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5.1 Introduction

The purpose of this chapter is to document additional research carried out to 

determine why the hypothesis tested in Chapter 4, which has been successfully 

applied to monohulls over a long period of time, is not suitable for trimarans. The 

hypothesis put forward in Chapter 4 was underpinned by three major 

assumptions

1. Linear seakeeping theory could be applied to a trimaran,

2. The linear equation of motion could be solved using Potential Flow 

Theory in the frequency domain, and

3. The roll damping term in the equation of motion could be accurately 

predicted using either:-

a. The results of roll decay experiments, where a quadratic damping 

model was assumed and therefore linear and quadratic damping 

coefficients were obtained from the measured decay, or

b. From a suitable selection of semi-empirically derived theoretical 

roll damping components developed for monohulls.

In the conclusion to Chapter 4 it was suggested that solution of the equation of 

motion in the frequency domain was inappropriate for a trimaran (assumption 2). 

This assertion was made because in the model experiments, at large angles of roll, 

one side hull often emerged completely from the water, with the opposing side 

hull becoming deeply immersed. The shape of the side hulls, with pronounced 

flare above the waterline (due to the haunches), means that when a side hull is 

deeply immersed or completely emerges from the water there will be changes in 

the hydrodynamic properties of the trimaran hull and these changes will vary with 

time over the course of a roll cycle. The significance of these changes is 

unknown; however, if appendages of the types proposed in Chapter 4 are fitted 

below the side hulls it has been shown that the variations in the lift that they 

generate as they are pulled towards the water surface are significant. The research 

showed that the lift that these appendages develop will increase the roll damping 

and these increases occur at relatively low forward speeds. Therefore, it is
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considered that accurate roll motion predictions will only be achieved for 

trimarans with such appendages if the equation of motion is solved in the time 

domain where the time varying lift of the appendages is properly accounted for. 

As no time domain seakeeping computer codes were available to the author and, 

as time for further research was limited, no further work on this assumption is 

carried out in this chapter. However, this topic is revisited in Chapter 6 where 

proposals for further work to improve the understanding of the physics of trimaran 

roll motion are developed.

The issue of the prediction of trimaran roll damping by empirically derived 

empirical components was also considered in Chapter 4 (assumption 3b above). 

This work showed that logical extensions to existing components derived and 

validated for monohulls, as well as some new components specific to trimarans, 

did not yield accurate roll motion predictions. Thus, no further investigations into 

this assumption are carried out in this chapter. A series of model experiments 

using simplified trimaran midship sections is proposed in Chapter 6, aimed at 

aiding the development of new roll damping components suitable for trimarans.

Therefore, the focus for this chapter is to investigate whether the remaining 

assumptions, numbers 1 and 3a, are valid for trimarans. Investigations will focus 

on further in-depth analysis of the existing model experiment results for trimaran 

DVZ and simple mathematical simulations of roll decay. As all the analysis work 

in this thesis has been performed on a single trimaran, the purpose of the new 

work in this chapter is to understand which of the main or underlying assumptions 

are likely to have contributed to the inaccurate estimates of roll motion for 

trimaran DVZ in Chapter 4, not to make definitive conclusions for all trimarans. 

This work is left for other researchers.

This chapter starts with further analysis of the roll decay experimental data 

collected for trimaran DVZ to question the assumptions supporting roll decay 

analysis (assumption 3a). After this, the assumption of linear seakeeping theory is 

scrutinised (assumption 1) by further examination of the results of seakeeping 

experiments in regular waves with trimaran DVZ.
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5.2 Assumptions in the Analysis of Free Roll Decay 
Experiments

In this section the assumptions that support the analysis of free roll decay are set 

out. Research is then conducted in order to understand which of the assumptions 

that have been traditionally used in the analysis of monohulls are not appropriate 

for a trimaran. The assumptions which are traditionally used in roll decay 

analysis for monohulls were given in Section 2.6 of Chapter 2 and are repeated 

below, the first two assumptions are general and apply to seakeeping analysis in 

all degrees of freedom, whereas the rest relate to roll decay:-

1. The motions of the ship in any single degree of freedom are adequately 

modelled by a forced spring-mass-damper system. Thus, motions in each 

degree of freedom are represented by a second order differential equation. 

The complete motion of the ship is determined by coupling the six 

equations representing surge, sway, heave, roll, pitch and yaw in a suitable 

manner.

2. Motions in each degree of freedom are represented by a second order 

linear differential equation with constant coefficients.

3. In a free or forced rolling experiment the roll motion can be modelled by 

an uncoupled equation of roll motion.

4. The output roll motion in the experiment is pure roll, unaffected by 

motions in the other degrees of freedom.

5. Unless a Parameter Identification Technique is used, see Section 2.4.2.2 in 

Chapter 2, it is generally assumed that the inertia and added inertia term, 

(/4 +4w), and the roll stiffness term, c „ ,  are constant. This implies that

over the range of roll angles tested the GZ curve is linear.

6. The roll damping coefficients derived from the model experiments are 

constant.

7. The chosen roll damping model, e,g, quadratic with linear and quadratic 

damping coefficients, adequately models the recorded roll motion.
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The scrutiny of these assumptions will begin by looking at those which are easiest 

to investigate. Therefore, a good start point is to assume that roll decay can be 

modelled by an uncoupled equation of motion with constant coefficients and to 

begin investigations by looking at the appropriateness of a quadratic damping 

model. This is the topic for the next section.
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5.3 Appropriateness of Chosen Roll Damping 
Model

In this section the 2002 roll decay experiment results for trimaran model DVZ are 

re-analysed to investigate the effect of changing the damping model. For these 

investigations it is assumed that the roll decay can be modelled using an 

uncoupled equation of roll motion with constant coefficients. We recall from 

Chapter 3 that Zhang and Andrews (8) predicted trimaran roll motion using a 

quadratic damping model, with linear and quadratic damping coefficients. This 

was used for the research undertaken by the author described in Chapter 4 because 

Zhang and Andrews showed adequate correlation between roll motions measured 

from seakeeping experiments and theoretical roll predictions using linear Potential 

Flow Theory, with linear and quadratic damping coefficients measured from roll 

decay experiments. Zhang and Andrews theoretical predictions were acceptable 

at high speeds, however at zero speed they were poor.

The literature review contained in Section 2.2.3.1 of Chapter 2 showed that there 

was no consensus amongst researchers as to which was the best damping model to 

use. Of the research reviewed, most authors preferred either the quadratic or 

cubic models (with linear and either quadratic or cubic damping coefficients). 

The appropriateness of these two damping models for predicting trimaran roll 

motion will be investigated in the next few sub-sections.

5.3.1 Analysis Method

The focus of this analysis is to look at the difference between roll damping 

predictions using either a quadratic or cubic damping model. To determine the 

accuracy of the chosen damping model, it is best to compare the theoretical fit 

(quadratic or cubic) to the spread of roll damping throughout the decay. The 

easiest way to do this is to consider the variation of the equivalent linear damping 

term, be, over each half roll cycle in the measured decay. This point of view is



282

supported by Haddara, Bass and Wang (177) with their analysis of large 

amplitude rolling.

The equivalent linear damping term, be, can be easily obtained using the quasi-

linear method described in Section 2.4.2.1 of Chapter 2. Using this method the 

nature of the damping can be investigated by calculating the equivalent linear 

damping over half a roll cycle and comparing this with values for subsequent half 

cycles until the motion has decayed away completely. This approach has been 

used recently by Cotton and Spyrou (94) to investigate the nature of roll damping 

for a ship undergoing large amplitude motions. This method will be used to re- 

analyse the roll decay experiment results in the subsequent sections.

It is difficult to determine the equivalent linear damping for every half cycle using 

the energy method implemented in the decay analysis documented in Section

4.2.4.2 of Chapter 4. This is because, with this method, the equivalent linear 

damping cannot be measured directly, rather the damping coefficients have to be 

determined after performing the analysis over each half cycle and then these can 

be used to obtain the equivalent linear damping. Performing the energy method 

over only half a roll cycle rather than using the complete decay time history 

means it is very difficult to get stable roll damping coefficients. If roll damping 

coefficients obtained from an analysis of half a roll cycle are used to simulate the 

roll decay the simulated decay will in general provide a poor match to the 

measured data. The energy method works much better when a large number of 

roll cycles are used. For this reason, the quasi-linear method is preferred for the 

re-analysis of the roll decay results in this Chapter.

5.3.2 Data Manipulation Prior to Analysis

The roll decay analysis reported on in Section 4.2.4.2 of Chapter 4 utilised the 

energy method which uses the roll velocity time history obtained by 

differentiation of the roll displacement time history. Any noise in the roll 

displacement time history is greatly amplified in the differentiation process, 

therefore a mathematical expression was fitted to the measured data to eliminate
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the noise prior to the energy method analysis. The expression used is given 

below:-

x4 (/) = axe~kJ cos (cot + 0,) + a2e~kbt cos (at + 02) 5-3-1

Where ax, a2, ka, , 0, and 02 are coefficients determined using a least

squares fit to the measured decay history. If linear theory were valid, an 

exponentially decaying cosine term should adequately model the decay. 

However, considering that, in the conclusions to Chapter 4 the assumption of an 

uncoupled single degree of freedom roll equation has been questioned, forcing a 

mathematical fit to the data may remove any non-linear effects or the influence of 

any coupling with motions in the other 5 degrees of freedom. To avoid this, a 

more accurate method of fitting a smooth line through the experimental data was 

sought.

The fitting method chosen was to apply a Savitzky-Golay smoothing filter, see 

(107) for further information. Savitzky-Golay filters are normally used to smooth 

out a noisy signal which comprises a large range of frequency components 

(without the noise). The method works by fitting a polynomial to a small part of 

the signal of a chosen window size using the least squares method. It then moves 

on, stepping through the signal in steps equal in size to the chosen window. The 

complete signal is then the summation of these individual least squares fits. For 

the results of the decay experiment a fourth order polynomial was fitted to a 

length of the decay containing 31 data points, equating to a time span of 0.62 

seconds. This was found by trial and error to give the best fit to the data. The 

method was implemented in the MATLAB computer language using the 

predefined routine sgolayfilt, see www.mathworks.com.

The difference between using the Savitzky-Golay fitting method and the 

mathematical function in equation 5-3-1 can be seen by contrasting Figure 5-3- 1 

with Figure 5-3- 2. Both figures represent the roll decay for trimaran DVZ with 

initial roll to starboard (without any roll damping appendages fitted). The 

Savitzky-Golay fit is much better, especially over the first few cycles of the

http://www.mathworks.com
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decay. The Savitzky-Golay method is even better at higher speeds, see Figure 5- 

3- 3 and Figure 5-3- 4, which show the roll decay at 25 knots (ship speed) with a 

pair of roll damping fins fitted to the side hulls.

A better comparison can be seen by comparing the decrement of the peaks of the 

decay. The absolute value of the decay history is taken so that all troughs at 

negative roll angles are reflected and become peaks. Taking the absolute values 

and reflecting the peaks implies that the decay is symmetrical about zero degrees, 

i.e. there is no initial heel angle that would induce bias into the signal or any drift 

that would cause the “zero position” to move. A comparison between the two 

methods is given in Figure 5-3- 5 and Figure 5-3- 6. This shows that the function 

in equation 5-3-1 smoothes out some of the fluctuations in the decay. These 

fluctuations could occur as a result of inadequacies in the original assumptions 

and may therefore be important. For this reason, they are included in the re

analysis. If one was entirely satisfied with the underpinning assumptions, then 

these fluctuations could be considered to be entirely due to an accumulation of 

experimental errors, it would then be appropriate to fit a smooth curve through the 

decrement prior to any further analysis.
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Figure 5-3- 1: Roll decay of Trimaran model DVZ without roll damping appendages at zero 

speed, initial roll to starboard, compared with a mathematical fit using the Savitzky-Golay

method

  Recorded Data
Exponential Decaying Coaine and Sine Fit

30 5010 20 400
Timed)

Figure 5-3- 2: Roll decay of Trimaran model DVZ without roll damping appendages at zero

speed, initial roll to starboard, compared with a mathematical fit using equation 5-3-1
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Figure 5-3- 3: Roll decay of Trimaran model DVZ fitted with roll damping appendages on 

the side hulls at a speed equivalent to 25 knots compared with a mathematical fit using the

Savitzky-Golay method
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Figure 5-3- 4: Roll decay of Trimaran model DVZ fitted with roll damping appendages on 

the side hulls at a speed equivalent to 25 knots compared with compared with a 

mathematical fit using equation 5-3-1
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 SavttzkyGotay Data
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Peak Number

Figure 5-3- 5: Decay of peak roll amplitudes (absolute values taken so both positive and 

negative roll angles are included) using the Savitzky-Golay method and equation 5-3-1 to fit 

the recorded data for trimaran model DVZ at zero speed without roll damping appendages

SavttzkyOotayData
Exponertirty Decaying Cotine and Sine Data

3.5 4.52.51.5

Figure 5-3- 6: Decay of peak roll amplitudes (absolute values taken so both positive and 

negative roll angles are included) for data fitted to the measured roll decay data using the 

Savitzky-Golay method and equation 5-3-1 for trimaran model DVZ fitted with roll damping 

appendages on the side hulls at a speed equivalent to 25 knots
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5.3.3 The Quadratic Damping Model

This model will be considered at three speeds, equivalent to ship speeds of 0, 12 

and 25 knots. At zero speed the fitted roll decrement (using the Savitzky-Golay 

method) is given in Figure 5-3- 7 for the trimaran model without roll damping 

appendages.

Using the peak decrement and the quasi-linear method described in Section

2.4.2.1 of Chapter 2 the equivalent linear roll damping term, be, is calculated

between two successive peaks in the decay using the following equation (equation 

2-4-1 in Chapter 2):-

X 4 p +1 _

Where be is the equivalent linear roll damping term per unit roll inertia and added 

inertia, cod, is the damped natural frequency and x4p and x4p+l are the amplitude 

of successive roll peaks describing half a roll cycle. Hence a value of be is 

obtained for every half cycle of the decay. These values are plotted against the 

mean of the amplitudes of the two peaks used in the calculation for be as red

circles in Figure 5-3- 8. These be values are calculated assuming the roll 

stiffness, inertia and added inertia remain constant throughout the decay.

6, A nn
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Peak 18Peak 17

s 10 20 25 30 35 40 45 50

Figure 5-3- 7: Decay of peaks (absolute values taken so includes both positive and negative 

angles) in the fitted decay data for trimaran model DVZ without roll damping appendages at

zero speed
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Figure 5-3- 8: Equivalent linear roll damping (be) plotted against mean roll angle between 

two successive peaks (red spots) for trimaran model DVZ without roll damping appendages 

at zero speed. The black line is a least square’s fit to the data used to obtain linear and 

quadratic damping coefficients (bt and lh).
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If a quadratic damping model is assumed then the variation in be is described by 

equation 2-4-2 from Chapter 2, reproduced below:-

be = *i + f b 2mdxtm 5-3-3
3 it

Where xAm is the mean of the amplitudes of the two peaks used in the calculation 

for be in equation 5-3-2:-

* 4 p + * 4 „ +l
* 4 W =  *  5-3-4

Hence if this quadratic model of the damping is correct a least squares fit of 

equation 5-3-3 to the equivalent linear damping calculated between successive 

peaks in the decrement (red circles) should adequately represent the damping. 

This is plotted as a solid black line in Figure 5-3- 8. The gradient of this line 

gives the quadratic damping coefficient, b2, whilst the intercept gives the linear 

damping coefficient, bx. There is a large variation of the data points around this 

line of best fit, especially at low roll amplitudes. Furthermore, some o f the values 

o f the equivalent linear damping are negative. Negative damping, that is roll 

amplification in proportion to roll velocity, is physically most unlikely. Negative 

damping occurs when one peak in the decrement is higher than the previous one. 

This can be seen in Figure 5-3- 7 where the magnitude of the 18th peak is greater 

than the 17th. If a smooth line had been fitted through the decrement this would 

not have occurred.

The equation of motion can be simulated using the derived damping coefficients, 

bx and b2, and the damped natural frequency, cod, measured from the decrement.

A Runge-Kutta numerical method is used to simulate the equation of motion using 

the MATLAB function ode45. This simulation of the roll decay is shown in 

Figure 5-3- 9 along with the original fitted data (using the Savitzky-Golay 

method). It can be seen that, generally speaking, the fit is good. However, the 

simulated data slightly under predicts the roll at low amplitudes and over predicts
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it at the higher amplitudes. An imperfect fit is to be expected because of the large 

spread of equivalent linear damping values around the fitted line in Figure 5-3- 8.

10 20o 30 40 so
Time(s)

Figure 5-3- 9: Simulated roll decay history (calculated using linear and quadratic damping 

coefficients derived from the least squares fit to the equivalent linear damping values 

calculated between subsequent peaks) compared with the fitted decay data (using the 

Savitzky-Golay method) for trimaran model DVZ without roll damping appendages at zero

speed

The same analysis was performed on decay data for trimaran DVZ without roll 

damping appendages at a speed equivalent to 12 knots. The decrement of the 

peaks is given in Figure 5-3- 10, with the plots of the equivalent linear damping 

between successive peaks and the comparison between the simulated and fitted 

decay histories in Figure 5-3- 11 and Figure 5-3- 12. Once again, there is a 

considerable spread of equivalent linear damping terms around the fitted line, 

although this time there are no negative damping values. Once again, generally 

speaking the fit of the simulated decay to the fitted data history (using the 

Savitzky-Golay method) is good. However, the damped natural frequency of the 

simulated fit does not match that of the fitted data causing a small phase 

difference between the fitted and simulated roll decays.
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Figure 5-3- 10: Decay of peaks (absolute values taken so includes both positive and negative 

angles) in the fitted decay data for trimaran model DVZ without roll damping appendages at

full scale speed equivalent to 12 knots
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Figure 5-3-11: Equivalent linear roll damping (be) plotted against mean roll angle between 

two successive peaks (red spots) for trimaran model DVZ without roll damping appendages 

at a speed equivalent to 12 knots at full scale. The black line is a least squares fit to the data 

used to obtain linear and quadratic damping coefficients (b] and lh).
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Figure 5-3- 12: Simulated roll decay history (calculated using linear and quadratic damping 

coefficients derived from the least squares fit to the equivalent linear damping values 

calculated between subsequent peaks) compared with the fitted decay data (using the 

Savitzky-Golay method) for trimaran model DVZ without roll damping appendages at a 

speed equivalent to 12 knots at full scale

A final comparison is made at the highest speed recorded, equivalent to 25 knots, 

without any roll damping appendages fitted. The decrement of the peaks is given 

in Figure 5-3- 13, with the plots of the equivalent linear damping between 

successive peaks and the comparison between the simulated and fitted decay 

histories in Figure 5-3- 14 and Figure 5-3- 15. There is a considerable spread of 

equivalent linear damping terms around the fitted line with some negative 

damping values. This time the simulated decay history provides a poor fit to the 

fitted decay history (using the Savitzky-Golay method).
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Figure 5-3- 13: Decay of peaks (absolute values taken so includes both positive and negative 

angles) in the fitted decay data for trimaran model DVZ without roll damping appendages at

full scale speed equivalent to 25 knots

1.0

1.4

1.2

0.0 

& 06

0.4

0.2

-0.2

-0.4

5 60 1 2 3 4
Mean Roi AmpHude between Successive Peeks (Degrees)

Figure 5-3- 14: Equivalent linear roll damping (be) plotted against mean roll angle between 

two successive peaks (red spots) for trimaran model DVZ without roll damping appendages 

at a speed equivalent to 25 knots at full scale. The black line is a least squares fit to the data 

used to obtain linear and quadratic damping coefficients (bi and b̂ ).
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5oc

20 1 4 ft

Figure 5-3- 15: Simulated roll decay history (calculated using linear and quadratic damping 

coefficients derived from the least squares fit to the equivalent linear damping values 

calculated between subsequent peaks) compared with the fitted decay data (using the 

Savitzky-Golay method)for trimaran model DVZ without roll damping appendages at a 

speed equivalent to 25 knots at full scale

Except at the highest speed, the simulated decay history developed using the 

quadratic damping model provides a good match to the fitted data. This is 

perhaps a little surprising considering the large spread of the equivalent linear 

damping values (calculated for every half roll cycle) around the straight line fitted 

through them for the quadratic model. The occurrence of negative equivalent 

linear damping values was unexpected. These could only occur if some other 

mechanism was affecting the decay so that the assumption of an uncoupled 

equation of roll motion with constant coefficients was incorrect, or if there has 

been drift of the “zero position” during the decay (the method reflects the negative 

peaks around zero degrees so that they are included in the decrement).

5.3.4 The Cubic Damping Model

The cubic damping model will now be considered over the same three conditions 

considered in Section 5.3.3, namely the model without roll damping appendages
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at speeds equivalent to 0, 12 and 25 knots. The linear and cubic damping 

coefficients are obtained by fitting the following equation to the values of 

equivalent linear damping calculated between successive peaks in the roll decay 

(equation 2-4-3 from Chapter 2):-

b ' = b , + ^ b 3m / x tJ  5-3-5

As the cubic damping coefficient, b3, is proportional to the mean roll amplitude

between successive peaks squared, x4m2, a quadratic line has to be fitted to the

damping data using the least squares method. The linear and cubic damping 

coefficients can then be determined from this fitted curve.

For the model at zero speed, the plots of the equivalent linear damping between 

successive peaks and the comparison between the simulated and fitted decay 

histories are given in Figure 5-3- 16 and Figure 5-3- 17. Once again, there is a 

considerable spread of equivalent linear damping terms around the fitted line with 

many negative damping values at low roll amplitudes. It can be seen that the 

simulated data does not match the fitted data quite so well at low roll amplitudes. 

This was also the case with the quadratic damping model.
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Figure 5-3- 16: Equivalent linear roll damping (be) plotted against mean roll angle between 

two successive peaks (red spots) for trimaran model DVZ without roll damping appendages 

at zero speed. The black line is a least square’s fit to the data used to obtain linear and cubic

damping coefficients (bt and b3).

—  Fitted Data 
Simulated Data

I
I5oc.

30 40 500 10 20
Time (a)

Figure 5-3- 17: Simulated roll decay history (calculated using linear and cubic damping 

coefficients derived from the least squares fit to the equivalent linearised damping values 

calculated between subsequent peaks) compared with a mathematical fit to the measured roll 

decay data using the Savitzky-Golay method for trimaran model DVZ without roll damping

appendages at zero speed
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With a model speed of 12 knots, there is still a relatively large spread of 

equivalent linear damping points around the fitted curve representing the cubic 

damping model, see Figure 5-3- 18. The simulated roll decay provides a pretty 

good representation of the fitted data, see Figure 5-3- 19. However, the damped 

natural period for the simulation is not correct as the fitted curve lags the 

simulated curve at the beginning of the decay. The match between them is better 

towards the end of the decay. This could indicate that the damped natural 

frequency of the model was changing during the decay experiment.

0.5

0.4

0.2

0.1

Mean Rol Amplitude between Successive Peeks (Degrees)

Figure 5-3- 18: Equivalent linear roll damping (be) plotted against mean roll angle between 

two successive peaks (red spots) for trimaran model DVZ without roll damping appendages 

at a speed equivalent to 12 knots at full scale. The black line is a least square’s fit to the data 

used to obtain linear and cubic damping coefficients (bt and b3).



299

20 4 10 12

Figure 5-3- 19: Simulated roll decay history (calculated using linear and cubic damping 

coefficients derived from the least squares fit to the equivalent linear damping values 

calculated between subsequent peaks) compared with a Savitzky-Golay fit to the recorded 

data for trimaran model DVZ without roll damping appendages at a speed equivalent to 12

knots at full scale

For the final high speed case, there is a considerable spread of the equivalent 

linear damping values around the fitted line representing the cubic damping 

model, see Figure 5-3- 20. Thus, the simulation of the decay does not match the 

fitted decay particularly well at all, see Figure 5-3- 21. This was also the case 

with the quadratic damping model.
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I
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Figure 5-3- 20: Equivalent linear roll damping (be) plotted against mean roll angle between 

two successive peaks (red spots) for trimaran model DVZ without roll damping appendages 

at a speed equivalent to 25 knots at full scale. The black line is a least squares fit to the data 

used to obtain linear and cubic damping coefficients (bt and b3).
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Figure 5-3- 21: Simulated roll decay history (calculated using linear and cubic damping 

coefficients derived from the least squares fit to the equivalent linear damping values 

calculated between subsequent peaks) compared with a Savitzky-Golay fit to the measured 

data for trimaran model DVZ without roll damping appendages at a speed equivalent to 25

knots at full scale



301

Due to the large spread of equivalent linear damping values neither the quadratic 

nor the cubic damping models provide a good fit to the equivalent linear damping 

data determined from every half roll cycle of the decrement of the decay. 

However, when the roll damping coefficients obtained from this analysis are used 

to simulate the decay (using an uncoupled equation of roll motion with constant 

coefficients) the match between the fitted and simulated data was pretty good at 

low speed but deteriorated with increased forward speed. This deterioration is to 

be expected because at high speed there are few roll cycles in the decay and hence 

the spread of the small number of equivalent linear damping values has a 

significant influence on the least squares fit of the quadratic or cubic damping 

model.

In Chapter 4, roll motion predictions obtained using linear Potential Flow Theory 

and roll damping coefficients measured in roll decay experiments did not correlate 

very well at all to roll RAO’s obtained from model experiments in regular waves 

at low speeds in the region of roll resonance. Given that either the quadratic or 

cubic damping model provide a reasonably good fit to the roll decay measured 

from model experiments, the chosen damping model can be discounted as having 

a significant influence on the poor correlation reported in Chapter 4.

In the next section the influence of the large spread in the equivalent linear 

damping values on both the repeatability of the roll decay and the stability of the 

derived roll damping coefficients is considered. To be able to use the results of 

the roll decay with confidence the experiment must be repeatable and consistent 

roll damping coefficients must be obtained.
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5.4 Repeatability of the Roll Decay and Stability of 
the Roll Damping Coefficients

A useful start point for investigations in this section is the variation of the linear 

and quadratic damping coefficients measured from the original analysis of the 

2002 roll decay data (using the energy method). These results are shown in 

Figure 5-4- 1 and Figure 5-4- 2 where variations in the linear and quadratic 

damping coefficients are plotted separately against speed. In these figures the 

linear damping coefficient, bx, has been made non-dimensional by dividing by 

2 (0 n to get kx, and the quadratic damping coefficient has been divided by 2 to 

give a non-dimensional coefficient k2, see Spouge (95). The natural frequency, 

Q>n, has been determined from the measured (damped) roll period, therefore it has 

been assumed that con *a)d . Results are shown for the link-fins and T-foils

discussed in Chapter 4 as well as for a pair of bilge keels and a pair of horizontal 

fins attached to the inboard face of the side hulls for comparison.
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Figure 5-4- 1: Variation in the linear non-dimensional linear roll damping coefficient (kt) 

with speed for a range of appendages tested in the 2002 model experiments on trimaran DVZ
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Figure 5-4- 2: Variation in the linear non-dimensional non-linear roll damping coefficient 

(k2) with speed for a range of appendages tested in the 2 0 0 2  model experiments on trimaran

DVZ
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In Chapter 2 it was shown that, for a monohull, Ikeda et al (114) and Schmitke 

(81) attributed the non-linear damping to either damping due to eddy shedding 

around the bilge or due to bilge keels, with a small additional component due to 

friction damping in turbulent flow. Both Ikeda et al (115) and Schmitke (81) 

showed that this component decreases with forward speed. The roll decay 

experiment results in Figure 5-4- 2 show that the non-linear damping coefficient 

does not follow this trend. The work of Ikeda et al (115) showed that for a 

monohull at high speed the hull lift damping and the bilge keel damping 

components provided most of the damping whereas Schmitke (81) showed that 

the appendage damping component will dominate. All of these components 

(except for a small part of the bilge keel component) are linear. The results for the 

linear non-dimensional damping coefficients in Figure 5-4- 1 increase with 

forward speed following the trends reported by Ikeda et al and Schmitke for 

monohulls. So, why are the results for the non-dimensional non-linear damping 

coefficient so variable? To try to understand this, free decay results measured 

from both the 2002 and 2004 series of model experiments are investigated in more 

depth in the next two sub-sections.

5.4.1 The Repeatability of the Roll Decay

In the 2004 series of seakeeping experiments, zero speed roll decay measurements 

were carried out on trimaran DVZ without roll damping appendages as well as 

with two pairs of appendages fitted, the link-fins and T-foils discussed in Chapter 

4. The purpose of these experiments was to allow the roll period to be determined 

accurately. Thus, using these zero speed results it is possible to compare 

decrements obtained for the same model in different sets of experiments. If the 

model experimental set up was the same the two time histories should be 

identical. This would show that the results are repeatable.

The analysis of the 2004 roll decay results showed that there appeared to be bias 

in the model set up for the 2004 experiments. Figure 5-4- 3 shows the decrement 

of the peaks of the decay at zero speed from 2004. There is a noticeable “saw 

tooth” effect from peak number 5 onwards. This could occur if the decay was not
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symmetrical around zero degrees, i.e. if there was a static heel angle, as taking the 

absolute values of the peaks will reflect them about zero degrees. This is not 

uncommon in roll decay analysis; Spouge (88) presents a decrement exhibiting 

this behaviour for the monohull Fishery Protection Vessel Sulisker. Mathisen and 

Price (85) and Renyuan (89) also show this on their analysis of the same Sulisker 

roll decay data. Spouge removed the bias by fitting a mean line through the peak 

decrement data. The problem with smoothing the data in this way is that other 

effects such as variations in roll stiffness or inertia during the decay could be 

removed. For this reason this approach is not adopted here.
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Figure 5-4- 3: Peak decrement of trimaran DVZ without roll damping appendages fitted. 

Results at zero speed from the 2004 model experiments. Absolute values are shown so that 

both positive maxima and negative minima are included

An indication of the magnitude of the bias can be obtained by comparing the 

decrement of the positive and negative portions of the complete decay. This is 

shown in Figure 5-4- 4. The difference between the two decrements is almost 

constant. The decay history was adjusted by trial and error until the two 

decrements were as near coincident as possible.
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Figure 5-4- 4: Decay o f positive peaks and negative troughs (reflected about zero degrees to 

be positive) from the zero speed roll decay in the 2004 model experiments, initial roll to port

The variation of the equivalent linear damping per half cycle during the decay is 

given in Figure 5-4- 5. Using the same method as described in Section 5.3.3 a 

straight line is fitted through the results using the least squares method to allow 

the linear and quadratic damping coefficients to be obtained. Once again there is 

a spread of damping data around the least squares fitted straight line and there is 

one negative be value. A comparison between the fitted decay and the simulated

decay using the damping coefficients derived from Figure 5-4- 5 is given in 

Figure 5-4- 6. The correlation between the simulation of the decay using the 

quadratic damping model and the fitted data obtained using the Savitzky-Golay 

method is generally pretty good, being poorest at the larger roll amplitudes. The 

graph is truncated at 35 seconds as this was the point at which the data logger was 

switched off. In hindsight it would have been preferable to record a longer 

history, as most of the negative values of be from the analysis of the 2002 roll

decay experiments occurred at the lowest roll amplitudes, see Figure 5-3- 16 and 

Figure 5-3-17.
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Figure 5-4- 5: Equivalent linear roll damping (be) plotted against mean roll angle between 

two successive peaks (red spots) for trimaran model DVZ without roll damping appendages 

at zero speed from the adjusted 2004 model experiment results
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Figure 5-4- 6: Comparison between the simulated decay and the fitted decay for trimaran

model DVZ without roll damping appendages at zero speed taken from the adjusted 2004

model experiment results
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The decrement of the peaks from both the 2002 and 2004 series of zero speed roll 

decay experiments are compared in Figure 5-4- 7 and Figure 5-4- 8. In both 

figures the results are for the model without any roll damping appendages fitted, 

Figure 5-4- 7 with the initial roll to port and Figure 5-4- 8 with the initial roll to 

starboard. In addition, the results from the 2002 experiments are compared in 

Figure 5-4- 9, showing that the decrement was not sensitive to the side the model 

was heeled before release. A similar result is shown for the 2004 experiments in 

Figure 5-4-10. In all of the sets of experiments the model was initially heeled to 

between 10 and 11 degrees and released. It is clear from these two figures that the 

experiments were repeatable.
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—  2002 decay, zero speed (port)

—  2004 decay, zero speed (port)

o>

Peak Number

Figure 5-4- 7: Comparison of measured roll decay histories with initial heel to port for both 

the 2002 and 2004 model experiments for trimaran DVZ without roll damping appendages 

at zero speed. The 2004 results were adjusted to remove a bias

—  2002 decay, zero speed (starboard)

—  2004 decay, zero speed (starboard)

o

o

Peak Number

Figure 5-4- 8 : Comparison of measured roll decay histories with initial heel to starboard for 

both the 2002 and 2004 model experiments for trimaran DVZ without roll damping 

appendages at zero speed. The 2004 results were adjusted to remove a bias
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—  2002 decay, zero speed (port)

—  2002 decay, zero speed (starboard)

Peak Number

Figure 5-4- 9: Comparison of measured roll decay histories for the 2002 model experiments 

for trimaran DVZ without roll damping appendages at zero speed

—  2004 decay, zero speed (port)

—  2004 decay, zero speed (starboard)

Peak Number

Figure 5-4- 10: Comparison of measured roll decay histories with initial heel to starboard 

for both the 2004 model experiments for trimaran DVZ without roll damping appendages at 

zero speed. The presented results were adjusted to remove a bias
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5.4.2 The Stability of Measured Damping Results

Linear and quadratic damping coefficients were obtained from the four 

decrements contained in Figure 5-4- 7 and Figure 5-4- 8 using the quasi-linear 

method and the results are compared in Table 5-4-1.

Linear and 

Quadratic damping 

values

Model Test

2002 2004 (adjusted)

Initial Roll Direction Initial Roll Direction

Port Starboard Port Starboard

Linear (/s) 0.0632 0.0663 0.0415 0.0174

Quadratic (/s) 0.6220 0.5246 0.7658 0.9625

Damped Natural 

Frequency (rad/s)

2.85 2.85 2.80 2.80

Table 5-4-1: Comparison of Linear and Quadratic damping coefficients from the 2002 and 

adjusted 2004 (to remove bias) roll decay experiments for trimaran DVZ without roll

damping appendages

Having shown in Section 5.4.1 that the experiments were repeatable -  with the 

pairs of decrements being coincident, the damping coefficients extracted from the 

quasi-linear analysis should all be same. A small difference may occur due to the 

slight difference in the damped natural frequency between the two series of roll 

decay experiments (equivalent to a variation in the roll period of the model of

0.04 seconds). However, the results in the table vary considerably due to the 

influence of the spread of the equivalent linear damping values, calculated for 

each half period, on the fit of the straight line representing the chosen damping 

model (quadratic in this case). For this reason it is not possible to obtain stable 

damping coefficients from one decrement to the next using the quasi-linear 

method.

Whether this conclusion is specific to trimarans or also occurs when monohull roll 

decay is analysed using the same method is not known. However, the work in this
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section has shown that there can be a considerable variation in roll decay 

coefficients derived from roll decay data using either of two different analysis 

methods, the energy method and the quasi-linear method.

The reason for the large spread of equivalent linear damping values must be 

understood. Due to this spread, damping coefficients cannot be determined from 

either set of the decay experiments with any degree of certainty. Differences even 

occur when the side the initial heel moment is applied is changed (from port to 

starboard). This would only be the case if the model was not symmetrical; 

trimaran DVZ is symmetrical about the x-z plane so this result is unexpected.

So, we have now answered the question about why the damping results can be so 

variable, the next question is what has caused this variation? If we stay with the 

assumption that roll decay can be modelled by an uncoupled equation of roll 

motion, the next assumption to consider is whether the coefficients of the equation 

are constant or not. This is the topic for the next section.
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5.5 Variations in the Coefficients of an Uncoupled 
Equation of Roll Motion

In the previous section it was shown that stable roll decay coefficients could not 

be extracted from measured roll decay data using the quasi-linear method as there 

was a considerable spread in the measured values of equivalent linear damping 

calculated for every half roll cycle. The reason for this spread of equivalent linear 

damping data is unclear and it is also unclear whether it is caused by the trimaran 

hull shape or whether such a spread would occur in any roll decay experiment.

The aim of the research reported in this section was to see if a similar spread of 

equivalent linear damping data could be achieved using a simulation of the roll 

equation. The expectation being that a similar result, with a large spread of 

equivalent linear damping values, could be achieved by making parameters in the 

equation of motion time variant.

5.5.1 Roll Decay with Time Variation of the Roll Stiffness

The equation of motion for roll decay assumed so far in this thesis is the equation 

of uncoupled rolling:-

(/4 + A44)x4 + B44x4 + C44x4 = 0  5-5-1

If the whole equation is divided through by the sum of the roll inertia and the 

added inertia this becomes

xA +
B44

,  \ * 4 = 04 (/4 + i O  4 (It +Au )
5-5-2

* 4  + £ 4 4 * 4  + ® n X A = 0
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If a quadratic damping model is assumed and, for convenience, the natural roll 

frequency is considered approximately equal to the damped natural frequency 

(under the assumption of light damping) then the equation of motion becomes:-

x4 + blxA + h2̂ 4^4| + ®dx\ ~ 0 *-5-3

In the conclusions to Chapter 4 it was postulated that for a trimaran the roll 

stiffness, roll inertia and roll added inertia could vary with time during roll motion 

due to changes in the hydrodynamic properties of the hull as the side hulls are 

immersed or emerge during one roll cycle. One way to account for such changes 

is to make the damped natural frequency in equation 5-5-3, o)d, time variant.

Strictly speaking, if the damped natural frequency is time variant then, because it 

is derived from the roll inertia and added inertia, it follows that both of the 

damping coefficients would be time variant also. However, to allow simulation of 

the roll decay to be compared with results from Section 5.4 the two damping 

coefficients, bx and b2 shall be kept constant.

Equation 5-5-3 was simulated using the Runge-Kutta technique as implemented in 

the MATLAB software using the following damping coefficients and damped 

natural frequency consistent with the values in Table 5-4- 1 for zero speed roll 

decay:-

bt (/s) 0.04

b2(ls) 0.75

a)d (rad/s) 2.85

The simulation of the decay was then analysed using the quasi-linear method and 

the results are shown in Figure 5-5- 1. The red circles are the values for the 

equivalent linear damping for each half roll period and the black straight line 

represents the assumed quadratic damping model. As this is a simulation, the red 

circles representing the equivalent linear damping all sit on the black line 

representing the quadratic damping model. Contrast this figure with Figure 5-3- 8
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and Figure 5-4- 5 which both show a considerable spread of the equivalent linear 

damping results around the straight line representing the quadratic damping 

model.

0.35 o be from simulated decay

0.3

0 25
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0.05

Mean Rol Amplitude between Two Successive Peaks (Degrees)

Figure 5-5- 1: Variation of equivalent linear roll damping (be) plotted against mean roll 

angle between two successive peaks (red spots) for a simulation of roll equation without

stiffness variations

Next, the damped natural frequency is made time variant. There was some 

evidence of changes in the frequency of the roll decay history in Section 5.3, see 

the discussion regarding Figure 5-3- 19. In order for the simulation to be 

representative of the actual roll decay recorded in the model experiments a 

realistic variation of the damped natural frequency needed to be applied. The 

damped natural frequency varies in proportion with the roll stiffness, CM, which

is dependent on the product of the displacement and GM  :-

C 4 4  = pVgGM  5-5-4

To instigate a roll decay experiment a force must be applied to the model on one 

side and then released. This force will heave the model downwards changing the
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draught. At this new draught the displacement and GM will change which will 

in turn modify the roll stiffness. The model will heave up and down (whilst 

rolling) until the heave motion has decayed. To simulate this behaviour the

following expression was added to the stiffness term (o)d2) in the equation o f

motion:-

8GMae~b>f cos mht 5-5- 5

This represents a sinusoidal, exponentially decaying term with amplitude equal to 

the variation in metacentric height due to the removal o f the inclining force,

SGMa, with a frequency equal to the heave natural frequency, coh. This term

decays as a function o f the heave damping, bh, which is assumed to be constant.

Hence, the equation o f motion becomes:-

(
x4 + bx x4 + b2x4 | i 41 + cod‘

\

SGM a - b j  ,

1 +  — - g  * COS O u t
GM "

* 4 = 0 5-5-6

To perform simulations using this equation of motion the unknowns need to be 

determined. For all of the zero speed roll decay experiments, in both 2002 and 

2004, the model was heeled by hand to 10 degrees and released. The hydrostatic 

properties of the trimaran model were obtained using the Paramarine software

(www.grc-ltd.co.ukT Thus, 8GMa was deduced by finding the weight required at 

the edge of the upper deck of the model to give 10 degrees of heel. This weight 

was then placed at the longitudinal centre of floatation (LCF) and the change of

metacentric height assessed to give SGM a. The heave natural frequency was 

obtained by examination of the roll and heave time histories from the 2004 roll 

decay experiment results (see Section 5.6). It was not possible to determine the 

heave damping and so a number of different values were tried. The final values 

used for the simulation are given below:-

http://www.grc-ltd.co.ukT
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b, (/s) 0.04

b2(/s) 0.75

G)d (rad/s) 2.85

o)h (rad/s) Approx 2.0

S G M a  (mm) 4.29

G M  (mm) 142.10

K Varies

A simulation was conducted with the heave damping term set to zero. The results 

are shown in Figure 5-5- 2 which contains four graphs: the top graph is the 

simulated roll decay; the second graph is the variation in metacentric height 

during the decay; the third graph is the decrement, where negative troughs have 

been reflected about zero degrees to give positive values; and the final graph is the 

change in equivalent linear damping during the decay. Compared to the previous 

graphs of equivalent linear damping, the final graph has had the scale on the x- 

axis reversed so that it starts with the high roll amplitudes which occur at the 

beginning of the decay on the left end, and finishes with the smaller amplitudes 

which occur at the end of the decay on the right hand side, hence following the 

same logic as the three graphs above it. The black line in the last graph joins 

together the equivalent linear damping points.

The results of this simulation are significant as the equivalent linear damping 

results exhibit a spread similar to that observed in the 2002 series of model 

experiments analysed in Section 5.3.

Looking at the plots of the metacentric height variation (the second graph in the 

series), if the heave damping, bh, increases the metacentric height variation will

reduce and so the spread of the equivalent linear damping results will reduce also. 

This is not what was observed in the model experiment results discussed in 

Section 5.3 where a large variation occurred at low roll amplitudes. To 

demonstrate this point, the simulation was repeated with the heave damping term,
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bh, set to 0.08. The results are shown in Figure 5-5- 3 where it can be seen that

the increase in heave damping significantly reduces the spread in the equivalent 

linear damping values at low roll amplitudes.
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Figure 5-5- 2: Roll decay, GM variation due to heave, absolute roll angle and equivalent 

linear roll damping (be) plotted against the mean roll amplitude between successive peaks 

for a simulation of the roll equation with stiffness variations. The heave frequency is equal 

to 2  rad/s and there is no heave damping



319

" T

l - A - . — J . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -

1 T  1 r "  
1 
1 
1

t o w
1
1

V V V X A jV V v v
1
I

t A A A r ^ - - - - -

V  i 1
I

x 10'
4

2
0
■2

10 20 30
Time (s^

40 50

I
Simulated Data 
Simulated Peak

0)O)c<
o a: a>
0
1  <

Time (s)I I T r T1
0.3 O be from simulated decay 

be variation

£
0.2

0.1

■2 0-6 -5 -4 •3 1•9 -8 -7
Mean Roll Amplitude of Successive Peaks (Degrees)

Figure 5-5- 3: Roll decay, GM variation due to heave, absolute roll angle and equivalent 

linear roll damping (be) plotted against the mean roll amplitude between successive peaks 

for a simulation of the roll equation with stiffness variations. The heave frequency is equal

to 2  rad/s and bh = 0.08

This result is significant as it shows that, when analysed using the quasi-linear 

method, a spread of equivalent linear damping values should occur in any roll 

decay experiment. However, to get a large spread at low roll amplitudes there 

must be little or no heave damping. Before moving on it is important to look back 

through the literature and see if any similar results have been reported for 

monohulls.
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5.5.2 Comparisons with Monohull Roll Decay

Returning to the literature review of Chapter 2, all the references which 

documented roll decay were reviewed again looking specifically for comments 

about a spread of roll damping data around the line representing the chosen 

damping model. This review showed that there is very little published work on 

the specifics of roll decay analysis, the only authors giving details of the analysis 

of the roll decay were Spouge (88), Mathisen and Price (85), Renyuan (89) and 

Klaka (141) (142). All of these papers are concerned with the roll decay of 

monohulls. Of these papers, both Spouge (88) and Klaka (141) show a spread of 

damping data around a line represented a quadratic damping model. However the 

spread is nowhere near as large as shown for the trimaran in this section and never 

large enough to cause negative values. Whilst both Spouge and Klaka report a 

spread in the results, this spread was not large and in both cases the damping 

results were well represented by a quadratic model.

Klaka (142) investigated the roll motion of yachts, undertaking experiments using 

a circular cylinder with large appendages representing the keels of yachts. One of 

the experiments he carried out on this model was roll decay and he analysed the 

results using the quasi-linear method with a quadratic damping model. He 

reported problems with the stability of results from this type of analysis. 

However, he attributed the variation in linear and quadratic damping coefficients 

to different initial heel angles at the beginning of each experimental run. In the 

trimaran results presented in this chapter the initial heel angle was constant.

A further document was brought to the attention of the author written by 

Thompson, Cotton, Spyrou, de Souza and Bishop (178) about the Nonlinear 

Dynamics of Ship Roll and Capsize. In this report, two series of zero speed roll 

decay experiments are documented: the first were undertaken at DERA Haslar 

(now QinetiQ) using a 25th scale model of a frigate and a second, less 

comprehensive series, were undertaken at University College London using a 

simple model based on the low freeboard model used by Wright and Marshfield 

(179) in their work on ship roll response and capsize. Both sets of results were
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analysed using the quasi-linear method with a quadratic roll damping model 

fitting the frigate data best and a cubic model fitting the UCL model results best. 

In both cases there was a spread of damping data around the line representing the 

chosen damping model. However, for both sets of experiments, the line 

representing the chosen damping model provided a good fit to the equivalent 

linear damping data. The purpose of both of these experiments was to investigate 

the roll characteristics of ships at large angles and so the experiments started at 

large roll angles, between 25 and 40 degrees.

The results for the frigate were obtained in the same experimental facility as the 

trimaran results documented in this chapter using a model of similar size. The 

model represented a monohull frigate of approximately 5000 tonnes. The spread 

of equivalent linear damping data occurred at all roll amplitudes and, in general, 

appeared to decrease somewhat at low roll amplitudes. This result provides a 

useful comparison with the trimaran data, having been performed at the same 

experimental facility. The difference between the two sets of data is that, for zero 

speed roll decay, whilst there is a spread in equivalent linear damping data in both 

cases, for the trimaran the spread is such that a line representing either a quadratic 

or cubic damping model does not provide a good fit to the experimental data. 

Whereas for the monohull, the spread of data is not so great and a line 

representing a quadratic damping model provides a good fit to the data.

So, it would appear that a spread in the equivalent linear damping data obtained 

using the quasi linear method is not uncommon, however this spread is not 

generally large enough to influence the stability of the results, with most authors 

obtaining adequate results by fitting either a quadratic or cubic roll damping 

model to the experimental data. Therefore, many engineers make the decision to 

smooth the data by fitting a line through the decrement of the peaks (and reflected 

troughs) which would remove this spread. This approach was adopted by Spouge 

(88) when analysing roll decay data for a model of the monohull Fishery 

Protection Vessel Sulisker.

It would thus seem that the principal difference between the roll decay of the 

trimaran and the monohull is the spread of the damping data at low roll
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amplitudes. On the trimaran, this spread is large enough to influence the fitting of 

a line representing the chosen damping model to the extent where stable results 

cannot be obtained.

The simulations of roll decay, using a single degree of freedom uncoupled roll

equation with a time varying stiffness term to allow for the change in GM  as the 

model heaves after the inclining force instigating the decay is removed, show that 

the only way to get such a spread in damping data is if the heave damping is very 

small indeed. Crossland, Wilson and Bradbum (173) performed free heave decay 

experiments on monohulls and in these experiments the heave motion was highly 

damped, decaying away completely within two or three cycles.

This indicates that for a trimaran any heave motion induced during the roll decay 

experiment may not decay away. In the next section a more complete simulation 

of the roll decay of trimaran DVZ is undertaken to see if any further light can be 

shed on the subject.

5.5.3 A More Complete Simulation of Trimaran Roll Decay 

in the Time Domain

In Section 5.5.1 roll decay was simulated in the time domain with a sinusoidal, 

exponentially decaying variation in the roll stiffness. This was thought to occur 

due to the heave motion applied to the model to obtain the initial heel angle at the 

start of roll decay. The logical extension to this would be to model the roll decay 

with a coupled roll and heave equation of motion. However, this has the 

disadvantage that there are a larger number of unknowns and the cross coupled 

terms in particular cannot be easily measured in model experiments. In any case, 

further experimentation was not possible therefore the only solution would be to 

determine these cross coupled terms using a seakeeping computer code. This 

makes the analysis much more complicated and it is then reliant on the accuracy 

of the seakeeping code. These added complexities are not desirable at this initial 

investigative stage. The aim of this section is to investigate the assumption of
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constant coefficients in the equation of motion. The issue of motion coupling is 

dealt with in the next section (Section 5.6).

The focus of this sub section is examine the effect of heave motion on the roll 

stiffness in roll decay in greater detail to see if the large spread in the equivalent 

linear damping values obtained earlier in the chapter can be replicated. To allow 

comparison with the decay analysis of trimaran DVZ, simulations shall be 

performed using a modified single degree of freedom equation of motion.

First the problem must be broken down into parts. Coupled heave and roll can be 

considered as the sum of three effects:-

• Heave motion induced by removal of the inclining force without roll 

motion decaying at the heave natural frequency

• Roll motion without heave induced by removal of the inclining force 

decaying at the roll natural frequency, i.e. rolling around a fixed 

waterplane

• Heave motion induced by the additional buoyancy of the haunches as they 

are immersed during roll motion. This decays at the roll natural frequency

This is shown pictorially in Figure 5-5- 4 over the page. To maintain a single 

degree of freedom equation of motion, the heave motion is modelled only by the 

effect it has on the roll stiffness. If the model heaves the waterplane area will

change which will in turn cause GM  to change. For monohull ships the effect

heave motion has on GM is small as flare is moderate and heave amplitudes are 

small. However, for a trimaran, small heave motions change the waterplane area 

of the side hulls due to the haunches and, because of the parallel axis theorem, this

can cause significant changes in GM  (through changes in B M ). These heave

induced changes in GM will change the roll stiffness and thus coupled heave and 

roll can be modelled in a simplistic way by modifying the roll stiffness term.
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Waterline changes 
due to added weight

Model rolls and heaves due 
force applied to heel model

WEIGHT REMOVED

Equivalent to:-

Pure heave decaying at the 
models heave natural frequency

Pure roll, no heave, decaying at 
the roll natural frequency

Heave induced by additional buoyancy as haunches 
immersed. Decays at roll natural frequency

Figure 5-5- 4:- Movement of the trimaran model after removal of the inclining weight



325

To simulate the stiffness variations due to heave in the uncoupled equation of roll 

motion the following three time varying terms were added to the stiffness term 

(a>d in equation 5-5-3):-

1. A sinusoidal, exponentially decaying term with amplitude equal to the 

variation in the metacentric height due to the removal of the inclining 

force, SGMa. This was considered in section 5.5.1:-

2. A term to represent the change in the metacentric height as the model rolls 

around a fixed waterplane, GMW. This term was determined using the 

Paramarine model of the ship and is shown in Figure 5-5- 5:-

3. A sinusoidal, exponentially decaying term with amplitude equal to the 

variation in the metacentric height due to heave motion induced by the 

additional buoyancy of the haunches as they are immersed during roll

motion, SGMV. In a free decay experiment this occurs at the damped 

natural roll frequency, cod. This term decays as a function of the heave

damping, bh, which is assumed to be constant:-

SGMae~bkt cos CDht 5-5-7

GMw = - 1 x 1 0 ^ * / -2 x l(T '5x45 -0.0001x44 - 1 x 1 0 ‘ I2x 4 

+ 0.0294*,2 + 4xlO '10x„ +3.183

SGM,e ' b*' cos mdt 5-5-9

Putting all these terms together the equation of motion becomes:-

x4 +bxX4  + v lv U

 +
GM { 22.4
a>d (G M W+ 8GMae~bif cos a>ht + SGMve~bh‘ cos (odt x4 = 0

5-5-10
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The 22.4 in the term for GMw is to convert equation 5-5-8 from ship to model 

scale (the Paramarine solid model of the hull was produced at ship scale).

y = -9E-07X* + 6E-21X5 - 0.0002X4 - 7E-19x3 + 0.0345X2 + 9E-18x + 3.183

GM Poly. (GM)
5.0

4.0 -

2.0

-12 -10
Heel Angle (Degrees)

Figure 5-5- 5:- Change in GM due to heel about a fixed waterline (note that the displacement

changes as haunches are immersed)

To perform the simulations the remaining unknowns in equation 5-5-10 need be 

determined. For all the zero speed roll decay experiments the model was initially 

heeled by hand to 10 degrees and released. Therefore, using Paramarine, the

terms SGMa and SGM V could be determined. 8GMa was calculated in section 

5.5.1 by finding the weight required at the edge of the upper deck to give 10 

degrees of heel. This weight was then placed at the LCF and the change in

metacentric height assessed to give 8GM a. Similarly SGMV was found by 

heeling the model to 10 degrees (about a fixed waterplane), accounting for the 

extra displacement due to the immersion of the haunches the change in 

metacentric height was assessed. The parameters used in simulation of the decay 

using 5-5-10 are as follows:-
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bx C/s) 0.04

b2 (/s) 0.75

md (rad/s) 2.85

(oh (rad/s) Approx 2.0

SGM a (mm) 4.29

SGMv (mm) 6.25

GM (mm) 142.10

K Varies

First of all, the effect of stiffness variations due to the ship rolling around a fixed 

waterplane will be considered (the GMW term). For these simulations SGMa 

and SGM v are set to zero. The change in roll stiffness can be assessed by 

calculating the instantaneous value of GZ by multiplying the instantaneous value

of GM (modified by the GM w term as shown in Figure 5-5- 5) by the roll angle 

at each and every time step. This is shown in Figure 5-5- 6 where the blue circles 

are the values of GZ at each time step and the solid black line represents the case 

when GZ is obtained from the static value of GM (142.10 mm) multiplied by the 

instantaneous roll angle.
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Figure 5-5- 6 : Variation in GZ due to the time varying term GMW. The blue circles are the 

time values of GZ at each time step in the simulation. The solid black line represents the 

value of GZ if a constant value of GM is used (142.10 mm)

From the figure, it can be seen that the GM W term in equation 5-5-10 has the 

effect of increasing the roll stiffness for roll angles greater than 4 degrees. The 

resulting simulated decay and associated equivalent linear damping values are 

given in Figure 5-5- 7. This shows that there are no noticeable changes to the 

equivalent linear damping values, be, with all the red circles appearing to lie on a

straight line as would be expected for a quadratic damping model (the solid black 

line joining the red circles in the figure is almost completely straight). The large 

variation of GM at the beginning of the decay does not cause the equivalent 

linear damping results to spread away from this straight line.
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Figure 5-5- 7: Roll decay, GM variation due to heave, absolute roll angle and equivalent 

linear roll damping (be) plotted against the mean roll amplitude between successive peaks 

for a simulation of the roll equation with stiffness variations due to rolling around a fixed

waterline only.
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The next three figures look at simulations of the complete equation of motion, 

equation 5-5-10. In Figure 5-5- 8, the values for the coefficients are as given in 

the table above but with no heave damping. In this case the spread of the 

equivalent linear damping values is large, and, for low roll amplitudes towards the 

end of the decay, some instances of negative damping occur. This variation is 

similar in form to that recorded in the 2002 model experiments albeit that the 

spread of equivalent linear damping results is not as great.

In the model experiment results for trimaran DVZ discussed earlier in this 

chapter, a large variation in the equivalent linear damping occurred at low roll 

amplitudes. Hence in Figure 5-5- 9 the effect of negative heave damping, i.e. 

heave amplification, is shown where bh -  -0.02. This gives a large spread of

damping similar to what was seen in the 2002 model experiments. 

Experimentation with the input values to the simulations shows that the only other 

way to increase the spread of the damping results is to increase the metacentric

height variation terms SGM a and SGMv. As these can be predicted with 

reasonable accuracy for the model in question the effect of varying these two 

terms is not further considered.

Finally, Figure 5-5- 10 shows the effect of changing the roll natural frequency 

from 2.85 rad/s to 1.40 rad/s. The change in the roll frequency changes the 

disposition of the equivalent linear damping data spots but does not change the 

magnitude of the spread. Similarly changes to the heave natural frequency, a>h,

leads to changes only in the distribution of the equivalent linear damping values 

not the maximum and minimum values.
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Figure 5-5- 8 :- Roll decay, GM variation due to heave, absolute roll angle and equivalent 

linear roll damping (be) plotted against the mean roll amplitude between successive peaks 

for a simulation of the roll equation with stiffness variations. The heave frequency is equal 

to 2  rad/s and there is no heave damping
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Figure 5-5- 9:- Roll decay, GM variation due to heave, absolute roll angle and equivalent 

linear roll damping (be) plotted against the mean roll amplitude between successive peaks 

for a simulation of the roll equation with stiffness variations. The heave frequency is equal

to 2  rad/s and bh=-0 . 0 2
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Figure 5-5- 10:- Roll decay, GM variation due to heave, absolute roll angle and equivalent 

linear roll damping (be) plotted against the mean roll amplitude between successive peaks 

for a simulation of the roll equation with stiffness variations. The heave frequency is equal 

to 2 rad/s, the roll frequency is equal to 1.40 rad/s and there is no heave damping
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5.5.4 Summary

In this section the assumption that roll decay can be modelled by a single degree 

of freedom equation of motion with constant coefficients has been investigated by 

simulating roll decay in the time domain. It has been shown that during roll decay 

the heave motion, induced by heeling the model and releasing to start the decay, 

causes the roll stiffness to vary during the initial roll cycles. When the subsequent 

decay history is analysed using the quasi-linear method a spread of equivalent 

linear damping values can be obtained similar to that discovered in Section 5.3 for 

trimaran DVZ. This spread will reduce if there is heave damping and the 

magnitude of this damping dictates the rate at which the spread of equivalent 

linear damping values decreases. Furthermore, the flare on the side hulls (from 

the haunches) can cause further changes in the roll stiffness which will vary 

depending on the roll angle. It has been shown that a combination of these 

changes along with little or no heave damping could be enough to cause the large 

spread in the equivalent linear damping of trimaran DVZ shown in section 5.3.

Heave motion will be induced in any roll decay experiment (for any hull shape) if 

a force is applied to the model to instigate the roll decay. The simulations in this 

section have shown that, to obtain a large spread in the equivalent linear damping 

results, any heave motion induced during the roll decay must not decay. If the 

model is heaving throughout the roll decay, the roll stiffness (and roll inertia) will 

vary due to the change in waterplane over the course of any given roll cycle. This 

change will be time variant and therefore the assumption of constant coefficients 

is deemed inappropriate for trimarans fitted with haunches.
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5.6 Coupling of Roll With Other Motions in Free 
Decay

5.6.1 Heave Motion

The next of the assumptions listed in Section 5.2 to consider is that roll decay can 

be modelled adequately using an uncoupled equation of roll motion. Having 

shown in the last section that it is most likely that roll couples with heave, roll and 

heave coupling will be investigated in this section.

In the 2004 series of model experiments with trimaran DVZ, roll decay 

experiments were performed at zero speed to allow the model roll period to be 

accurately determined. In these experiments, motion in all six degrees of freedom 

was recorded by the onboard data logger. An older system had been used for the 

2002 experiments from which only roll motion and rudder angle were available.

In Section 5.5, it was postulated that roll and heave motion couple in roll decay. 

Therefore, the opportunity was taken to look at the heave motion during the 2004 

roll decay experiments. This analysis was performed for roll decay without any 

roll damping appendages. In Section 5.5 the coupling was thought to be due to 

the haunches causing heave motion during rolling and so it was decided to look at 

a case without roll damping appendages as including them would shorten the 

length of the decay.

The onboard data logger recorded heave accelerations at the location of the data 

logger. These need to be adjusted to remove the pitch effect as the data logger 

was not located at the centre of gravity. Once again the data was analysed using 

MATLAB (www.mathworks.comT The following procedure was followed to 

obtain heave displacement:-

http://www.mathworks.comT
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• Adjust the acceleration data so that it is relative to the acceleration due to 

gravity.

• Calculate the Discrete Fourier Transform (DFT) of the acceleration-time 

history and plot the absolute value of this against frequency using the 

appropriate scale. This particular analysis was conducted following the 

methodology set out in Newland (180) using the MATLAB fit command 

to calculate the DFT.

• Filter low frequencies from the DFT. This removes long period waves 

which would not be present in the experimental results. After some 

investigation 1.26 rad/s was found to be an appropriate cut off point and 

all data occurring at frequencies below this were removed.

• Divide the DFT by the square of the frequency matrix to obtain the heave 

displacement and convert back to the time domain using the inverse 

Fourier Transform. Only the real part of the signal needs to be inverted as 

the imaginary part will be zero. This was performed using the MATLAB 

ifft command.

• For the Fourier analysis to work, the signal must be truncated to represent 

an integer number of cycles. Accordingly, the roll history was chopped 

after 40 seconds.

The resulting heave displacement time history is shown in Figure 5-6- 1 along 

with the heave acceleration and roll decay. The heave acceleration appears to be 

dominated by a single frequency component until around 5 seconds, after which a 

number of frequency components are evident. The heave displacement decays 

during this period (0 to 5 seconds) after which there is no evidence of any decay. 

This supports the analysis of Section 5.5, where heave decay had to be zero if a 

large spread of the equivalent linear damping was to be achieved at low roll 

amplitudes towards the end of the simulation of the decay.

The peak heave motion is 9.37mm. In section 3.2, the heave displacement due to 

the removal of the inclining weight (giving a GM variation of 4.29 mm) was 

calculated as 6.61 mm. The heave displacement due to the immersion of one 

haunch during roll motion (giving a GM variation of 6.25 mm) was 3.35 mm.
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Hence, the maximum possible heave displacement calculated from the vessel 

geometry was 9.96 mm which is very close to the maximum recorded value of 

9.37 mm. This is an error of 6%.

To learn anything further, the breakdown of the frequency components must be 

investigated. The frequency breakdown from the absolute DFT of the heave 

displacement is given in Figure 5-6- 2 which exhibits four distinct peaks. These 

peaks represent the dominant frequency components of the heave -  time history. 

In Figure 5-6- 2 there are peaks at 1.4173, 2.0472, 2.8345 and 5.669 rad/s. The 

heave natural frequency of trimaran DVZ was calculated using the Tonnes Per 

Centimetre Immersion (TPC) at the design draught taken from the Paramarine 

geometry model. The TPC is a measure of the heave stiffness. Using this 

approach the heave natural frequency was estimated as 1.825 rad/s.
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Figure 5-6- 1: Heave displacement and acceleration during roll decay taken from the 2004 

zero speed roll decay experiments on trimaran DVZ with initial roll to port
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Figure 5-6- 2: Absolute Heave displacement Fast Fourier Transform, frequencies below 1.26

rad/s have been filtered

None of these frequencies are particularly close to the calculated heave natural 

frequency. The frequency breakdown of the absolute roll DFT is given in Figure 

5-6- 3. There is only one peak at 2.8345 rad/s and this must be the roll damped 

natural frequency. In the absolute heave DFT in Figure 5-6- 2 there are peaks at 

the damped natural roll frequency, as well as at both twice this frequency and half 

this frequency. The remaining peak frequency at 2.0472 rad/s is most likely to be 

the heave frequency. Whilst this is not the same as the calculated heave 

frequency, if the draught of the model is greater than the design draught then the 

Tonnes Per Centimetre Immersion (TPC) will increase as the waterplane area 

increases leading to an increase in the heave natural frequency. The difference 

between this peak frequency at 2.0472 rad/s and the calculated heave natural 

frequency of 1.825 rad/s is 10.85%. For this reason, the simulations in Section 

5.5 took the heave natural frequency to be 2.0 rad/s.
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Figure 5-6- 3: Absolute roll Fast Fourier Transform

During one roll cycle, heave upward is induced as the haunches are immersed 

further and further as the model rolls to one side. As the model returns to the 

upright condition it heaves downwards to obtain the same initial condition. This 

is one heave cycle and occurs for every half a roll cycle. Hence, in a complete roll 

cycle there will be two heave cycles:-

1) Roll from upright position to port 

(Start o f roll cycle)

2) Roll back to upright position

3) Roll from upright position to starboard

4) Roll back to upright position 

(End o f roll cycle)

One heave 

cycle

One heave 

cycle

Heave upwards

Heave downwards

Heave upwards 

Heave downwards

So, if heave motion is being induced by roll motion at the roll frequency, heave 

motion will be occurring at twice the roll frequency (half the period). Hence a 

peak in the absolute value of the DFT of the heave decay, which is a measure of
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the power at a given frequency, at twice the damped natural roll frequency 

supports a hypothesis that heave is being induced by roll motion.

5.6.2 Pitch Motion

The absolute pitch DFT is show in Figure 5-6- 4. There is a peak at zero 

frequency; this will occur if there was an initial pitch angle, which indicates that 

the force applied to the model to give the initial heel angle was not applied at the 

longitudinal centre of floatation, LCF. The second peak occurs at the damped 

natural roll frequency indicating that pitch motion is being induced by roll motion. 

If, as surmised above, roll induces heave motion because of the haunches on the 

side hulls, then pitch motion will also be induced if the side hulls are located such 

that the extra buoyancy force they generate during rolling is not located at the 

LCF.

u.

« 20

7 8 9 105 62 3 410
Frequency (rad/s)

Figure 5-6- 4: Absolute pitch Fast Fourier Transform
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5.6.3 Further Studies

To try and gain further understanding the decay is broken down into windows to 

see if it is possible to isolate parts of the decay where the heave motion is 

dominant at just one frequency.

As the heave acceleration appears to be driven by one dominant frequency for the 

first 5 seconds of the decay, a small snapshot of the decay (of integer roll cycles) 

was analysed to see if the heave displacement was occurring at one frequency. A 

window from 0 to 4.6 seconds was chosen. The absolute heave DFT for this 

window is shown in Figure 5-6- 5. The damped roll frequency for this window 

was calculated from the peak of the absolute roll DFT as 2.732 rad/s. There are 

peaks in the absolute heave displacement DFT at half and twice this frequency. 

The bandwidth of the first peak is large and encompasses the roll frequency as 

well as the assumed heave frequency (2.0472 rad/s). It is tempting to draw the 

conclusion that during this part of the decay the heave motion occurs only at the 

roll frequency, indicating heave is entirely due to the immersion and emergence of 

the haunches. However, it is at this beginning stage of the decay where the initial 

heave, caused by the removal of the inclining force would be decaying and this 

should occur at the heave natural frequency. The absolute pitch DFT for this time 

window is shown in Figure 5-6- 6. There is a peak in this plot at the roll 

frequency and a second one around 6.8 seconds. This is greater than the likely 

heave or pitch natural frequencies.
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Figure 5-6- 5: Absolute Heave displacement Fast Fourier Transform for signal from 0 -  4.6 

seconds, frequencies below 1.26 rad/s have been filtered
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Figure 5-6- 6: Absolute pitch Fast Fourier Transform for signal from 0 -  4.6 seconds
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A second window is now considered from 4.6 to 13.5 seconds. The absolute 

heave displacement DFT is given in Figure 5-6- 7. There are peaks at 1.412, 

2.8239 and 5.6478 rad/s and a hollow with significant power between the first two 

peaks at 2.1179 rad/s. Once again the absolute roll DFT exhibited a single peak 

frequency at 2.8239 rad/s. So, there are peaks at the roll frequency and both half 

and double the roll frequency as well as significant energy at 2.1179 rad/s. The 

absolute pitch DFT is given in Figure 5-6- 8 where there is a peak at the roll 

frequency and around twice the roll frequency.

0.35

0.3

0.25

Cl

0.2

0.15

0.1

0.05

0
8 10 1262 40

Frequency (rad/s)

Figure 5-6- 7: Absolute Heave displacement Fast Fourier Transform for signal from 4.6 -  

13.5 seconds, frequencies below 1.26 rad/s have been filtered
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Figure 5-6- 8 : Absolute pitch Fast Fourier Transform for signal from 4.6 -1 3 .5  seconds

From this analysis, it appears very likely that the haunches on the side hulls are 

inducing heave motion whilst the model rolls in free decay. After an initial period 

of decay this heave motion remains constant while the roll motion continues to 

decay. This suggests energy transference between the two motions could be 

occurring. As the side hulls are located aft of amidships, any heave motion will 

induce pitch. Pitch motion has been observed occurring at the damped roll natural 

frequency. This pitch motion is induced by the heave motion. The heave natural 

frequency is around 75% of the roll natural frequency, so once heave motion is 

induced it may lead to resonance. This problem would be exacerbated if the two 

natural frequencies were coincident.

Therefore, it can be concluded that, for trimaran DVZ, the assumption that an 

uncoupled roll equation adequately models the roll decay does not hold. It seems 

most likely that roll couples with heave due to the haunches on the side hulls and 

that this must be accurately modelled if roll decay results are to be successfully 

analysed. This supports the findings of Section 5.5.
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5.7 Assumptions in the Analysis of Seakeeping 
Experiments in Regular Waves

The next two sections of this chapter will look into the assumption that linear 

theory can be used to predict trimaran motion in regular waves. First, the 

assumptions underpinning the traditional analysis of seakeeping experiments in 

regular waves are set out:-

• A regular sinusoidal wave of constant wave slope and frequency is created 

by a wave maker in a large tank of water

• A remotely controlled model is driven at a constant heading across tank 

thus ensuring the ship encounters the waves at a constant angle of 

incidence

• The sinusoidal waves disturb the model and cause motions in up to six 

degrees of freedom. These model motions are also regular and sinusoidal 

with constant amplitude and frequency

• During the passage of the model across the tank there is sufficient time for 

steady state motions to occur and these are recorded by an onboard data 

logger.

• A window of the motion -  time history is selected for analysis that is 

considered to represent the steady part of the run. This is selected to 

ensure that the waves are fully developed and interference effects (such as 

wave reflection from the edge of the tank) were not affecting ship motions.

From this type of experiment, the relationship between the amplitudes of the input 

regular sinusoidal wave and the output motion regular sinusoid can be established. 

This is usually expressed as a motion Response Amplitude Operator, or RAO.

To test the applicability of this theory to trimarans the results of the 2004 

seakeeping experiments with trimaran DVZ in regular waves shall be studied in 

greater depth.
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5.8 The Applicability of Linear Theory to a Trimaran 
in Beam Regular Waves

In this section the same Fourier analysis technique used to determine the 

frequency components of the 2004 roll decay experiments in Section 5.6 will be 

applied to the 2004 model experiments results obtained in regular waves.

In the original analysis of the seakeeping experiment results, documented in 

Section 4.3 of Chapter 4, the RAO’s were determined based on the steady 

amplitude of the ship response in the desired degree of freedom. The procedure 

adopted was as follows:-

1. Obtain the DFT from the steady roll -  time history.

2. Determine the wave power from the absolute value of the DFT and plot 

this against frequency. Note that in the Fourier analysis in Section 5.6, 

just the absolute value of the DFT was plotted with no conversion to wave 

power.

3. Assuming all the power of the wave is located at one dominant frequency 

reconstruct a regular wave at that frequency and peak amplitude. The peak 

amplitude is determined from the wave power.

4. Use this amplitude to determine the roll RAO.

The MATLAB computer package (www.mathworks.com) was used for this 

analysis which is outlined in further detail in this section.

In the next three sub-sections the roll, heave and pitch motions in beam waves 

will be investigated in greater depth to see if this analysis method and thus the 

linear theory assumption are applicable to trimaran DVZ.

http://www.mathworks.com
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5.8.1 Rolling in Regular Beam Waves

The roll -  time histories used to obtain the roll RAO in Chapter 4 are shown at 

each of the wave frequencies tested in Figure 5-8- 1 for the model at six knots in 

beam seas. This was the lowest speed tested and it was at this speed that the 

largest roll motions were recorded. The wave amplitude -  time histories used to 

determine the constant amplitude of the regular sinusoidal input waves are shown 

in Figure 5-8- 2.

The damped natural roll frequency was determined from the analysis of the roll 

decay experiments performed on the model as part of the 2004 experiments in 

Section 5.6. This was found to be 2.8345 rad/s. Perusal of Figure 5-8- 1 shows 

that the roll amplitude is greatest at excitation frequencies close to resonance, as 

would be expected. What is of great interest in these graphs is that the output roll 

motion of the model is not regular with constant amplitude. The input wave -  

time histories appear to be approximately sinusoidal, with the amplitude varying 

slightly at the lower wave frequencies, see Figure 5-8- 2. If linear theory was 

invoked, the beating in the roll -  time histories would be removed as the roll -  

time history would then be approximated by a regular sinusoidal wave of constant 

amplitude. To model the observed motion properly in a seakeeping code non

linear theory would need to be used.

We now turn to focus on the significance of the non-linear effects. A Fourier 

analysis was conducted on each of the output roll -  time histories to determine the 

frequency components influencing the roll motion. The results are shown in 

Figure 5-8- 3. The absolute value of the DFT has been converted to a scale of roll 

amplitude in degrees and this is plotted against the frequency in rad/s. If the 

motion is regular and sinusoidal, one spike would be expected at the excitation 

frequency and the motion amplitude can be determined from the power in the 

wave at this spike. For simple harmonic motion, all the power of the wave would 

be located at this spike. So, if the input wave was a sinusoid a very narrow 

banded peak would be expected. A very narrow banded spike at one frequency is 

unlikely to be measured from the experimental results as the wave maker is not
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likely to generate perfect sinusoidal waves every cycle (as can be seen from 

Figure 5-8- 2). The results in Figure 5-8- 3 show narrow banded peaks, with the 

wave amplitude greatest at wave excitation frequencies near resonance (because 

the encounter frequency is equal to the wave frequency in beam seas).

At wave frequencies close to resonance a very small second peak occurs at a 

frequency exactly twice that of the first peak. However, for all six waves, over 

90% of the wave power is concentrated at a single frequency coinciding with the 

location of the first peak, see Table 5-8-1. This compares to wave powers greater 

than 97% at the frequency of the peak in the DFT for the input waves. This table 

also shows that the roll frequency and wave frequency are generally coincident as 

the linear regular wave theory would suggest.

Wave Frequency (rad/s) 3.788 3.097 2.800 2.574 2.398 2.192

Roll Frequency (rad/s) 3.737 3.091 2.788 2.555 2.388 2.180

Roll Amplitude from Peak 

of DFT (degrees)
4.340 9.589 14.980 12.768 8.773 7.823

Percentage Power in Peak 

of Roll Motion DFT (%)
90.6 90.7 94.5 94.6 95.3 94.0

Percentage Power in Peak 

of Input Wave DFT (%)
98.5 99.4 99.2 99.1 98.9 97.4

Table 5-8-1: Wave and roll motion data from Fourier analysis of the model experiment 

results with trimaran DVZ (without roll damping appendages) at a speed equivalent to 6

knots

As shown in Table 5-8- 1, most of the wave power is located at one frequency, 

therefore the linear regular wave theory can be considered to give a reasonable 

approximation of the roll motion.
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5.8.2 Heaving in Regular Beam Waves

Having shown that the roll motion -  time history can be reasonably well 

approximated by a regular sinusoidal wave, attention now turns to heave motion. 

It was postulated in Section 5.5 that, for a trimaran with haunches or significant 

flare on the side hulls, roll motion induces heave motion at the roll natural 

frequency. A Fourier analysis will now be used to show that this is indeed 

occurring.

If, as asserted by Lloyd (64) for monohulls, heave motion is not influenced by roll 

motion in oblique waves, the heave motion should have an RAO of 1 or less, i.e. 

the heave motion is no greater than the wave amplitude.

In the model experiments, heave motion was recorded via accelerometers and so 

the raw data is acceleration. As discussed in Section 5.6 the accelerometers are 

not located at the LCG and so the recorded accelerations must be adjusted to give 

results at the LCG removing acceleration caused by pitch motions. The relevant 

heave acceleration -  time histories at the centre of gravity are given in Figure 5-8- 

4 for trimaran DVZ in beam seas at a speed equivalent to 6 knots. The 

accelerations in this figure have been adjusted to be relative to gravitational 

acceleration.

The heave acceleration -  time histories show significant beating at all frequencies. 

This beating is most noticeable at frequencies close to roll resonance (2.80 rad/s), 

where the recorded heave acceleration amplitude is greatest. An interesting 

observation is that, at an excitation frequency of 2.80 rad/s, the heave acceleration 

is not symmetrical about 0 m/s2 as would be expected with linear regular wave 

theory. This shows that the heave restoring is changing as the draught changes. 

Therefore, the model heaves upwards more than it heaves downwards due to the 

flare above the still water position on the three hulls. Beating will occur if either 

the amplitude or frequency is time variant or when the output wave is the 

summation of a number of different waves with constant amplitude and frequency
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but differing phases. The Discrete Fourier Transform is now used to determine 

which one of these is the case.

1.5
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I
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!  -as

Wave Frequency 2.192 rad/s

Figure 5-8- 4: Heave acceleration -  time histories measured at the LCG for trimaran DVZ 

in beam seas at a speed equivalent to 6 knots without roll damping appendages
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The DFT of the heave acceleration -  time history for each wave is given in Figure 

5-8- 5. At every wave excitation frequency, there is evidence of a second peak at 

exactly twice the frequency of the first peak. The magnitude of this peak 

increases significantly in the region of roll resonance, becoming a maximum at 

near the roll resonant frequency (closest to the wave frequency of 2.80 rad/s). 

This supports the hypothesis that roll motion induces heave at the damped natural 

roll frequency (in Section 5.6.1 it was shown that if heave motion is being induced 

by roll motion at the roll frequency, heave motion will be occurring at the roll 

frequency and twice the roll frequency). Twin peaks indicate that the heave 

acceleration is governed by the summation of two regular sinusoidal waves and so 

linear regular wave theory cannot be used. The heave displacement can be 

expected to comprise of the same frequency components, thus a heave RAO 

cannot be determined unless only one peak is used (i.e. one of the two regular 

waves). Rather than integrating the whole signal to obtain the heave -  

displacement time history, if simple harmonic motion were assumed (although 

this type of motion is not what has been recorded) the heave displacement can be 

obtained by dividing the peak heave acceleration amplitude by the corresponding 

peak heave acceleration frequency squared. This approach is followed using just 

the first peak of the DFT to obtain the heave RAO’s given in Table 5-8- 2.

Even though this method of obtaining an RAO is not suitable for the excitation 

frequencies giving motion responses at two distinct frequencies, the RAO’s 

produced using just the first peak of the DFT are all greater than 1. As the second 

peak has been omitted this method is expected to underestimate the heave 

response and so these RAO values are conservative. This is highlighted by 

considering the percentage power in the DFT at the frequency of the first peak, 

see Table 5-8- 2, at a wave excitation frequency equal to the damped roll natural 

frequency, the power at this peak drops to 63.6% whereas away from this roll 

resonant frequency the power at the frequency of the first peak rises to around 

90%.

As mentioned in the previous paragraph, a regular wave constructed using only 

the first peak of the heave acceleration DFT will not give a good fit to the 

recorded data when the magnitude of the second peak is large. An example of this
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is shown in Figure 5-8- 6 at a wave excitation frequency of 2.80 rad/s (roll 

resonance). As only 64% of the power of the motion response was located in this 

first peak a good fit is not expected. Contrast this with the fit of a regular wave 

constructed using the first peak of the heave acceleration DFT at a wave excitation 

frequency of 2.192 rad/s (close to heave resonance). Here 87% of the power is 

located in this first peak and so the fit is much better.

Wave Frequency (rad/s) 3.788 3.097 2.800 2.574 2.398 2.192

Wave Amplitude (mm) 50.6 81.8 89.1 99.3 116.2 128.8

Heave Frequency (rad/s) 3.737 3.091 2.788 2.555 2.388 2.180

Heave Acceleration from  

Peak o f DFT
0.814 0.846 0.812 0.717 0.790 0.768

Heave Displacement from  

Peak o f the DFT (m)
0.058 0.089 0.104 0.110 0.138 0.162

RAO 1.15 1.09 1.17 1.11 1.19 1.26

Percentage Power at First 

Peak o f the DFT (%)
96.1 77.0 63.6 91.9 92.6 87.3

Table 5-8- 2: Wave, heave acceleration and heave displacement data from model experiment 

results in regular waves with trimaran DVZ (without roll damping appendages) at a speed

equivalent to 6  knots
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Figure 5-8- 6 : Fit of regular wave to recorded heave acceleration -  time history using the 

magnitude of the acceleration of the first peak of the Discrete Fourier Transform for 

trimaran DVZ without roll damping appendages in beam seas at a speed equivalent to 6

knots



358

The above analysis shows that, for a trimaran with a similar hull shape to trimaran 

DVZ, the heave RAO will not be accurately determined using linear regular wave 

theory at excitations close to the roll resonance frequency. In this condition the 

heave RAO will be under predicted.

There is some other experimental evidence that would appear to support this. 

Vassilos, Helvacioglou and Jasionowski (13) conducted experiments using a scale 

model of a 150 metre 4500 tonne trimaran design. This ship had haunches on the 

side hulls as well as flare on the outboard side of the side hulls. The hulls of this

model were similar to those of trimaran DVZ. However, the GM value was 

lower at 1.90 metres (compared with 3.14 metres). Model test results in regular 

waves are presented and the roll and heave RAO’s are compared with theoretical 

predictions. The heave RAO was shown to drop significantly at two frequencies 

close to the damped roll natural frequency. This drop did not occur in the 

theoretical prediction. Whilst this evidence is compelling, without knowledge of 

how the RAO was calculated (the process used to determine the steady heave 

motion amplitude) no firm conclusion can be drawn. This is the only documented 

example of a drop in the heave RAO obtained from trimaran roll experiment 

results.

To try and obtain a better fit to the recorded motion -  time history, both peaks of 

the DFT of the heave acceleration -  time history will now be considered. The 

power in the output motion wave at the two frequencies giving the greatest peaks 

in the DFT increases from 63.6% to 86.2% and from 77.0% to 91.8% at wave 

excitation frequencies o f2.800 and 3.097 rad/s respectively.

The power in the wave at the frequency’s coinciding with the two biggest peaks 

changes to 91.8% and 86.2% from 77.0% and 63.6% at wave frequencies 3.097 

and 2.800 rad/s respectively. If a wave is constructed from the addition of two 

sine waves, one with the amplitude and frequency measured from the first peak of 

the DFT of the acceleration -  time history, and the other with amplitude and 

frequency measured from the second peak, the fit between this wave and the 

output heave acceleration -  time history is improved. The fit of a two term sine
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wave to the output acceleration -  time history at a wave excitation of 2.800 rad/s 

is given in Figure 5-8- 7 where it can be seen that the fit is indeed much improved 

(compare this with the left hand graph of Figure 5-8- 6).

J
I  o
80 <
SJ -0.5 
5
1

Recorded Data 
Fitted Data-1.5

0 10 20 30 40 50
Time (s)

Figure 5-8- 7:- Recorded heave acceleration -  time history compared to fit using two 

sinusoidal varying terms each with constant amplitude and frequency taking from the first 

and second peak of the Discrete Fourier Transform for wave frequency 2.80 rad/s for 

trimaran DVZ in beam seas at a speed equivalent to 6  knots

In Figure 5-8- 7 the phase difference between the two sinusoidal terms has been 

taken as zero. It can be seen from the shape of the recorded heave acceleration - 

time history that there is likely to be some phase difference because the shape of 

the fitted two term sine wave is not identical to this recorded motion -  time 

history. The phase difference could be determined by a least squares fit of a two 

term sine wave with phase difference to the recorded data.

In Figure 5-8- 7, towards the end of the time window, the amplitude of the 

recorded motion -  time history is greater than the amplitude of the sum of the two 

sine waves (without phase difference) measured from the relevant DFT. This 

could indicate that coupling with another motion could be occurring as well. The
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most likely is pitch because the side hulls are located aft of midships and their 

centre of buoyancy will be aft of the LCF and LCB of the centre hull. So, when 

rolling in beam seas, the heave motion of the side hulls could induce pitch motion. 

This possibility is investigated in Section 5.8.3.

So, it can be concluded that the standard monohull analysis procedure for 

obtaining heave RAO’s is not suitable for trimarans fitted with haunches. To do 

so will lead to predictions of heave RAO’s that are too small in the region of roll 

resonance.

This phenomenon occurred at all the speeds for which the trimaran model was 

tested. Further examples of the DFT’s for heave acceleration and the power from 

the first peak of these DFT’s are given in Figure 5-8- 8 and Table 5-8- 3 for a 

speed equivalent to a ship speed of 12 knots. At higher speed, the roll damping 

will be greater (see Chapter 2) and so the roll motion will reduce and hence less 

heave motion will be induced. This can be seen by the relative reduction in the 

magnitude of the second peak of the DFT in Figure 5-8- 8 and that the percentage 

power in the wave in the region of roll resonance is not as low as for the results at 

6 knots presented previously.
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Wave Frequency (rad/s) 3.788 3.097 2.800 2.574 2.398 2.192

Heave Acceleration from  

Peak of DFT (m/J)
0.793 0.844 0.798 0.682 0.747 0.724

Percentage Power in 

Peak o f DFT (%)
96.7 81.0 83.8 91.3 91.1 88.6

Table 5-8- 3: Wave frequency, heave acceleration and percentage power in peak of Discrete 

Fourier Transform measured from model experiment results with trimaran DVZ (without 

roll damping appendages) at a speed equivalent to 1 2  knots

5.8.3 Pitching in Regular Beam Waves

If the assumption that the vertical plane motions can be uncoupled from the 

horizontal plane motions in beams seas is taken, then no pitch motion would be 

expected in beams seas in regular waves. However, in the model experiments 

with trimaran DVZ, pitch motions were recorded and these were greatest at wave 

excitation frequencies closest to roll resonance. Perusal of other published 

trimaran model experiment results in beam regular waves shows that this is 

generally the case, see Doctors and Scrace (166), Granshaw (181) and Richardsen 

etal(171).

The pitch angle -  time histories recorded in the beam seas experiments in regular 

waves for a ship speed equivalent to 6 knots are given in Figure 5-8- 9. Generally 

speaking, the greatest pitch angles occur at wave excitation frequencies closest to 

roll resonance, with the exception of a few cycles giving large pitch angles at an 

excitation frequency of 2.192 rad/s.

The DFT of these pitch angle -  time histories is given in Figure 5-8- 10. These 

DFT plots show a narrow banded peak of large amplitude for excitation 

frequencies around roll resonance, whereas at excitation frequencies away from 

roll resonance the magnitude of the peak is much smaller and the peak is not so 

narrowly banded. In all cases, there is a second peak just after the first and this is 

likely to represent the pitch natural frequency. From this analysis it can be
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concluded that if roll motion induces heave motion it is also quite likely the pitch 

motion is induced as well if the side hulls are located such that when they heave 

the model will also pitch.

The percentage power at the frequency causing the largest peak in the pitch angle 

DFT is given in Table 5-8- 4. Only the first two frequencies in the table have a 

power at this frequency greater than 70%, for the other frequencies a single 

regular wave at this peak frequency would not provide a good fit to the 

experimental data and thus accurate RAO’s would not be able to be produced.

Wave Frequency (rad/s) 3.788 3.097 2.800 2.574 2.398 2.192

Pitch Frequency (rad/s) 3.737 3.091 2.788 2.555 2.729 1.923

Pitch Angle from Peak o f 

DFT (degrees)
0.341 0.830 0.686 0.211 0.282 0.374

Percentage Power in 

Peak of DFT (%)
84.1 73.9 64.7 42.5 34.6 29.6

Table 5-8- 4: Wave frequency, pitch frequency, pitch amplitude and percentage power in 

peak of Discrete Fourier Transform measured from model experiment results with trimaran 

DVZ (without roll damping appendages) at a speed equivalent to 6 knots
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Figure 5-8- 9: Pitch angle -  time histories for trimaran DVZ in beam seas at a speed 

equivalent to 6 knots without roll damping appendages
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Figure 5-8-10: Discrete Fourier Transform of pitch angle -  time history for trimaran DVZ 

in beam seas at a speed equivalent to 6  knots without roll damping appendages
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5.8.4 Summary

The work presented in Section 5.8 has challenged the validity of the assumption 

of linear seakeeping theory for trimaran DVZ. It has been shown that heave 

motion could not be analysed in beam regular waves using linear theory due to the 

irregular output motions recorded. At excitation frequencies close to roll 

resonance, heave motion was occurring at two predominant frequencies (the 

excitation frequency and twice the excitation frequency). It was postulated that 

this was due to the haunches on the side hulls inducing heave motion during 

rolling and that at roll resonance this heave motion would be large. This 

invalidates linear regular seakeeping theory where an input linear wave leads to 

output motions which are also linear with constant frequency and amplitude. It 

was shown that the heave motion also induced pitch motion (due to the location of 

the side hulls) and the magnitude of this motion was also greatest at frequencies 

close to roll resonance. Whilst a reasonable approximation of the roll motion 

could be obtained using the linear assumption, the output roll motion was shown 

to be weekly non-linear and strictly therefore linear theory should not be used.

Thus it is very likely that when large roll motions are occurring, near the roll 

resonant frequency, significant heave motion will be induced due to the presence 

of the haunches on the side hulls which will in turn induce pitch motion. It is also 

possible that at the roll resonant frequency, resonant heave motions will be 

induced by the roll motion alone. If this is the case, autoparametric resonance 

occurs between the two modes and then there is continuous energy exchange 

between them. This idea is explored for monohulls by Nayfeh, Fung, Haji and 

Mook (182). An autoparametric resonance is said to occur when resonance in one 

degree of freedom, driven by external forcing of the system, causes resonant 

motion in another degree of freedom. A parametric resonance occurs when 

energy from a degree of freedom excited by external forcing, not leading to 

resonance in that degree o f freedom, causes resonance in a different degree of 

freedom. Autoparametic resonance of trimarans would appear to be an interesting 

topic for future theoretical studies.
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5.9 Conclusions

In this chapter the assumptions underpinning the analysis of trimaran roll motion 

have been explored through focused studies based on research conducted on a 

single trimaran model. This work has shown that many of these assumptions, 

which to date have been considered acceptable for trimarans, are erroneous when 

applied to this trimaran model. The key conclusions from this work are outlined 

in the following paragraphs. Further, more complete, studies are required to 

investigate this assertion in greater depth and in particular to understand whether 

the results are applicable to all trimarans. A plan for further studies is developed 

in Chapter 6.

This chapter started with further analysis of the trimaran roll decay experiments. 

The start point was to see whether a quadratic or cubic damping model fitted the 

measured data best. From the roll decrement, the equivalent linear roll damping 

was calculated over half a roll period and plotted against the average roll 

amplitude of the two peaks defining the half roll cycle so that the spread of the 

data around the chosen damping model could be investigated. After least squares 

fitting the two damping models to the data (quadratic or cubic) the spread of 

equivalent linear damping results around the line representing the fitted damping 

model was large in both cases. For roll decay at zero speed, the spread of data 

could be so large that some values of equivalent linear damping were negative 

even though the linear and quadratic or cubic damping coefficients are positive. 

Negative damping, that is motion amplification in proportion to roll velocity, is 

physically most unlikely. This trend was shown to occur in both the sets of zero 

speed roll decay experiments carried out on trimaran DVZ (undertaken in 2002 

and 2004).

Analysis of the two sets of zero speed roll decay experiments allowed the 

repeatability of the results to be checked. In both sets of experiments the plots of 

peak decrement against time were well matched (allowing for slight variations in 

the initial roll angle), however there was a great variation between the linear and 

quadratic damping coefficients determined in 2002 compared with those from
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2004, this was due to the considerable spread of the damping data described in the 

previous paragraph. Thus, due to the spread of the damping data, the damping 

coefficients cannot be determined with any level of confidence.

Having questioned the appropriateness of the chosen damping model, the next 

series of investigations, still focused on the analysis of roll decay results, were 

focused on the assumption that the decay could be modelled by a single degree of 

freedom roll equation with constant coefficients. To start with, the assumption of 

a single degree of freedom equation of motion was accepted and the studies just 

explored the assumption of constant coefficients. Studies were undertaken using 

time domain simulations of the roll decay (of trimaran DVZ) with a time varying 

roll stiffness term (after dividing the equation of motion through by the 

summation of the roll inertia and added inertia). These simulations showed that, 

when the roll decrement was analysed in the same way as before, a spread of 

equivalent linear damping data could be obtained. It was postulated that, for a 

trimaran with significant flare or haunches on the side hulls, roll motion would 

induce heave motion due to the immersion and emergence of the side hulls during 

one roll cycle. A second heave component is introduced in any roll decay 

experiment when a force is applied to the edge of the model to instigate the roll 

decay. These effects were incorporated in the roll decay simulations by 

modifications to the roll stiffness of the model (due to the change of waterplane 

whilst heaving). It was shown that, for trimaran DVZ, the only way a spread of 

damping could be obtained which was similar to that occurring in the previous 

roll decay analysis was when there was little or no heave damping.

Having shown for trimaran DVZ that stable roll damping coefficents could not be 

achieved if the decay was analysed using a single degree of freedom roll equation 

with constant coefficients, and by using simulations of the roll decay of trimaran 

DVZ shown that the assumption of constant coefficients may be erroneous, it 

remained to see if the assumption of uncoupled roll was correct. This assumption 

was investigated by looking at results of heave, pitch and roll motions recorded in 

the 2004 series of roll decay experiments. This showed that roll motion did infact 

induce heave motion during roll decay and that this heave motion did not decay 

away. The recorded heave component did not occur at one distinct frequency,
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Fourier analysis showed it to comprise of a number of frequency components 

including the roll frequency and twice the roll frequency. Due to the location of 

the side hulls on trimaran DVZ, the heave motion also induced pitch motion. 

Thus, the assumption of uncoupled roll during roll decay was shown to be 

incorrect for trimaran DVZ.

Having thoroughly explored the roll decay, the next step was to look at the 

assumptions underpinning roll motion prediction. These were challenged by 

analysing the results of seakeeping experiments carried out on trimaran DVZ in 

beam waves. The assumption of linear theory, where a regular sinusoidal wave of 

constant amplitude and frequency leads to output motions which are also regular 

and sinusoidal with constant amplitude and frequency, was shown to be invalid 

for heave motion and somewhat questionable for roll motion. The heave results 

showed that there was strong coupling between roll and heave at excitation 

frequencies close to roll resonance, and at these frequencies the heave motion was 

irregular and comprised of two distinct frequency components. If this heave 

motion was being driven by roll motion then two peaks in the decomposition of 

the frequency response would be expected. This is because one heave cycle 

occurs for every half a roll cycle (i.e. heave up and back down when the model 

rolls to port and up and back down again when the model rolls to starboard). 

Therefore, if heave motion is being induced by roll motion at the roll frequency, 

heave motion will be occurring with half the period of the roll motion (i.e. at 

twice the frequency). This leads to an irregular output heave motion.

Theoretical seakeeping prediction codes have not been investigated in this 

chapter. However, many of the important conclusions outlined in the previous 

paragraphs, strictly applicable only to the roll motion of trimaran DVZ (and 

possibly all similar trimaran hull shapes), question the appropriateness of most 

modem theoretical seakeeping codes. The inability to obtain stable roll damping 

coefficients from roll decay experiments affects the accuracy of seakeeping 

computer predictions in both the frequency and time domains that reply upon 

them. The work in Chapter 4 showed that, at the current time, there are no 

theoretical methods suitable for predicting roll damping coefficients for trimarans. 

The assumption of constant coefficients in the equation of motion was questioned.



370

If this assumption were to be invalid, solutions of the equation in the frequency 

domain would be inappropriate and it would complicate analysis in the time 

domain. Finally, the questioning of the appropriateness of linear theory also 

makes all but the most sophisticated mathematical formulations in the time 

domain inappropriate.
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6.1 Introduction

The research documented in Chapters 4 and 5 has demonstrated that currently the 

physics of trimaran roll motion is poorly understood, both at zero speed and with 

forward speed. The coupling between roll motion and other motions and the 

significance of any coupling effects on the roll motion are not very well 

understood at all. Experimental studies and simulation of the roll equation of 

motion in Chapter 5 have demonstrated that coupling between heave and roll is 

most likely for a trimaran with haunches on the side hulls. The research in 

Chapter 4 has shown that current theoretical approaches based on monohull roll 

analysis processes are inadequate for trimarans. However, all these conclusions 

are based on research with just one trimaran model and one analysis tool 

(TRISKP).

A programme of work is required that will provide answers to these questions and 

to provide data to inform the development of theoretical roll damping and roll 

motion prediction methods. This work must be carried out so that conclusions 

which are applicable to all trimarans can be made.

Studies can sensibly be split into two parts: The first task is to understand the 

physics of roll motion at zero speed for a trimaran without appendages (Section 

6.4.1); the second is to understand the physics of trimaran roll motion at forward 

speed without appendages and then to determine the roll damping contribution of 

any roll damping appendages (Section 6.4.2). Each part will need to be supported 

by model experiments and theoretical studies covering a range of trimaran 

geometries and configurations.

The purpose of this part of the thesis is to draw up a process that encapsulates 

these studies and to identify the model experiments and theoretical studies 

required to aid development of new theory to accurately predict the roll motion of 

trimarans. The completion of this proposed research is left as future work to be 

taken forward by other researchers.
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6.2 Overview of the Key issues

6.2.1 The Problems

The issues identified in Chapters 4 and 5 can be distilled down into four key 

points, each of which needs to be addressed if accurate roll motion predictions are 

to be obtained for trimarans.

1) Existing computer seakeeping prediction codes do not predict trimaran 

roll motion with sufficiently accuracy.

Predictions with existing linear frequency domain seakeeping computer programs 

are generally poor, being particularly so at zero speed. Furthermore, theoretical 

roll motion predictions, obtained using linear frequency domain seakeeping 

computer programs with experimentally derived linear and quadratic damping 

coefficients, do not correlate particularly well with model experiment results.

2) Stable measurements of roll damping coefficients cannot be obtained from 

roll decay experiment results using analysis techniques based on an 

uncoupled single degree of freedom equation of motion.

When the 2002 and 2004 free roll decay experiment results on trimaran DVZ 

were re-analysed in Chapter 5, there was considerable variability in the damping 

coefficients obtained from each set of results. The analysis showed that neither a 

quadratic or cubic damping model (with linear and quadratic or cubic damping 

coefficients) fitted the measured damping data particularly well because of a large 

spread in the damping data measured in the experiments (assuming an uncoupled 

linear equation of roll motion). This is part of the reason why poor roll motion 

predictions were obtained when experimentally derived damping coefficients 

were input into linear frequency domain seakeeping computer codes.
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3) Analysis of results from model experiments show that it is likely that roll 

couples strongly into heave and to a lesser extent heave couples into pitch for 

trimarans fitted with haunches and flare on the side hulls.

Further analysis of the 2004 model experiment results, including motion 

predictions in regular beam waves and zero speed free roll decay, showed that it is 

most likely that roll motion induces heave and pitch motion. Thus, in the model 

experiments in waves, whist a regular input wave leads to a predominantly regular 

output roll response, it causes irregular heave and pitch responses.

It is postulated that this coupling of roll into heave is the reason why analysis of 

free decay experiments using only a single degree of freedom roll equation does 

not yield stable or accurate damping coefficients.

4) Using theory adapted from existing published methods, roll damping 

calculations based on the summation of a number of components do not give 

satisfactory predictions for trimarans fitted either with or without roll 

damping appendages.

In Chapter 4 a roll damping prediction method was developed based on the 

summation of a number of theoretical components, both linear and non-linear, 

with respect to the roll velocity. If non-linear components are included they must 

be converted to an equivalent linear form to allow a linear equation of motion to 

be solved. These equivalent linear components depend on the steady roll 

amplitude (requiring the equation of motion to be solved in an iterative manner) 

and so solution of the equation of motion is only practical in the frequency 

domain.

In the theoretical method that was developed, the dominant damping components 

were all linear. Of these linear components, three contributed the majority of the 

roll damping; lift of the appendages, centre hull horizontal lift and damping 

induced by side hull heave; all the contributions from the other components were 

so small that they could be safely discarded. The accuracy of the appendage lift 

calculations and damping induced by side hull heave were restricted in the
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frequency domain linear analysis because the time varying position of both the 

appendage and side hulls cannot be considered. For the appendages, the time 

variance influences the free surface lift losses and the angle of attack, these factors 

significantly affect the lift and hence therefore the roll damping moment they 

generate. Whereas, for the roll damping component due to side hull heave, 

instantaneous immersion of the side hulls will affect the heave damping. It is 

possible that other mechanisms could be providing roll damping that were not 

considered in this theoretical method.

A proposal for a method to solve these issues is discussed in the next section.

6.2.2 Proposal for the Solution

In order to solve the problems identified in the previous sub section a more 

complete understanding of the basic physics of trimaran rolling is required. 

Attempts to predict the roll motion of a trimaran using accepted methods for 

analysis of monohulls have met with mixed success. This work was described in 

Chapter 4. Thus the applicability to trimarans of the assumptions interwoven in 

the monohull analysis methods has had to be questioned. This work is described 

in Chapter 5. The end result is that the basic physics of trimaran roll dynamics at 

zero speed are not properly understood. It has been postulated in Chapter 5 that 

this is especially the case when flare or haunches are fitted to the side hulls. 

Furthermore, when appendages were added, leading to significant roll reduction at 

high speed, theoretical predictions, once again based on tried and tested monohull 

methods, did not provide accurate estimates of trimaran rolling.

Whilst the desired end result is to be able to theoretically predict trimaran roll 

motion accurately, this cannot be achieved until the mechanisms influencing 

rolling of a trimaran hull without appendages are understood, at both zero speed 

and with forward speed. Furthermore, theoretical methods are required that allow 

the roll damping contribution of the range of appendages that could be fitted to a 

trimaran to be predicted.
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Thus, the way forward is to first understand the physics of trimaran rolling at zero 

speed, then to build on this by understanding the additional damping generated by 

the hull alone at forward speed. Once these are understood the lift generated by 

appendages can be investigated. This understanding is best gained by 

experimental and theoretical studies on simplified trimaran hull shapes.

The work outlined so far will not yield a coherent theory which can be applied to 

computer seakeeping codes, rather it will allow trimaran motion to be better 

understood and provide a starting point on the route to development of an 

extensive validated theory. Once the physics of the problem are understood, 

further experiments and analysis should be conducted that will allow a robust 

semi-empirical theory to be developed. This completes the first step towards the 

development of fully theoretical methods.

It is likely that the early investigative experiments will be based on simplified 

trimaran hull shapes or prismatic hull sections. It is important therefore that any 

new theory developed is subsequently validated against actual trimaran hulls.

In summary, what is required is a proper understanding of the physics of trimaran 

rolling as well as a route towards new methods for obtaining accurate estimates of 

trimaran roll motion.
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6.3 Process to Further the Understanding of 
Trimaran Roll Motion

A process towards the development of a fully theoretical method for predicting 

trimaran roll motion is outlined in Figure 6-3-1. A good precursor to a theoretical 

method is a robust semi-empirical method using data from model experiments. 

This is the central box in the figure. This semi-empirical method is fed by two 

streams of research. The first is work required to gain a complete understanding 

of the physics of roll motion of a trimaran at zero speed (the box with the dashed 

outline at the top of Figure 6-3- 1), the other is work required to understand what 

is happening at forward speed (the box with the dashed outline at the bottom of 

Figure 6-3- 1).

Looking at each of these two research activities in turn, the first point to address 

to understand roll motion at zero speed is the possible coupling between roll and 

heave identified in Chapter 5. It has been postulated that this is due entirely to 

flare or haunches on the side hulls. As the purpose of the side hulls on a trimaran 

is to provide stability, they will also be expected to have a significant effect on the 

roll motion. The next step is to understand how the geometry and location of the 

side hulls affects roll motion and then to understand the roll damping they 

provide.

Focusing on the second option, trimaran motion analysis at forward speed, 

theoretical methods for predicting monohull roll damping suggest that the extra 

damping that occurs is due to the horizontal lift force generated by the hull due to 

an angle of attack developed between the hull and the inflow whilst rolling. The 

magnitude of this term should be investigated for a trimaran and in particular the 

contribution of the side hulls to this form of damping needs to be understood.

Once all the mechanisms influencing the roll motion of a trimaran hull at both 

zero and forward speed have been identified semi-empirical theory can be
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developed to predict them. Finally, the lift developed by appendages must be 

investigated so that theoretical predictions can be made.



379

Trimaran motion anaiysis at zero speed

Trimaran motion anaiysis at forward speed

Develop robust semi- 
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•Effect of side hull flare 
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separation

Influence of side hulls on roll motion
•Experiments to support simple 
simulations
•Identify suitable form of the equation of 
motion

Figure 6-3- 1: Process to further the understanding of trimaran rolling
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6.4 Model Tests and Theoretical Studies in Support 
of the Process

Based on the process outlined in Section 6.3, a number of model experiments, 

simulations and computational analyses are discussed in the next two sub sections 

to address the problems outlined in Section 6.2.1. It is beyond the scope of this 

thesis to research these topics in any depth. However, they must be addressed if 

trimaran roll motion is to be understood. This work forms a basis for the 

development of theoretical methods which will allow accurate predictions of 

trimaran roll motion and roll damping.

The initial focus of these studies is to fully understand the physics of trimaran roll 

motion at zero speed. Building on this knowledge the roll damping components 

which were put forward for trimarans in Section 4.4.1 of Chapter 4 can then be 

validated or their relative contribution investigated further.

6.4.1 Model Experiments and Theory at Zero Speed

Experiment One: The nature o f roll and heave coupling

The purpose of this experiment is to understand when roll motion induces heave 

motion for a trimaran. In Chapter 5 it was postulated that when rolling, trimarans 

fitted with haunches and flare on the side hulls heave. This causes regular wave 

theory and any analysis with a single degree of freedom roll equation to become 

invalid.

To investigate this effect a trimaran model is required with a centre hull shape that 

will not induce any heave motion during rolling. This allows heave motion, 

caused purely by the change of side hull immersion during rolling, to be 

investigated. As this experiment will be conducted at zero forward speed the hulls 

do not need to be shaped to minimise resistance, therefore simple prismatic hull



381

shapes are to be used. Thus the trimaran model will comprise a prismatic centre 

hull of circular section and thickened flat plate side hulls of rectangular section. 

The model shall be set up so that the transverse position and draught of the side 

hulls can be varied. The side hulls should be manufactured so that a series of 

simple triangular sectioned haunches can be fitted to the inboard face. The cross 

structure connecting the three hulls should be designed so that it does not enter the 

water for the range of roll angles likely to be recorded in the experiments. The 

model arrangement is shown in Figure 6-4- 1.

sep

Figure 6-4- 1: Set up for experiment one

The model shall be set up so that the centre of gravity, and thus the roll centre, are 

located at the mid point of the circular sectioned centre hull and this shall be 

coincident with the waterline. When setup in this way, the centre hull hydrostatic 

properties will not change during roll motion, thus the centre hull will not cause 

the model to heave. So, whilst the side hulls remain in the water, the waterplane 

area of the model will not change appreciably during roll motion (so long as there
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are no haunches fitted). The model should be instrumented so that roll angle and 

heave acceleration are measured. Due to the simple shape of the model, motion in 

degrees of freedom other than roll and heave (only likely when the haunches are 

fitted), should not be encountered.

The model should be small enough to allow the roll radius of gyration to be 

determined using a compound pendulum, see Chapter 16 of Lloyd (64).

The test rig will need to be set up so that the following tests can take place

1. Roll decay with heave constrained.

2. Heave decay with roll constrained

3. Free roll decay

In the first series of experiments, heave motion can be constrained by fixing the 

model longitudinally through the centre of gravity. Free decay experiments can 

then be conducted for various values of side hull separation and beam to draught 

ratio. The initial heel angle should be selected so that both side hulls remain 

submerged at all times. As this is measuring purely roll motion, a single degree of 

freedom uncoupled roll equation will model the decay and so the equivalent linear 

roll damping per half cycle can be obtained from the decrement using one of the 

approaches outlined in Section 2.4.2 of Chapter 2. The mass distribution of the 

model should be arranged to ensure that the resulting roll radius of gyration gives 

a sensible roll period. A suitable form of the damping model can then be 

proposed. A large spread in the equivalent linear damping values should not be 

expected. Experiments can then be conducted at larger heel angles so that one 

side hull comes out of the water during the decay. This will allow a qualitative 

analysis of the effect that this has on the decay. Finally, the haunches can be 

added to the side hulls and the effect of these on the roll motion can be 

investigated by comparing peak decrements for the model with and without 

haunches.

In the second series of experiments the pure heave decay can be measured by 

constraining the model so that it cannot roll. Decrements can be compared for
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different values of side hull beam to draught ratio both with and without the 

haunches fitted. The haunches should reduce the heave motion as the heave 

stiffness will increase when they are submerged.

Finally, the model should be subjected to a free “roll” decay experiment. Once 

again, experiments should be conducted for the same range of side hull 

separations and beam to draught ratios used in the first set of experiments, taking 

care to ensure that the side hulls remain immersed for the duration of the decay. 

Without the haunches fitted, heave motion should not be induced and the results 

should be almost identical to those from the experiments where the model was 

restrained. The experiments should then be repeated with the haunches fitted. 

Heave motion will be expected and so both heave and roll time histories should be 

recorded. The initial heel angle on the model can then be increased so that the 

side hulls come out of the water during the decay. The effect this has on the roll 

and heave motion can be investigated qualitatively.

The results of Experiment One will allow the hypothesis that for a trimaran fitted 

with haunches (or considerable flare) roll motion induces heave motion to be 

proved or disproved.

Experiment Two: Establishing a suitable form for the equation o f motion

The purpose of this experiment is to examine the roll motion of a simple trimaran 

to determine an appropriate form of the equation of motion to use for future 

analysis. Once a form for the equation of motion has been established, time 

domain simulations can be performed and the results compared to the model 

experiments. This will allow the chosen form of the equation of motion to be 

validated.

The results of Experiment One are expected to show that for the simple trimaran 

model, coupling between roll and heave only occurs when either the side hulls are 

fitted with haunches or if the side hulls exit the water. Thus, without the haunches 

(or flared side hulls) the motion of the model can be examined using an uncoupled
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single degree of freedom roll equation with constant coefficients (so long as the 

side hulls do not exit the water).

However, if when rolling in calm water the haunches on the side hulls induce 

heave motion, a moment will be created that opposes the roll moment. This extra 

moment could be included on the right hand side of a single degree of freedom 

roll equation. In order to continue with the simple single degree of freedom 

approach, the stiffness term will now be time variant, depending on the change in 

displacement due to heave and the roll angle. The change in displacement will 

also affect the roll inertia.

As shown in Chapter 5, examining trimaran roll motion using a free decay 

experiment is not ideal as a heave moment has to be applied to the model to 

instigate the decay. This heave moment will decay at the natural heave frequency 

whereas any heave motion induced by rolling will occur at the roll frequency. 

This complicates the heave response, which comprises of more than one 

frequency component. The problem can be avoided if a forced roll experiment is 

conducted instead. Here a steady sinusoidal roll moment is applied to the model 

of amplitude ma4 per unit roll inertia and frequency co. If the model’s restoring

characteristics are linear, the output roll motion will be sinusoidal but there will be 

a phase difference between the roll angle and the roll moment. The equation of 

motion can then be described by:-

, . pVG M  ( \x4 + b44X4 +T~-------- X *4 = ™a4 C0S(6? 11 6-4-1
(.14 + A " )

The equation can be further expanded by replacing the roll damping term with a 

suitable damping model, for example a quadratic model with linear and quadratic 

damping coefficients :-

X4 +(/>, + b 2 \ x 4 \ ) x 4 + X A = m a 4  C0S(^ *)
\  4 44 /

6-4-2
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For the simple trimaran model used in Experiment One, equation 6-4- 2 should be 

adequate to describe the output motion without the haunches fitted to the side

hulls so long as the GZ curve remains linear over the range of roll angles 

observed in the experiment (with the right hand side of the equation set to zero). 

However, as discussed above, addition of the haunches will cause an extra heave 

moment and will make the stiffness term time variant. Thus, if the assumption is 

made that the roll inertia and added inertia are constant, the equation can be recast 

as follows :-

x4 +  (b x + 62|x4|)x4 + c o s ^y jJ + /ja(/)cos(<y / )  6-4-3
(/4 + ̂ 4 4 )

Where ha (t) is the time varying heave moment amplitude caused by immersion of 

the haunches on the side hulls of the model per unit roll inertia. This term will 

depend on the roll angle, x4, and the heave displacement, x3. In addition, if the

model is heaving as well as rolling, the magnitude of GM  and the displaced 

volume, V , will vary with both the roll angle and heave displacement.

The equation of motion is now much more complex but remains in just a single 

degree of freedom. A coupled heave and roll equation of motion would be more 

appropriate, but this requires knowledge of the coupling terms and the added mass 

and damping in heave. To obtain these further experimentation would be required 

or theoretical estimates would have to be used which introduce additional sources 

of error.

Using this new equation of motion, estimates of the roll damping coefficients can 

be obtained from the results of forced roll experiments. Because of the time 

varying terms in the equation of motion, accurate estimates of the roll damping 

will only be obtained if the complete roll -  time history is used. Damping 

coefficients can be determined in this way using a Parameter Identification 

Technique. A brief discussion on these methods was given in Section 2.4.2.2 of 

Chapter 2. The damping coefficients can be obtained using the following 

procedure:-
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1. Obtain measurements for the roll angle and heave displacement from the 

forced roll experiments

2. Create a lookup table for GM  and displacement covering the range of roll 

angles and mean draughts (calculated using the heave displacement data) 

observed in the experiments

3. Use the lookup table to determine the time varying roll stiffness term in 

equation 6-4-3 assuming the roll inertia and added inertia remain constant

4. For the given roll angle use the lookup table to determine the extra 

buoyancy due to the change in immersion of the side hulls and hence 

calculate ha(t), the time varying heave damping moment

5. Use a parameter identification technique to obtain values for the unknown 

damping coefficients

6. Re-simulate the equation of motion (equation 6-4-3) using a Runge Kutta 

technique and check the accuracy of the damping coefficients

The above procedure can be tried with different roll damping models if the fit of 

the simulated data to the recorded data is not satisfactory. Based on the 

conclusions of the theoretical studies in Section 4.4 of Chapter 4 the linear 

coefficient should be greater than the non-linear coefficient.

The heave moment damping roll motion caused by the haunches on the side hulls 

of the simple trimaran model varies with roll velocity. This moment is dependent 

on the side hull heave damping which depends on the roll angle. Thus, only 

changes in the heave damping of the side hulls will influence roll damping. This 

was discussed in Section 4.4.1.2 of Chapter 4 where the damping component due 

to side hull heave damping, BSHH, was developed. Therefore, damping

coefficients obtained for the trimaran model without haunches should be almost 

identical to those obtained when the haunches are added so long as the waterplane 

area of the model in the still water condition does not change (haunches 

positioned above the still waterline). The analysis should be repeated for the 

trimaran without haunches fitted using equation 6-4-2 (without heave forcing and 

time varying stiffness) to model the resulting roll motion and the damping
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coefficients obtained should be compared to those obtained when the haunches 

were fitted. For the simple trimaran model the two sets of damping coefficients 

should be almost identical. This expected trend can be further proved by 

repeating the analysis with haunches with different amounts of flare.

Some further qualitative information about the physics of trimaran roll motion can 

be gleaned from this experiment. If, when haunches are fitted to the model, heave 

motion couples with roll motion when a regular forced sinusoidal input roll 

moment is applied, a sinusoidal output motion will not be recorded. The level of 

irregularity in the output roll motion should increase as the flare on the haunches 

is increased.

Experiment Three: Influence o f side hulls on roll damping

The purpose of this experiment is to determine the contribution of the side hulls to 

the roll damping term in the equation of motion.

For the simple trimaran model used in the previous two experiments, the circular 

sectioned centre hull when rolling around its central axis will not radiate waves or 

shed eddies when rolling. Thus, if the roll damping is considered to be made up 

of a number of additive components as asserted by Ikeda, Himeno and Tanaka 

(114) and Schmitke (81) the only damping the centre hull will provide is due to 

hull friction. As shown in Section 2.5.2 of Chapter 2 this component us usually 

very small. Thus, the majority of the roll damping for this model will come from 

the side hulls.

In Chapter 4, a roll damping component was developed based on the heave 

damping of the side hulls in vertical motion. An assumption was made that, when 

the side hull transverse separation is large, the motion of the side hulls during 

rolling can be considered to be approximated by movement in the vertical plane 

only. Thus, the heave damping in the vertical plane will provide roll damping 

depending on the magnitude of the vertical component of the roll velocity. For 

large side hull separation the vertical component of the roll velocity will be much 

larger than the horizontal component and so it can be approximated by
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multiplying the roll velocity (in rad/s) by the separation of the side hull from the 

centre hull. For the theory in Chapter 4, the heave damping of the side hulls was 

estimated using linear Potential Flow Theory. This only considers the hull shape 

below the still water position and does not account for the vertical movement of 

the side hull when rolling. The quality of the roll motion predictions will depend 

on the accuracy of the heave damping term. Thus a series of experiments are 

proposed to gain an improved understanding of the heave damping of the side

Forced heave tests should be conducted using flat plate side hulls of the same 

geometry as those used in the previous two sets of experiments. Once again the 

side hull should be designed so that a series of haunches can be attached. The 

experimental setup is shown in Figure 6-4- 2. Forced heave experiments should 

be conducted for a range of side hull beam to draught ratios both with and without 

haunches fitted. The range of heave force amplitudes applied to the model in the 

experiments should be carefully selected so that the resulting heave velocity is 

representative of the vertical component of the roll velocity at the side hull 

position observed in the previous experiments (~ r sepx4). In addition, a series of

experiments should be conducted where the magnitude of the applied force is 

enough to move the side hull clear of the water. This will allow a qualitative 

investigation on the effect this has on the steady heave damping of the side hulls. 

The frequency of the forced heave should be set to be equal to the roll resonant 

frequency of the model used in the first two experiments. An estimate of this can 

be made from the roll decays recorded in Experiment One. The equation of 

motion describing forced heave is:-

Where / 30 is the steady heave force amplitude per unit mass. For monohull ships

conventional wisdom suggests that the heave damping is linear, see Crossland, 

Wilson and Bradbum (173). Using the same approach that would be used to 

analyse the results of a forced roll test, see Spouge (95), a quasi-linear method

hulls.

6-4-4
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will allow the damping for each steady forced heave to be estimated using the 

following equation: -

Where x30 is the output steady heave amplitude from the forced heave

experiment. Forced heave tests should be conducted for a range of values of / 30

and the resulting values of b33 should be plotted against x30. If the heave

damping is linear this will yield a straight line with a gradient equal to zero. 

These plots can be used to determine how the heave damping is affected by 

changes in beam to draught ratio of the side hulls, the addition of haunches with 

differing amounts of flare and when the side hull comes out of the water during 

the experiment. If in any of these cases the heave damping becomes non-linear 

then the term ha(t) in equation 6-4-3 will be a non-linear function of the heave

amplitude x3.

Forced heave motion |  /(0 ~ / 3 0 cosa>t

Figure 6-4- 2: Setup for experiment three, forced heave experiments on simple side hull
shapes with and without haunches

Semi-empirical Prediction o f Roll Motion

6-4-5
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Having accurately measured the heave damping of side hull geometries used in 

Experiment Two, the roll damping of the simple trimaran model can now be
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calculated theoretically. For this simple model, using the theoretical method of 

Section 4.4 of Chapter 4, the total roll damping can be considered to consist of the 

following components only:-

f?44 = BF + Bshh 6-4- 6

Note that there is no wave radiation damping or eddy shedding for a circular 

sectioned hull. The wave radiation damping of the side hulls is considered to be 

small and the friction damping, BF, can be calculated using the theory of 

Schmitke (81). The roll damping coefficients obtained using the Parameter 

Identification Technique and the series of forced roll experiment results from 

Experiment Two can then be compared with theoretical predictions using equation 

6-4-6. The side hull heave damping component, BSHH, can be estimated using the

measured heave damping values from Experiment Three. Strictly speaking, the 

damping in equation 6-4-6 is linear and so should only be compared with the 

linear damping coefficient obtained using the results of Experiment Two. 

However, if for some of the side hull configurations tested the side hull heave 

damping proved to be non-linear, then the damping from equation 6-4-6 should be 

compared with both the linear and non-linear roll damping coefficients. In this 

case the non-linear damping should be converted to equivalent linear form using 

the method given in Section 2.2.3.2 of Chapter 2.

The correlation between the theoretical method (using experimentally derived side 

hull heave damping) and measured roll damping will highlight whether prediction 

by summation of a number of components is sensible as a basis for future 

theoretical predictions of trimaran roll damping.

6.4.2 Model Experim ents and Theory with Forward Speed

Having suggested a number of experiments linked with theoretical analysis that 

should enlighten the physics of roll damping of trimarans at zero speed 

culminating with an embryonic semi-empirical theory, the focus now switches to 

predictions at forward speed. Investigations will be split into two areas; the first
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is gaining an understanding of the magnitude of the lift damping component of a 

trimaran and then looking at possible ways of predicting appendage damping.

Experiment Four: Horizontal lift force on a trimaran during rolling

The purpose of this experiment is to determine the effect the side hulls have on 

hull lift damping at forward speed. The experiment will be based on the work of 

Haddara and Leung (124) who followed the approach pioneered by Ikeda, 

Himeno and Tanaka (114), (115). Haddara and Leung measured the horizontal 

lift force on a model towed obliquely (with a fixed yaw angle) down a towing 

tank with the model free to heel at different Froude Numbers. The horizontal lift 

force measured in this sort of experiment can be used to predict the horizontal lift 

damping component for a rolling ship, BL. The large profile area of the hull of a 

ship («  L x T ) generates large forces and moments and these can be far greater 

than the control forces and moments generated by the rudders. Thus the lift force 

and associated moment developed by the hull in rolling are important and provide 

a significant portion of the total roll damping, see Section 2.5.5 of Chapter 2.

For this experiment, a model is towed down a towing tank obliquely at a fixed 

yaw angle, x6, with the model free to heel. Once again a trimaran with simple

geometry is to be used. This time the side hulls are to be thickened flat plates 

with rounded ends. The side hulls should have a constant vertical section shape. 

The centre hull is to be symmetrical about the x and y axes. A hull with semi

circular section below the waterline and wall sided above tapered fore and aft to 

form the bow and stem is proposed. The taper at the ends of the centre hull must 

be sufficiently long so that the flow around the hull is similar to that on an actual 

trimaran hull; care must be taken to ensure that the flow does not separate from 

the hull too close to the bow. The model is to be setup so that the lift force and 

moment on the hull can be measured. The hull and experimental test rig are 

shown in Figure 6-4- 3.
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Figure 6-4- 3: Experimental setup for hull lift calculations
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The same centre hull will be used for all of the experiments, with a range of 

different side hulls with varying length, draught, beam and displacement. The 

dimensions of the side hulls shall be selected to be representative of those fitted to 

actual trimaran designs. The model shall be setup so that GM  remains constant 

in all configurations. This can be achieved by varying the separation of the side 

hulls. As can be seen in Figure 6-4- 3, the horizontal lift force creates a roll 

restoring moment, with a lever arm measured vertically downward from the roll 

centre. Therefore, the side hull component of this moment will not be effected by

the transverse separation of the side hulls so long as GM is constant and the 

change in draught during rolling is not large (this will change the profile area). 

Thus, GM can be maintained by moving the position of the side hulls.

The force and moment measured in the experiment can be expressed as:- 

Force = ^ p U 2SLCL

6 - 4 - 1

Moment = Force(la + lR )

Where Ia and IR are given in Figure 6-4- 3 and SL is the representative area for

lift calculations and will comprise components from each of the three hulls. From 

these measurements the relationship between the forces and moments and Froude 

Number can be established for the each of the different pairs of side hulls. If the 

representative area is taken to be the sum of the length multiplied by the draught 

of each of the three hulls in the still water position an estimate of the lever, 1R, 

and the lift coefficient, CL, can be made. Haddara and Leung (124) assumed that 

the lift coefficient was a non-linear function of yaw angle :-

C L =  x 6 P h - l  ( ^ 0

6-4-8

n = 1,.....,«

Where p H_L{u) is a coefficient varying with forward speed which can be 

determined by fitting the measured lift coefficient values to equation 6-4-8. If this
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expression proves to be unsuitable for a trimaran, another expression would need 

to be proposed. Haddara and Leung then related the steady yaw angle to the roll 

velocity using the following expression: -

Thus from equations 6-4-7, 6-4-8 and 6-4-9 an expression can be gained for the 

roll damping moment due to hull lift:-

Moment = 6-4- X#

If n > 1 this is a non-linear expression rather than the linear lift damping 

expression proposed by Ikeda, Himeno and Tanaka (114) (115).

Using equation 6-4-10, insight can be gained into the magnitude of the roll 

damping moment due to horizontal lift for a trimaran. One would expect long 

side hulls with large draughts to have a significant effect on this, however with 

smaller side hulls it may be that this moment is dominated by the centre hull 

component. In the theoretical method developed in Chapter 4 only the centre hull 

contribution was considered.

From these simple experiments it may be possible to propose a semi-empirical 

formula to predict the roll damping component due to hull lift for a trimaran with 

different side hull geometries.

Understanding the Contribution o f Appendages

As pointed out in Section 6.2.1, accurate predictions of the lift of appendages will 

only be obtained if the time varying angle of attack and submergence of the 

appendage with respect to the free surface during rolling can be determined. Thus 

accurate appendage lift calculations will only be obtained in the time domain.
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The work in the previous section on roll dynamics at zero speed focused on 

experiments that could be used to either validate or further develop theoretical 

methods that allowed the equation of motion to be solved in either the frequency 

or the time domain. This focus was necessary to allow the vast array of existing 

work based on solution of the equation of motion in the frequency domain to be 

built upon. However, as accurate appendage calculations require time domain 

theoretical methods it will not be possible to draw upon much of the existing work 

on predicting the roll damping of appendages. Instead, more complex methods 

involving Computational Fluid Dynamics (CFD) will be required. Model 

experiments will only give a limited insight due to the difficulty in maintaining 

the ship scale Reynolds number for the appendage on the model.

The purpose of the theoretical studies will be to understand how the time varying 

angle of attack and time varying immersion of an appendage affect the lift 

developed. This is to be achieved using modem CFD computer codes. The start 

point will be a detailed review of current CFD codes focusing, in particular, on 

their ability to accurately model the free surface, there are currently two 

approaches: Interface Tracking methods and Interface Capturing methods. In the 

former, the free surface is defined as a sharp interface, moving grids are fitted to 

the free surface and only the flow of the liquid is modelled. In the latter method, 

no distinct boundary is defined between the water and the air and grids exist with 

both liquid and gas filled regions. Either marker particles, or a transport equation 

for the void fraction of the liquid phase, are used to capture the free surface. For 

further enlightenment see Bertram (66) and (183). Once a suitable code has been 

identified the following investigations can be carried out.

1. Test the suitability of the CFD code by modelling a two-dimensional 

hydrofoil (with a two-dimensional grid) deeply submerged in water with a 

forward speed oscillating vertically up and down. The heave velocity and 

frequency should be chosen to be representative of a trimaran at roll 

resonance. The time varying lift can then be determined from the pressure 

distribution.

2. Repeat the above analysis introducing the free surface. Oscillate the 

hydrofoil below the free surface at different depths.
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3. Create a three dimensional model of a hydrofoil moving with forward 

speed below a free surface which rolls around a fixed position. The 

location of both the roll centre and position of the hydrofoil with respect to 

the roll centre should be representative of an appendage fitted to a 

trimaran. The roll velocity and frequency should be chosen to be represent 

a trimaran at roll resonance.

4. The effect of the trimaran hull on the hydrofoil can be considered by 

modelling the side hull and if necessary the centre hull and repeating the 

above simulation. This is likely to require a very complex mesh geometry 

and may take some time to solve. However, it is mentioned here as in 

time it is hoped that such a simulation will be viable.

The CFD analysis will give an insight into how the lift varies during rolling. It 

may be possible to develop simple semi-empirical methods using this analysis that 

could be coded into time domain seakeeping codes.

6.4.3 Future W ork

In the previous two sub sections a number of experiments, theoretical studies and 

analyses have been identified that will increase the understanding of the physics 

of trimaran rolling. Once these investigations have been completed the 

knowledge gained must be put to use to identify a route towards the eventual aim 

of developing new theoretical methods that accurately predict trimaran roll 

motion. This will not be an easy task, but the work in the thesis provides a good 

background for other researchers on the route down the long dark tunnel towards 

this eventual aim.
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6.5 Conclusions

In this sixth chapter of the thesis, a process has been developed that, when 

followed through, will give a much improved understanding of trimaran roll 

motion. This process includes a series of model experiments using both simple 

trimaran sections and representative ship models. These experiments can be 

tailored so that they can be used, in addition, to develop and validate new semi- 

empirical roll damping theory.

There will be little progress in understanding and accurately predicting trimaran 

roll motion unless the work identified in this chapter is completed. Current 

prediction methods must be extensively validated before they can be accepted as 

representative for all trimarans, and new theories must be developed and validated 

that cover a wide range of side hull geometries and roll damping appendage 

configurations. Existing methods and simple adaptations of them have been 

shown (in Chapter 4) not to provide accurate roll motion predictions for trimarans.
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7.1 General

When embarking on this research thesis it was thought that the science of trimaran 

roll motion prediction was mature and hence the focus of the research would be 

on further characterisation of trimaran rolling and on the reduction of roll motion. 

However, the literature review (contained in Chapters 1 to 3) shows that roll 

motion prediction is not an exact science for monohulls let alone for trimarans. In 

fact, nearly all the researchers who reported on trimaran roll motions had used 

methods adapted from those commonly applied to monohulls.

As the thesis unfolds, it is shown that the methods accepted for trimaran roll 

motion prediction to date (by previous researchers) are lacking and many of the 

assumptions that underpin them are not appropriate for trimarans. The primary 

cause of this difference is believed to be due to the presence of considerable flare 

above the still water position on the side hulls. This flare is necessary in order to 

achieve satisfactory large angle stability as discussed in Chapter 1. As the 

research in this thesis is only based on theoretical and experimental research using 

a single trimaran which has sidehulls with flare above the still water position, 

general conclusions for all trimarans cannot be drawn at this stage.

The key conclusions of this work, based on the research conducted on this single 

trimaran hull, are discussed in the following sub sections.
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7.2 Roll Motion Prediction

Monohulls

A thorough review of the literature showed that the preference of most researchers 

is to use Potential Flow methods to solve a linear equation of motion with 

constant coefficients for each of the six degrees of freedom: - surge, sway, heave, 

roll, pitch and yaw. As Potential Flow theory neglects viscosity in the fluid and 

cannot account for the contribution of appendages or lift generated by the hull 

during rolling at forward speed it cannot be used in isolation to obtain adequate 

predictions of roll motion. The Potential Flow roll motion solution is improved 

by adopting one of two methods

• The magnitude of the roll damping is determined by using semi-empirical 

theory, generally using the methods developed by either Schmitke (81) or 

Ikeda and others at the University of Osaka, see Himeno (80).

• The roll damping is measured in a model experiment where the roll 

damping term in the equation of motion can be represented using both 

linear and non-linear coefficients.

In either of these methods non-linear terms are converted to an equivalent linear 

format to allow the equation of motion to be solved using linear Potential Flow 

methods. A linear equation of motion can be solved rapidly in the frequency 

domain whereas a non-linear equation must be solved in the time domain which 

requires considerably greater computational effort. If a non-linear equation is 

used, all existing formulations still assume that the relationship between the wave 

forcing and roll damping is linear and thus any non-linear roll damping terms 

have to be converted to an equivalent linear form. Roll motion results using the 

more complex non-linear theory have not been shown to be vastly superior to 

results obtained using the more simple linear theory, except when the hull shape 

varies considerably above the still water position or for motion predictions in
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large amplitude waves. Therefore, linear methods are still used in preference to 

non-linear methods.

Trimarans

Although there have been many papers published which discuss theoretical 

prediction of the seakeeping performance of trimarans, few researchers have 

conducted detailed investigations into trimaran roll motion. Of those who have 

investigated roll motions, only a few discuss the prediction of roll damping in any 

detail. All the published research on theoretical seakeeping predictions use 

Potential Flow methods with either a linear or a quasi non-linear equation of 

motion (for the quasi-non-linear method particular terms in the equation of motion 

are made non-linear). The non-linear methods require solution in the time domain 

and have identical limitations to those discussed for monohull ships above.

The published papers, which include details of trimaran roll predictions, rely on 

roll decay coefficients which can be obtained from either model experiments or by 

adapting semi-empirical methods developed for monohulls. These damping 

coefficients have been used with both linear and non-linear formulations of the 

equation of motion adapted to allow solution using Potential Flow methods. The 

more complex non-linear analysis was shown to be no more accurate than the 

linear analysis when theoretical predictions were compared with model 

experiment results in regular waves (although there are very few published 

experimental results to compare with). Therefore, the conclusion was drawn that 

trimaran motion in regular waves could be predicted to an acceptable level using 

the monohull best practice approach -  solving a linear equation of motion in 

frequency domain using Potential Flow methods. The first part of the research in 

this thesis set out to prove this conclusion by testing the following hypothesis:-

Accurate trimaran roll motion predictions can be obtained using linear 

Potential Flow Seakeeping theory with the roll damping term either 

obtained from a roll decay experiment or augmented with empirically 

based theoretical roll damping components developed for monohulls.
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7.3 Disproving the Hypothesis

Having established the hypothesis, a package of research was conducted to test 

the validity of this hypothesis. This involved the comparison of theoretical 

predictions of roll motion which supported the hypothesis with seakeeping model 

experiment results in regular waves with a small number of different wave 

incident angles. As previously mentioned, all the model experiments were 

completed using one single trimaran model. A Linear Potential Flow seakeeping 

code which solves the equation of motion in the frequency domain developed at 

University College London (TRISKP) was used by the author to predict roll 

motion. The code was adapted so that roll motion could be predicted using either 

measured decay coefficients or a suitable range of semi-empirical roll damping 

prediction formulae which included, in a simplistic way, the contribution of roll 

damping appendages. This research disproved the hypothesis for the reasons set 

out in the following important conclusions:-

• The highest roll response measured in the experiments occurs at the wave 

excitation frequency closest to roll resonance. Theoretical roll motion 

predictions in the region of this excitation frequency are not well matched 

to the experimental results. This occurred regardless of the method used 

to obtain roll damping coefficients although, of the two methods, the semi- 

empirical approach produced the least accurate roll motion predictions 

which were significantly under damped, in particular at low forward 

speed. When the experimentally derived roll damping coefficients were 

used in the theoretical prediction there was no observable trend, the 

theoretical roll motion predictions were not consistently greater or less 

than the experimental results.

• When roll damping appendages were fitted to the model, whose purpose is 

to reduce roll motions in the region of resonance, the accuracy of 

theoretical predictions was not improved, sometimes too much extra 

damping was predicted (giving an over damped theoretical result) and at 

other times too little extra damping was predicted. The theoretical



403

appendage damping predictions which were used as part of the semi- 

empirical roll damping method were found to be very sensitive to 

assumptions about lift losses and enhancements. Due to the simplistic 

method used to predict the lift of these appendages these effects could not 

be properly accounted for. Particular difficulties were encountered for 

appendages that during one roll cycle would become close to, or pass 

through, the free surface.

• Theoretically derived roll responses at high excitation frequencies above 

the resonant region were always less than the response measured in the 

seakeeping experiments. Recalling the theory of a dynamic spring -  mass 

-  damper system this indicates that any or all of the following have not 

been correctly predicted: - the roll inertia, the roll added inertia or roll 

stiffness.

• Thus, the simple conclusion is that the linear frequency domain method 

does not yield accurate trimaran roll motion predictions for the particular 

trimaran under investigation.

During the seakeeping model experiments, at wave encounter frequencies close to 

resonance, one of the side hulls of the trimaran could come completely out of the 

water. Any appendages attached to the side hull would then either partially 

emerge or be very close to the water surface. In the development of a theoretical 

method to predict the damping contribution of the appendages it was shown that 

free surface lift losses were significant. Thus, the lift of any appendage attached 

to a side hull which is not deeply immersed will vary significantly throughout the 

roll cycle. Furthermore, if a side hull is coming out of the water the roll stiffness 

will vary during one roll cycle along with the total roll inertia and added inertia of 

the three hulls. This variation will be further affected by the haunches and any 

flare on the side hulls. These experimental observations support the conclusion 

that the linear frequency domain method cannot be used to accurately predict 

trimaran roll motion. In addition, they suggest that accurate predictions will 

require the solution of the equation of motion in the time domain.
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7.4 Testing the Assumptions Supporting the 
Hypothesis

Having shown that the fundamental hypothesis which underpins the work of many 

previous researchers who investigated trimaran rolling was false, the subsequent 

parts of this thesis aimed to understand why this was the case. The start point was 

to re-analyse the existing experimental results, both free roll decay and seakeeping 

in regular waves, coupled with focused theoretical investigations in order that the 

assumptions behind the hypothesis could be tested in turn. This is not a complete 

analysis which fully explores the topic; more in depth studies are required and 

these are discussed in more detail in the next section which proposes future work. 

The first set of investigations focused on the measurement of roll damping 

coefficients in free roll decay experiments. Once again, using the results of model 

experiments on a single trimaran hullform, the following important conclusions 

were reached:-

• When comparing the two separate series of free roll decay experiments on 

the same trimaran model (one series from model experiments in 2002 and 

the other from experiments in 2004), whilst the roll decrements were 

repeatable, the roll damping coefficients varied considerably. This trend 

was observed regardless of whether a quadratic or cubic roll damping 

model was assumed.

• For the trimaran in question, the assumption that the roll decay can be 

modelled by an uncoupled (partially non-linear) equation of roll motion 

with constant coefficients was shown to be invalid.

Firstly, this conclusion was reached after discovering that simulations of the roll 

decay with a time varying stiffness term could replicate strange behaviour 

observed during the analysis of the experiment results. This was believed to be 

the reason why stable roll damping coefficients could not be obtained. The only 

logical reason why the stiffness term could be time variant and non-linear with
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respect to the roll angle was if the waterplane area of the model was varying 

significantly during one roll cycle. As the trimaran model was fitted with 

haunches (above water flare in the side hulls) and the centre hull was wall sided 

above the still water line over the mid region, significant changes in waterplane 

area during roll motion could only occur if the waterplane area of the side hulls 

was changing significantly due to heaving, pitching or a combination of heaving 

and pitching. If this was the case the assumption of uncoupled roll during roll 

decay would be invalid. This was investigated by looking at the heave, pitch and 

roll motions recorded in the 2004 roll decay experiments. This did in fact show 

that roll motion induced heave motion and that this heave motion did not decay 

away. Fourier analysis showed it to comprise of a number of frequency 

components including the roll frequency and twice the roll frequency. Due to the 

location of the side hulls this heave motion also induced pitch motion. Therefore 

the assumption that roll decay can be modelled by an uncoupled roll equation was 

shown to be incorrect.

The second series of investigations focused on the assumptions underpinning roll 

motion predictions. This was explored through analysis of the results of the 

seakeeping model experiments in regular beam waves. The results of this work 

led to the following conclusion:-

• Linear wave theory, where a regular sinusoidal wave of constant 

amplitude and frequency leads to output motions which are also regular 

and sinusoidal with constant amplitude and frequency, is not valid for 

heave motion and questionable for roll motion. Strong coupling between 

heave and roll was shown to occur at excitation frequencies close to roll 

resonance and at these frequencies the heave motion was irregular 

(comprising of two distinct frequency components).

It was postulated that, due to the haunches and flare on the side hulls, roll motion 

induces heave motion and thus the assumption of linear wave theory breaks down. 

This then renders analysis based on the traditional linear wave theory 

inappropriate.
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7.5 Limitations

As with all things in life, there is a limit to the time one can spend pursuing any 

particular topic extensively. Therefore, it is important to understand, and in 

particular to clarify, the limitations of one’s work. This allows future researchers 

to understand the context of the work and makes it easier for them to pick up the 

baton and move the state of the art of the topic further forward.

The principal limitations of this work are listed in the following bullet points:-

• All the research conducted in this thesis, both experimental and 

theoretical, is carried out on a single trimaran hull configuration. The 

extent to which the conclusions of this work can be generalised for all 

trimarans is not known.

• The model experiments used to understand the physics of trimaran roll 

motion were not developed specifically for that purpose. When the 

experiments were devised it was incorrectly thought that the physics 

behind the problem was understood well enough. A series of experiments 

have been developed in Chapter 6 which are designed for this purpose. 

The completion of these studies is left to other researchers whom it is 

hoped will prove the conclusions set out in this thesis apply to all 

trimarans fitted with haunches or flare on the side hulls.

• The work in Chapter 4 on the theoretical prediction of the lift of trimaran 

roll damping appendages is very basic indeed. As the thesis unfolded it 

was asserted that only solution in the time domain would allow accurate 

lift predictions due to the considerable vertical displacement of the 

appendages during one roll cycle. As these appendages (and the side hull 

to which they are attached) have the propensity to emerge from the water 

at excitation frequencies near resonance any prediction method must also 

model the free surface and side hull. Such theoretical modelling is
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currently at the cutting edge of three dimensional computational fluid 

dynamics.

• In Chapter 4, the author attempted to develop a semi-empirical theory for 

the prediction of roll damping components for trimarans. This theory was 

developed from existing monohull methods with only one new term 

specific to a trimaran (the roll damping term due to side hull heave). The 

theory was not extensively validated by model experiments, nor was it 

developed using the results of simple experiments that clarify the physics. 

Any further attempt at developing a theory should be supported by 

experimentation that can be used both to illuminate the physics of the 

problem as well as being suitable for use in support of validation of new 

methods. Chapter 6 set out a series of experiments which should allow the 

physics to be explored more fully.
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7.6 Recommendations for Future Work

Future work should focus initially on understanding the physics of trimaran roll 

motion. This work should start by considering a trimaran rolling at zero speed 

without roll damping appendages fitted. Research should be conducted in order to 

understand:-

a) The coupling between roll and heave, including the effect of side hull flare 

and haunches.

b) The influence of the side hulls on roll motion. Studies should be carried 

out with different shape side hulls and for various side hull separations.

c) The influence of the side hulls on roll damping. Once again this should 

consider the effect of side hull shape and separation.

Once the physics of trimaran rolling at zero speed have been illuminated, a 

suitable formulation for the equation of motion of a trimaran should be proposed 

and then validated using model experiment results on simple trimaran hull shapes. 

A package of work whose purpose is to address these three issues is identified in 

Chapter 6.

Having developed a suitable formulation for the equation of motion for a 

trimaran, this equation should then form the basis for theoretical seakeeping 

prediction methods which should solve the equation in the time domain. It is 

suggested that this work starts by modelling a simplified non-linear roll and heave 

coupled equation of motion in the time domain.

Once motions at zero speed are fully understood the focus can then move to 

accurate motion predictions with forward speed. There are two key themes to 

address:-

a) The influence of the side hulls on both roll motion and roll damping. The 

lift force developed by the side hulls during rolling at forward speed 

should be the primary focus of this work.
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b) The contribution of roll damping appendages. At forward speed the lift 

damping of the appendage will provide a significant proportion of roll 

damping, therefore accurate, validated, methods are required to predict the 

lift generated by the appendage. Computational methods using the 

Reynolds Averaged Navier Stokes Equations in the time domain are 

thought to be the best approach.

Some initial thoughts on research required on these topics were given in Chapter

6. The results of all this work should be bought together to support the 

development and validation of theoretical methods for determining the roll motion 

applicable to all trimarans. This may require a series of semi-empirical methods 

to account for some of the unknowns in the equation of motion. To achieve this, a 

large number of model experiments coupled with focused theoretical studies are 

required. Thus there is still a considerable amount of work to be completed 

before the goal of accurate rapid prediction of trimaran motion can be achieved.



410

7.7 Concluding Comments

It is easy to convince ourselves when analysing a new hullform that existing 

theories can be used to adequately predict the response of the new hullform. If 

predictions for the new hullform using existing theory correlate reasonable well to 

model experiment results, it is even easier to convince ourselves that we 

understand the physics of the problem. However, until a great number of the new 

hull type have been analysed, this confidence may prove to be unfounded. The 

careful analysis in this thesis has shown that the physics of trimaran rolling are not 

well understood and that existing methods cannot be used to determine the nature 

of trimaran rolling.

This thesis has highlighted that, based on results from experiments on a single 

trimaran hull fitted with haunches and flare on the side hulls, heave motion will be 

induced due to the change of buoyancy of the side hulls during rolling. For most 

trimarans, due to the location of the side hulls, this heave motion will further 

induce pitch motion. This coupling was shown to cause heave motion comprising 

more than one frequency component. Hence this invalidates the principal 

assumption of linear regular wave theory that an input sinusoidal wave will cause 

output sinusoidal motion in all degrees of freedom. As this coupling is caused by 

a time varying phenomenon accurate trimaran motion prediction will only be 

possible in the time domain using a non-linear equation of motion.

Furthermore, it has been identified that, using adaptations of current monohull 

methods, trimaran roll damping cannot be predicted accurately. Difficulties arise 

in predicting the contribution of the side hulls and that of appendages. These 

problems are best addressed using time domain methods.

If the postulation that heave and roll couple for trimarans with flare and haunches 

on the side hulls is proved to be true for all trimarans, care must be taken to ensure 

that the natural frequencies in these two motions are not coincident or nearly 

coincident, otherwise synchronous roll and heave motion will occur at similar
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frequencies and energy may be swapped between the two motions leading to auto- 
parametric resonance.
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A1-1 Introduction

This appendix explains the theory supporting the semi-empirical methods for 

obtaining roll damping components for monohulls. This theory is reviewed in 

Section 2.5 of Chapter 2 of this thesis. This appendix is written as a free standing 

document in support of Section 2.5.

The sections in this appendix have been arranged to match the order the topics are 

discussed in Section 2.5 of Chapter 2. Therefore, the first section of this appendix 

concerns Skin Friction Damping (covered in Section 2.5.3 of the main text); the 

next section covers Eddy Damping (covered in Section 2.5.4); the following 

section Lift Damping (covered in Section 2.5.5); and the next section Bilge Keel 

Damping (covered in Section 2.5.6). The final section of this appendix covers all 

other topics relevant to the thesis.
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A1-2 Skin Friction Damping

Both Schmitke (81) and Ikeda (114) developed equivalent linearised damping 

formula to represent the friction damping based on the work of Kato (125):-

Bp — pco x q̂C ppSfpf Al-2-1
3 7C

Where Sw is the hull wetted surface area, CDF is the non-dimensional frictional

coefficient, co is the wave frequency and r is defined as the average radius of 

roll. Ikeda proposed that the hull wetted surface and roll radius could be 

determined using the following empirical formula:-

Sw = L(\.1T + CbB) Al-2 - 2

r = ^ |(0 .887  + 0.145Cg ) ^ -  -  2 (og)| A l-2-3

Where CB is the ship’s block coefficient with length L , draught T and beam B ,

and OG is the vertical distance from the origin (at the still water position) to the 

roll axis (the centre of gravity) measured positive downwards. Schmitke preferred 

to allow the friction to be calculated element by element and presented equation 

Al-2-1 as:-

B f  = J ^ P ° >  * 4 0  C DF f a  \ r f ^ y ^ i  +  d l  M ' 2 ' 4

Schmitke took an element measured around the girth of the hull, dx, of length / 

positioned at (x ,y ,z) a distance rf  = yjy2 + z2 away from the centre of gravity 

(assumed to be the roll centre), L and Cx on the integrals are over length and
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around the girth respectively. This allows the hull wetted surface shape to 

modelled more accurately than with equation Al-2-2.

In the case when forward speed is non-zero Schmitke proposed that the 

Schoenherr line based on smooth turbulent flow is used to calculate CDF :-

CDF =0.0004 + (3.46 log f V L \ -  s \-2
  ~ 5 -6) A l-2 -5

VO )

Where u is the kinematic viscosity, 0.0004 is the standard hull roughness 

coefficient.

If forward speed is zero then Schmitke suggested that a method developed by 

Kato (125) should be used:-

CDF =1.328/?„"°5 +0.014/?,"°1 1 4  A l- 2 - 6

The first part of equation Al-2-6 is due to laminar flow (which is a linear 

damping component) whereas the second part is due to turbulent flow (which is a 

non-linear damping component). The Reynolds number is obtained from:-

R » =  ^ L ( r x v s ?  A l-2 -7
Ttv

Ikeda used Kato’s method (equation Al-2-6) and modified the whole formula 

(equation Al-2-1) by the following factor to account for speed effects:-

Bp — BFo 1 + 4.1— | Al-2 - 8

coLJ

The empirical coefficient of 4.1 was proposed by Tamiya et al (126) based on 

theoretical modelling and experimental results for rolling ellipsoid models.
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Himeno (80) quoted equation Al-2-1 using Kato’s formula for the friction 

coefficient, equation Al-2-6, in equivalent linear form as:-

BpQ =0.787p  Swr 24m )'
( —2 2 >0.386'

-1 + 0.00814 r * 4o a>d

u\  >
Al-2- 9
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A1-3 Eddy Damping

Tanaka (127) developed an expression to determine the eddy roll damping 

component at zero forward speed, BE. The original work is published in 

Japanese but has been summarised by Schmitke (81). The equation relies on a 

non-dimensional coefficient CTAN which can be determined based on empirical 

data.

Where SWsec is the wetted surface area of the transverse section of the hull under 

consideration, and red is the radius from the roll centre (centre of gravity) to the 

position where eddies are being generated.

Ikeda, Himeno and Tanaka (117) developed the following equation to determine 

the eddy roll damping component, BE, at zero forward speed using a non- 

dimensional coefficient derived from empirical data CIKD :-

Where 7^  and are the draught and length of the ship section for which the 

eddy damping component is being calculated.

In both expressions the ship is split up into a number of transverse sections, the 

non-dimensional coefficient CTAN or CIKD is determined for the section in

question and the eddy damping contribution, BE, for that section can be 

determined using equation Al-3-1 or equation Al-3-2. This process is then 

repeated for all of the sections which represent the ship. The sectional

W sec TAN A l-3 -1

A l-3-2
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contributions are then summed together to give the total eddy damping component 

for the complete hull.

A1-3.1 Determination of Tanaka’s Non-Dimensional 

Coefficient

Tanaka measured the non-linear damping term from forced roll experiments and 

used this to determine suitable values for CTAN. These values form the basis of a

semi-empirical formula that allows the eddy damping to be calculated for 

different ship sections, equation Al-3-1. Tanaka came up with the following 

expression:-

u = 14.1 -46.7*40 + 6 \ .lx ^

Where reb is the effective bilge radius. Tanaka proposed a formula for reb 

depending on the ratio between the beam of the section, , and height of the

centre of gravity, KG :-

/
Ctan — T\T2 exp u

L * CMsee /
Al-3-3

B. 4.12-2.69
2

— + 0.823 KG
< 2.1

Al-3-4

0 KG
> 2.1

The term 7j is dependent on the relation between the beam of the section and the 

height of the centre of gravity whereas T2 depends on the flare, a s see Figure Al- 

3- 1, and the relationship between the effective bilge radius radius, reb, and the
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draught of the two-dimensional ship section under consideration, 7 ^ . The terms 

Tx and T2 can be determined using Table A l-3 -1 and Table Al-3- 2.

^ z ^ z

Figure Al-3- 1: Classification of section shapes for eddy damping calculations: “U/V” on left
and “Full” on right

*sec
KG 7.

0.00 0.50

0.25 0.61

0.50 0.62

1.00 0.61

1.50 0.53

2.00 0.40

2.50 0.35

3.00 0.32

3.50 0.29

4.00 0.26

Table A l-3 -1: Table of values for Tanaka’s Tj term
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a s (degrees) - ^ -  = 0 
T’sec

= 0.0571 = 0.1142 = 0.1713

0 1.00 1.00 1.00 1.00

5 0.86 0.75 0.74 0.70

10 0.77 0.67 0.72 0.72

20 0.68 0.75 0.89 1.20

30 0.65 0.92 1.34 1.94

Table A l-3- 2: Table of values for Tanaka’s T2 term

A1-3.2 Determination o f Ikeda et a l’s Non-dimensional 

Coefficient

Ikeda et al considered the case where either one or two eddies separated from the 

hull, see Figure Al-3- 2.

^ z

Figure A l-3- 2: Classification o f eddy separation conditions: one eddy shed on left and two
on right

Through experimentation they determined that the transition from single to double 

point eddy shedding depended upon the half-breath to draught ratio, H 0, and the

area coefficient, <rs , both defined in equation A1-3-5. Experiments revealed that 

no eddies were shed from a semi-circular section.
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A l-3 -5

To determine the magnitude of the roll damping moment due to eddy shedding the 

location of the points (either single or double) of eddy separation had to be 

determined along with the shape and magnitude of the eddy pressure distribution 

on the hull. The integral of the pressure distribution multiplied by a suitable 

rolling lever over the surface gives the eddy damping moment. The following 

example was proposed by Ikeda et al for two point separation: -

Moment = x

Where OG is the vertical distance from the origin (located at the still waterline) 

to the roll axis (the centre of gravity) measured positive downwards and rwlge is

the bilge radius (strictly the radius of the bilge circle linking the flat of bottom to 

the side strake). This can be approximated using:-

A l-3-6

f B \sec

A l-3 -7

r
2 >H0

/

Pm is the pressure difference from one side of the hull to the other when the ship

is rolling (i.e. the pressure difference between the port and starboard sides of the 

hull section when the section rolls to port). The constant of 1/3 on the pressure
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difference was set depending on the form of the pressure distribution. This 

pressure distribution was defined as:-

Pm 1 :
Y  = 2 prmax

;4|jc4|C; Al-3 - 8

Where CP is the pressure coefficient based on difference in pressure between the 

port and starboard sides of the hull:-

pressure 

\P  r j x m t o 2
A l-3-9

And r ^  is the maximum distance from the roll axis to the hull surface and is 

expressed by an approximate formula (equation Al-3-18).

In Ikeda et al’s formulation, the non-linear damping coefficient was defined as:-

_ Moment 1 A
2 • I • I “  o  P  sec see I.

* 4 * 4  2
Al-3- 10

Combining equations Al-3-6, Al-3-8 and Al-3-10 allows an expression for the 

coefficient CJKD to be developed. Adding in further terms proposed by Ikeda et al 

to account for single point eddy separation the final equation for CIKD is arrived 

at:-

IKD 1-/, ^bilge

sec

\ -
OG

sec /
+ f l ^ o - / ,

^bilge

sec TV sec y

Al-3- 11

The factor f x is set so that it is equal to one for single point eddy separation and 

zero for two point separation, it takes the general form:-

f ,  =0.5[l + tanh(20{<rs -0.7})] A l-3- 12

The correction factor f 2 is determined using:-
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/ 2 =0.5[l- COS T I C g ] -1 .5[l -  exp(- 5{l -  <rs })] Al-3- 13

The pressure coefficient can be obtained using the approximate relationship:-

The magnitude of this depends on the strength of eddies shed from the hull which 

may be affected by the magnitude of the local velocity and pressure gradient. 

Ikeda et al’s representation depends solely on yv, the ratio of the maximum to the

mean flow velocity around the hull section. The value of Cp becomes zero for a

circular cylinder as yv - 1, and approximately 1.5 when yv -> oo. Ikeda et al

developed an approximate formula to determine this ratio based on the potential 

flow of a cylinder using Lewis forms.-

The remaining undefined coefficients are given in equations Al-3-16 to Al-3-18:-

C , = 0.5[0.87 expC-x,) -  4 exp(-0.187y,) + 3] Al-3- 14

Al-3- 15

OG

Al-3- 16

H x = 1 + a,2 + 9a3 + 2ax (l -  3a3)cos2y/x -  6a3 cos4y/x

A1E = -2 a3 cos 5y/x + ax (1 -  a3) cos 3 ^

+ 1[6 -  3a, )a32 + (a,2 -  3a, ja, + a,2 }cos^, A l-3- 17

BlE = -2a3 sinSy/X +ax( \ - a 3) sin3i//l
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The radius to the point at which the distance between the hull and the roll centre 

becomes a maximum is defined as:-

r n m  =  M \

{(l + ax )sin y/x -  a3 sin 3y/x }2 

+ {(l -  ax )c o s^  + a3 cos 3y/x }2
Al-3- 18

The coefficients ax and a3 are the Lewis form parameters corresponding to the 

shape of the modified cylinder below the roll axis and the coefficient y/x 

represents the argument of the Lewis function on the transformed unit circle (see 

Lloyd (64)):-

Vx =1

0 = ^,i '•max (^ 1 1  ^ a x  ( ^ 2 2  )

1 /  -1 ^10 3̂ ) /  \  ( \
/ 2 C 0 S  \ a  W  22 'max ('V' 1, )  <  'max 22 )

Al-3- 19

And a correction factor for section shapes with a small radius of the bilge circle:-

f 3 = l + 4exp{-1.65 xlO5 0 - 0 's ) 2} A l-3-20
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A1-4 Lift Damping

Ikeda, Himeno and Tanaka (114) (115) developed the following formula to 

determine the lift damping of a ship hull:-

— 2 pULTkNl0lR , , ,O G  0.7OG2 
1-1 .4----- +

Ir IrIo
A l-4-1

Where the term in square brackets is an empirically derived applicable when the 

roll centre is not located on the still waterline. The lift slope is denoted by kN,

OG is the vertical distance from the origin (located at the still waterline) to the 

roll axis (at centre of gravity) measured positive downwards, and the terms /0 and

lR are moment lever arms. They showed that the product kNl0 could be

determined experimentally from an oblique towing test in which the model is free 

to heel. In absence of model test results empirical formula were proposed based 

on a range of model experiment results.

A1-4.1 Procedure for Determining the Lift Slope, KN, and 

Lever Arm, l0, from Model Experiments

For a given steady yaw angle (angle between the ships head and direction of 

towing) x6 a transverse lift force will be generated as the model is towed through

the water due to the angle of attack x6. This force will generate a steady heel 

moment depending on the magnitude of the lever between the centre of gravity 

and the lift force, ls . For a steady heel angle this moment will be opposed by a 

hydrodynamic restoring moment. This restoring moment can be considered to be 

equivalent to the hydrostatic restoring moment pVGMtp, where q> is the steady 

heel angle. For the oblique towing test, equating the two moments gives:-
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± p U 2SLC Js = pVGMtp

Al-4- 2

2 VGM<p
L s SLU 2

Ikeda et al made the assumption that in roll motion a 0 = x6, that is the moment 

developed due to steady heeling due to a yaw angle x6 is equivalent to the 

moment developed during roll motion caused by an angle of attack a 0

C l  ~  k N a o

dCr
k  =A' \T —

da«

a n -
U

A l-4 -3

If the lift coefficient in the oblique towing test is the same as the lift coefficient 

for the rolling model (based on the profile area of the submerged part of the hull) 

then ls =l0. Expanding the lift coefficient gives:-

, , 2 VGMrnkNls = ---------f  A l-4 -4
SLx6U 2

Model experiments are conducted with different positions of the centre of gravity 

and the steady heel moment is plotted against OG/T . Ikeda et al (115) showed 

that the value of OG/T when the static heel moment is zero is equal to ls . When

deriving the lift damping experimentally the correction in the bracket in equation 

Al-4-1 is not required and can be set to one. Hence, the only remaining unknown 

is the lever lR. The only way this can be determined is by measuring the total roll 

damping moment in a model experiment and isolating the lift component. Ikeda 

et al did this by running the model at a high enough Froude number so that there 

was no eddy damping and calculating the friction damping using the procedure 

outlined in Section Al-2 of this appendix. The remainder of the damping is then
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entirely due to hull lift. Having isolated the lift damping the lever can be 

determined by using equation A1-4-1 without the correction in the square 

brackets.

A1-4.2 Research at the Maritime Research Institute of the 

Netherlands (MARIN)

The Maritime Research Institute of the Netherlands (MARIN) conducted research 

into the seakeeping of a series of fast displacement ships starting in 1979. This 

work is reported by Blok and Aalbers (134). Roll decay tests were conducted on a 

number of models in the series and the measured damping was found to be 

disparate from results using the empirical methods of Ikeda et al (114) (115) (116) 

(117) (118) and Schmitke (81). A series of 13 models was then tested to allow 

improvements to the roll prediction methods of Ikeda et al and Schmitke to be 

made. At high forward speed the total roll damping moment was found to 

comprise of the wave radiation damping predicted by potential theory and hull lift 

damping, with the latter contributing the majority. As correlation between the roll 

damping moment measured in the MARIN roll decay tests and Ikeda et al’s 

theory had been poor at high speed, Blok and Aalbers naturally focused their work 

on making improved predictions of the lift damping of the hull.

Blok and Aalbers (134) noted that the hull lift damping in the empirical theory of 

Ikeda et al (114) (115) is derived from the lift of a vertical plate undergoing roll 

motion. They went on to comment that whilst this assumption may give a 

reasonable prediction for a merchant ship hull with large block coefficient and 

low beam to draught ratio it is not realistic for a fast displacement hull form where 

the beam to draught ratio is much greater. From the large experimental database 

available to them Blok and Aalbers determined that the hull lift roll damping was 

dependent on hull shape. This dependence was also reflected in Ikeda et al’s 

formulation (115) in the correction a: to the lift slope kN, see Section 2.5.5 of 

Chapter 2.
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The basis of the MARIN method reported by Blok and Aalbers is that for flat 

hulls with high beam to draught ratios the asymmetrical vertical lift force acting 

on the hull bottom on each side during roll motion creates a much greater roll 

damping moment than the horizontal lift force acting on the side of the hull used 

by Ikeda et al (115) to develop a lift damping equation. When the ship has 

forward speed, the vertical velocity of a transverse section of the hull undergoing 

roll motion induces an angle of attack to the incoming flow, hence a vertical lift 

force is developed. The distribution of this lift force along the length of the ship 

will cause a trim angle to be developed, rship. Blok and Aalbers then used the

work of Shuford Jr (184) to predict the lift force of a trimmed flat plate and 

developed a formula for the hull lift roll damping. Using this approach the 

following formula was proposed for the lift force developed by the flat plate with 

a trim angle rMp

Force/(metre)2 = ^ p U 2CL

Where /?„, is the mean hull deadrise angle in radians.. The lift damping 

component then becomes:-

1 2
CL = - ^ r shipcos rship 0 Phull) 

Z /5 + 1
A l-4 -5

A l-4 -6

kL = const x (l -  sin fihull)

Where kL is the lift slope coefficient based on trim angle and the constant, const, 

is dependent on frequency and is determined from the MARIN experimental data 

base. No results for either of these values were published.
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A1-4.3 Lift Damping o f Planing Craft According to Ikeda 

and Katayama

Ikeda and Katayama (135) published a paper describing a method for determining 

the lift damping of a planning craft. This differed from Ikeda et al’s (114) (115) 

original approach in that it considered the asymmetrical vertical lift force acting 

on the bottom of the planning hull during roll motion would create a much greater 

roll damping moment than the horizontal lift force acting on the side of the hull.

Force

R -V

I r - V *  4

Figure Al-4> 1: Vertical lift force generated during roll motion for a high speed craft with
high beam-draught ratio

Consider a section on the underside of the hull of a fast displacement ship with a 

high beam to draught ratio represented by the black rectangle in Figure Al-4- 1. 

During roll motion this section moves vertically up and down with velocity 

IR_vx 4 . This vertical velocity when combined with the forward velocity of the

ship induces and angle of attack on this section a VL
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Xa IR—Y
a Vr »  R Al-4- 7

t /

Assuming the running trim angle on the ship is Tship, the virtual trim angle acting 

on the vertical lift force rv can be written:-

x I
* > ( y ) =  TMp + « k l  *  tmp + ^ T £ -  A l - 4-8

The force per unit metre acting upwards can then be expressed as:-

1 2
Force/ metre = — pBU kLa VL Al-4- 9

Where in this case the lift coefficient based on trim angle, kL, is based on the 

virtual trim angle:-

, dCL
kr = — -  A l-4 -10

1 d tv

The roll moment is obtained by integrating the lift force per metre, equation Al-4- 

9, across the beam of the ship in the y-direction. After some mathematical 

manipulation the lift damping component can be obtained:-

BL = ^A p B *UkL A l-4 -11

No empirical formula was offered for the lift coefficient kL, this had to be 

determined experimentally.
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A1-5 Bilge Keel Damping

A1-5.1 Schmitke’s Method

Schmitke (81) reported on a method developed in Japan by Kato (136) for the 

prediction of a equivalent linear roll damping component due to a pair of bilge 

keels. He presented an equivalent linear damping terms as:-

Where, the bilge keel length and breadth are lbk and ft* respectively and, 

assuming the force on the bilge keel acts at the mid span, a lever from the roll 

centre (the centre of gravity) to this position is defined as rbk. The coefficient Cbk

can be broken down into a number of components depending upon the ship form 

and Reynolds number:-

Kato conducted a large number of model experiments and the results from these 

were used to determine semi-empirical formulae for the coefficients of equation 

Al-5-2. These coefficients are defined as follows:-

Where T4 is the roll period and:-

I 3
^ b K ~  3* P h k ^ b k r bk ^ A O ^ b k  n

Al-5-1

Cbk =C0CkCaCnBF~a» Al-5-2

a bk = 0.6 -  2.03 exp(- 25^bk) A l-5-4

A l-5 -5
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B = cosybk +—^ — [qbk + p<l -(p<1- p l )/(/l)]
2 b b k r bk

Al-5-6

Where lgbk is the distance from the root of the bilge keel to the waterline 

measured around the girth of the hull, see Figure A l-5 -1, and:-

<lbk = tan } + Rflr-K G  
4 2 )

sin n  ebk

4 2

sbk -  tan-i 2 Rflr

B.

p „ = K G - ^ 2 — -R „ rr o  j  j  f ir

p, = 0 .88jtfG -r>ee-0.54

/ W =
1.34 sin—  

3.6

l + 0.162sin — (A-0 .9) 
1.8v ' A l-5-7

>1 =
^bilge

^  - 2 ^ )

The rise of floor, Rflr, is defined by:

Rj,r bk Al-5 - 8

With ybk, Tbk and ebk defined in Figure A l-5 -1. Where rbilge is the bilge radius 

(strictly the radius of the bilge circle linking the flat of bottom to the side strake).
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Figure A l-5- 1: Definitions for the bilge keel parameters

Cn is the standard normal force pressure coefficient for a rectangular plate

moving with a uniform velocity in the direction perpendicular to its plane, defined 

by Schmitke (81) as:-

C_ =

1.98 exp
-11 bbk

lbk J K!<0.048

1.17 bj£0.048
A l-5 -9

Ck = l + 3.5exp(-9*M)

bilge

Rflr
1  +

V 5 secy

B^KG

A l-5- 10

The coefficient Ca depends on the Reynolds Number, RN, defined as:-

D  _  ^ b k r b k X 40 
N  ”  rpT,u

Al-5-11
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1

Al-5- 12

1.95-0.25 log +

0 . 2  sin
0.54

(log R„ -2.19)

The final coefficient serves to scale the equation:-

C0  =14.1 + 37.31^* Al-5- 13

A1-5.2 Ikeda et al’s Method

Ikeda, Himeno and Tanaka (116) (118) also developed formulae for predicting the 

roll damping contribution of a pair of bilge keels. They proposed that the total 

bilge keel roll damping component could be broken down into two parts:-

• One due to the normal force developed by the bilge keel, Bbkn , and

• A second due to the modification of the pressure acting on the hull in the 

region of the bilge keel, Bbkp .

The roll damping due to the normal force created by the oscillating bilge keel 

was:-

Where, CD is the drag coefficient of the bilge keel and f bkn a factor to account 

for the flow speed increase at the bilge in the vicinity of the bilge keels.

The bilge keel roll damping due to the pressure distribution around the bilge keels 

was determined as:-

Al-5- 14
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P rbk * > * 4 0  fbkn2 \ c p lever.dG Al-5- 15

Where the term lever is a lever arm measured from the centre of gravity to the 

point of action of the force generated due to the pressure difference across the 

faces of the bilge keels. The subscript G on the integral indicates that the 

integration is around the girth (around the outside edge of the hull section). Cp is

a pressure coefficient and the integral containing this at the end of the formula 

was obtained from an empirical formula.

The empirically derived coefficients in equations Al-5-14 and Al-5-15 will now 

be derived.

The normal force acting from the oscillating bilge keel was assumed to be of the 

form:-

Where S  represents the maximum area perpendicular to the flow, lbkbbk. In 

unsteady motion the drag coefficient CD varies with the motion. Keulegan and 

Carpenter (185) showed that the drag coefficient varied with a period parameter 

which has become known as the Keulegan-Carpenter Number, KC :-

Where t/max is the maximum speed in oscillatory motion and Lrep is the 

representative length. Taking Umax in angular motion to be rbko)x40 m/s and the 

representative length to be 2 bhk, this parameter becomes:-

Force - \ ^ p U 2SCD Al-5- 16

Al-5- 17

Al-5- 18
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Ikeda et al (118) conducted roll decay experiments and related the energy loss in 

one period to the drag force on the bilge keel. By making the resulting equation 

linear (using the equivalent linear method of Section 2.2.3.2 of Chapter 2), an 

expression for the drag coefficient was obtained:-

CD =
3(A£)

2  pb,b k h k i bk
3 2
CD X4 m

Al-5- 19

Where AE is the energy dissipated in one roll cycle and xAm is the mean roll

angle (average of the two peaks of the roll decay curve spanning the period under 

consideration). Having established that the drag varies with Keulegan-Carpenter 

number, Ikeda et al plotted the Keulegan-Carpenter number against the drag 

coefficient determined in the experiments. They obtained the following 

expression for the drag coefficient by applying a least squares fit to the measured 

data:-

CD =22.5 'bk

7irb kX A m fb kn  j

+ 2.40 Al-5- 20

This expression was considered to hold when the Keulegan-Carpenter Number 

was between 4 and 20. The factor f bkn was added later to account for the flow

speed increase at the bilge in the vicinity of the bilge keels. This factor was 

determined from experiments and should be attached to all the velocity terms in 

the equations Al-5-14 and Al-5-15. The factor was determined from model 

experiments on two-dimensional ship sections fitted with bilge keels (116):-

f b h ,  = l + 0.3exp{-160(l-o-,)} Al-5-21

Ikeda et al (116) stated that this coefficient would be no greater than 1.1, based on 

model experiment results using a two-dimensional model of the midship section 

of a Series 60 hullform with block coefficient of 0.80.
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Using the process of equivalent linearization, the normal force bilge keel roll 

clamping component for a pair of bilge keels could then be determined. This was 

given in equation Al-5-14.

Pressure sensors were fitted to the models in the vicinity of the location of the 

bilge keels. Forced roll experiments were conducted with the free surface covered 

by a flat plate with a gap around the model large enough to allow it to roll without 

touching the plate. This was to ensure that free surface effects and hydrostatic 

pressure effects on the water surface were minimised. The roll axis of the models 

was set to be located on the still waterline so that wave radiation effects were 

minimised. A pressure coefficient was calculated using equation Al-3-9 with the 

pressure defined this time as the difference between the pressures acting on the 

two faces of the bilge keel when the roll angular velocity was a maximum. The 

studies showed that the pressure coefficient remained constant when the 

frequency changed, i.e. the pressure of the bilge keels varies in proportion to the 

roll frequency squared. Furthermore, changing the roll amplitude only changed 

the pressure behind the bilge keels as the model rolled; the pressure on the front 

face of the bilge keel remained the same. Once again the pressure difference 

across the bilge keels was dependent on the Keulegen-Carpenter Number.

The pressure coefficient on the front face of the bilge keel was assumed to take 

the empirical value of 1 .2 , based on experiments on the ellipsoidal model, and to 

decrease linearly with distance around the hull to a value of zero at the free 

surface. The distribution of pressure behind the bilge keel was a more complex 

affair and was assumed to decrease following the profile of a trapezoid with 

longest length, adjacent to the hull, strap2, and shorter length j s trapz. The

magnitude of this pressure could be determined by taking the assumption that the 

pressure coefficient on the front face of the bilge keel minus the pressure 

coefficient behind the bilge keel is equal to the normal force drag coefficient 

given in equation A1-5-20. In order to simplify the calculation the ship section 

was assumed to have a horizontal bottom (no rise o f floor), vertical sides (no 

flare) both joined together by one quadrant o f a circle. The bilge keels were then 

located at the centre of the quadrant circle on either side of the hull section. A
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further simplification was to take an average length of the pressure distribution 

behind the bilge keel as smerage, the distribution of pressure across which is

uniform and rectangular:-

c — haverage bk
0.3 7 1 • ^ * w r * * * 4 0  -1- 1 . 9 5

K
A l-5-22

Under these assumptions, an equivalent linear formula is created by determining 

the energy dissipated by a rolling moment due to the pressure distribution. This 

leads to the formula given in equation Al-5- 15. The integral in that equation will 

now be expanded upon:-

f c p lever dG  = T j  (- AitpCP~ + BbtpC / ) Al-5- 23

C *  =1.2
2V A l-5-24

Cp = CP - C D-  -22.5 f  1.2
m ’b k fb k n X AO

Where CD is taken from equation Al-5-20, and:-

A b k p = ( m  3 + / w 4 > W 8 - w 72

A l-5-25

m? ( l -m ,2 \2m3 - m 7) , xBh. = ------- --------- r + A A-------- xr1 + m, [m,m* + m.m , )
** 3(//0 -0.215m,) 6(1-0.215m,) lV 3  5  4  6/

Where H0 is the half-breadth to draft ratio (equation A1-3-5). The m

coefficients are determined as follows:-

m, = , m2 = O G /  , m3  = l - m ,  - m 2, m4 = / / 0 -m,  Al-5-2*
/  sec /  sec

Where rbilge is determined using the expression in equation Al-3-7.



458

(o.4l4H0 + 0.0651m,2 -(0.382g„ + 0.0106)m,) 
m ,~ (tf0-0.215m,)(l-0.215m,)

(o.414//0 + 0.0651m,2 -(0.382 + Q.01Q6H0 )m1) 
"  (H0 -0.215m,Xl-0.215m,)

average average

average

f  (<: /  Y ! /  average h i \g e )

| l  -  cosĵ  / r m%' Jj (.^average *  ° - 2 5 ^ l g e  )

The lever rbk can be estimated using the assumption of a ship section with 

horizontal bottom and vertical sides joined by quadrant circles as:-

i

«H q - f l - ^ 1

^bi\ge ► + < f l _ V 2 ) ^bi lg e
2 "

►u
2 T T 2 T ̂ J sec sec V J sec

_
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A1-6 Miscellaneous

Ikeda, Tanaka and Himeno (123) (144) investigated the effect of hull shape on roll

The vessels had beam to draught ratios in the range 3.5 -  5.0 with rise of floor and 

a hard chine joining the bottom of the hull to the side.

For this type of hull shape an improved formula for the eddy damping was 

proposed (145) (146). The basis of this was model experiments on two- 

dimensional cylinders with various deadrise angles, . The calculation is per

each cross section and must be summed across the number of sections to obtain 

the complete value for the ship:-

damping by considering hull shapes typical of small Japanese fishing vessels.

f X ^ w C p S h c L ^  ( lh e - 1 +  K c - 2  V*

Kte- 1  = -exp(- 0.114//02 + 0.584if0-  0.558) 

Khc_2 =-0.38 H02 +2.264H 0 +0.748

/ta-i W  ) = exP (-2-145“ *c) 
//*-2 («aJ = e x p (-1 .7 1 8 a j Al-6-1

Where CP is the negative pressure on the surface of the hull distributed over 

length shc and rhc is lever from the point where eddies are shed to the centre of 

gravity. These symbols are defined in Figure A1-6-1.
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Figure A l- 6 - 1: Assumed pressure distribution on hard chine hull shape for eddy damping 
calculation according to Ikeda et al (145) (146)

Another investigation was to consider the effect of a skeg, large examples of 

which were commonly fitted to Japanese fishing vessels. The damping 

contribution of two types of skegs was measured in forced roll experiments on 

three two-dimensional ship shaped sections representative of fishing vessels. 

From this series of experiments an empirical formula was developed based on the 

pressure distribution around the skeg. The approach adopted in developing the 

formula is essentially identical to that used to develop a formula for the roll 

damping contribution of bilge keels due to the pressure difference around them 

(see section Al-5.2 of this appendix). The formula developed (146) was:-

Expressions for the pressure coefficients on the front and back face of the skeg 

(see Figure Al-6- 2), CPF and CPR, and the length of the negative pressure region 

sbk were developed using the results of the model experiments:-

A l- 6 - 2
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CPF =1.2

CPF -  CPR =CD= CD0 exp -  0.38
B.

sec /

Cm = 2.425AT ( O lK C Z  2) 
-  0.3 KC + 5.45 (2<KC)

A l - 6 - 3

^  = i-65KC2l3lA

Where in this case the Keulegan-Carpenter Number, K C , is equal to:-

U T
A l - 6 - 4

2  La

Where Lsk is the span of the skeg from root to tip. This can be re-written as:-

k c  = !±2±4o£ A 1^ . 5

L.Jsk

The various symbols are defined in Figure A l- 6 - 2.
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Figure A l- 6 - 2: Assumed pressure distribution around a skeg for damping calculation
according to Ikeda et al (146)
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A3-1 Lift Forces Estimates for Novel Appendages 
using the Theory of Du Cane

If an appendage is located near to the free surface it will suffer lift losses. These 

can be accounted for by using the theory of Du Cane (174) described in the 

following paragraphs. The approach here is to make corrections to the ideal two 

dimensional lift slope (CLa ) of 2 n .

In an unbounded fluid, the low pressure generated above the foil acts only to lift 

the foil, but in the hydrofoil case it also acts on the water surface, which distorts 

so as to relieve the pressure drop decreasing the lift on the foil. The disturbance 

of the free surface takes the form of a transverse wave travelling with the 

hydrofoil, which also curves the flow and introduces a wave drag. The magnitude 

of these effects varies in a complicated way with the hydrofoil’s depth of 

submergence, h , and speed, U , but since the wave effect becomes negligible at 

high Froude numbers, a reasonable approximation can be made in two additive 

terms:-

1. The lift loss due to pressure relief as a function of foil depth calculated at 

infinite Froude number, and

2. The “tilt” of the lift vector due to the wave effect as a function of foil 

depth and Froude number.

The first effect is similar to the interference suffered by the lower wing of a 

biplane and can be estimated using two-dimensional biplane theory, see for 

example Milne-Thompson (186), taking the wing gap to be twice the 

submergence depth of the hydrofoil. This gives a correction factor, KL, that the 

ideal lift slope curve (CLa) of 2n  must be multiplied by:-

A3-1-1
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Where ch is the chord of the appendage. This relationship is shown in Figure 

A 3-1-1 below.

Lift Factor KL

d e p th  I c h o rd  (h /ch)

Figure A 3-1-1: Variation o f free surface lift loss factor KL with the ratio o f appendage
depth to chord

Du Cane quotes an equivalent vortex line approximation to the wave effect 

derived by Vladimirov from NACA technical memorandum 1341 (187):-

1 ( ~ 2h Cl =  -ext
2Fn2 \ (

A3-1-2

Where the Froude Number Fn is calculated on the basis of chord:-

Fn = U
A3-1- 3

As speed increases, the lift loss and wave drag at first increase, reaching a peak at 

Fn = yflh/ch  . This relationship is shown in Figure A3-1- 2.
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Free Surface Wave Function
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Figure A3-1- 2: Free surface wave function gamma

As with conventional aerofoil theory, a hydrofoil of finite span suffers further lift 

losses and induced drags as a result of the three-dimensional flow associated with 

the trailing vortex system. Assuming the simple, but realistic, condition of 

elliptical spanwise loading, a wing of effective aspect ratio ARe, has an induced 

lift angle given by:-

CL JiARe

Where CL is the lift coefficient and <jfs is Prandtl’s finite span aerofoil factor,

where the wing gap is taken as twice the hydrofoil submergence, h . A reasonable 

approximation to this is given by:-

Du Cane notes that this additional <yfs term in the induced effects, equation A3-1-

4, accounts for the diverging lateral waves associated with the trailing vortices of 

a finite span foil. Theoretically, the transverse wave effects given by equation 

A3-1-2 should be reduced in the finite span case, but if this is done, the overall lift 

loss and drag tend to be underestimated. This is because the crfs correction is
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valid only at very high Froude numbers, where the additional complex terms 

become negligible. Although there is no physical justification for it, retention of 

the full two-dimensional wave effect covers these discrepancies at the lower 

Froude numbers and leads to a conservative but reasonable estimate. Therefore, 

no modification to equation A3-1-2 is recommended for finite span.

Planform effects due to non-elliptical loading can be applied to equation A3-1-4, 

however accurate estimates can only be obtained from model experiments. A 

correction to lifting line theory for modest aspect ratios is probably desirable to 

bring lift estimates into line with lifting surface theory. This takes the form of a 

factor, Ep , multiplying the ideal inverse lift slope, 1/2#. There are several 

theories proposing different expressions for Ep, but a simple empirical expression 

that lies between them and fits experimental data is:-

2E = l  +-----   A3-1- 6
p A R 2

This formula should be corrected further if there is a sweep angle on the foil.

If an appendage is attached to the centre and/or side hull of a trimaran it will be 

partially immersed in the boundary layer of the hull(s). This causes a reduction in 

the flow velocity near the connection between the appendage and the hull(s) and 

the lift developed in this region will be reduced. Using the theory of Lloyd (188), 

who conducted experiments on an isolated fin mounted at various locations along 

a backboard, measuring the boundary layer thickness, Sbl, and the lift developed. 

The results of this work can be approximated by the empirical expression:-

Ebl =1.0-0.21—  A3-1-7

Which is the ratio of the lift developed by the part of the fin inside the boundary 

layer divided by the nominal lift (with no boundary layer), s is the span of the 

appendage. The boundary layer thickness can be estimated using:-
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Sbl = 0.311 x FP( R „ y 2 A3-1- 8

Where xFP is the distance from the fore perpendicular of the hull in question to 

the mid point of the appendage and the Reynolds number is then determined as:-

If an appendage touches both the centre and one side hull then the respective 

boundary layer thicknesses calculated using equation A3-1-8 must be added 

together to obtain the value of Sbl for equation A3-1-7.

So, in summary, taking the contributions reducing lift from the previous 

paragraphs, the inverse of the lift slope curve CI a is defined as:-

Where the 2/r in the denominator of the first term in the curly brackets is the 

ideal lift slope curve for a two-dimensional foil. CLa is the inverse of equation

A3-1-10. If free surface lift losses are not thought to be significant then the 

method put forward by Whicker and Felhner (137) can be used to calculate the lift 

slope, see Section 2.5.7 of Chapter 2.

A3-1- 10
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A4-1 Comparison of Theoretical Roll Motion 
Predictions with Model Experiment Results

In this appendix results from the TRISKP code using a range of components to 

represent the roll damping are compared with model experiment results. The roll 

damping components included are those developed in Section 4.4.1 of Chapter 4. 

The results are compared to the complete set of model experiment results obtained 

for trimaran DVZ in regular waves. The model was tested at three speeds, with 

six incoming wave frequencies per speed. Further details of the model 

experimental setup are given in Section 4.3 of Chapter 4.

The results are presented as roll RAOs in Figure A4-1- 1 to Figure A4-1- 6. The 

key to the legend text in these figures is given in Table A4-1- 1. The roll RAOs 

are calculated assuming the total roll damping comprises the contribution of the 

components listed in the legend text. It can be seen clearly that the most 

significant components are roll damping induced by side hull heave and the 

contribution of the twin rudders fitted to the model (the appendage damping). 

Results are only shown for trimaran DVZ without roll damping appendages fitted. 

The effect of adding purpose designed roll damping appendages is discussed in 

Section 4.4.4 of Chapter 4.
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Figure

Legend

Text

Damping Component:

Bw Bw Wave radiation damping calculated using TRISKP

Bfn b f Friction Damping

Be b e Eddy Damping (Centre Hull Only)

BI b l Lift Damping (Centre Hull Only)

Bsh B S H H Roll Damping Induced by Side Hull Heave

Ba BA Appendage Damping

Table A4-1- 1: Key to legend text in figures showing the breakdown of the damping 
components calculated theoretically

6 Knots 60 Degrees Wave Incidence

  BwandBf
Bw, Bf and Be 
Bw. Bf. Be and Bi 
Bw. Bf. Be. BI and Ba 

- - -  Bw, Bf, Be. BI. Ba and Bsh

T5tr

0.6
Wave Frequency (rad/s)

0.7 0.8 0.90.4 0.5
Wave

0.3

Figure A4-1- 1: Comparison o f roll RAO calculated from components (theoretically) with 
model experiment results for trimaran DVZ in stern quartering seas at a ship speed o f 6

knots
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6 Knots 90 Degrees Wave Incidence
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! 1 ----  Bw
----  Bw and Bf
----  Bw, Bf and Be
----  Bw, Bf. Be and BI

Bw. Bf. Be, BI and Ba 
-  Bw, Bf, Be. BI. Ba and Bsh
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Figure A4-1- 2: Comparison of roll RAO calculated from components (theoretically) with 
model experiment results for trimaran DVZ in beam seas at a ship speed of 6  knots

12 Knots 60 Degrees Wave Incidence

  Bw and Bf
Bw, Bf and Be

  Bw. Bf. Be and BI
Bw. Bf. Be, BI and Ba 
Bw. Bf. Be. BI. Ba and Bsh

0.3 0.4 0.6
Wave Frequency (rad/s)

0.7 0.90.5 0.8

Figure A4-1- 3: Comparison o f roll RAO calculated from components (theoretically) with 
model experiment results for trimaran DVZ in stern quartering seas at a ship speed o f 12

knots
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12 Knots 90 Degrees Wave Incidence
■■ — ----- -—I!-------------f

----  Bw
----  Bw and Bf
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Figure A4-1- 4: Comparison of roll RAO calculated from components (theoretically) with 
model experiment results for trimaran DVZ in beam seas at a ship speed o f 12 knots

20 Knots 60 Degrees Wave Incidence

  Bw and Bf
Bw, Bf and Be

 Bw, Bf, Be and BI
Bw, Bf. Be, BI and Ba 
Bw, Bf, Be, BI, Ba and Bsh

14 -

12 -

10 -

0.3 0.4 0.5 0.6
Wave Frequency (rad/s)

0.7 0.8 0.9

Figure A4-1- 5: Comparison of roll RAO calculated from components (theoretically) with 
model experiment results for trimaran DVZ in stern quartering seas at a ship speed o f 20

knots
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20 Knots 90 Degrees Wave Incidence

  Bw
  Bw and Bf

Bw, Bf and Be 
—  Bw, Bf, Be and BI 

Bw. Bf, Be. BI and Ba 
Bw, Bf, Be, BI, Ba and Bsh

0.5
Wave Frequency (rad/s)

0.7 0.80.3 0.4 0.6 0.9

Figure A4-1- 6: Comparison of roll RAO calculated from components (theoretically) with 
model experiment results for trimaran DVZ in beam seas at a ship speed of 20 knots


