provided performance prediction for. The speed-power

curves for idealized conditions were therefore extrapolated for lower speeds in the following

way:

The total resistance coefficient is in the model test report calculated as

CT = (1+k)CF +∆CF +CR +C A A (3.1)

where

• k: form factor

• CF : frictional resistance coefficient

• ∆CF : roughness allowance

• CR : residual resistance coefficient

• C A A: correlation coefficient
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Figure 3.1: Position report example for SKS Skeena. Speed, fuel consumption, weather, draft,
trim and position is reported.

The correlation coefficient C A A and the roughness allowance coefficient ∆CF are constant for

all speeds. The frictional resistance coefficient CF and the residual resistance coefficient CR

changes with ship speed. If CF and CR are calculated for other speeds the total resistance can

also be calculated for different speeds.

The frictional resistance coefficient can be estimated by the ITTC 1957 friction line

CF = 0.075

(logRN −2)2
(3.2)

where

• RN : Reynolds number

The residual resistance coefficient is assumed to approach zero as the speed goes to zero. The
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Figure 3.2: Data collected from noon reports organized in a spreadsheet.

curve has been linearly interpolated for lower speeds under the assumption that CR goes to zer o

as FN goes to zero. This is shown in Figure 3.3.

The total resistance coefficient CT can then be calculated by equation 3.1 and the total ship

resistance can be found using the definition of CT

RT = ρ

2
V 2SCT (3.3)

where

• S: total wetted surface

• V : ship speed [ m
s ]

The effective power is PE = RT VS and the brake power is

PB = PE

ηDηM
CP (3.4)

• PB Brake power

• PE Effective power

• ηD Propulsion efficiency

• ηM Transmission efficiency

• CP Trial correction for shaft power

Figure 3.4 shows the extrapolated speed-power relationship in calm water. The power require-

ment was also calculated for SKS Satilla in loaded condition using Hollenbach´s method. This

gave similar results as the simplified method mentioned above. The simplified method was
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Figure 3.3: CR from model test linearly interpolated for lower Froude numbers. Blue line is
values from model tests and red line is extrapolated values.

Figure 3.4: Speed power curve from sea trial extrapolated for lower velocities. The red curve is
the predicted power from the sea trial, the blue curve is the extrapolated part.
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therefore used for both ships in both loaded and ballast condition.

3.4 ShipX

ShipX was used to calculate the added resistance in waves. The basic idea behind ShipX is

to make a platform that integrates all kinds of hydrodynamic analysis into an integrated de-

sign tool. The plug-in Veres (Vessel Response) in ShipX can calculate ship motions and global

loads.

Digitalization of Ships

In order to use ShipX, the ship geometry has to be digitalized. ShipX supports several import

formats, such as AutoCad DXF, AutoShip and Shipshape. Another format is supported in Veres

(*.mgf). This is a simple text format, where the coordinates for each section is specified. The

Figure 3.5: Example of Veres geometry file (*.mgf). From Veres User Manual

lines drawing for the SKS Skeena were provided by KGJS. They were digitalized using the pro-

gram GraphClick. In the program you can place a coordinate system over a scanned drawing and

click on the points you want to register. This was done with the body plan. The coordinates were

organized in a text file according to the Veres file format in figure ?? and imported into ShipX.

The geometry was verified by comparing values calculated by ShipX (block coefficient, displace-

ment etc) with the values provided from ship documentation. KGJS could not provide the line

plans for SKS Doda because the ship builder, Huyndai, would not provide them. SKS Skeena

and SKS Doda are geometrically very similar, so SKS Skeena imported to ShipX was transformed

to do calculations on SKS Doda. In ShipX this is done by changing the main perpendiculars,
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Figure 3.6: Screenshot of digitalization of body plan with GraphClick.

such as length, breadth and depth. Again the correctness of the geometry was confirmed by

comparing the ShipX generated values with known values from ship documentation.

Coefficients for added resistance in waves

In ShipX it is possible to choose between direct pressure integration or Gerritsma and Beukel-

mans method. Gerritsma and Beukelmans method gave large negative values for waves from

behind, therefore the direct pressure integration method is selected because it seems to give

more realistic values for waves from behind. The results from ShipX are presented in figures as

dimensionless coefficients as a function of peak period TP as shown in figure 3.7.
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Figure 3.7: Coefficients for added resistance in waves for SKS Skeena

Table 3.2: Douglas sea scale

Sea state number Description Wave height [m]

0 Calm (glassy) 0
1 Calm (rippled 0-0.1
2 Smooth (wavelets) 0.1-0.5
3 Slight 0.5-1.25
4 Moderate 1.25-2.5
5 Rough 2.5-4
6 Very rough 4-6
7 High 6-9
8 Very high 9-14
9 Phenomenal Over 14



CHAPTER 3. CASE STUDY 23

3.5 Added resistance in wind

The relative wind direction is given in the noon reports as numbers from 1 to 8 as show in figure

??.. The relationship between relative wind and true wind can be found found using the law of

cosines

V 2
tr ue =V 2

S +V 2
r el −2VSVr el cosβV 2

r el =V 2
S +V 2

tr ue −2VSVtr ue cos(π−γ) (3.5)

Vtr ue True wind velocity

Vr el Relative wind velocity

β Angle between relative wind velocity and ship direction measured from bow

γ Angle between true wind velocity and ship direction measured from bow

VS

Vtr ue
Vr el

The wind speed in given in the Beaufort scale.

3.6 Calculation of full scale propulsion point

When the resistance increases for a ship sailing at a certain speed the propeller thrust increases

and the propeller efficiency changes. The full scale propulsion point J∗ can be found from the

intersection between KT
J 2 from the scaled open water test and the following term:

KT

J 2
= RT S +RAW +RW

ρn2D4(1− t )V 2
S (1−ws)2

(3.6)

When J∗ is found the propeller efficiency can be found from the full scale open water diagram

where J = J∗ intersects the η0 curve. The propulsive efficiency ηD = η0ηHηR can then be cal-

culated. The hull efficiency ηH , the relative rotative efficiency ηR and the effective wake WS are
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assumed to be equal to the values calculated in the model test.

3.7 Calculation of added power

The added resistance due to waves RAW and wind RW can be converted to added brake power

using the propulsive efficiency ηD and transmission efficiency ηM :

PB = RVS

ηDηM
(3.7)

3.8 Correction for draft

The speed-power predicted in the model test is for either loaded condition or ballast condition.

In figure REF the curves show the calm water power for SKS Skeena in the two conditions. When

the actual draft deviates from these the power can be overestimated or underestimated. This

is corrected by assuming a linear relationship between the power in loaded and ballast condi-

tion.

P = Pbal l ast +
Pdesi g n −Pbal l ast

Ddesi g n −Dbal l ast
(D −Dbal l ast ) (3.8)



Chapter 4

Results

4.1 Total margin

The total sea margin in figure 4.1 was calculated as

100% ·ktot al = 100% · Pmeasur ed −Pcalmw ater

Pcalmw ater
(4.1)

The trend line is a third degree fitting of the measured values for the two ships in loaded condi-

tion. It is seen that the margin decreases with speed. The dashed line shows a 15% sea margin

as suggested by the shipbuilder Hyundai for both ships. Data for the ships in ballast condition

in figure 4.2 shows a similar trend.
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Figure 4.1: Total margin for two tankers in design condition.
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Figure 4.2: Total margin for two tankers in ballast condition.

4.2 Wave margin

Figures 4.3 and 4.4 show the wave margin calculated for respectively design in ballast condi-

tion for the two ships. Both figures show that the wave margin tends to decrease with speed.

The large differences in these margins are due to the different sea states as illustrated in fig-

ure 4.5.
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Figure 4.3: Wave margin for two tankers in design condition.
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Figure 4.4: Wave margin for two tankers in ballast condition.
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Figure 4.5: Wave margin for different seastates. 159,000 DWT class loaded condition
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4.3 Fouling margin

Figures 4.6 and 4.7 show the calm water power corrected for draft and the measured power cor-

rected for waves, wind and roughness. If all of the components contributing to added power

in service are accounted for the values will be equal for the two. In this case the fouling has

been calculated as roughness with equation 2.23. For the lower Froude numbers the calculated

added power is underestimated or the calm water prediction is overestimated. When the added

power due to fouling on the hull and propeller is calculated this way the fouling margin is almost

constant, as shown in figure 4.8. This is due to the fact that roughness is added to the friction

resistance which is proportional to the ship speed cubed. The calm water power prediction is

also proportional to the ship speed cubed and therefore the margin is close to constant.
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Figure 4.6: Calm water power and measured power corrected for waves, wind and roughness in
loaded condition.
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Figure 4.7: Calm water power and measured power corrected for waves, wind and roughness in
ballast condition.
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Figure 4.8: Fouling/roughness margin in loaded condition.
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Figure 4.9: Fouling/roughness margin in ballast condition.

4.4 Rest margin

The power that remains unaccounted for after subtracting the calm water power, the wave

power, the wind power and the fouling power from the measured power is shown in figures 4.10

and 4.11. The trend line shows that the rest margin is large for the lower Froude numbers and

decreases to values close to zero for higher Froude numbers.
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Figure 4.10: Rest margin in loaded condition.
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Figure 4.11: Rest margin in ballast condition.

4.5 Comparison with calculations based on current methods of

predicting such margins

Stasiak (2004) identified that the wave margin is inversely proportional to the ship speed. This

also seems to be the case in the calculations in this thesis. He proposed formulas to calculate the

wave margin for head sea conditions. According to Stasiak they did not aspire to be complete

and directly applicable as they were based on too scarce material and were an upper estimation

of the margin. Figure 4.12 shows Stasiak´s model compared to the wave margin calculated for

the 159,000 DWT ship investigated in this thesis. Stasiak´s model is limited to F n between 0.12

and 0.30. Stasiak´s model gives significantly larger values, but the slope seems to agree with the

calculated values.

In figures 4.13 and 4.14 the wave margin and wind margin has been combined to compare the

calculated values in this work with values calculated with the approximate formulas by Townsin

and Kwon described in chapter 2.3. The calculated values in this thesis are calculated using

direct pressure integration for added resistance in waves and wind coefficients from tables by



CHAPTER 4. RESULTS 33

Speed in knots
0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15

%

0

5

10

15

20

25

30

35

40

Calculated
Stasiak

Figure 4.12: Comparison between calculated combined wave margins and Stasiak model. 159k
DWT Draft: 14 m to 16 m

Brix (1993). The method by Townsin and Kwon are formulas for speed loss converted to calculate

power increase with equation 2.15. The two methods follow the same trend, but are not equal in

magnitude. The Townsin and Kwon method uses only the Beaufort number while the calculated

values use Beaufort for the wind speed and the Douglas sea scale for the wave height.
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Figure 4.13: Combined wave and wind margins for two tankers in design condition.
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Figure 4.14: Combined wave and wind margins for two tankers in ballast condition.

4.6 Approximate formulas

Approximate formulas have been developed based on the calculations. The formulas have been

made dimensionless with the Froude number as the variable. Data from both ships investigated

in this thesis have been used. For the total sea margin the following formula is proposed for

both loaded and ballast condition (figures 4.15 and 4.16)

100% ·kSM = 12.227

F n
−59.526 (4.2)

It is based on data in the speed range where model test data was available F n = 0.125−0.170 so

that the uncertainty of the extrapolation of the calm water speed-power curve is not a factor. All

the approximate formulas are for this range of Froude numbers. For lower Froude numbers it is

more inaccurate.
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Figure 4.15: Total margin in design condition and approximate formula.
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Figure 4.16: Total margin in ballast condition and approximate formula.

The wave margin for loaded condition and an approximate formula is shown in figure 4.17

100% ·kw ave = 1.298

F n
−5.119 (4.3)

Ballast condition is shown in figure 4.18 and the following approximate formula is proposed

100% ·kw ave = 0.676

F n
−2.645 (4.4)

An approximation of the fouling margin can be obtained by using the equation for roughness by

Townsin from chapter 2.4.3.

100% ·kr oug hness =
∆CF

CT
(4.5)
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Figure 4.17: Wave margin in design condition and approximate formula.
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Figure 4.18: Wave margin in ballast condition and approximate formula.



Chapter 5

Discussion

5.1 Limitations

The calculations in this thesis are based on data from noon reports for two different ships owned

by KGJS. There are some uncertainty in the data that has affected the calculations:

Weather data from the noon reports are instantaneous values, but are in this work treated as

average values for 24 hours. This gives significant uncertainty in wind speed, direction and wave

height.

Fuel consumption measurements require correct calibration of flowmeter, use of correct den-

sity, no fuel in the pocket and no leaks from the fuel loop.

The measurement of log speed, the ship speed through water, is inaccurate. The GPS speed is

therefore used as the ship speed. Currents are therefore not taken into account in the calcula-

tions.

According to KGJS the time zone and time since the last report are critical parameters. If the

time since last report is not correct, the fuel consumption and the average gps speed will be

wrong.

The ships often sail at a slower speed than the speeds Hyundai have predicted the calm water

resistance for. The extrapolation of this relationship to cover all normal service speeds is simple

and may not be correct.
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5.2 Discussion

The calculations of total sea margin show that the margin is speed dependent and decreases

with speed. The 15% sea margin that Hyundai use in their power prediction is fairly accurate for

the design speed, but deviates significantly for lower speeds. The total margin is very large for

the lower speeds. This could be due to the fact that the calm water power prediction from model

tests did not cover the lower speeds and the simplified extrapolation may have underestimated

the power requirement.

The wave margin decreases with speed. This was also shown by Stasiak (2004).

The added power due to wind seems to be negligible on average. This is because the wind gives

negative resistance when the wind blows from behind or more than 90 degrees from the bow.

The wind may have other effects than the drag force, such as rudder angle to keep the ship on

course.

The fouling margin modeled as roughness seems to be overestimated for the lower speeds. The

rest margin show that the calculations of added power in wind, waves and due to roughness

does not cover the total power increase in service, especially for the lower speeds. Model test

results for these lower speeds would decrease the uncertainty of the calculations.



Chapter 6

Conclusion

The calculations of sea margin in this thesis show that the power prediction for ships can not

be predicted accurately by adding a fixed percentage on top of the calm water prediction. The

margin is speed dependent.

The speed-power prediction in calm water should include all speeds that the ship is likely to

operate in. Including slow steaming speed.

Alternative formulations for calculating sea margin, wave margin and fouling margin are pro-

posed. They are not directly applicable for the calculation of such margins because:

• The calm water speed-power relations did not include the speed range that the ships

sailed in most of the time. The extrapolation of the speed-power relation was made with

the simple assumption (simplification) that the residual resistance approaches zero as the

Froude number approaches zero. Since the calm water resistance is the denominator in

all margin calculations it is critical that it is accurate.

• The data from the noon reports are uncertain. Especially since instantaneous weather

data is used as the average over 24 hours.

• The calculation of the full scale propulsion point should include all resistance compo-

nents. Only the calm water resistance, the wave resistance and the wind resistance was

included.

The formulations does show some clear tendencies:

• The total sea margin is inversely proportional to the ship speed

• The wave margin is inversely proportional to the ship speed

41
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The rest margin is significant for the lower speeds, which indicates that the fouling margin

(roughness) calculated is underestimated for these speeds. This reason for this could be that

the speed power relation in calm water is underestimated in the extrapolated speed range. The

model tests should be carried out for all speeds that the ship is likely to operate in.
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Appendix A

Margins for SKS Skeena
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Figure A.1: Measured main engine power for different sea states. 159,000 DWT Class in loaded
condition
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Figure A.2: Total sea margin. 159,000 DWT Class in loaded condition
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Figure A.3: Wave margin. 159,000 DWT Class in loaded condition
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Figure A.4: Wind margin. 159,000 DWT Class in loaded condition
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Figure A.5: Roughness/fouling margin. 159,000 DWT Class in loaded condition
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Figure A.6: Rest margin. 159,000 DWT Class in loaded condition
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Figure A.7: Wave margin for head sea compared with Stasiak model. 159,000 DWT Class in
loaded condition



APPENDIX A. MARGINS FOR SKS SKEENA 49

Speed in knots
8 9 10 11 12 13 14 15

%

-5

0

5

10

15

20

25

30

35

40

Townsin & Kwon
Calculated
Townsin & Kwon
Calculated

Figure A.8: Combined wave and wind margins compared with Townsin and Kwon model.
159,000 DWT Class in loaded condition
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Figure A.9: Measured main engine power for different sea states. 159,000 DWT Class in ballast
condition
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Figure A.10: Total sea margin. 159,000 DWT Class in ballast condition
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Figure A.11: Wave margin. 159,000 DWT Class in ballast condition
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Figure A.12: Wind margin. 159,000 DWT Class in ballast condition
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Figure A.13: Roughness/fouling margin. 159,000 DWT Class in ballast condition
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Figure A.14: Rest margin. 159,000 DWT Class in ballast condition
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Figure A.15: Wave margin for head sea compared with Stasiak model. 159,000 DWT Class in
ballast condition
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Figure A.16: Combined wave and wind margins compared with Townsin and Kwon model.
159,000 DWT Class in ballast condition
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Margins for SKS Doda
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Figure B.1: Measured main engine power for different sea states. 120,000 DWT Class in loaded
condition
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Figure B.2: Total sea margin. 120,000 DWT Class in loaded condition
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Figure B.3: Wave margin. 120,000 DWT Class in loaded condition
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Figure B.4: Wind margin. 120,000 DWT Class in loaded condition
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Figure B.5: Roughness/fouling margin. 120,000 DWT Class in loaded condition
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Figure B.6: Rest margin. 120,000 DWT Class in loaded condition
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Figure B.7: Wave margin for head sea compared with Stasiak model. 120,000 DWT Class in
loaded condition
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Figure B.8: Combined wave and wind margins compared with Townsin and Kwon model.
120,000 DWT Class in loaded condition
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Figure B.9: Measured main engine power for different sea states. 120,000 DWT Class in ballast
condition
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Figure B.10: Total sea margin. 120,000 DWT Class in ballast condition
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Figure B.11: Wave margin. 120,000 DWT Class in ballast condition
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Figure B.12: Wind margin. 120,000 DWT Class in ballast condition
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Figure B.13: Roughness/fouling margin. 120,000 DWT Class in ballast condition
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Figure B.14: Rest margin. 120,000 DWT Class in ballast condition
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Figure B.15: Wave margin for head sea compared with Stasiak model. 120,000 DWT Class in
ballast condition
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Figure B.16: Combined wave and wind margins compared with Townsin and Kwon model.
120,000 DWT Class in ballast condition
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Figure C.1: Coefficients for added resistance in waves for 159,000 DWT Class in loaded condition
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Figure C.2: Coefficients for added resistance in waves for 159,000 DWT Class in loaded condition
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Figure C.3: Coefficients for added resistance in waves for 159,000 DWT Class in ballast condition
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Figure C.4: Coefficients for added resistance in waves for 159,000 DWT Class in ballast condition
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Figure C.5: Coefficients for added resistance in waves for 159,000 DWT Class in ballast condition
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Figure C.6: Coefficients for added resistance in waves for 120,000 DWT Class in design condition
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Figure C.7: Coefficients for added resistance in waves for 120,000 DWT Class in design condition
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Figure C.8: Coefficients for added resistance in waves for 120,000 DWT Class in design condition



APPENDIX C. COEFFICIENTS FOR ADDED RESISTANCE IN WAVES FROM SHIPX 72

.....
33333

T.TTTT

EET.
35353333

T...

 

SSSSSSSSSSSSSSSSSSSSS

11.1

1.1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

5 6 7 8 0 11

T
��

��
�

��
��

�
�
�2

�	
�


	�
.

�
�
��

��
1


T.E]]T.T]TE]]T]]]]]]]

S)))S)))))S))))))))))S))))))S))))S)))))))))))

T222]]22]22222222
m2m]]]]]]222m]Tm]2]221m2]m2mm2m]]m]]m]]1.11]m

.22s1]2]]2]s]]]2]

°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°° °°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°

°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°° °°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°

°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°° °°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°

°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°° °°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°

°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°° °°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°

°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°° °°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°

°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°° °°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°

°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°° °°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°

°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°° °°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°

°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°° °°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°

))))) ) 35353333 ) 33))5))3 ) )))))))) ))) )))) ))))))

Figure C.9: Coefficients for added resistance in waves for 120,000 DWT Class in ballast condition
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Figure C.10: Coefficients for added resistance in waves for 120,000 DWT Class in ballast condi-
tion



APPENDIX C. COEFFICIENTS FOR ADDED RESISTANCE IN WAVES FROM SHIPX 74

.....
33333

T.TTTT

EET.
35353333

T...

 

SSSSSSSSSSSSSSSSSSSSS

1.1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.0

1.1

5 6 7 8 0 11

T
��

��
�

��
��

�
�
�2

�	
�


	�
.

�
�
��

��
1


T.E]]T.T]TE]]T]]]]]]]

S)))S)))))S))))))))))S))))))S))))S)))))))))))

T222]]22]22222222
m2m]]]]]]222m]Tm]2]221m2]m2mm2m]]m]]m]]1.11]m

.22s1]2]]2]s]]]2]

°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°° °°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°

°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°° °°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°

°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°° °°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°

°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°° °°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°

°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°° °°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°

))))) ) 35353333 ) 33))5))3 ) )))))))) ))) )))) ))))))

Figure C.11: Coefficients for added resistance in waves for 120,000 DWT Class in ballast condi-
tion
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Coefficients for wind resistance

Figure D.1: Coefficients for wind resistance. Figure from Brix (1993)
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Appendix E

Matlab code

1 clear all

2 close all

3 % Loaded condition

4

5 % Skip

6 rho=1025;

7 rho_air = 1.23;

8 g=9.81;

9

10 B = 48;

11 Lpp = 264;

12 Ap = 830;

13 D=8.2;

14 nabla=165626;

15

16 etaD = [0.722 0.722 0.722 0.722 0.722 0.727 0.735 0.738 0.733 0.722 0.716];

17 etaH = [1.210 1.210 1.210 1.210 1.210 1.209 1.211 1.209 1.205 1.197 1.195];

18 etaR = [1.018 1.018 1.018 1.018 1.018 1.023 1.030 1.035 1.036 1.036 1.035];

19 t = [0.223 0.223 0.223 0.223 0.223 0.220 0.214 0.211 0.216 0.224 0.226];

20 ws = [0.358 0.358 0.358 0.358 0.358 0.355 0.351 0.348 0.349 0.352 0.352];

21 etam = .99;

22 etadm = etaD.*.95; %trial correction

23 cx0 = 0.95; % air resitance coefficient

24 cx = [.95 .75 0 -.55 -.55 -.55 0 .75]; % Wind coefficients for directions 1-8 from noon reports

25 bhptokw=0.7353;

26 tontokw=.7353/.0031;

27

28 deg0 = [0.9000 0.9444 0.9889 1.0333 1.0778 1.1222 1.1667 1.2111

76
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1.2556 1.3000];

29 deg45 = [1.1000 1.1389 1.1778 1.2167 1.2556 1.2944 1.3333

1.3722 1.4111 1.4500];

30 deg90 = [0.7000 0.7389 0.7778 0.8167 0.8556 0.8944 0.9333

0.9722 1.0111 1.0500];

31 deg135 = [0.2250 0.2556 0.2861 0.3167 0.3472 0.3778 0.4083

0.4389 0.4694 0.5000];

32 deg180 = [0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2];

33

34 wave_factor = {deg0 deg45 deg90 deg135 deg180}; % For directions head to stern 45 degree intervals

35

36 % Propulsion

37 J = [0:.05:.8];

38 Kt= [3.54 3.383 3.213 3.032 2.843 2.647 2.444 2.235 2.022 1.803 1.580 1.35 1.114 .871 .618 .355 .079]./10;

39 Kq = [3.738 3.609 3.463 3.304 3.135 2.957 2.773 2.583 2.388 2.188 1.982 1.768 1.545 1.31 1.059 .788 .493]./100;

40 eta0 = J.*Kt./(2*pi.*Kq);

41 eta0fit = polyfit(J,eta0,6);

42

43 ktfit = polyfit(J,Kt,2);

44 J2 = J(9:length(J));

45 Kt2 = Kt(9:length(J));

46 ktj2 = Kt2./(J2.^2);

47 ktj2fit = polyfit(ktj2,J2,3);

48

49 % Reading weather and consumption info from noon reports

50 num = xlsread('Skeena posreps.xls');

51

52 ton_day = num(:,3);

53 gps_speed = num(:,4);

54 log_speed = num(:,5);

55 draft = num(:,6);

56 dir = num(:,7);

57 bf = num(:,8);

58 seastate = num(:,9);

59 trim = num(:,10);

60

61 % Deleting wrong reports (fuel consumption less than 7 ton/day)

62 i=0;

63 for j=1:length(ton_day)

64 i=i+1;

65 if (ton_day(i)<7)

66 ton_day(i)=[];

67 gps_speed(i)=[];

68 draft(i)=[];

69 dir(i)=[];
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70 bf(i)=[];

71 seastate(i)=[];

72 i=i-1;

73 end

74 end

75

76 % Extrapolating speed-power relation for lower speeds ballast

77 Cr = [.274 .315 .358 .401 .449 .502 .562 .629 .705 .787 .868];

78 fn_test = [.138:0.005:.188];

79

80 fn = [0:0.005:.138];

81 a = 0.274/0.138;

82 Cr_int = fn.*a;

83

84 Ukn = [13.5:.5:18.5];

85 Ums = 0.5144.*Ukn;

86 lwl = 260.42;

87 my = 1.1883*10^-6;

88 Ct = [2.405 2.438 2.473 2.509 2.550 2.596 2.649 2.711 2.780 2.857 2.932];

89 Rn = Ums.*lwl./my;

90

91 Cf = 10^3*0.075./(log10(Rn)-2).^2;

92

93 Ukn2 = [8:.5:13];

94 Ums2 = 0.5144.*Ukn2;

95 Rn2 = Ums2.*lwl./my;

96 Cf2 = 10^3*0.075./(log10(Rn2)-2).^2;

97

98 fn2 = Ums2./sqrt(9.81.*lwl);

99 Cr2 = fn2.*a;

100 caa = 0.093;

101 deltacf = 0.234;

102 form = 1.230;

103 Ct2 = form.*Cf2 + deltacf + Cr2 + caa;

104

105 S = 13203.7;

106 Vkn = [8:0.5:18.5];

107 V = Vkn.*0.5144;

108 CT = [Ct2 Ct];

109 RT = 0.5*1025.*V.^2.*S.*CT./1000;

110

111 etad = .783;

112 mecfac = 1.042;

113 Pe = RT.*V;

114 Pd = Pe./etad;
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115 PB = Pd./mecfac;

116

117 BHP = PB./(735.3); % Estimated speed-power relationship for lower speeds

118

119 power_with15sm = [10453 11886 13511 15320 17362 19637 22181 25041 28248 31827 35828];

120 speed = [13.5 14 14.5 15 15.5 16 16.5 17 17.5 18 18.5];

121

122 power = power_with15sm/1.15;

123

124 polyball = polyfit([Vkn(1:12) speed], [BHP(1:12) power].*bhptokw,3);

125

126 % Extrapolating speed-power relation for lower speeds

127

128 Cr = [0.069 0.084 0.103 0.122 0.142 0.162 0.179 0.196 0.212 0.232 0.260];

129 fn_test = [.125:0.005:.175];

130

131 fn = [0:0.005:.125];

132 a = 0.069/0.125;

133 Cr_int = fn.*a;

134

135 Ukn = [12.5:.5:17.5];

136 Ums = 0.5144.*Ukn;

137 lwl = 269.3;

138 my = 1.1883*10^-6;

139 Ct = [2.155 2.161 2.171 2.183 2.195 2.208 2.218 2.228 2.238 2.251 2.2744];

140 Rn = Ums.*lwl./my;

141

142 Cf = 10^3*0.075./(log10(Rn)-2).^2;

143

144 Ukn2 = [8:.5:12];

145 Ums2 = 0.5144.*Ukn2;

146 Rn2 = Ums2.*lwl./my;

147 Cf2 = 10^3*0.075./(log10(Rn2)-2).^2;

148

149 fn2 = Ums2./sqrt(9.81.*lwl);

150 Cr2 = fn2.*a;

151 caa = 0.045;

152 deltacf = 0.224;

153 form = 1.235;

154 Ct2 = form.*Cf2 + deltacf + Cr2 + caa;

155

156 S = 18265;

157 Vkn = [8:0.5:17.5];

158 V = Vkn.*0.5144;

159 CT = [Ct2 Ct];
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160 RT = 0.5*1025.*V.^2.*S.*CT./1000;

161

162 etad = .722;

163 mecfac = 1.042; % etaM/Cp (trial correction)

164 Pe = RT.*V;

165 Pd = Pe./etad;

166 PB = Pd./mecfac;

167

168 BHP = PB./(735.3); % Estimated speed-power relationship for lower speeds

169

170 power_with15sm = [11157 12504 13976 15597 17377 19335 21485 23851 26456 29340 32563];

171 speed = [12.5 13 13.5 14 14.5 15 15.5 16 16.5 17 17.5];

172

173 power = power_with15sm/1.15;

174

175 poly = polyfit([Vkn(1:10) speed], [BHP(1:10) power].*bhptokw,3);

176

177 angle = [0 45 90 135 180 135 90 45].*(pi/180);

178

179 % Calculating true direction and wind speed[8:1:1

180 for i=1:length(bf)

181 vs =gps_speed(i)*0.5144;

182 vrel = 0.836*bf(i)^(3/2);

183 vtrue = sqrt(vs^2 + vrel^2 -2*vs*vrel*cos(angle(dir(i))));

184 truedir = pi- acos((vs^2+vtrue^2-vrel^2)/(2*vs*vtrue));

185 true_angle(i) = truedir;

186 true_wind(i) = vtrue;

187 testval(i)=(vs^2+vtrue^2-vrel^2)/(2*vs*vtrue);

188 end

189 v_rel = 0.836*bf.^(3/2);

190

191 true_dir_round = round((true_angle*180/pi)/45)*45;

192 for i=1:length(true_dir_round)

193 for j=1:length(angle)

194 if true_dir_round(i) == angle(j)*180/pi

195 true_dir(i)=j;

196 end

197 end

198 end

199

200 % Selecting data for drafts 14m-16m (Loaded condition 16m)

201

202 iddraft=[];

203 idhead=[];

204 id1 = [];



APPENDIX E. MATLAB CODE 81

205 id2 = [];

206 id3 = [];

207 id4 = [];

208 id5 = [];

209 for i=1:length(ton_day)

210 if 14<=draft(i) & draft(i)<=16

211 iddraft = [iddraft i];

212 end

213 end

214

215 % Selecting weather direction

216 idhead=[];

217 id45=[];

218 id90=[];

219 id135=[];

220 id180=[];

221

222 for i=1:length(iddraft)

223 if dir(iddraft(i))==1

224 idhead = [idhead iddraft(i)];

225 elseif dir(iddraft(i))==2 || dir(iddraft(i)) == 8

226 id45 = [id45 iddraft(i)];

227 elseif dir(iddraft(i))==3 || dir(iddraft(i)) == 7

228 id90 = [id90 iddraft(i)];

229 elseif dir(iddraft(i))==4 || dir(iddraft(i)) == 6

230 id135 = [id135 iddraft(i)];

231 elseif dir(iddraft(i))==5

232 id180 = [id180 iddraft(i)];

233 end

234 end

235

236 iddir = {idhead id45 id90 id135 id180};

237

238 % Selecting sea state

239 for j=1:5

240 id1 = [];

241 id2 = [];

242 id3 = [];

243 id4 = [];

244 id5 = [];

245 id6 = [];

246 for i=1:length(iddir{j})

247 if seastate(iddir{j}(i))==1

248 id1 = [id1 iddir{j}(i)];

249 elseif seastate(iddir{j}(i))==2



APPENDIX E. MATLAB CODE 82

250 id2 = [id2 iddir{j}(i)];

251 elseif seastate(iddir{j}(i))==3

252 id3 = [id3 iddir{j}(i)];

253 elseif seastate(iddir{j}(i))==4

254 id4 = [id4 iddir{j}(i)];

255 elseif seastate(iddir{j}(i))==5

256 id5 = [id5 iddir{j}(i)];

257 elseif seastate(iddir{j}(i))==6

258 id6 = [id6 iddir{j}(i)];

259 end

260 end

261 idsea{j} = {id1 id2 id3 id4 id5 id6};

262 end

263

264 % Calculating added wave resistance

265 seascale = [.1 .5 1 1.5 2.5 4];

266 Raw = rho*g*B^2/(Lpp*4).*seascale.^2; % for BF 1-6, must be multiplied by wave coefficient for the correct direction and speed

267

268 % Added resistance due to wind

269 Rw = 0.5*rho_air*Ap ; %must be multiplied by relative wind speed squared in m/s and wind coefficient for correct direction

270 % Air resistance

271 Rair =0.5*rho_air*Ap; % must be multiplied by ship speed squared

272

273 kw_wave_vec = [];

274 kw_wind_vec = [];

275 kw_calm_vec = [];

276 service_vec = [];

277 kw_vec = [];

278 speed_vec = [];

279 kw_day_vec =[];

280 id_vec = [];

281 kwon_vec=[];

282 dr_vec=[];

283 for i=1:5 % go through each direction

284 for j=1:6 % go through each sea state

285 for k=1:length(idsea{i}{j}) % go through each report

286

287 % Added resistance in waves, wind and calm water

288 Rawtemp = Raw(seastate(idsea{i}{j}(k)))*wave_factor{i}(round(gps_speed(idsea{i}{j}(k)))-7);

289 Rwtemp = Rw*(v_rel(idsea{i}{j}(k))^2*cx(dir(idsea{i}{j}(k)))-cx0*(gps_speed(idsea{i}{j}(k))*.5144)^2);

290 Rtstemp = 1000.*(polyval(polyball,gps_speed(idsea{i}{j}(k)))+((polyval(poly,gps_speed(idsea{i}{j}(k)))-polyval(polyball,gps_speed(idsea{i}{j}(k))))/(16-7.6))*(draft(idsea{i}{j}(k))-7.6)).*etaD(ceil(round(gps_speed(idsea{i}{j}(k))/.5)*.5)-7).*etam./(gps_speed(idsea{i}{j}(k))*.5144);

291

292 % Calculation of propulsion point

293 ktj2temp = (Rtstemp+Rawtemp+Rwtemp)/(rho*(1-t(ceil(round(gps_speed(idsea{i}{j}(k))/.5)*.5)-7))*D^2*(1-ws(ceil(round(gps_speed(idsea{i}{j}(k))/.5)*.5)-7))^2.*(gps_speed(idsea{i}{j}(k))*.5144)^2);

294 jstar = polyval(ktj2fit,ktj2temp);
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295 etatemp = polyval(eta0fit,jstar);

296 etadtemp = etaH(ceil(round(gps_speed(idsea{i}{j}(k))/.5)*.5)-7)*etaR(ceil(round(gps_speed(idsea{i}{j}(k))/.5)*.5)-7)*etatemp;

297

298 % Conversion from resistance to brake power in kW

299 kw_aw{i}{j}(k) = Rawtemp*.5144*gps_speed(idsea{i}{j}(k))/(etadtemp*etam*1000);

300 kw_wave_vec = [kw_wave_vec kw_aw{i}{j}(k)];

301

302 kw_wind{i}{j}(k) = Rwtemp*.5144*gps_speed(idsea{i}{j}(k))/(etadtemp*etam*1000);

303 kw_wind_vec = [kw_wind_vec kw_wind{i}{j}(k)];

304

305 kw_calm{i}{j}(k) = Rtstemp*.5144*gps_speed(idsea{i}{j}(k))/(etadtemp*etam*1000);

306 kw_calm_vec = [kw_calm_vec kw_calm{i}{j}(k)];

307

308 service{i}{j}(k) = ton_day(idsea{i}{j}(k)).*tontokw - kw_aw{i}{j}(k) - kw_wind{i}{j}(k) - kw_calm{i}{j}(k);

309 service_vec = [service_vec service{i}{j}(k)];

310

311 kw{i}{j}(k) = ton_day(idsea{i}{j}(k)).*tontokw - kw_aw{i}{j}(k) - kw_wind{i}{j}(k)-polyval(poly,gps_speed(idsea{i}{j}(k)));

312 kw_day_vec = [kw_day_vec ton_day(idsea{i}{j}(k)).*tontokw];

313 kw_vec = [kw_vec kw{i}{j}(k)];

314 speed_vec = [speed_vec gps_speed(idsea{i}{j}(k))];

315 id_vec = [id_vec idsea{i}{j}(k)];

316

317 % Townsin-Kwon

318 my1=1.7-.003*(bf(idsea{i}{j}(k))-4)^2;

319 my2=.9-.006*(bf(idsea{i}{j}(k))-6)^2;

320 my3=.4-.003*(bf(idsea{i}{j}(k))-8)^2;

321 my = [1 my1 my2 my2 my3 my2 my2 my1];

322 fntemp=.5144*gps_speed(idsea{i}{j}(k))/sqrt(g*Lpp);

323 alpha=2.6-13.1*fntemp-15.1*fntemp^2;

324 kwon_vec=[kwon_vec ((1/(1-.01*(alpha*.5*my(dir(idsea{i}{j}(k)))*(.5*bf(idsea{i}{j}(k))+(bf(idsea{i}{j}(k)))^6.5)/(2.7*nabla^(2/3))))^3)-1)];

325

326 % Townsin roughness

327 RN = .5144*gps_speed(idsea{i}{j}(k))*Lpp/(1.1883*10^-6);

328 ahr=1000*10^-6;

329 deltacf=44*((ahr/Lpp)^(1/3)-10*RN^(-1/3))+.125;

330 deltaRf=.5*rho*(.5144*gps_speed(idsea{i}{j}(k)))^2*S*deltacf/1000;

331 deltaPf=deltaRf*.5144*gps_speed(idsea{i}{j}(k))/(etadtemp*etam*1000);

332 dr_vec = [dr_vec deltaPf];

333

334 end

335 end

336 end

337 % Write to text file

338 y = [speed_vec; kw_day_vec; kw_wave_vec; kw_wind_vec; service_vec; kw_calm_vec; kwon_vec; dr_vec];

339 fid=fopen('sd.txt','w');
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340 fprintf(fid,'%f %f %f %f %f %f %f %f\n',y);

341 fclose(fid);

342

343 % Townsin roughness

344 figure

345 plot(speed_vec,dr_vec,'o',speed_vec,service_vec,'x')

346 xlabel('Speed in knots')

347 ylabel('kW')

348 legend('Power due to fouling modelled as hull roughness','Calculated power due to fouling')

349

350 % Stasiak: Wave margin as function of Froude number

351 kw_aw2=[kw_aw{1}{1} kw_aw{1}{2} kw_aw{1}{3} kw_aw{1}{4} kw_aw{1}{5}];

352 kw_calm2=[kw_calm{1}{1} kw_calm{1}{2} kw_calm{1}{3} kw_calm{1}{4} kw_calm{1}{5}];

353 figure

354 plot(0.5144.*gps_speed(idhead)./sqrt((g*Lpp)),100.*kw_aw2./kw_calm2,'o',[.12:.01:.15],100.*((.0635./[.12:.01:.15])-.157))

355 legend('Calculated','Stasiak')

356 set(gca,'FontSize',14)

357 xlabel('Speed in knots', 'FontSize', 18);

358 ylabel('%', 'FontSize', 18);

359

360 % Townsin-Kwon

361 polykwon=polyfit(speed_vec,100.*kwon_vec,1);

362 polyww=polyfit(speed_vec,100.*(kw_wave_vec+kw_wind_vec)./kw_calm_vec,1);

363 figure

364 plot(speed_vec,100.*kwon_vec,'o',speed_vec,100.*(kw_wave_vec+kw_wind_vec)./kw_calm_vec,'x',sort(speed_vec),polyval(polykwon,sort(speed_vec)),sort(speed_vec),polyval(polyww,sort(speed_vec)))

365 set(gca,'FontSize',14)

366 xlabel('Speed in knots', 'FontSize', 18);

367 ylabel('%', 'FontSize', 18);

368 legend('Townsin & Kwon','Calculated','Townsin & Kwon','Calculated')

369

370 % Main engine consumption measured, converted to kW, for different

371 % seastates

372 sea1=[];

373 sea2=[];

374 sea3=[];

375 sea4=[];

376 sea5=[];

377 sea6=[];

378 for i=1:length(id_vec)

379 if seastate(id_vec(i))==1

380 sea1=[sea1 i];

381 elseif seastate(id_vec(i))==2

382 sea2=[sea2 i];

383 elseif seastate(id_vec(i))==3

384 sea3=[sea3 i];
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385 elseif seastate(id_vec(i))==4

386 sea4=[sea4 i];

387 elseif seastate(id_vec(i))==5

388 sea5=[sea5 i];

389 elseif seastate(id_vec(i))==6

390 sea6=[sea6 i];

391 end

392 end

393 figure

394 plot(speed_vec(sea1),kw_day_vec(sea1),'o',speed_vec(sea2),kw_day_vec(sea2),'o',speed_vec(sea3),kw_day_vec(sea3),'o',speed_vec(sea4),kw_day_vec(sea4),'o',speed_vec(sea5),kw_day_vec(sea5),'o',speed_vec(sea6),kw_day_vec(sea6),'o',[8:.1:15],polyval(poly,[8:.1:15]))

395 legend('Seastate 1','Seastate 2','Seastate 3','Seastate 4','Seastate 5','Seastate 6')

396 set(gca,'FontSize',14)

397 xlabel('Speed in knots', 'FontSize', 18);

398 ylabel('Brake power [kW]', 'FontSize', 18);

399

400 % Total margin for different seastates

401 figure

402 plot(speed_vec(sea1),100.*(kw_day_vec(sea1)-kw_calm_vec(sea1))./kw_calm_vec(sea1),'o',speed_vec(sea2),100.*(kw_day_vec(sea2)-kw_calm_vec(sea2))./kw_calm_vec(sea2),'o',speed_vec(sea3),100.*(kw_day_vec(sea3)-kw_calm_vec(sea3))./kw_calm_vec(sea3),'o',speed_vec(sea4),100.*(kw_day_vec(sea4)-kw_calm_vec(sea4))./kw_calm_vec(sea4),'o',speed_vec(sea5),100.*(kw_day_vec(sea5)-kw_calm_vec(sea5))./kw_calm_vec(sea5),'o',speed_vec(sea6),100.*(kw_day_vec(sea6)-kw_calm_vec(sea6))./kw_calm_vec(sea6),'o')

403 legend('Seastate 1','Seastate 2','Seastate 3','Seastate 4','Seastate 5','Seastate 6')

404 set(gca,'FontSize',14)

405 xlabel('Speed in knots', 'FontSize', 18);

406 ylabel('%', 'FontSize', 18);

407

408 % Wave margin

409 figure

410 plot(speed_vec(sea1),100.*kw_wave_vec(sea1)./kw_calm_vec(sea1),'o',speed_vec(sea2),100.*kw_wave_vec(sea2)./kw_calm_vec(sea2),'o',speed_vec(sea3),100.*kw_wave_vec(sea3)./kw_calm_vec(sea3),'o',speed_vec(sea4),100.*kw_wave_vec(sea4)./kw_calm_vec(sea4),'o',speed_vec(sea5),100.*kw_wave_vec(sea5)./kw_calm_vec(sea5),'o',speed_vec(sea6),100.*kw_wave_vec(sea6)./kw_calm_vec(sea6),'o')

411 set(gca,'FontSize',14)

412 xlabel('Speed in knots', 'FontSize', 18);

413 ylabel('%', 'FontSize', 18);

414 legend('Seastate 1','Seastate 2','Seastate 3','Seastate 4','Seastate 5','Calm water prediction')

415

416 % Wind margin

417 figure

418 plot(speed_vec,100.*kw_wind_vec./kw_calm_vec,'o')

419 set(gca,'FontSize',14)

420 xlabel('Speed in knots', 'FontSize', 18);

421 ylabel('%', 'FontSize', 18);

422

423 % Roughness margin

424 figure

425 plot(speed_vec,100.*dr_vec./kw_calm_vec,'o')

426 set(gca,'FontSize',14)

427 xlabel('Speed in knots', 'FontSize', 18);

428 ylabel('%', 'FontSize', 18);

429 axis([8 15 0 100])
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430

431 % Rest margin

432 figure

433 plot(speed_vec,100.*(service_vec-dr_vec)./kw_calm_vec,'o')

434 set(gca,'FontSize',14)

435 xlabel('Speed in knots', 'FontSize', 18);

436 ylabel('%', 'FontSize', 18);
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