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ABSTRACT: The added resistance of ships is a complex phenomenon which plays an important role in determining
the energy efficiency of a ship. This study deals with a comprehensive analysis of the phenomenon of the added
resistance of ships in waves and their application in the ship design point of view. The call for energy efficient ships
and the recent strict regulations regarding environmental pollution control has made this study worth noticing. Four
main methods have been chosen for the analysis of two different ships in the first phase of the thesis. It was followed
by the analysis which ascertains the behaviour and usability of these methods in the different speed and heading
conditions that could be encountered by the ship. The ships were first analysed in regular wave conditions and later
in irregular wave conditions. The employability of these methods in different conditions has been analysed and
conclusions are made. Using these findings a parametric study of two ships was performed. The study was focussed
on the bulbous bow of the ship. The aim was to optimize the bulbous bow in such a way that the added resistance
encountered by the ship hull is minimum. The optimized hull form was found to decrease the total added resistance
considerably in both the cases. The findings were analysed and the conclusions were presented.
Keywords: Added resistance of ships in waves, Strip Theory, Hull optimization
1. INTRODUCTION
The maritime industry is one of the big consumers of
fossil fuels in the world. After the recent economic
depression the shipping industry is facing an increase in
the number of ships employed in service. The world is
facing threats of climate change and environmental
pollution and this has affected all the industries where
fossil fuels are used. The shipping industry and the
related regulatory bodies have been implementing
stricter rules and regulations regarding the energy
efficiency and pollution concerning the ships. The
added resistance in waves is an important factor that
has to be considered while discussing about the energy
efficiency of ships. V. Bolbot [1] has confirmed that the
added resistance of ships in waves has an effect on the
Energy Efficiency Design Index (EEDI) of ships. So it is
important to reduce this value of added resistance while
designing as well as the operating phases of the ship.
Many methods have been developed over years to
calculate the added resistance value for ships. The
earliest methods were given by Maruo, 1957 [2] and
Joosen, 1966 [3]. Later new methods based on Nearfield techniques were introduced by Boese, 1970 [4]
and Gerritsma & Beukelman, 1972 [5]. Then the strip
theory was introduced by Salvesen et al. which
contributed new methods based on it to calculate the
added resistance in waves. The strip theory helped in
the calculation of ship motions, which in turn helped in
improving the prediction of added resistance. In due
course of time, 3D Panel method based codes were
developed for the calculations. Of lately, CFD based
softwares made the added resistance calculation easy
and efficient. A semi-empirical method based on
Faltinsen’s asymptotic formula was developed by Liu et
al. [6] in the recent years. All these methods are useful
depending on the various speed and heading
conditions. This thesis mainly deals with four different
methods used for the calculation of added resistance:

1.
2.
3.
4.

Gerritsma-Beukelman Method [5]
Salvesen’s Method [7]
Faltinsen’s Method [8]
Liu-Papanikolaou Method [6]

First three methods are based on strip theory. They
have been coded using MATLAB for the analysis. The
Faltinsen’s method has been employed using the inhouse software which runs on the same. For the
calculation of added resistance based on strip theory
the 2D hydrodynamic coefficients and motion values
are needed as input. For this, the required input values
are calculated using the in-house sea-keeping software
developed at CENTEC. The program uses strip-theory
to calculate the 2D added mass and damping
coefficients along with the global motion values of the
ships. Two ships were analysed here:
1. S175 Containership
2. KVLCC2
First, the performance of the ship in regular waves is
analysed and the added resistance was calculated
using all the four methods. For this the ship hull was
divided into different strips and the offset data is given
as input for the strip theory program. The seakeeping
calculations are performed and the added resistance
was calculated using the results from the seakeeping
analysis. The Faltinsen’s Method program calculates
the added resistance directly. In that program the seakeeping calculations are internally done. The LiuPapanikolaou Method uses the main characteristics of
the ship as input. The calculations are then performed
for irregular sea waves. For this, six sea-states were
chosen and the analysis was carried out. The results
are compared with experimental data.
In the second part of the thesis, the application of these
methods on the design phase is tested. A parametric
study is carried out here to check the effect of the
alteration of design parameters on added resistance of

ships. The bulbous bow is an important hull component
that plays an important role in reducing the still water
resistance of the ship. This part of the thesis deals with
the impact of alteration of various bulbous bow
parameters in the added resistance. Two ships were
analysed in this context.
1. Cruise ship in service
2. DTC Containership (Duisburg Test Case)
The hull alterations were made using CAESES
Friendship framework software [9]. The hull offsets
were extracted and they were used for calculating the
added resistance of the varied hull forms. The
Faltinsen’s method was used for this analysis as it is
found to be sensitive towards minor changes in the hull.
The optimization procedure follows the direct search
approach. The parameters are systematically varied
and the change in the added resistance is noted. An
optimized hull form is obtained where the optimum
values of the bulbous bow parameters are found out.
The added resistance in waves was minimized in both
the cases.
2. THEORETICAL BACKGROUND
The ships encounter various forces and loads in the
sea. Consider the simplest of the cases, where a ship
sails in calm water. It encounters a force that acts
against the direction of motion of the ship. This is
termed as calm water resistance. When the ship sails in
real sea conditions, consisting of various wave systems,
it can be noted that the ship encounters a force higher
than the previous case. This additional amount of force
that the ship encounters in known as added resistance.
The added resistance is predominantly due to wave
diffraction in short waves and due to the motion effects
of the ship in medium waves. In the case of long waves,
the ship follows the wave motion and hence there will
not be any added resistance. The viscous damping is
insignificant compared to the hydrodynamic damping of
the ship motions. In a practical sense we can assume
that the added resistance is a non-viscous
phenomenon. This means, the potential theory is
applicable.
It can be proved that the principle of superposition
applies in the case of added resistance. Also the added
resistance is proportional to the square of the wave
amplitude. This has been experimentally analysed and
proved in various cases (Ström-Tejsen, 1973 [10]).
The added resistance in waves is a second-order
phenomenon. It acts in the opposite direction of the
ship’s velocity and hence reduces the speed. For a ship
with zero speed, the added resistance is equal to the
longitudinal drift force. The methods used to calculate
the added resistance can be categorized into NearField Methods and Far-Field Methods. The far-field

methods consider the diffracted and radiated wave
energies and momentum flux at infinity. GerritsmaBeukelman Method and Salvesen’s Method are far-field
methods. Near-field methods calculate the added
resistance by integrating the second order pressure on
the wetted surface area of the ship. The Faltinsen’s
Method is a near-field method. A semi-empirical formula
for the calculation of added resistance was developed
by S. Liu and A. Papanikolaou over the recent years.
This method is a fast and easy method which is useful
in the calculation of added resistance for generic ship
types in head seas.
The strip theory based methods follow a perturbation
scheme where the linear wave induced motions and
loads are first found out. Later the added resistance is
calculated using these values. The theoretical added
resistance is proportional to the square of the wave
amplitude for waves of moderate steepness. The
behaviour might change when the waves break or get
close to breaking. The prediction of the added
resistance is always dependent on the accuracy of
prediction of the motions and loads. The heave and
pitch motion values serve as the input for these
calculations. Hence, the accurate prediction of these
values is a pre-requisite. The theory and prediction
strategy followed by the chose methods are explained
below.
Gerritsma-Beukelman Method
Gerritsma and Beukelman [5] approached the problem
by interpreting that the added resistance can be
assumed as the result of damping waves radiated from
the hull. The energy radiated during one encounter
period Te is given by:
𝑇𝑒
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The time dependence can be removed, which gives:
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Vza is the amplitude of the harmonic function defined by:

𝑉𝑧 = 𝑉𝑧𝑎 𝑐𝑜𝑠(𝜔𝑒 𝑡 + 𝜀)
Where:

𝑏′33 (𝑥) = 𝑏33 (𝑥) − 𝑉 [

𝑑𝑎33 (𝑥)
]
𝑑𝑥

(3)
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Where 𝑏33 (x) and 𝑎33 (x) are the sectional damping and
added mass coefficients respectively. The vertical
relative water velocity Vz (x) is given by:

𝑉𝑧 (𝑥) = 𝑍̇(𝑥) − 𝑋𝑏 (𝑥)𝜃̇ + 𝑉𝜃(𝑥) − 𝜁̇(𝑥)

(5)

𝜁 ̇(𝑥) is the effective vertical displacement for a cross
section
Gerritsma and Beukelman made an assumption that
water pressure on the hull is unaffected by the
presence of the ship. This takes care of the FroudeKrylov’s hypothesis and also a correction for it. For
deep water waves, the correction for the wave height ζ
becomes:
0

𝑘
𝜁̇(𝑥) = 𝜁 (1 −
∫ 𝑦(𝑥)𝑒 𝑘𝑧(𝑥) 𝑑𝑧)
𝑦𝑏

(6)

−𝑇

Once the potential is solved for, the added resistance
be calculated. The method is similar to calculation of
second order forces and moments by the method of
Salvesen. The added resistance can be derived as:
𝑖

𝐼∗

𝐷
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𝑗=3,5
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Where 𝐹̂𝐽 is the complex conjugate of the Froude𝐷
Krylov part of the exciting force and moment and 𝐹̂𝐽 is
the diffraction part with complex conjugate of incident
wave potential 𝜙0 *
∗

𝐹3 𝐼 = 𝑖𝜌𝜔 ∬𝑁3 𝜙0 ∗ 𝑑𝑆

Where:

𝑠

𝜁 is the wave height, yb is the half breadth, y(x) and z(x)
are the y and z co-ordinates of the points defining the
section, T is the draft of the section

𝐹5 𝐼 = 𝑖𝜌𝜔 ∬𝑥𝑁3 𝜙0 ∗ 𝑑𝑆

Referring Hanaoka et.al, 1963 [11], added work of the
ship is proportional to radiated energy
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Where λ is the regular wave length. This gives:
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We can see that the added resistance is proportional to
the squared wave length here, because V za is
proportional to the wave height.

(13)
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Where
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Salvesen’s Method

(14)

𝐿

The theory applies to slender ships with lateral
symmetry. The two linear coupled equations that
govern the heave and pitch motions in the frequency
domain:
−𝜔2 (𝑀𝑗𝑘 + 𝐴𝑗𝑘 ) + 𝑖𝜔𝐵𝑗𝑘 + 𝐶𝑗𝑘 𝜂𝑘 = 𝐹𝑗 

∑

𝑘=3,5

(9)

In this equation Mjk is the mass matrix, Ajk and Bjk are
respectively the added mass and damping coefficient
respectively, Cjk is the restoring coefficient. The exciting
force and moment can be expressed as:

The
represents the Froude Krylov force and moment,
FjD represents the diffraction force and moment. The
term FjI can be expressed in terms of the complex
amplitude of the incident wave potential.

𝑖𝑔𝜁𝑎 (𝑖𝑘(𝑥 cos 𝛽+𝑦 sin 𝛽)+𝑘𝑧)
𝑒
𝜔

(15)

Faltinsen’s Method
The core concept used in the calculation of added
resistance is the integration of pressure over the wetted
surface area of the ship by using equations of
conservation of momentum and/or energy in the fluid.
Simply put, the linear wave induced motions and loads
are first order approximated and the added wave
resistance is the mean longitudinal second order force.

(10)
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For head waves, β = 180, thus the equation becomes
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The Faltinsen’s Method account for small wave lengths
and forward speed. The equation can be written as
𝜕𝜙
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By the perturbation scheme we can assume that
𝜙~𝜙 (1) + 𝜙 (2) +  … … …

𝑘2 = √𝑘12 − 𝑘 2 𝑐𝑜𝑠 2 𝜃

Where,
𝜙 (1) is the linear first order potential,𝜙 (2) is the second
order approximation
𝜕𝜙(1)
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The added resistance along X axis is given by:
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The formula holds good for short waves as it does not
include radiated waves. Low Froude numbers and blunt
ship bow forms can be analysed.
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𝜕𝜙(1)
𝑈
)
𝜕𝑥 𝑚
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𝑔

𝑐𝑜𝑠 2 𝜃)] 𝑠𝑖𝑛𝜃𝑑𝑙

The terms with subscript m has to be evaluated on the
average position of the wetted ship hull. The integration
yields the added resistance:

𝜕 𝜕𝜙(1)
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𝜕𝑦
𝜕𝑡
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Where,
𝜁𝑎 is the wave amplitude, θ is the angle between the
tangent of the waterline and the x axis, k is the wave
number

−
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The c represents the waterline curve,𝜁𝑟 = 𝜁 − (𝜂3 −
𝑥𝜂5 − 𝑦𝜂4 ) is the relative motion along the ship, ζ is the
wave elevation, the bar over the terms indicated that
they are averaged over time. SB is the wetted surface
area of the ship.
Each part of the equation is treated separately and
solved for the potential separately. It is then integrated
over the wetted surface area to find the added
resistance.

Liu-Papanikolaou Method
Apart from the analytical methods there have been
attempts to derive semi-empirical methods to calculate
the added resistance in the waves. The methods come
in handy when there is a need for fast calculations.
These calculations are supposed to give satisfactory
results with simple inputs like the main characteristics of
a ship. On of such recent attempts was done by Liu et
al. [6] and they succeeded in deriving a method for such
calculations.
The method prescribed here was shown to give good
results for a variety of ships at head seas [6]. The
method was derived from the Jinkine and Ferdinand
formula [12] which is based on Faltinsen’s Asymptotic
Formula, adding corrections so that it can be used for
head waves of any wavelengths. RAWR is the added
resistance due to the reflection and RAWM is the added
resistance due to motion effects. The method is
applicable for Fn = 0.0 - 0.3
𝑅𝐴𝑊 = 𝑅𝐴𝑊𝑅 + 𝑅𝐴𝑊𝑀
𝑅𝐴𝑊𝑅 =

2.25
2

𝐿𝑝𝑝

𝜌𝑔𝐵𝜁𝑎 2 𝛼 𝑇 𝑠𝑖𝑛2 𝐸 (1 + 5√

Faltinsen’s Asymptotic Formula
Faltinsen approached the problem by considering the
incident waves on an infinitely long vertical plane wall to
simulate the diffraction phenomenon in short waves.
The wave reflection is included without considering the
ship motions. The added resistance per unit length in
head waves is given by:

(23)

𝑅𝐴𝑊𝑀 = 4𝜌𝑔𝜁𝑎 2 𝐵2 /𝐿𝑝𝑝 𝜔
̅ 𝑏1 exp [

𝑏1
𝑑1

𝜆

𝐹𝑛) (

0.87 1+4√𝐹𝑛
𝐶𝐵

)

(1 − 𝜔
̅ 𝑑1 )] 𝑎1 𝑎2

Where
𝐵
𝐸 = atan (
)
2𝐿𝐸
The draft correction factor 𝛼 𝑇 is given by,

𝛼𝑇 =

𝜋 2 𝐼12 (𝑘𝑒 𝑇)
2
𝜋 2 𝐼1 (𝑘𝑒 𝑇) + 𝐾12 (𝑘𝑒 𝑇)

Table 1: Sea-states chosen for analysis

Adjustment of amplitude𝑎1 is given by,
𝑎1 = 60.3𝐶𝐵1.34 (

0.087 1+𝐹𝑛
)
𝐶𝐵

Adjustment for the extension of the speed range,
𝑎1 = {

0.0072 + 0.1676𝐹𝑛𝑓𝑜𝑟𝐹𝑛 < 0.12
𝐹𝑛1.5 exp(−3.5𝐹𝑛) 𝑓𝑜𝑟𝐹𝑛 ≥ 0.12
3 𝑘
𝑦𝑦
√𝐿𝑝𝑝⁄𝑔 √ 𝐿 0.050.143

𝑝𝑝

1.17

𝜔
̅=

3 𝑘
𝑦𝑦
√𝐿𝑝𝑝⁄𝑔 √𝐿 𝐹𝑛0.143
𝑝𝑝

{

1.17

𝜔,

𝑓𝑜𝑟𝐹𝑛 < 0.05

𝜔,

𝑓𝑜𝑟𝐹𝑛 ≥ 0.05

The adjustment for slope is given for a smoother
transition from low frequency to high frequency region,
For CB ≤ 0.75
11.0,
𝑏1 = {
−8.5,
𝑑1 = {

𝑓𝑜𝑟𝜔
̅<1
𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒

14.0,𝑓𝑜𝑟𝜔
̅<1
𝐿𝑝𝑝 −2.66
−566 (
)
∗ 6,
𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒
𝐵

For CB > 0.75
11.0,
𝑏1 = {
−8.5,

𝑓𝑜𝑟𝜔
̅<1
𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒

𝐿𝑝𝑝 −2.66
−566 (
)
,𝑓𝑜𝑟𝜔
̅<1
𝐵
𝑑1 =
𝐿𝑝𝑝 −2.66
−566 (
)
∗ 6,
𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒
𝐵
{
Added Resistance in Irregular Waves

Sea State
1
2
3
4
5
6

Hs
1.5
2
2.5
2.5
3.5
4.5

Tz
6.5
7.5
7.5
10.5
9.5
9.5

3. COMPARATIVE ANALYSIS
The theory behind the calculation of added resistance
was explained in the previous sections. In this section
the analysis of two different ships was performed. The
Gerritsma-Beukelman Method and Salvesen Method
used here were coded in MATLAB in such a way that
the inputs for the analysis were taken from the results of
the sea-keeping analysis. The added resistance
coefficients were calculated for different wave
frequencies and plotted against λ/Lpp. The added
resistance coefficient is given by

𝐶𝑅𝑎𝑤 =

𝑅𝑎𝑤
2
𝜌𝑔𝜁 𝐵2 /𝐿𝑝𝑝

(25)

Where λ is the incoming wave length, CRaw is the
coefficient of added resistance, Raw is the total added
resistance in Newtons, ρ is the density, g is the
acceleration, B is the breadth, ζ is the wave amplitude,
Lpp is the length between perpendiculars
This relation is widely accepted and confirmed in
various model tests of models of the same ship of
different scales. The added resistance coefficient found
out using different methods are compared along with
the experimental results.
Ship Details
The S175 Containership and KVLCC2 are popular test
models. The main particulars of the ships are:
Table 2: Ship Details

𝑅𝑎𝑤 (𝑤)
(24)
𝑑𝜔
2
ζ
0
𝑅𝑎𝑤 is the added resistance for the regular waves. It is
normalized by the square of wave amplitude and
multiplied by the power density function and integrated
over the frequencies to find the mean added resistance
̅̅̅̅̅
𝑅
𝑎𝑤 for a particular sea state.

Main Particulars
Lpp(m)
B(m)
T(m)
D(m)
Displacement(t)
Cb
GMt(m)
Kxx/B
Kyy/Lpp
Kzz/Lpp
LCG(m)from FP

JONSWAP Spectrum [13] was assumed here. The
following six sea-states were chosen for the analysis.

Firstly, the various hull offset and parameters are
defined and the sea keeping analysis is performed. The

The principle of superposition applies in the case of
added resistance.
∞

̅̅̅̅̅
𝑅𝑎𝑤 = 2 ∫ 𝑆(𝑤)

S175 Containership
175
25.4
9.5
15.3
24614
0.57
1
0.4
0.236
0.236
90

KVLCC2
320
58
20.8
30
312622
0.8098
0.9980
0.4
0.25
0.25
171.1

sea-keeping analysis is carried out for a range of wave
frequencies. Using the results from this analysis the
added resistance is calculated. The GerritsmaBeukelman method and Salvesen’s method are
employed in this manner. The Liu-Papanikolaou Method
also takes the input from the input file for the seakeeping analysis. In case of the Faltinsen’s Method, the
input file is first defined and the program is run. The
sea-keeping characteristics as well as the added
resistance are calculated simultaneously. The added

a) Fn: 0.15

b) Fn: 0.2

resistance coefficient is evaluated and plotted against
λ/Lpp. The effect of ship’s speed on added resistance in
head seas is first analysed. The analysis was carried
out for five Froude numbers. The added resistance is
first calculated for regular waves. After that the mean
added resistance for the sea-states that have been
chosen is calculated. In the next stage, the added
resistance is calculated for various heading angles. The
speed is kept constant here. The results are presented
below.

c) Fn: 0.25

d) Fn: 0.275

e) Fn: 0.3

Figure 1: Added resistance calculation (S175 Containership) for various speeds; β=180; Top: Regular Waves;
Bottom: Irregular Waves, Sea-states 1-6.

a) β = 150

b) β = 120

c) β = 90

Figure 2: Added resistance calculation (S175 Containership) for various heading angles, Fn: 0.25; Top:
Regular Waves; Bottom: Irregular Waves, Sea-states 1-6.

a) Fn: 0.90

b) Fn: 0.142

c) Fn: 0.180

Figure 3: Added resistance calculation (KVLCC2) for various speeds, β =180, Top: Regular Waves; Bottom:
Irregular Waves, Sea-states 1-6
4. PARAMETRIC STUDY
Since the added resistance plays an important role
in the energy efficiency of the ship it is very
important to consider the added resistance
phenomenon in the design phase itself. A careful
study can help to improve the efficiency of the ship,
which will be advantageous for new ships. For the
existing ships, retrofitting can be considered while
docking.
The bulbous bow is an important component in the
ship which helps in reducing the calm water
resistance of the ship. This part of the thesis deals
with the parametric study on how the various
parameters of the bulbous bow affect the added
resistance of the ship. The Faltinsen’s Method was
used for the study. This is because, compared to the
other codes, it can respond to changes in the
bulbous bow which is submerged in most of the
cases. Also the bulbous bow has closed cross
sections. Two ships were selected for the study:
1. Cruise Ship
2. DTC (Duisburg Test Case)
The analysis was part of the SHOPERA Project,
aimed at the research on energy efficient ship
designs. A 3 stage direct search approach was
devised for the analysis. Altering the bulbous
parameters is limited by a lot of factors. A bulbous
bow can affect various design features like the

manoeuvrability,
sea-keeping
characteristics,
structural integrity, global strength etc. In a ship
construction point of view it can affect building costs.
So a parameter change of ±10% is assumed to be
the maximum permissible change for the study. The
modified hull forms are modelled using the software,
CAESES Friendship Frameworks [9]. The added
resistance values are found out for the altered hulls
and plotted against the wavelength to Lpp ratio. The
ships are analysed for design speed and head seas.
In the second phase the analysis is carried out for
irregular sea conditions. In this phase the values
from the regular wave analysis are used. A specific
sea-state is assumed and an analysis is performed
to determine the mean added resistance for that
particular sea-state. From this analysis the
parameters contributing the most to the decrease in
added resistance is sorted out.
In the final stage a correlation study is done. A
response surface is modelled and an empirical
model which establishes the relation between the
added resistance coefficient and the relevant
parameters is evolved. The optimization procedure
is applied here finding the values of the parameters
that correspond to the minimum added resistance.
Cruise Ship
The cruise ship subjected to the study is a ship in
service. It was modelled in CAESES Friendship
Framework and the bulbous bow parameters were

defined. Fourteen parameters were defined in this
case. Alterations of ±10% were made in the bulbous
bow as per the test plan. The corresponding offset of
the altered ship hull is extracted and the input file
was prepared for the added resistance program. The
added resistance was calculated using the
Faltinsen’s Method.
The added resistance
coefficients corresponding to the resultant hulls are
compared and listed below.
Table 3: Performance Comparison (Cruise Ship)

Parameter

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Bulb Offset
To FP
C_Bb
Bulb Length
C_Hb
C_Hbe
C_Za
C_Zb
Bulb Fairing
Spread
Factor
Bulb Fairing
Z Aft
Bulb Low
Fullness
Bulb Low
Section
Fullness
Bulb Top
Fullness
Bulb Top
Section
Fullness
Bulb Top
Tangent At
FP

CRaw for the modified hull
Variation Original
Variation:
: -10%
Hull
10%
3.555

3.739

3.542

3.972
3.249
3.638
3.571
3.537
3.641

3.739
3.739
3.739
3.739
3.739
3.739

4.269
3.384
3.411
3.495
3.540
3.421

3.881

3.739

3.538

3.477

3.739

3.558

3.536

3.739

3.547

In order to find this function we use the least-square
regression approach. A linear model is assumed that
the variable satisfy the following condition.

𝐶𝑅𝑎𝑤 = 𝐴1 ∗ 𝐶𝑏𝑢𝑙𝑏𝑙𝑒𝑛𝑔𝑡ℎ + 𝐴2 ∗ 𝐶ℎ𝑏 + 𝐴3 ∗ 𝐶ℎ𝑏𝑒 +
𝐴4 ∗ 𝐶𝑧𝑏 + 𝐴5 ∗ 𝑏𝑢𝑙𝑏𝑓𝑎𝑖𝑟𝑖𝑛𝑔 _𝑧_𝑎𝑓𝑡
The values of these coefficients A1, A2, A3, A4, and
A5 have found out so that the errors from the
analytical and calculated values are minimum.
Table 4: List of coefficients (Cruise Ship)
A1

53.757

A2

-0.1242

A3

0.8554

A4

-0.117

A5

0.208

Thus the empirical parametric relation has been
defined. Now the aim is the find the optimum
parameter values in such a way that the CRaw value
is minimum. This is accomplished using the Solver
function in MS Excel. It uses the simplex linear
programing algorithm for the procedure [14]. The
results are as follows:
Table 5: Optimum parameter values (Cruise Ship)

3.886

3.739

3.534

6.106

3.739

3.836

3.577

3.739

3.886

3.545

3.739

3.499

Cbulblength

Chb

Chbe

Czb

Bulb_fairi
ng_Z_aft

0.0266

1.166

0.625

0.930

5.78

Thus the optimum values are found out. The next
step would be to find the improvement in added
resistance value.
Table 6: Improvement of added resistance (Cruise Ship)

It can be observed that some parameters have
either no effects or negative effect on the added
resistance performance (increased value for added
resistance). Those parameters are neglected and
the parameters which contribute positively towards
the performance of the ship are noted. They are the
following:







Cbulblength
Chb
Chbe
Czb
Bulb fairing_Z_Aft

CRaw(optimum)
2.913

Improvement[%]
-16.9

DTC Containership
In the case if the DTC Containership, we have
predefined parameters which are needed to be
optimized. Four parameters were already identified
for the analysis
Table 7: Performance comparison of the DTC Containership
Parameters

We define a function in such a way that
𝐶𝑅𝑎𝑤 = 𝑓(𝐶𝑏𝑢𝑙𝑏𝑙𝑒𝑛𝑔𝑡ℎ , 𝐶ℎ𝑏 , 𝐶ℎ𝑏𝑒 , 𝐶𝑧𝑏 , 𝑏𝑢𝑙𝑏𝑓𝑎𝑖𝑟𝑖𝑛𝑔_𝑧_𝑎𝑓𝑡)

CRaw (initial
hull)
3.505

1
2
3
4

C_xTip
C_zTip
X keel start
tangent
X top start
tangent

CRaw for the modified hull
-10%
Original Hull
10%
3.802
3.638
3.580
3.720
3.638
3.537
3.627

3.638

3.638

3.622

3.638

3.641

The goal is to minimize the added resistance on the
hull by the alteration of these parameters. An
optimum value of these parameters should be found.
For that an empirical relation is needed to be
established between the added resistance
coefficients. The goal is to define the function, which
satisfies:
𝐶_𝑅𝑎𝑤 =
𝑓(𝐶_𝑥𝑇𝑖𝑝, 𝐶_𝑧𝑇𝑖𝑝, 𝐶_ℎ𝑏𝑒, 𝑋𝑘𝑒𝑒𝑙𝑠𝑡𝑎𝑟𝑡𝑡𝑎𝑛𝑔𝑒𝑛𝑡, 𝑋𝑡𝑜𝑝𝑠𝑡𝑎𝑟𝑡𝑡𝑎𝑛𝑔𝑒𝑛𝑡)

A response surface has been fitted to the results. A
linear model has been assumed as follows:
𝐶𝑅𝑎𝑤 = 𝐴1 ∗ 𝐶𝑥𝑇𝑖𝑝 + 𝐴2 ∗ 𝐶𝑧𝑇𝑖𝑝 + 𝐴3 ∗
𝑋𝑘𝑒𝑒𝑙𝑠𝑡𝑎𝑟𝑡𝑡𝑎𝑛𝑔𝑒𝑛𝑡 + 𝐴4 ∗ 𝑋𝑡𝑜𝑝𝑠𝑡𝑎𝑟𝑡𝑡𝑎𝑛𝑔𝑒𝑛𝑡
The values have been calculated as below:
Table 8: List of coefficients (DTC Containership)

A1
A2
A3
A4

33.433
-0.4079
0.0155
0.0218

Thus the coefficients have been found out. The next
aim would be determine the optimum value of the
parameters in such a way that the added resistance
coefficient would be minimum. This has been
calculated using the Solver function in MS Excel.
Their values are as follows:
Table 9: Optimum parameter values (DTC Containership)

C_xTip

C_zTip

0.02651

0.8636

X keel start
tangent
61.778

X top start
tangent
69.7

The resultant added resistance is calculated and
presented as follows:
Table 10: Improvement of the added resistance (DTC
Containership)

CRaw(optimum)
3.011

CRaw(initial
hull)
3.650

Improvement[%]
-17.51

5. CONCLUSIONS
The first part of the thesis gives the comprehensive
knowledge about the added resistance phenomenon
encountered by the ship in waves. The analysis was
focussed on various design as well as operating
conditions of the ships. Both the regular wave and
the irregular wave conditions were analysed here.
Hence it can be observed that the present study can
serve as a guidance material while dealing with the
added resistance calculation of ships. The various
methods used here are quite useful and accurate in

predicting the added resistance of the ships in the
sea. The Gerritsma-Beukelman method and
Salvesen Method are heavily dependent on the
calculation of the sea-keeping characteristics of the
ship. The 2D added mass and damping coefficients,
global motion values (mainly heave and pitch) and
the excitations forces are calculated using the seakeeping code. Both of them are easier to code and
put into work. Faltinsen’s Method on the other hand,
is computationally intensive and difficult to code. The
mentioned methods can be used when the hull data
and other particulars are readily available. The LiuPapanikolaou Method is simple in terms of coding
difficulty but it provides accurate results in most of
the cases. It can provide results for generic ships
types and low speed operating conditions. Thus,
these methods are found to be useful depending on
the scenario where we use them. It seems
impossible to find a method for every sea condition.
The factors like speed, shape of the hull, waves
encountered etc. can affect how these methods vary
in their predictions. In the general conditions, the
added resistance in the case of head waves is the
most important one to be analysed. It is because the
highest added resistance is encountered in the head
waves. In the head seas, the added resistance is
relatively low in the low wave length region and
gradually increases as the wavelength increases. It
is noted that the peak of the added resistance
values occur at the value of λ/Lpp close to 1. Then
the added resistance decreases as the wavelength
increases. In the ideal case we can assume that the
highest value will occur when the λ/Lpp value is 1,
ie. the length of the ship is equal to the wavelength
of the encountered waves. This is an interesting
finding as this value is very significant in ship design
problems. For example, the ship hull experiences
the highest motions and bending moments at this
condition. This is needed to be kept in mind while
approaching the ship design problem, because the
ship routing needs to check for waves with
wavelengths coming closer to the length of the ship.
Since the ships used here belong to two different
categories, they are to be analysed separately.
S175 Containership
This is a medium length, fast ship with a slender and
V shape hull form. It has low Cb value. The strip
theory based code was able to calculate the added
mass and damping coefficients with considerable
accuracy, which helped in the calculation of the
added resistance efficiently.
In the low speed case (Figure 1) the GerritsmaBeukelman method, Salvesen Method and the
Faltinsen’s Method are in good agreement for low
wave lengths but deviate slightly in the high wavelength region. But these methods seem to
overestimate the added resistance coefficient in this

case. The Gerritsma-Beukelman method is unstable
in some cases, mainly the short wave cases. So
those regions were avoided in the study. In a
practical point of view, these methods are good
enough to show the behaviour of the ships in
possible sea conditions of the oceans. It is also
noted that the Liu-Papanikolaou Method is in good
agreement with the experimental results here. This
method comes in handy when we need quick
calculations and also when the hull offset is not
available. The other methods are applicable while
attempting optimization based on variations on the
hull.
In the irregular wave conditions, all the methods give
good predictions at low speeds, except for the
Salvesen method which slightly overestimated the
values. Also when the speed increases, some
deviation from the experimental values is observed.
These values can be used in the assessment of long
term effects of the added resistance in the real sea
conditions. They serve as valuable input in the
weather routing of ships.
The analysis was carried out for different headings
too. The Liu-Papanikolaou method is suited only for
head seas [6]. In the cases of other wave headings,
the Gerritsma-Beukelman method, Salvesen Method
and Faltinsen’s method were used. The analysis
was carried out for service speed. It was noted that
for the headings of 150 and 120 degrees, all the
methods provide accurate results. The Faltinsen’s
Method proved to be the most accurate in the
calculation of added resistance in all the wave
headings. For beam seas the Faltinsen’s method
over estimates the values for medium waves but
provides good results for long waves and short
waves. The Gerritsma-Beukelman method provided
reasonable agreement with experimental results. For
the beam seas, this method was found to be the
most accurate for the analysis.
KVLCC2
The KVLCC2 is a fuller ship with high CB value. The
ship is a slow speed ship as it is a crude oil carrier.
Majority of the hull sections are more or less U
shaped. The ship was analysed for various speed
and wave conditions. For low speeds all the
methods showed some deviation from the
experimental results. This might be because the
strip theory calculations did not provide accurate
predictions of the ship motions, sectional added
mass and damping coefficients. The LiuPapanikolaou Method gave relatively better results
in this case. The Salvesen’s method also gave good
predictions for high speeds. Since the oil tankers
usually operate at low speeds and the hull form is
not complex compared to other ships, it is better to
use the Liu-Papanikolaou Method for the basic level

calculation of added resistance. Also, the current
trend shows that the ships are getting bigger and
longer, the λ/Lpp values are getting closer to the
value of 1 in usual sea conditions. Other methods
overestimated the added resistance values, but this
could be improved with better predictions of the sea
keeping characteristics. Other methods like Panel
Methods or CFD can be considered for a
comparative study in the future.
This part of the thesis gives a clear and
comprehensive idea about the added resistance in
waves. The effect of ship’s speed, hull form and
wave condition on the added resistance has been
carefully observed and conclusions were made. The
Faltinsen’s Method works well for all the wave
conditions and headings. The over-estimation of the
added resistance can be corrected using statistical
methods. The Gerritsma-Beukelman method can be
used for calculations in the medium and long wave
conditions, and for different headings. The Salvesen’
Method is good for short waves and head seas. The
Liu-Papanikolaou Method is perfect for quick
calculations. This method can be used on-board
ships where the hull offset is not available.
Depending on the situations and the resources
available, suitable methods can be chosen for the
analysis of the added resistance of ships in waves.
Parametric Study
This parametric study is one of the practical
situations where the added resistance values are
used in the design of vessels. The resultant added
resistance that a ship could encounter in various
sea-conditions are very useful for the weather
routing of the ships. Since the added resistance
plays an important role in determining the energy
efficiency of the ship, it has to be predetermined and
checked for compliance with the IMO conditions.
This part of the thesis focussed on the bulbous bow
of the ship, which is an important hull component
that plays a role in the still water resistance of the
ship. Fourteen bulbous-bow parameters were
studied in the case of the Cruise Ship and four
bulbous-bow parameters were studied in the case of
the DTC Containership. The direct search approach
[15] was followed for the optimization procedure. An
alteration of ±10% was allowed in the parameter
values. It has to be noted that the only one
parameter was altered at a time and the other
parameters were constrained. The various
alterations in the bulbous bow resulted in changes in
the added resistance values encountered by the
resultant hulls. It was observed that some alterations
resulted in the reduction of the added resistance.
These hulls were noted and the parameters that
contribute to the change were noted too. The
analysis later focussed on these parameters. It has
to be noted that the other parameters were dropped

at this point. There is still scope for multiple
alterations beyond and within the ±10% constraint. It
is because some parameters showed slight positive
variations in the added resistance value. This could
be combined with the other significant parameters to
produce another hull form which might also be
contributing to a better performance. But since there
are fourteen parameters, the problem becomes
extremely complex and difficult to solve. Hence, the
method adopted here was chosen.
The changes in the bulbous bow have evidently
made changes in the added resistance values.
Some alterations have made minor changes in the
added resistance coefficient, but they are not
significant enough. In some cases it was observed
that, there is no trend or orientation for the added
resistance. Those cases were avoided. Only the
parameters that have given a significant contribution
have been considered. The optimum values of the
bulbous bow parameters that could contribute to the
minimum added resistance have been identified, In
the case of the cruise ship, it is given in Table 5 and
in the case of DTC Containership it is given in Table
9. A bulbous-bow constructed with these parameter
values could contribute to minimize the added
resistance. That bulbous-bow would be considered
as the optimized bulbous-bow. The net decrement in
the added resistance coefficient value that could be
attained is also calculated. In the case of the cruise
ship an improvement of 16.9% was achieved (Table
6) and in the case of the DTC Containership, an
improvement of 17.51% was achieved (Table 10).
This is a remarkable achievement.
This analysis focussed only on the bulbous bow. It is
evident that hull alteration can have an effect on the
added resistance. More research is needed to
ascertain the alteration of other ship parts on the
added resistance. This could help in hull design of
future ships with better performance and higher
energy efficiency.
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