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Aims :

❑ How the added resistance due to waves and wind can be analysed ?

❑ How motions of the ship in the plane of sea-surface can be assessed ?

Key topics :

❑ Added resistance in regular & irregular head long and short waves

❑ Principles of aerodynamic resistance

❑ Maneuvering: motion stability, simulation, course-keeping, stability & control
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Assignment 5

❑ Grades 1-3:

✓ Select book-chapters related with (1) seakeeping design 

criteria (2) added resistance (3) maneuvering and reflect 

to your ship

✓ Assess seakeeping criteria with some software and 

assess the performance of the initial design with respect to 

those

✓ Discuss the simplifications made in added 

resistance/maneuvering modelling and analysis of your 

ship

✓ Select the maneuvering tests to be simulated and justify 

the selections 

❑ Grades 4-5:

✓ Based on scientific literature, discuss the accuracy of the 

obtained results

✓ Compute the part of added resistance in selected wave 

conditions in relation to still water resistance & discuss 

results

✓ Discuss what issues you can still improve for you ship in 

the follow-up courses

❑ Report and discuss the work



Part I : Added Resistance in waves



Added Resistance - Introduction
❑ The speed of a ship in calm water is defined by: propeller efficiency, resistance (wave and 

friction), power of engines. 

❑ In rough weather the resistance may be changed by the action of waves, current, wind, ice. 

Loads may also affect performance leading to involuntary loss of speed. A ship can experience a 

15-30% resistance increase in a seaway and an effect of this is higher OPEX.

❑ Added resistance in waves is the part of a ship’s total resistance that is caused by encountering 

waves. Calculations of added resistance can be used as an addition to the calm water resistance 

to predict the total resistance of a ship in a seaway. 



Added Resistance – some challenges
❑ Fast, accurate and efficient theoretical prediction models 

❑ Validation

❑ Implementation in operational practice – sustainable shipping operations

✓ Weather margin where the max. resistance increase due to weather can be predicted, to decide 

engine installations ?

✓ Weather routing which is important due to its economical effect on ship exploitation. It is for instance 

very important to make good estimations of the time it will take for a ship to travel a route, so the cargo 

owners know when the ship will arrive in port, minimizing the costs of storage. It is also very important 

to be able to optimize routes in order to reduce the fuel consumption and emission.

✓ Performance analysis – solving the inverse problem : By excluding the influence of stochastic waves 

in a seaway, we can evaluate a ship’s “real” calm water resistance. This “real” calm water resistance 

can be used as a measurement of the ship’s performance over time. The ship owners could use this 

information to determine the value of a ship, how often it should be docked for antifouling, and other 

factors.



Radiating waveRadiating wave

Added Resistance in Regular Waves

❑ A ship operated in regular head waves has changing 

resistance. 

❑ The mean value of the resistance will be always larger 

than that of calm water resistance.

❑ When a ship is oscillating due to waves, it supplies 

energy to the surrounding water, energy that will 

increase the resistance. 

❑ This energy is primarily transmitted with the waves 

radiating from the ship.

❑ Energy is also transmitted to the surrounding water by 

waves generated by the forward speed of the ship. 

This is referred to as the calm water resistance
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Added Resistance in Regular Waves
❑ Energy comes from hydro-damping released

following oscillations in waves. Damping is

dominating heave- and pitch motions, which

are the biggest contributors to added

resistance.

❑ Thus added resistance can be considered as

a non viscous phenomenon and analysis can

be based on potential theory.

❑ Radiation induced resistance is dominating

when the ship motions are big. This happens

in the region of the resonance frequency of

heave and pitch motions. The reflection of

incident waves is also causing added

resistance.

❑ Diffraction induced resistance is

dominating for high wave frequencies, where

the ship motions are small.



Key methods
(1) Gerritsma & Beukelman

(2) Boese

(3) Faltinsen

❑ Methods (1) and (2) deal with radiation induced resistance only

❑ Method (1) is a so-called radiated energy method. This problem starts out by 

trying to describe the energy that the oscillating ship transmits to the surrounding 

water. It is assumed that to maintain a constant forward ship speed, this energy 

should be delivered by the ship’s propulsion plant.

❑ Method (2) is a pressure integration method, which basically means that the 

linear pressure in the undisturbed wave is integrated over the ship hull, to obtain a 

mean force in the heading direction of the ship. It may seem strange that the 

linear pressure would give a mean force, but it does in this case since the ship 

hull, where the integration is performed, is moving. 

❑ Method (3) only deals with diffraction induced resistance and neglects the 

ship motions. 



Method (1) : Geritsma and Beukelman

❑ Calculate the radiated wave energy during one period of oscillation, in regular waves. This is

the energy required to create waves, when the ship is oscillating and it is assumed that to

maintain a constant forward ship speed, this energy should be delivered by the ship’s propulsion

plant.

❑ The relative velocity is the vertical velocity of the water related to a point on the ship. It is

evaluated by the expression :

❑ The radiated energy can be calculated

assuming the ship progresses diagonally in waves

❑ The added resistance is this method is very much related to the Strip theory;

b' is the sectional damping coefficient for speed, for the different strips.

Vertical relative 
Velocity

Relative Velocity 

Velocity of a point 
on the ship hull

Point on the ship hull

Velocity of the 
water in the wave



Added Resistance in Irregular Head Waves

❑ Typically the ways to assess added resistance are:

✓ Towing tank tests

✓ CFD tools

❑ The range of wave to ship length is around 0.5-2, for large ships we need to go below this range, 

e.g., 0.15 

❑ The problem in model scale testing is the low force values to be measured

❑ The problem in CFD is that it requires very dense computational mesh



Added Resistance in irregular Head Waves

❑ The added resistance in short waves is due to diffraction and reflection effects

❑ The added resistance in long waves is due to motions

❑ Both of the cases have been discussed in Liu and Papanikolaou 

(10.1016/j.oceaneng.2015.12.022)



❑ For ship dynamics the hydrodynamic forces are not enough

❑ Aerodynamic loads may also play an important role

✓ Strong side wind may disturb ship berthing

✓ gusty side wind may cause large dynamic heeling

✓ Strong head wind may increase resistance

✓ maneuvering qualities of ship

✓ + aerodynamics can cause funnel fumes to land on 

sundeck of a passenger ship

❑ Evaluation of the loads requires of the aerodynamic force 

coefficients given in the body- fixed co-ordinate system. If in-

plane horizontal motion of ship is considered only, then two 

force components (x- and y-directional ones) and yawing 

moment coefficient are required

❑ The total resistance is 𝐷𝑐 = 𝐶𝐷
1

2
  𝑈

 𝐴𝑠

✓ As is the cross-sectional area of influence 

✓ U and rA the wind speed and air density

✓ CD the drag coefficient determined by CFD or wind-

tunnel tests

Aerodynamic Forces



Aerodynamic Forces

• The waves are typically present with the 

wind which increases the aerodynamic 

drag to:

𝐷 = 𝐶𝐷
1
 
  𝑈 + 𝑈 

 𝐴𝑠

• And the total drag is then

𝐷𝑎 = 𝐶𝐷
1
 
  𝑈 

 +  𝑈𝑈 𝐴𝑠



Weather Routing

❑ When the added resistance can be predicted for 

various sea states, we can start to optimize the 

route for individual journeys

❑ We need to know the wave environment

✓ Scatter diagram

✓ Weather forecasts

❑ We need to know the RAO for added resistance

✓ Measured from the ship

✓ Simulations

✓ Model scale experiments

❑ The RAO x sea state considers, as short time of 

0.5-3 hours

❑ The entire journey is set of short term responses

✓ Several simulations are needed to assess 

the probabilities

✓ Course can be changed based on weather 

forecasts to save fuel (EEDI)



Part II : Ship Maneuvering



Motivation

❑ Ship is a large moving mass that should be carefully 

controlled

❑ Motions are extremely slow

✓ Response time not comparable to cars etc.

✓ Completely halting a ship from full speed might 

take several nautical miles

❑ Three aspects for good controllability

✓ Realistic specification and criteria for course 

keeping, manoeuvring and speed change

✓ Design of hull and control equipment to meet 

these requirements

✓ Validation with full-scale sea-trials to compare 

with specification and predictions



Controllability & Motion Stability 
❑ Controllability covers all aspects related to ship’s:

✓ Trajectory

✓ Speed

✓ Orientation

✓ Positioning and station keeping

❑ Controllability is typically divided to three areas:

✓ Course keeping and steering, i.e. maintaining steady mean course

✓ Manoeuvring, i.e. changing the direction of the course

✓ Speed changing, i.e. controlled speed change including stopping and backing

❑ Ship performance varies with water, depth, channel restrictions and 

hydrodynamics among other vessels and obstacles. 

❑ The stability/instability of ship to in-plane motions can occur in (3) modes: 

Directional course stability Path stabilityStraight line dynamic stability



Maneuvering models

❑ Mathematical maneuvering models are used to assess 

with the aid of ship maneuvering simulator the ship 

behavior, to train navigating officers and to develop a 

ship auto-pilot dedicated 

✓ The model can be complicated, consisting of 

three non-linear, coupled first order differential 

equations

❑ For directional stability and maneuverability the only 

purpose is to describe yaw and sway as accurately as 

necessary only for this purpose

❑ These models are coded for use with design software

❑ Turning circle simulation is an important model to 

validate ship performance



Simple kinematic model assumptions
❑ Calm water conditions are used in 3-DOF 

✓ surge - translation along x-axis; 

✓ sway - translation along y-axis and 

✓ yaw - rotation around z-axis. 

❑ Heel is usually disregarded, although it may be 
important during manoeuvring if it is higher than 
10 degrees; wind is an added feature

❑ The drift angle (the angle between the path of 
the center of gravity and the middle line plane of 
the ship) should not show large fluctuations

❑ The rudder angle, required to compensate for 
external disturbances by wind and waves, should 
not be too large

❑ Forward speed effects may be considered

Translation or 
rotation

Axis Description Positive direction

Translation

Along x Surge Forwards

Along y Sway To starboard

Along z Heave Downwards

Rotation

About x Roll Starboard side down

About y Pitch Bow up

About z Yaw Bow to starboard



Rudder Forces
❑ A rudder is a fin that produces lift and drag

❑ Rudders produce large turning forces in comparison to

their size. These forces give rise to the rudder

moment which is influenced by the choice of the

balance ratio of Rudder Area forward of the rudder

stock and the Total Rudder Area.

❑ This ratio usually varies between 0.25-0.27 for most

ships.

❑ Structural considerations, costs, the need for

additional stabilizing side forces provided by a horn

and the considerations may require use of other types

of rudders such as the semi-suspended (or horn)

rudder. The horn type is also favored for operations in

ice

❑ This force causes further turning of a ship with causes

additional attack of angle to the flow and turns the ship



IMO Requirements

“The IMO agreed that it would be 

permissible to demonstrate

compliance with the standards by 

predicting trial performance through 

model tests and/or computer simulation. 

Moreover, when acceptable methods of 

prediction have demonstrated compliance 

with the standards, the results of full-

scale trials would not disqualify a ship.”



Mathematical background

❑ The forces and velocities are often scaled so 

that we can handle both model and full-scale 
with same parameters (q=ru2/2, speed is initial 

speed)

❑ Then the force coefficients can be determined 

with testing of CFD simulations in still water, 

resulting in e.g.  



❑ For small deviations from initial, straight path, the motions can be approximated with 

❑ where m’=m/(1/2rL2),I’zz= Izz /(1/2rL5) and 

❑ For the linearized case, we get

Mass

Damping Rudder

Motion

Thrusters

Fthruster

Frudder

Mathematical background



❑ Regression formulae for the coefficients

Mathematical background

❑ The non-linear model involves second order terms 

of the velocities and rudder angle, but also cross-

products of the different components. The equations 

are (see for details Matusiak book)



CFD & Model tests

❑ Linear system leads often to good results in terms of comparing different design alternatives, but 

unsatisfactory results when accuracy is concerned

❑ CFD is the future of the maneuvering predictions as well

✓ Lifting surface methods (inviscid flow about a plate)

✓ Lifting body methods (source distributions to model body thickness)

✓ Field methods (accounting also the viscous effects)

❑ These methods can be coupled to account free-surface effects

❑ Experiments should represent the load conditions ship has during its lifetime. The site of 

experiments should have

✓ Adequate water depth

✓ Enough distance to geographical flow disturbances

✓ Mild wave and wind conditions

✓ No currents



Sea Trials
Carried out after the dock tests to demonstrate proper operation of the main and auxiliary 

machinery, including monitoring, alarm and safety systems, under realistic conditions. 

The trials are also to demonstrate that any vibration which may occur within the operating speed 

range is acceptable. 



Zig-Zag / Turning maneuvering test

❑ Zig zag : To express course changing and course 
keeping qualities Information obtained:

✓ initial turning time, 

✓ time to second execute, 

✓ the time to check yaw 

✓ the angle of overshoot. 

✓ Steering indices K (gain constant) and T (time constant) for 
the linearized response model 

❑ Turning : to determine the turning characteristics of the 
ship at different speeds and rudder angles. Information 
obtained: 

✓ advance, 

✓ transfer, 

✓ tactical diameter, 

✓ steady turning diameter, 

✓ final ship speed 

✓ turning rate in the steady state



Direct spiral, new course keeping, 

acceleration tests

❑ Direct Spiral : The purpose is to find out if the 

ship is directionally stable or not. Important 

parameters are width and height of the loop for 

an unstable ship

❑ New course keeping : The test provides info 

for changing a ship course. The obtained data is 

ship heading versus advance and transfer

❑ Acceleration : These tests determine speed 

and reach along the projected approach path 

versus elapsed time for a series of 

acceleration/deceleration runs using various 

engine set-ups



Summary
❑ The speed of a ship in calm water is defined by her (1) Resistance: wave + friction (2) Propeller

efficiency (3) Power of engines. In rough weather the resistance may be changed by the action of

(1) Waves, (2) Wind, (3) Current (4) Ice

❑ Typically, the change of load also affects the propeller efficiency and furthermore the speed we can

obtain with certain main engine. This is called involuntary loss of speed which can cause

economically substantial losses

❑ Three key aspects for good controllability:

✓ Realistic specification and criteria for course-keeping, manoeuvring and speed change

✓ Design of hull and control equipment to meet these requirements

✓ Validation with full-scale sea-trials to compare with specification and predictions

❑ Controllability covers all aspects related to ship’s: (1) Trajectory (2) Speed (3) Orientation (4)

Positioning and station keeping.

❑ Performance varies with water, depth, channel restrictions and hydrodynamics among other

vessels and obstacles



Thank you !!


