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AB S TRACT 

This  r e p o r t  fol lows an e a r l i e r  r e p o r t  "Mathematical modelling of moored 
s h i p s  i n  t h e  t i m e  domain" which described t h e  i n i t i a l  development of a 
computer model of a moored ship. Modelling i n  t h e  t i m e  domain i s  necessary 
t o  r ep resen t  the  non-linear c h a r a c t e r i s t i c s  of t y p i c a l  mooring systems. 

We have f u r t h e r  developed our t i m e  domain model, SHIPMOOR, t o  be  a b l e  t o  
treat wide frequency band responses accura te ly ,  This  r e p o r t  descr ibes  those 
developments and t h e i r  use i n  s imulat ing a sh ip  moored i n  waves. Comparison 
with experimental r e s u l t s  g ives  va luable  confirmation of SHIPMOOR'S 
accuracy. 

We have a l s o  developed a separa te  mathematical model of fo rces  induced on a 
moored s h i p  by a passing ship. This  has a l s o  been v e r i f i e d  by comparison 
with experimental and t h e  r e s u l t s  a r e  described i n  t h i s  r epor t .  

These models form p a r t  of a s u i t e  of computer programs HR i s  c u r r e n t l y  
developing t o  p r e d i c t  s h i p  responses i n  por t s ,  harbours and navigat ion 
channels. The i n t e n t i o n  i s  t h a t  they be used i n  harbour design t o  determine 
realistic first es t ima tes  of b e r t h  t e n a b i l i t y  as w e l l  as s a f e ,  optimum 
dredged l e v e l s  f o r  b e r t h s  and navigat ion  channels. 
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1 INTRODUCTION 

In a previous report "Mathematical modelling of moored 

ships in the time domain" (Re£ 1) we described the 

development and use at HR of a mathematical model of a 

moored ship called SHIPMOOR. This report describes 

the further developments of that model. 

SHIPMOOR is one component of an integrated package of 

computer models being created at HR for modelling 

waves in ports and harbours and their effects on 

ships. We do not anticipate this approach supplanting 

the well established methods of physical modelling. 

Rather, mathematical models have advantages in cost 

and quickness of setting up, which make them 

complementary to physical models. In particular, 

realistic mathematical models can be useful at a 

preliminary stage in port design, when funds for a 

physical model are often not available. A 

mathematical model may identify some of a number of 

prospective harbour layouts as being inferior in some 

respects to the rest. Those others can then be tested 

using a comprehensive physical model to identify the 

optimal design. In this way the harbour designer gets 

some of the advantages of both the physical and the 

mathematical approaches; he benefits from the relative 

cheapness of the mathematical method because he avoids 

physical model testing of his less good designs and at 

the same time his best design is thoroughly tested in 

a physical model which automatically incudes all 

moored ship and harbour responses. 

Within our package of mathematical models, SHIPMOOR's 

place comes after other models have calculated the 

wave loads on, and hyrodynamic properties of a ship 

moored at a given berth in a harbour. We also need to 

know the characteristics of the ship's mooring ropes 

and fenders. SHIPMOOR will then compute the ship's 

movement and the mooring loads. 



Many fenders and ropes have non-linear 

characteristics: their compression or extension is not 

linearly proportional to applied load. And there are 

always possibilities of ropes going slack or ships 

leaving fenders during their movement; another form of 

non- linearity. 

Since ship moorings are generally non-linear, we 

cannot expect accurate results from a method which 

uses an assumption of linearity to compute moored ship 

motion. In particular, the frequency domain method of 

superposing responses at different frequencies which 

we use for unmoored ships (eg Refs 2 and 3) is 

inappropriate. SHIPMOOR works instead in the time 

domain by integrating the ship's equations of motion 

(see Ref 1 for a description of the method). 

This report describes a further development of 

SHIPMOOR. 'The shortcoming of the version of SHIPMOOR 

in Reference 1 was that it used constant hydrodynamic 

coefficients, whereas damping, for example, is in 

reality frequency dependent. This meant the earlier 

version of SHIPMOOR was only applicable to ship 

motions with narrow frequency bands. The developed 

version reproduces the frequency dependence in the 

time domain by means of impulse response functions. 

It can thereby model almost any kind of moored ship 

response, including broad-banded ones. 

As an example of a broad-banded motion, we have used 

SHIPMOOR in this report to model a moored ship's 

response to broad-banded random wave forcing 

(section 3). 

We have also modelled a moored ship's movement in 

response to another vessel sailing close past it 

(section 4). This is a problem we first tackled in 

Reference 1. That simulation was fairly successful 



but it relied on limited force data derived from 

experiment (Ref 7). This data had to be extrapolated 

or interpolated using ad hoc scaling laws to describe 

circumstances not covered experimentally. We had 

doubts about the accuracy of this procedure. So a 

mathematical model has been developed to compute flow 

around a moving hull approximately and hence to 

calculate moving ship induced forces. Section 4 of 

this report describes that model and its use to 

simulate the same series of tests described in 

Reference 1. These tests related to a physical model 

of passing ships in Milford Haven (Ref 6). Results 

from the new model are therefore compared with both 

our earlier model based on limited force data and with 

what happened in physical model experiments. 

2 EQUATIONS OF 

MOTION OF A 

SHIP 

2.1 Method using 

constant damping 

and added mass 

coefficients 

1n this report, we shall continue wherever possible to 

use the same notation as in Reference 1. Thus, we 

represent the ship's position and orientation by a six 

component vector - X where xl through to x6 represent 

surge, sway, heave, roll, pitch and yaw, respectively 

(see Fig 1). Velocity and acceleration are . . 
represented by - k and - X. A 6x6 inertia matrix M - 
contains the ship's displacement M (M l l=M22=M33=M), 

moments of inertia (M4,+, M55, M66), and products of 

inertia (M46=M64). All other components of a are zero 
for the conventional laterally symmetric ship provided 

moments are taken about the ship's centre of mass. 



Forces and moments on the ship are also represented by 

six component vectors. These include: 

f(t) - wave forcing, - 
g(x,$) - mooring forces and moments - 
h - - buoyancy forces and righting moments 

There is also an important force caused by the ship 

generating waves as it moves about in the water. This 

is conventionally split into two components: an 

inertial one in phase with the ship's acceleration, 

and a damping component in phase its velocity. In 

Reference 1 we introduced a frequency independent 

added inertia matrix - and damping coefficient matrix 
B - to represent the two forces. Using these, the 

equation of motion takes the form: 

This equation was used in Reference 1 to simulate a 

number of moored ship situations. In the next sub 

section we extend the model to allow for the fact that 

hydrodynamic coefficients in matrices _A - and _B - depend 

on frequency. 

2.2 Method using the 

'impulse response 

function 

A time domain simulation using equation (1) is 

strictly only correct for a ship in (single frequency) 

simple harmonic motion where _A and B can be evaluated - - 
at the relevant frequency. 

In realistic situations it is at best only 

approximately right: the ship's motion will contain 

components at many different frequencies and added 

inertia and damping will be different for each 



component. Pretending they are the same will lead to 

inaccurate results. Frequency dependent added mass 

and damping must be allowed for if we are to model 

moored ships accurately in the time domain. 

Allowing for frequency dependence is straight forward 

if the system of equations to be solved is linear. 

Then we can solve in the frequency domain and 

superpose solutions at different frequencies to get an 

answer for any desired forcing signal, - f(t). This is 

essentially the method we use for modelling a free 

ship (Refs 2 and 3). 

But for a moored ship, the equation of motion is 

usually non-linear because of non-linear mooring 

forces. This non-linearity can have important 

consequences such as subharmonic resonance (Refs 1, 

4,5 and section 3 of this report) so it cannot be 

ignored. It also makes the frequency domain 

superposition approach invalid. We have to solve in 

the time domain instead. This necessitates another 

way of allowing frequency dependent damping. 

The conventional method is to use the impulse response 

function; we follow this approach. 

Various descriptions of an impulse response function 

can be given. We derive it in one way from Fourier 

Transform theory in Appendix I. An alternative 

derivation based on physical arguments is given in 

Reference 8. 

Physically, the impulse response function is a matrix 

function of time, - IC(t), which represents the force 

history on a ship after an impulse movement. An 

impulse movement is simply one in which the ship is 

stationary at all times except for a brief period 6t 

in which it has a velocity V;i.e. - 



The ship's movement causes waves. These in turn cause 

a force on the ship. The impulse response function 

describes that wave generated force. At a time t I 

after the impulse, the force is; 

If we next consider a succession of impulse motions at 

times {0,6t ,26t ,36t,. . . . . ,n 6t) the total force due to 
all these movements will be; 

Then if we let 6t tend to zero, we can consider our 

succession of impulses as a continuous movement with 

velocity - k(t). Equation (3) becomes ; 

Thus, the ship's past movements cause a wave making 

force in the present which is calculable using the 

impulse response function. 

But we must be able to calculate the impulse response 

function first. It could be found experimentally for 

a model ship by applying equation (2). Alternatively, 

the Fourier Transform derivation (Appendix I) gives an 

equation for computing it from the ship's damping 

coefficients B :  - 



There is also a wave making force component which 

equation ( 4 )  does not include. - F(t) includes all the 

wave damping force, g(w) G, and some of the inertial .. - 

force, A(w)x, - - but there is a residual frequency 

independent added inertia ( A ' )  - that is not included: 

A' - = limit - +. m & ( W )  

or equivalently (see Appendix I): 

m 
1 A' = A(w) + J &(c) sin ot dt - 
0 

(NB A' - is independent of frequency, and equation (7) 

is true for any frequency, w. ) 

So, if a ship's added mass and damping coefficients 

are known for a wide enough range of frequencies, the 

impulse response function and residual added inertia 

are calculable. Knowing them, we can compute the wave 

making force, which we can include in the ship's 

equation of motion. It becomes (c£ equation (l)): 

Equation (8) takes into account the frequency 

dependence of hydrodynamic coefficients and it can be 

used to describe a moored ship's motion in the time 

domain. 



3 SIMULATING A 

SHIP MOORED IN A 

BEAM SEA 

3.1 Introduction 

We wanted to verify the accuracy of the version of 

SHIPMOOR with the impulse response function by testing 

it against experimental data for a realistic moored 

ship. This requires an impulse response function 

matrix to be calculated. The calculation can be done 

(Eq 5) but it needs damping coefficients at many 

frequencies. Computing that many damping coefficients 

by a conventional source method takes a lot of 

computer time and such a method is not well suited to 

vessels with a small underkeel clearance. We are 

working on a quicker method for ships in shallow water 

(Ref 2 describes the model for pitch and heave 

motions), but it is incomplete for sway, roll and yaw. 

To save computer time, we preferred to use an impulse 

response function which had already been calculated. 

The chosen function is that given by Van Oortmerssen 

in Reference 8. He calculated it to represent a 

loaded 200,000 dwt tanker moored at an open jetty in a 

water depth of 1.2 times the vessel draught (see 

Table 1 for dimensions of the vessel and Figure 3 for 

the impulse response function). 

In addition to his mathematical calculation of added 

mass and damping coefficients, from which the impulse 

response function was found, Van Oortmerssen also 

measured coefficients by testing with a 1:82.5 scale 

model. He used a similar duplication on his wave 

forcing coefficients. Mathematical and physical model 

test results agreed well enough for the more important 

parameters for us to be able to use his impulse 

response functions. 



He conducted an extensive programme of tests with his 

physical model moored in different wave conditions. 

We have chosen to simulate, using SHIPMOOR, some of 

those tests which gave interesting results. 

Van Oortmerssen's mooring arrangement is shown in 

Figure 2. The model ship was moored by four lines, 

each representing two or three wires with nylon tails 

on the full-sized ship. A twenty tonne pre-tension 

was applied in each of the four model lines. 

Reference 8 gives non-linear load-extension curves for 

these lines in terms of percentage extension without 

giving any indication of a reference length. We 

assumed the extension would apply to the lines' tails 

which we further assumed to be 25m long. Results 

obtained using these assumptions turned out to be 

consistent with Van Oortmerssen's. 

The ship had two fenders. In the experiments they 

were represented using rocking arms to which spring's 

were attacked; vertical wheels minimised friction in 

heave pitch and roll. It was, however, found to be 

necessary to add friction for horizontal motions in 

our mathematical simulation in order to obtain 

sensible results. 

3.2 Simulation with 

regular waves 

Van Oortmerssen did a series of tests forcing the ship 

using regular beam seas with periods (at full scale) 

between 9 and 41 seconds. Results from only a few of 

them are given in Reference 8. We simulated just 

one. 

That test represented waves 0.9m high with a frequency 

of 0.212 rads/s (about 30s period). Under these 

conditions, Van Oortmerssen reported that the ship 



responded subharmonically; its response at the 30s 

period was superimposed on a larger sway motion at 

period close to its much longer natural period. In 

this case the natural sway frequency was apparently 

about 0.07 rads/s (because of the non-linearity of the 

moorings, one cannot be precise), so the larger long 

period motion was a third mode subharmonic motion. 

We had previously observed subharmonic sway responses 

with the constant coefficient version of SHIPMOOR 

(Ref 1, which also contains a fuller description of 

subharmonics and subharmonic responses). This test 

therefore seemed a suitably interesting case to use to 

see whether we could get subharmonic response using 

the impulse response function. 

We could and did. As Table 2 shows, we got a close 

agreement with Van Oortmerssen's experimental 

subharmonic sway - closer than he got himself with his 
mathematical model. Agreement on line 2 and 3 forces 

was also good. But our forces in lines 1 and 4 are 

far too large. 

A minor discrepancy between Van Oortmerssen's findings 

and ours is that he got a subharmonic response 

starting runs with the ship at rest against the 

fenders whereas we found we had to start our runs with 

the ship already moving. Thompson et a1 (Ref 5) 

report that subharmonic responses are sensitive to 

initial conditions. We have previously found the same 

(Ref 1). Perhaps some otherwise insignificant 

difference in test conditions allows subharmonic 

response starting from rest for Van Oortmerssen but 

not for us? 

Yaw behaviour in our simulation was different from Van 

Oortmerssen's experiment. No yaw values are given in 

Reference 8, but a diagram (Ref 8, Fig 5.6) indicates 



yaw was small and not periodic. Our yaw as larger and 

dominated by the wave frequency although there were 

also third and sixth mode subharmonic components 

present. 

At these very low frequencies yaw damping is small. 

Some subharmonic yaw response is, perhaps, to be 

expected although Van Oortmerssen did not get any. 

Effective damping coefficient can be re-formed from 

the impulse response function by taking the inverse 

Fourier Transform of (5), viz: 

a7 

B(w) = 1 K(t) cos wt dt - - 
0 

Applying (9) to Van Oortmerssen's impulse response 

function, we found that yaw damping coefficients 

became negative for a small band of frequencies at 

about 0.08 rads/s. This erroneous result is 

presumably a consequence of having to approximate K(t) 

by truncating it after 25 seconds which is not really 

enough to guarantee that long period oscillations are 

correctly damped. The error is only small and there 

is no reason to suppose it has a significant effect on 

the results we have reported; the frequencies 

concerned are well away from any at which we got any 

significant yaw response. But it had interesting 

consequencies on occasion. Among our early tests we 

had some with moorings with resonant yaw periods of 

about 80 seconds. Damping was slightly negative; the 

resultant exponentially growing yaw resonance was most 

unrealistic but did demonstrate one possible pitfall 

in using impulse response functions. 

In conclusion, there are differences between our 

simulation and Van Oortmerssen's but bearing in mind 

that we cannot be certain that we have duplicated the 



mooring conditions, the differences are not 

significant: the important result is the similarity of 

our sway responses. Sway is the largest and most 

important component of the ship's motion and we 

modelled it correctly. This demonstrates that 

SHIPMOOR is accurate in its impulse response function 

form. 

3.3 Simulation with 

random waves 

Van Oortmerssen did tests using long crested random as 

well as regular waves. The random wave tests all used 

the same wave spectrum with a significant wave height 

of 2.6m and a mean period of 8.9 seconds. Each was 

2100 seconds long. They differed in that the angle of 

wave attack was different for each tests: directions 

varied between 90 degrees (beam sea) and 180 degrees 

(bow sea). 

We simulated just one of the Van Oortmerssen's tests; 

the beam sea one. A synthesiser was used to generate 

random force time series with similar spectral 

characteristics to those used by Van Oortrnerssen. The 

necessary wave excitation force and moment transfer 

functions are given in Reference 8 but there is no 

information given on the relative phasing of the 

forces; this we had to guess. And, as in the regular 

wave test, we were uncertain of the details of the 

moorings. 

Allowing for these uncertainties, our results agree 

acceptably well with Van Oortmerssen's computational 

results. We did a series of ten tests all using the 

same force spectra but with different time series. 

Each was 2048 seconds long - similar to Van 
Oortmersen's test. Table 3 shows that our results are 

comparable with his computer results. 



The agreement with his experimental results is less 

good (Table 3 ) .  In part, this may be because we have 

over-estimated roll motion. Roll damping on real 

ships is mostly caused by viscous effects and vortex 

shedding, not by wave generation. Our theory includes 

only wave generation damping, so it generally 

under-damps roll. Van Oortmerssen subsequently got a 

closer agreement between his computer model and 

experimental by raising the roll damping in his 

computations to a (larger) value derived from still 

water oscillation tests (Ref 8). We did not try this. 

Perhaps if we had, we would have improved our results 

too. 

Another important difference is that the vessel in the 

physical model will experience non-linear wave forces 

at wave group periods: effects not represented in 

these computer simulations. Van Oortmerssen found 

particularly poor agreement for head seas where most 

of the long period response occurred due to wave 

grouping effects. These non-linear forces are now 

being studied as an extension of the present work. 

Forecasting maximum values, eg the maximum movement 

and mooring force which can be expected within a given 

duration in a given storm, is a crucial aspect of 

modelling for many practical applications. One 

predictor of extreme values which we have found useful 

in the past is the Gumbel probability distribution. 

This estimates that, for a wave-like random variable, 

the probability of it exceeding any value X depends on 

its standard deviation, a, and the number of zero 

up-crossings, N, in the period of time under 

consideration: 

xL 
p(x) = 1 - exp [-N exp(--)] 

2 6 2  



The Gumbel distribution properly only applies to 

Gaussian processes. Our ship's mooring forces being 

non-linear means it is not really applicable to sway, 

yaw and mooring forces in our tests. Nevertheless, we 

reasoned that the mooring lines were not very 

non-linear over the relevant range of extensions, so 

it would be worth trying. 

Cumulative probabilities of the maximum values from 

each of our tests were plotted (Fig 4). Points should 

lie in a straight line for a Gaussian random variable. 

Our yaw response points do not (Fig 4.2); the points 

fall in a definitely curved line. Other graphs do 

show sway, fender force and mooring line force points 

lying in more or less straight lines, but the lines 

along which they lie do not always agree with the 

Gumbel theory. Most notably, the slope of the fender 

2 points disagrees with theory badly. Line 4's slope 

is much closer to the theoretical ideal, but the 

agreement with theory is only fair. Good agreement is 

achieved in sway. Fender 1 and line 1 are fairly 

good. On lines 2 and 3, the theoretical lines and the 

plotted points are displaced but roughly parallel. So 

although errors are significant at the moderate 

probabilities plotted here, there are grounds to think 

that if the lines are extrapolated to predict extreme 

forces at very low probability the predictions may be 

tolerably accurate. 

In summary, the Gumbel distribution is of uncertain 

accuracy here; it predicts extreme values of some 

quantities tolerably well, but maximum fender 2 forces 

are not well described. 

The SHIPMOOR model itself seems to work to the extent 

that it agrees with Van Oortmerssen's results. But 

Van Oortmerssen's published results constitute only a 

small set of data and so they cannot be considered a 



c o n c l u s i v e  test .  R e s u l t s  so  f a r  are encouraging bu t  

more d e t a i l e d  comparisons w i t h  b o t h  p h y s i c a l  model 

r e s u l t s  and f u l l  s c a l e  d a t a  a r e  n e c e s s a r y  t o  v e r i f y  

o u r  model. 

4 SIMULATING MOTION 

INDUCED BY A 

PASSING SHIP 

4.1  Summary o f  

p r e v i o u s  

s i m u l a t i o n  

I n  t h e  e a r l i e r  r e p o r t  on  SHIPMOOR (Ref l ) ,  we 

d e s c r i b e d  how we had used t h e  model t o  s i m u l a t e  t h e  

mot ion o f  a moored s h i p  be ing  passed by a n o t h e r  c l o s e  

by. Our s i m u l a t i o n s  a t t e m p t e d  t o  reproduce  p h y s i c a l  

model tests carried o u t  a t  HR t o  i n v e s t i g a t e  mot ions  

of o i l  t a n k e r s  un load ing  a t  M i l f o r d  Haven (Ref 6 ) .  

F i v e  o u t  o f  a l o n g  series of t h e  o r i g i n a l  tests were 

chosen f o r  mathemat ica l  s i m u l a t i o n .  Dimensions of t h e  

v a r i o u s  s h i p s  invo lved  are g i v e n  i n  Tab le  4. T e s t  

c o n d i t i o n s  l i k e  p a s s i n g  s h i p  speed ana p rox imi ty ,  and 

mooring l i n e  p r e - t e n s i o n s  are l i s t e d  i n  Tab le  5. 

The moving s h i p ' s  d i r e c t i o n  o f  t r a v e l  was d i f f e r e n t  

f o r  test 3 2 B  from t h e  o t h e r  tests. I n  3 2 B  a  s h i p  i n  

b a l l a s t  went down-r iver ,  t h e  rest o f  t h e  tests  

r e p r e s e n t e d  a loaded  s h i p  e n t e r i n g  harbour .  Thus,  i n  

most t e s t s  t h e  moving s h i p  approached t h e  moored 

s h i p ' s  s t e r n ,  whereas  i n  3 2 B  i t  approached i t s  bow. 

The mooring arrangement  i s  shown i n  F i g u r e  5. For 

s i m p l i c i t y ,  w e  r e p r e s e n t e d  l i n e s  7 and 8 t o g e t h e r  a s  

one l i n e  i n  o u r  model and l i k e w i s e  l i n e s  9 and 10. 

T h i s  meant a l l  l i n e s  i n  t h e  mathemat ical  s i m u l a t i o n  

r e p r e s e n t e d  a  d o u b l e  l i n e  i n  n a t u r e  ( s e e  F ig  5 ) .  

Ropes were s t e e l  wires w i t h  ny lon  t a i l s  and had 



load/extension curves given in Reference 6. Fenders 

were low friction. 

In our earlier attempt at mathematical simulation, we 

had succeeded in modelling the moored ship's movement 

and forces in its mooring lines. But there were 

differences: yaw was often over-estimated and the 

moored vessel started to surge too early as the 

passing ship approached. The latter problem may well 

have been caused by not representing the effects 

static friction in SHIPMOOR. But it was also possible 

that the force the passing ship generated was being 

wrongly estimated. 

Passing ship forces were estimated from a series of 

tests carried out by Remery (Ref 7). This is the only 

source of experimental force data of which we know, 

but it has limitations. Remery only tested one size 

and shape of moored ship in one water depth although 

he did test three passing ships and a range of passing 

distances. One has to resort to ad hoc scaling rules , 

to extrapolate and interpolate Remery's results if one 

is to model other sized ships in other depths of 
I 

water. Some of these rules have no sound theoretical 

basis. And so the further one departs from Remery's 

test conditions, the less confidence one can have in 

applying his data to predict forces. The Milford 

Haven tankers were significantly bigger than Remery's 

test ships, and the passing ship was in much deeper 

water (39% underkeel clearance against 19.5%) so we 

were not confident that we were getting our forcing 

right. 



4.2 Passing ship 

force model 

We needed a theory to predict forces on our moored 

ship. But an exact theory, taking account of the 

complete flow around both the moving and the 

stationary ships' hulls, would be excessively 

complex. 

Instead, we have produced an approximate theory which 

incorporates simplifying assumptions. Irrotational 

flow is assumed, so we can use potential theory. Free 

surface effects are neglected. We reduce the flow to 

two dimensions by taking depth-averaged values. The 

present version of the model assumes simplified lines 

for the ships with vertical sides and flat bottoms, 

but this is not an essential feature of the model and 

we hope to introduce a more sophisticated treatment in 

the future. 

A finite difference method is used; the area of water 

around and including the ships is divided into a 

rectangular grid of cells, and the model computes a 

potential @(E) which satisfies the continuity 

condition that net flow into every cell should be 

zero. The only exceptions to the continuity rule 

are cells at the bow and stern of the moving ship; the 

rule here is that net flow should balance water 

displaced by the hull as it moves in or out of the 

cell. 

Outer boundary conditions are not usually important 

provided that boundaries are taken far enough away 

from the ships. The model can use either a no 

cross-boundary flow condition or a specified far-field 

potential. The no flow condition can also be used for 

simulating the effect of a solid quay or canal bank. 



Flow under ships' hulls and varying depths of water 

are allowed for. But the model, being depth-averaged, 

does not include vertical components of fluid flow. 

Pressures are calculated by applying Bermoullifs 

equation after first computing potentials at a 

succession of time steps as the passing ship moves 

forward: the rate of change of potential providing 

part of the pressure. Summing pressures over the 

moored ship's hull gives surge and sway forces and yaw 

moment. Repeated time-stepping builds up a 

time-history of forces on the moored ship. 

Figure 6 shows a comparison of force-histories we have 

calculated using this model with data found 

experimentally by Remery (Ref 7). Despite the 

approximations involved in the mathematical model, 

agreement is mostly good, the one notable discrepancy 

being that the shape of the surge force curve is 

different for small separations. 

4.3 Results of I 

simulations 

We applied the Passing Ship Force Model to the Milford 

Haven tests. Force time histories were calculated for 

each of our five earlier test conditions. These 

forces were then fed into SHIPMOOR to estimate how the 

moored ship responded and to determine the mooring 
l 

forces . 

As we reported previously (Ref l), there is a 

difficulty involved in setting initial conditions. 

The obvious thing to do is to start the moored ship 

from rest in its equilibrium position, with the 

passing ship approaching from far away. This method 

was tried before (called 'starting from rest' in 

Ref 1). But it does not work well. Because static 

friction is not represented in SHIPMOOR (there are 



difficulties in doing this) the ship tends to creep 

along the berth in response to small surge forces 

early in the simulation whereas in reality static 

friction would hold it steady for a time. 

Consequently, when the important swaying and yawing 

motions start, the ship starts from the wrong position 

in the simulation. 

So we adopted an alternative starting procedure. The 

original experiments (Ref 6) had indicated that the 

moored ship first swayed away from its fenders at 

about the time the passing ship's bow drew level with 

the midship position of the moored ship. We started 

our tests from this time (called 'starting from centre 

point' in Ref 1). And using published initial 

positions and by adjusting initial velocities we were 

able to get good agreement with the experimental 

results from Reference 6. 

4.3.1 Tests started from rest 

All the previous work was based on Remery's 

experimental force data. Here we use the Passing Ship 

Force Model forces and a modified start-up procedure. 

We reasoned that, until the passing ship force pulling 

the moored ship off its fenders exceeded the total 

pre-tension pulling it back on, the moored ship would 

not move in sway. And it would probably not move much 

in surge either as static friction would hold it until 

then. The point when the sway force overcomes 

pre-tension was easily determined by inspection of the 

Passing Ship Force Model output. We started our tests 

from that point with the moored ship stationary. 

Initially, we tried using the above start condition 

for the simulation with the ship starting from the 

equilibrium position indicated in the original 

experiment S. Maximum mooring line forces and 



movements are listed in Table 6 with corresponding 

experimental results. Agreement is poor although it 

is no worse than that obtained starting from rest 

using Remery's data (Table 5, Ref 1). 

In an attempt to improve things, we changed our moored 

ship's initial position slightly. The earliest 

positions recorded in Reference 6 for the experimental 

moored ship do not coincide with its equilibrium 

position before the start of the test; presumably the 

ship creeps along its berth in response to forces as 

the passing ship approaches. We repeated our tests, 

starting the moored ship from rest again, but this 

time using the position given in Reference 6 when the 

passing ship's bow reached midships of the moored 

ship. Results (shown in Table 7) are very similar to 
l 

those in Table 6. It seems that maximum forces are 

not sensitive to the initial position of the ship. 

Pre- tension effects 

An extra test was done to check the effects of 

pre-tension. This test used the same conditions as 

run 22B except that pre-tension in all lines was 

increased from 5 tonnes f. per line to 20. Increasing 

pre-tension was reported in Reference 6 to reduce 

mooring loads because tauter lines are more effective 

at restricting vessel motion. Our results (Table 9) 

corroborate this. Run 50B is similar to 22B but with 

slightly slower passing ship and slack lines; it has a 

largest loading of 121 tonnes. Five tonnes 

pre-tension reduces that to 104 tonnes in 22B, but 

with twenty tonnes pre-tension, the peak load is 62 

tonnes - which is about half the slack-line figure. 



Moored ship movement 

Moored ship movements are inter-connected with mooring 

forces: mooring line extensions depend on ship 

position on the one hand, and these extensions 

determine mooring forces which partly control ship 

motion on the other hand. Modelling mooring forces 

correctly and modelling movements correctly are 

equivalent. Given that we got forces wrong in our 

first two series of tests, we expect at least some 

motions to be wrong too. 

Maxima and minima of surge, sway and yaw are listed in 

Tables 6 and 7 along with the forces. The two test 

series have similar results. 

Sway is under-estimated in most tests and maximum yaw 

is over-estimated. The two effects counter-balance 

each other in one important way. Many runs have large 

mooring forces in lines 718. In the experiments, 

these forces were produced by large sway motions 

combined with small yaws taking the ship far from the 

quay. In the mathematical simulations, a larger yaw 

combines with a small sway (relative to experimental 

values) to take the bow of the ship far out and give 

similarly large forces in line 718, the forward 

breasting lines. 

At the same time, the large yaw means that the aft end 

of the ship will be closer to the quay in the 

simulation than it was in the experiment. Extensions 

and forces will consequently be low. This does not 

show on line 2 (which is 718's counterpart at the 

stern) because its maximum force occurs at another 

time in the motion. But line 1, the stern line 

(Fig 5) ,  is affected and maximum forces are 

drastically under-estimated as a consequence. 



In surge, the moored ship's motion in most runs is 

first a move in the stern direction followed by a 

movement to bow. Run 32B is the exception to this 

pattern; with the passing ship coming from the bow 

rather than the stern, the moored ship's directions of 

motion are reversed. The extreme surge motions listed 

in Tables 6 and 7 show a tendency for the mathematical 

model to under-estimate the initial (generally towards 

the stern) surge and to over-estimate the second surge 

(generally towards the bow). 

These differences in turn affect mooring forces in the 

spring lines (4 and 5): line 4 restrains the ship 

against moving backwards and is under-estimated, while 

line 5 which prevents forward movement is 

over-estimated. 

4.3.2 Dynamic start tests 
l 

We had experienced similar under-estimates of sway and 

over-estimates of yaw in our earlier passing ship 

study (Ref 1) when 'starting from rest'. Then we had 

been able to increase sway and decrease yaw by giving 

the ship initial surge, sway and yaw velocities in the 

'starting from centre point' condition. Trial and 

error using different start velocities gave results 

which agreed well with the original experiments. 

We tried something similar again, but using the 

Passing Ship Force Model instead of Remery's 

experimental force data. Each run started with the 

moored ship in the position it had in the experiments 

(Ref 6) when the passing ship's bow reached its 

midships. We assumed this time roughly equalled the 

time when passing ship forces first exceeded 

pre-tension. Results given in Reference 6 were 

sufficient to obtain a first estimate of moored ship 

velocities but it was necessary to experiment with 



different starting velocities, based on the estimated 

values, to improve the accuracy of the simulations. 

These tests' results are shown in Table 8. Surge, 

sway and yaw are all simulated better this way than 

before. There are still some mooring line 1 forces 

which are grossly under-estimated. But mooring line 1 

never experiences the largest forces in any run, so 

the problem is not critical. Overall, forces are 

simulated more accurately than previously and the 

results are as good as the 'starting from centre 

point' ones in Reference 1. 

4.4 Conclusions on 

passing ship 

model and 

simulation 

The passing ship force model presents us with the same 

dilemma as we had using Remery's force data (Ref 1): 

we can simulate the effects of a passing ship on a 

moored one, but the simulation will only be accurate 

if we can set appropriate initial conditions early in 

the moored ship's motion. We could do that in these 

simulations using the experimental data in Reference 6 

but in the normal type of tests, where the result is 

not known in advance, initial conditions cannot be set 

in the same way. 

We would normally have to start tests with the moored 

ship stationary in its equilibrium position. This was 

the starting condition for the results shown in 

Table 6 and those mathematical model results correlate 

fairly poorly with the experimental ones. 

But the correlation is no worse than that obtained 

using Remery's forces (Table 5, Ref 1) and the 

'started from rest' initial condition. Similarly, our 



Table 8 results are about as good as the earlier 

'started from centre point' ones (Table 6, Re£ 1). 

Predictions using the passing ship force model are 

therefore no worse than those obtained using Remery's 

force data. Up until now, Remery's data have been the 

best information available to us. The force model has 

the advantage of being more adaptable: it can easily l 

model different sizes of ships in different water 

depths at different distances, and it can model solid 
I 

I 

quays, canals, narrow navigation channels and other 

cases where obstacles restrict current flows. The 

model is therefore already useful. 

Further development is possible and desirable. The 

current version does not take underwater hull shapes 

into account: ships are assumed to be flat bottomed. 

This seems to be acceptable for oil tankers like those 

described in this report because they have rectangular 

hull cross-sections and constant draught over most of 

their length. But a more sophisticated treatment may 

be needed for finer-lined ships. To date, however, 

this has not been tried. 

So far as harbour and ship operations are concerned, 

our results demonstrate two of the main conclusions 

reached in Reference 6. One is the obvious point, 

shown by comparison of results for runs 17 and 22B, 

that closer passing ships induce larger moored ship 

movements and mooring forces. 

The other point concerns pre-tension. Our tests show 

that increasing pre-tension ultimately leads to a 

reduction in mooring loads. Further, the percentage 

decrease in maximum mooring line load calculated by 

SHIPMOOR is similar to that found experimentally. 



5 OVERALL 

CONCLUSIONS 

T h i s  r e p o r t  s p l i t s  n a t u r a l l y  i n t o  two p a r t s  r e l a t i n g  

t o  two d i f f e r e n t  a p p l i c a t i o n s :  a s h i p  moored i n  waves, 

and t h e  e f f e c t  o f  a p a s s i n g  s h i p  on a moored s h i p .  I n  

t h i s  f i n a l  s e c t i o n  we s h a l l  b r i n g  o u t  t h e  impor tan t  

c o n c l u s i o n s  from t h e  two p a r t s  of t h e  r e p o r t .  

Our t e s t s  u s i n g  t h e  impulse  response  f u n c t i o n  form of 

SHIPMOOR t o  s i m u l a t e  Van Oortmerssen 's  mathemat ical  

and p h y s i c a l  model tests  of  a s h i p  moored i n  waves 

(Ref 8)  were s u c c e s s f u l  i n  mode l l ing  impor tan t  a s p e c t s  

of sway behav iour .  I n  p a r t i c u l a r ,  subharmonic 

r e s p o n s e  i n  r e g u l a r  waves as w e l l  a s  r e s p o n s e s  i n  

i r r e g u l a r  waves were w e l l  modelled.  There were 

problems w i t h  r o l l  r e s p o n s e  caused by n o t  i n c l u d i n g  

v i s c o u s  e f f e c t s  and d rag- type  damping f o r c e s .  A q u i r k  

i n  t h e  impulse  r e s p o n s e  f u n c t i o n  d e r i v e d  i n  

Reference 8 gave  d i f f i c u l t i e s  i n  yaw. Sway, however, 

w a s  t h e  mot ion w e  were  most i n t e r e s t e d  i n  and t h a t  w a s  

w e l l  r e p r e s e n t e d .  

W e  had mixed s u c c e s s  f i t t i n g  t h e  Gumbel d i s t r i b u t i o n  

t o  o u r  maximum f o r c e s  and movement i n  random waves. 

Some graphs  f i t t e d  t o  t h e  t h e o r e t i c a l  c u r v e s  f a i r l y  

w e l l ,  bu t  one  f o r c e ,  i n  p a r t i c u l a r ,  f i t t e d  badly.  The 

Gumbel d i s t r i b u t i o n  i s  n o t  i n t e n d e d  t o  d e s c r i b e  

non- l inear  p r o c e s s e s  l i k e  t h o s e  w e  were t r y i n g  t o  

model he re .  W e  conc lude  t h a t  i t s  accuracy  f o r  

p r e d i c t i n g  extreme moored s h i p  movement and mooring 

f o r c e  p r o b a b i l i t i e s  i s  u n c e r t a i n .  

Our p a s s i n g  s h i p  tests were done us ing  t h e  o l d  v e r s i o n  

o f  SHIFNOOR which used c o n s t a n t  damping c o e f f i c i e n t s  

r a t h e r  t h a n  impulse  r e s p o n s e  f u n c t i o n s .  I n  t h e s e  

tes ts ,  t h e r e f o r e ,  we were n o t  t e s t i n g  SHIPMOOR but t h e  

s e p a r a t e  p a s s i n g  s h i p  f o r c e  model. 



Tests showed that it led to predictions which were as 

good as those obtained with Remery's force data 

(Ref 7). That data had previously been our preferred 

basis for calculating passing ship forces. But the 

separate force model has greater adaptability; it is 

applicable to a greater range of ship sizes, variable 

water depth, solid quays and narrow canals. 

Whether using the separate force model or Remery's 

force data, SHIPMOOR can simulate moored ship motion 

and mooring forces successfully once motion has been 

initiated correctly. The trouble is that, in 

practice, the initial behaviour will not be known; the 

moored ship will have to be started from rest. For 

some reason, this start condition does not give 

accurate results (Tables 6,7) 

We can only speculate on why this should be so. It 

may be connected with difficulties in modelling static 

fender friction early in each test. 

Another possibility is that the hydrodynamic 

coefficients of the moored ship we used were at fault. 

These passing ship tests used constant added masses 

and damping coefficients which are strictly only 

accurate for regular sinusoidal motions. The moored 

ship's motion was neither regular nor sinusoidal. 

If we had been able to use the impulse response 

function to calculate motion, results might have been 

different. In particular, soon after starting the 

moored ship from rest, equation (8 )  shows that the 

ship's effective inertia would be approximately 

M + A ' .  We actually used M + &(mo) (where wo is a - - - - 
fixed frequency approximating to the anticipated 

return period of the moored ship against the fenders). 

Sway is the critical motion here, which SHIPMOOR has 

not modelled particularly well. Added masses are 



generally large at low frequencies (Ref 8). Our 

frequency wo was low, so A22(wo) will be greater than 

A'22. We therefore over-estimate sway inertia early 

in every test. Over-estimating inertia, we would 

consequently under-estimate initial sway acceleration. 

Hence we might under-estimate the whole sway motion. 

This example illustrates another potential benefit of 

using the impulse response function: more accurate 

modelling of a ship started from rest (eg in the 

passing ship problem) may be possible using it. We 

have already seen its advantages for modelling broad 

frequency banded motions and motions (such as 

subharmonic motions) in which components at two or 

more disparate frequencies are present. There are few 

moored ship problems to which impulse response 

functions cannot usefully be applied. Results of our 

tests using the impulse response function are 

imperfect and some further development may be 

necessary, but the potential advantages of using it 

are so great that we are convinced the impulse 

response function is the route to follow. 
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