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AN INVESTIGATION INTO THE WAVE WASH AND WAVE RESISTANCE OF 

HIGH SPEED DISPLACEMENT SHIPS 
by Sattaya Chandraprabha 

In recent years, high speed displacement ships, especially high speed displacement 
catamarans, have been highly utilised in many countries. As a result, the design concept 
of high speed displacement craft, including concerns of safety and the environment due 
to the impact of ship generated wave wash, has received considerable attention. This 
thesis investigates influences on wave resistance and wave wash generated by high 
speed displacement craft using experimental and numerical methods. The hull form 
parameters, speed, water depth and sinkage and trim were investigated. 

Experimental tests on model of high speed craft have been carried out in deep and 
shallow water. The models used were of round bilge form with transom sterns derived 
from the NPL and the Series 64 round bilge series. Longitudinal wave cuts, model total 
resistance, sinkage and trim were measured. The effects of length to displacement ratio 
(L/V^^), catamaran separation to length ratio (S/L), speed, transom immersion, shallow 
water and propulsion systems on wave wash and resistance were investigated. The data 
can be used directly for assessing the influence of the main hull parameters, speed and 
water depth, for the validation of theoretical wash prediction methods and for input into 
wave propagation models. 

For the theoretical investigation, thin ship theory was used and developed in order to 
predict the wave pattern resistance and wave wash of slender hulls with transom sterns. 
In particular, the theory was extended to cover the supercritical speed range. The 
theoretical work included the investigation and use of transom stern corrections, 
establishment of a regression analysis of dynamic sinkage and trim and the investigation 
and use of the thin ship theory to estimate the wave profile around the hull. The theory 
was validated for the physical wave patterns and profiles, especially in shallow water 
and at supercritical speeds using the experimental results. The validation included the 
effects of hull form parameters, trim changes and depth Froude number on wave pattern 
resistance and wave profiles. It is found that numerical methods, based on the thin ship 
theoiy, can be satisfactorily employed as a simple and effective means of estimating 
wave pattern resistance and wave profiles with low computational effort. 

The experimental and numerical investigations provide a better understanding of the 
basic physics of wash waves and wave resistance of high speed displacement craft, and a 
numerical tool which facilitates the prediction of wave wash properties for the assessment 
of new designs and the effects of wash on ship operation. 
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NOMENCLATURE 

A Wetted surface area [m^ ] 

Aw Wave amplitude [m] 

B Ship breadth [m] 

Cp Coefficient of frictional resistance 

CR Coefficient of residuary resistance 

CT Coefficient of total resistance 

Cw Coefficient of wave resistance 

Cwp Coefficient of wave pattern resistance 

E Wave energy 

Fn Fronde Number [U/(gL)^^] 

Fny Depth Froude Number 

H Water depth [m] 

kn Wave number 

(1+k) Form factor 

L Length on waterline [m] 

RR Residuary resistance [N] 

RT Total resistance [N] 

Rw Wave resistance [N] 

S Separation between catamaran demihull centrelines [m] 

T Ship draught [m] 

U Ship speed [m/s] 

W Channel breadth 

X Longitudinal distance [m] 

Y Transverse distance [m] 

g Acceleration due to gravity [9.81m/s^] 

p Density of water [kg/m^] 

o Source strength 

8 Wave angle 

^ Wave elevation 



(|) Velocity potential 

V Displacement volume [m^] 



1. INTRODUCTION 

1.1 Background to Work 

In the last two to three decades, high speed craft, especially high speed displacement 

catamarans, have been highly utilised in many countries. As a result, the high speed 

craft design concept has received considerable attention in order to satisfy the design 

criteria of these vessels. Wave resistance plays an important role in total resistance 

and power prediction, which influences the design. The hull form parameters, speed 

and water depth can have significant effects on the wave resistance. 

In addition to the wave resistance, wash generated by fast craft is also important for 

the design concept due to concerns of safety and the environment, such as erosion of 

the coastline, risk for people on beaches and for small boats in harbours, and changes 

in the local ecology. This has led to the need for research into the analysis of the 

characteristics of wash waves. The generation of ship waves is affected by speed, 

hull form, sinkage and trim, and shallow water and it is apparent that these effects on 

ship generated wash, particularly for high speed craft, need to be investigated. 

Although there have been several experimental and theoretical investigations 

specifically into the power prediction of high speed craft, when wash is considered 

there are still a number of questions due to insufficient information on aspects such 

as the effects of hull form, speed, water depth, sinkage and trim and transom stems. 

Additionally, the amount of published information available on the prediction of 

ship-generated wash for high speed craft is limited. As a result, these effects need 

further investigation both theoretically and experimentally, together with the 

development of tools for predicting the wave resistance and ship generated wave 

wash, both for applications at the preliminary design of the ship and during ship 

operation. 



As a result of the need for more information on the wash of high speed craft, an 

extensive investigation has been carried out into wash waves and wave resistance of 

these vessels. This has entailed a number of experimental tests on models of high 

speed craft in deep and shallow water, together with the assessment and development 

of theoretical methods. The theoretical approach adopted for the wash investigation 

was to use thin ship theory which had already been used successfully to estimate 

wave resistance. 

The thin ship theory is outlined in Chapter 2 together with the manner in which wave 

characteristics may be described. In Chapter 3, the experimental results are analysed 

and discussed. The effects of hull form parameters, speed, shallow water and trim 

changes on resistance and wave profiles have been investigated together with the 

effects of propulsion systems on the wave profile and running trim and sinkage. 

Refinements to the theory are described in Chapter 4. The transom stem can have a 

significant effect on wave pattern resistance and hence wave wash, and the effect is 

found to depend on the transom immersion. The use of transom stern corrections for 

the improvement of the prediction of the wave resistance and wave profiles of ships 

with transom stems has therefore been investigated and assessed. This has included 

the use of a virtual stem and the use of local sources and sinks near the transom. A 

regression analysis of existing experimental dynamic sinkage and trim has been 

established to provide rapid estimates, and this is described. An outline description is 

also given of a hybrid model of sinkage/trim which is under development in a 

complimentary research programme and which uses a prediction of the wave profile 

along the hull using thin ship theory. 

Validation of the theory is described in Chapter 5. Three hull forms: a Wigley hull, 

Series 64 hull, and NPL hull forms, are used. The Wigley hull form is a 

mathematical parabolic hull form which was chosen because it has been widely 

tested by a number of researchers and it has no transom. It can therefore be used to 



validate the theoretical model. The other two hull forms have transom stems which 

are used for investigations of transom stem effects. Chapter 5 also includes a number 

of examples which demonstrate the applications of the theory. 

Chapter 6 provides an overall discussion of the experimental and theoretical work 

and applications of the developed numerical methods. Conclusions are drawn in 

Chapter 7 together with recommendations for further possible work. 

1.2 Literature Review 

Wave pattem resistance: 

Extensive research into the powering of fast displacement craft has been carried out 

at the University of Southampton, Refs. 1 to 15. Insel [1, 2] investigated the 

resistance components of high speed displacement catamarans over a wide range of 

speed (up to Fn of 1.0) with a range of separation ratios and length to breadth ratios. 

Both experimental and theoretical investigations were carried out. Thin ship theory 

was used for the theoretical investigation on wave resistance. A hydrostatic 

correction was used with the theory for the transom effect. The effect of demihull 

separation was also investigated by Doctors [16, 17] and Millward [18]. The results 

showed the same trends as those obtained by Insel and Molland [2]. 

The effects of length to displacement ratio and breadth to draught ratio on resistance 

components were investigated experimentally by Molland [3] in 1996. The results 

indicated that the length to displacement ratio has significant effect on resistance 

whereas the breadth to draught ratio hardly affects the resistance. The increase in 

length to displacement ratio causes a reduction in resistance. For practical scaling, 

the total resistance of catamarans was expressed as: 

CTmono = (l+k)CF + Cw (monohull) 



Cycat = (1 +(|)k)GCF + TCw (catamaran) 

Cf : obtained from ITTC 1957 correlation line 

Cw : Wave resistance coefficient for the demihull in isolation 

(1+k) : Form factor for the demihull in isolation 

()) : to take account of pressure field change around the demihull 

(J : to take account of the velocity augmentation between the hulls 

and would be calculated from an integration of local frictional 

resistance over the wetted surface 

T : Wave resistance interference factor (Cwca/ Cwmono) 

For practical convenience, (|) and o can be combined into an overall viscous 

resistance interference factor p. 

For catamarans, CTcat = (l+Pk)CF + TCw = RTcat/(0.5pAV^) 

and for monohulls, CTmono = (l+k)CF + Cw = RTmono/(0.5pAV^) 

Form factors for some fine vessels, high speed transom stern monohulls and high 

speed catamarans, were evaluated by Couser [4]. Experimental investigations into 

the effect of prismatic coefficient on catamaran resistance were carried out by 

Holland [5, 6] and Lee [7]. 

The effects of demihull forms and demihull spacing on catamaran resistance were 

experimentally investigated by Matsui [19]. The uses of stern flaps, anti-wave 

hydrofoils and bow spray strips were investigated and suggested in order to reduce 

the resistance. 

Three geosim models of high speed hard chine catamarans were tested for the effects 

of towing line positions on the resistance components by Cassella [20]. The results 

showed that the differences in trim and total resistance among the different towing 

directions were not negligible at the operative speed of the catamaran. 



Dand [21] cairied out model experiments on high speed catamarans in shallow water. 

The aim was to highlight some aspects of shallow water behaviour at sub-, trans- and 

supercritical speeds on resistance, trim and wash. The results showed that water 

depth had a significant effect at sub-critical speeds. The resistance increased as the 

water depth decreased. At about critical speed (depth Froude number about 1.0), the 

resistance coefficients increased dramatically. The water depth hardly affected the 

resistance at super-critical speed, i.e. depth Froude number greater than one. The 

effect of water depth on the resistance was also investigated by Zibell [22], Mill ward 

[18, 23] and Everest [24]. 

With regard to theoretical wave resistance prediction, thin ship theory has been used 

successfully for theoretical wave resistance prediction by a number of researchers. 

The theory was originally introduced by Michell in 1898, Ref.25. The theory was 

developed by Insel [1] using a far Held wave energy approach, in which the far field 

wave system and far field wave coefficients (Eggers coefficients) of a Kelvin source 

were presented using linearised theory, to derive the wave resistance. The effects of a 

canal width and depth were included. The approach gives acceptable results 

especially for very slender ships, which are generally the case for high speed vessels. 

As the thin ship approach represents a body with a source-sink distribution over the 

centreline plane of the hull, which is a function of the slope of the waterline, the 

wave resistance for ships with transom stems is underpredicted. This is because of 

the undefined slope of the waterline on the transom. Modifications have been 

introduced for the transom effect such as a hydrostatic correction, transom sources by 

Molland [6] and Lee [7] and Virtual Appendage by Couser [9]. Thin ship theory with 

a hydrostatic transom correction was used to investigate wave resistance and 

interference effect of catamarans and trimarans with various factors by Wijaya [14]. 

Doctors [26] investigated simplified non-linear corrections and viscous corrections to 

thin ship theory, but only small improvement were shown. Steen [27] predicted the 

resistance of fast displacement catamarans using empirical methods in the early 



stage, an advanced numerical method as a tool for hull shape optimization, and 

model tests for final optimization and verification. 

Cong [28, 29] investigated the wave resistance of a surface ship with a transom stem 

by using thin ship and flat ship theories. The method represented the whole ship by 

three singularity terms: a source system distributed on the longitudinal centreplane, a 

sink line along the bottom edge of the transom stem and a sink plane on the bottom 

of the over hang aft body. Gadd [30] applied second-order theory for the wave 

resistance prediction. There were some improvements at low speeds, especially for 

the case of a mathematical model. 

Wave wash: 

The concem of ship generated waves, known as wash, caused by high speed craft in 

coastal waters has been increased due to the impact on safety and the environment. A 

number of research investigations have been carried out in order to determine the 

properties of wash waves created by ships. Various factors have been considered 

such as hull form parameters, water depth and sinkage and trim. 

The model experiments for high speed catamarans in shallow water carried out by 

Dand [21] also studied the generation of wash. The attention concentrated on wash at 

speeds in the sub-, trans, and super-critical regimes. It was found that the largest 

waves were obtained in the trans-critical region whereas small waves were obtained 

in the sub-critical region and a virtually constant wave height was found in the super-

critical conditions. The effect of hull design was also investigated. The results 

showed that the more slender the hull form, the lower the wash height. 

Full scale/ site measurements in conHned waters were carried out and compared with 

CFD methods by Whittaker [31] and Kofoed-Hansen [32, 33]. The results showed 

that model results and full-scale measurements were in general in good agreement. 



The results also indicated that the highest waves appeared in the trans-critical speed 

range. 

Stumbo [34, 35] carried out full-scale measurements of different ships. It was found 

that as length to breadth ratio increases, wave wash decreases, Ref. 34. The effect of 

water depth was also investigated and the results showed that not only depth Froude 

number but also length Froude number could affect the wave pattern, Ref. 35. The 

use of a flap at the bottom of transom for optimising trim was suggested due to a 

marked reduction in wake wash height and energy density in deep water. 

Model and full-scale measurements of wave wash were also carried out by 

Macfarlane [36, 37]. Wash waves created by multihull and monohull vessels were 

measured and compared at the same displacement, waterline length and speed, Ref. 

37. It was found that multihull vessels generate less maximum wave height than 

monohull vessels but with longer wave period. However, it was found that the energy 

in the wave, generated by both monohull and multihull vessels, is more or less the 

same. Ship displacement and ship length were found to have an influence on wave 

height and wave energy. As the displacement increases, both wave height and wave 

energy increase but it hardly affects the wave period. The investigations also showed 

that the more slender the hull forms, the lower the wash height and wave energy. As 

a result of the investigation, it was suggested that ships should be designed to 

generate moderate wave height but short wave period. 

Thin ship theory can also be used for the prediction of ship generated wash. The use 

of thin ship theory for the prediction of wash is discussed in Ref. 9. The theory was 

used to investigate the wash of pleasure craft on inland waterways by Edwards [10]. 

The experimental results of a Wigley hull form were compared with the theoretical 

results. The results showed very good agreement, especially in the near field. Further 

investigations on ship generated near-field wash waves using thin ship theory have 

been carried out by Molland [38, 39]. The effects of hull form, shallow water, and 

speed were investigated. Three hull forms: a Wigley hull. Series 64 catamaran hull. 



and NPL catamaran hull were used as case studies and the predictions were 

promising, especially the Wigley parabolic hull which has no transom. 

Various methods for the prediction of far Held waves, distant from the ship, were 

used by Gadd [40, 41]. Gadd [40] used panel methods, conventional tank wave 

analysis and surface pressure distribution to predict far-field waves made by high 

speed ferries and compared them with experimental results. It was found that the 

panel method approach combined with a fitted surface pressure distribution could 

give realistic results. Janson [42] used a combined Rankine/Kelvin source method to 

predict the far-field wash wave. It was found that the combined method gave better 

prediction than the Rankine method and gave good prediction of wave profiles 

compared to measured results. However, only deep water calculations were carried 

out. 

In addition to above methods for the prediction of wave wash, a boundary element 

method was used by Brizzolara [43], and a Boussinesq type model was used by Jiang 

[44] to simulate ship waves at sub-, trans-, and supercritical speeds. The Boussinesq 

model is more typically used by coastal engineers for wave propagation over large 

distances. Raven [45] has set up a coupled wave making/wave propagation model, 

which is based on coupling a steady free-surface potential flow code, RAPID, used 

for the prediction of wave generation with a non-linear Boussinesq type model used 

for the prediction of wave propagation. Leer-Anderson [46] used a CFD code, SHIP 

FLOW, for the prediction of wash waves in order to optimise hull forms for wave 

wash reduction. Reasonable results were achieved except at critical speed. Hughes 

[47] used CPD methods to examine the unsteady effects on the wake wash as a ship 

moves from deep water into shallow water. 

Some possible solutions to the wash problem of high speed craft, such as speed and 

route restrictions, hull design and remedial measures on shore were suggested by the 

ITTC Specialist Committee on safety of high speed marine vehicles, Ref. 48. The 

Danish Maritime Authority [49] has proposed wash height restrictions. The 



acceptable height of a long period wash wave was limited to 0.35 metres in 3 metres 

water depth. 

Day and Doctors [50] investigated theoretically four different concepts for high 

speed low-wash craft: a conventional catamaran, a semi-SWATH, a hovercraft, and a 

surface-effect ship (SES). They found that hovercraft could offer some improvement 

at certain speed and depth combinations, whilst SES and semi-SWATHs did not 

offer any significant improvement over conventional catamarans. Feldtmann and 

Garner [51] introduced a Critical Speed Step in the seabed to avoid operation near 

critical speed in sensitive areas. 

The literature review and survey of research has indicated a number of areas and 

issues in the Geld of ship wave resistance and wave wash for high speed craft which 

require further attention. The objectives of the current research programme have been 

to address a number of these areas and issues. 

1.3 Overall Objectives 

The objectives of the research programme are; 

* To provide better understanding of the basic physics of wash waves, using 

experimental and numerical methods. 

* To determine the influence on wash of parameters such as hull form, speed, trim 

and shallow water. 

* To carry out experiments to provide a further understanding of, and data relating 

to, shallow water, transom immersion, trim and wave wash measurements. 

* To compare and validate the numerical methods with the experimental data. 



* To develop a practical numerical tool for the prediction of wave resistance and 

ship generated near-field wave wash (taken, say, as within 0.5 to 1.0 ship lengths 

from the ship centreline). This will include the prediction of the influences of 

changes in hull form, speed, and water depth, and the assessment of the likely 

wave wash of new designs, together with operational effects on the wash of ships 

in service. 

* To show how the numerical method may be applied to identify low-wash and/or 

novel designs and to identify acceptable operational patterns. 

10 



2. OUTLINE OF THEORY 

2.1 Available Theories 

Ship wave resistance can be calculated from either the far-field wave system or 

pressure integration over the wetted surface of the hull. In general, potential methods 

are used to calculate wave resistance. Most of them use a linear approximation to the 

free surface boundary condition. 

A number of methods have been used for the prediction of wave resistance. For 

simple parabolic hull forms such as Wigley, the wave resistance can be obtained by 

integrating the appropriate Green's functions such as Kelvin or Rankine sources. 

Thin ship or slender body theory has been used by a number of researchers as it 

provides fast and accurate solutions for slender hull forms. In this theory, the body is 

represented by an array of sources on the centreline plane (y=0). The main 

disadvantage of using thin ship theory is that the hulls must be slender. However, the 

hull forms of interest in this investigation are generally very slender, with L/B in the 

order of 10-12.8. Additionally, there are a number of panel methods such as double 

body panel method, non-linear free surface panel method, integral boundaiy 

methods, Navier Strokes formulations, and Zonal models. These methods are, for 

example, reviewed and discussed in Ref.l3. 

In addition, CFD techniques have also been used by a number of investigators such 

as Ship Flow [46] and RAPID [45] for the prediction of wave system. Ship Flow 

uses a zonal approach to compute the flow. Only the potential flow and thin 

boundaiy layer solver are used to predict wave wash. RAPID (Raised-Panel Iterative 

Dawson) is a nonlinear free-surface potential flow code used by Raven [45] to 

predict wave making. The flow model is that of a steady 3D incompressible potential 

flow around the ship hull. 

11 



For the present investigation, thin ship theory has been developed and used. It builds 

on the theory described by Insel [1,2] and Molland [3]. The theory was developed in 

order to calculate the wave pattern resistance of slender hulls with transom stems and 

is applicable up to the supercritical speed range. The thin ship method provides an 

alternative to the higher order panel methods and, when applied strictly to thin or 

slender hulls, has been found to provide a similar degree of accuracy at a fraction of 

the computational effort, Couser [13]. Thin ship theory is described in the next 

section. 

2.2 Thin Ship Theory 

The thin ship theory of wave resistance was originally introduced as a purely 

theoretical approach for predicting the wave resistance of a ship by J.H. Michell in 

1898 [25]. The dependence of wave resistance on ship's hull form was established. 

The velocity potential and wave resistance for a sufficiently narrow ship moving on 

the surface of an infinitely deep fluid were found. Insel, Ref . l , developed the far 

field wave system for a Kelvin source in a shallow water canal and applied it to thin 

ship theory. In the basic thin ship theory, the following assumptions are made: 

a) The ship hull(s) is slender i.e. high length to breadth ratio. 

b) The fluid is in viscid, incompressible and homogeneous. 

c) The fluid motion is steady and irrotational. 

d) Surface tension can be neglected. 

e) The wave height at the free surface is small compared with the length. 

A Cartesian coordinate system moving with the model is used. The origin is on the 

free surface at the centre of the model. Ox is in the direction of motion, Oy is to the 

starboard and Oz is to vertical upwards. The tank centreline is at y=0 and the 

12 



undisturbed free surface is at z=0. The model moves in the positive direction of the 

x-axis at a constant speed, U, in a finite channel of width B and uniform depth H. 

Ship bodies are represented by planar arrays of Kelvin sources on the local hull 

centreline, together with the assumption of linearised free surface conditions. The 

theory includes the effects of a channel of finite breadth and shallow water. 

The source strength is: 

(7 ^2.1) 

As seen from equation (2.1), the local source strength is proportional to the 

longitudinal waterline slope. Hence, it can be calculated from a given offset of hull 

definition at a given constant speed. The centreline plane of the hull can be divided 

into a grid of rectangular panels. The contribution of each panel is calculated by 

replacing the uniform source distribution over each of the panels with a point source 

located at the centre of each panel. Therefore, the strength of the source on each 

panel can be calculated from the local slope of the local waterline, as follows: 

(J = — ^ ^^'.dA (2.2) 

Where dA is the panel area. The hull waterline offsets in the current procedure can be 

obtained directly and rapidly as output from a commercial lines faring package. Ship 

Shape, Ref. 52. 
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2.3 Theoretical Wave Elevation 

The far field velocity potential is expressed by Insel [1] as: 

( | )EF=:^E[ ^"'cos(k^xcos8^) + ̂ '"sin(k^xcos8^)]- ^ ^cosh(k^(z+H))cos(mny/W) 
Um=0 a„ kniCos8m cosh(kniH) sin(mny/W) 

(2.3) 

Where the last cosine term applies to even m and sine term applies to odd m. 

The wave elevation found from linearised free surface condition is expressed as: 

m = 0 

cos(x^^ cos^^)+ ^ sin(z/:^ cos^^J 
c o s ( — 

W 

s m ( — 
(2.4) 

Where and cosine term are applied to even m whilst oCm, Pm and sine term are 

applied to odd m. The term m=0 is halved. The wall reflection condition and the 

wave speed condition including shallow water effects are also satisfied. 

kinsin0m= 7im/W 

kmC0Ŝ 8m= ktanh(kmH) 

where k = g/U^ 

(Wall reflection) 

(Wave speed condition) 

(2.5) 

(2.6) 

The wave coefficients are: 

11m 

E 

167:U k + k^i cos 8 ^ 

Wg l + sin^8m-kHsech^(kn,H) 

cosh(k^(H + Z(^))cos 
mny^. 

W 

cos(kmX(,cos8ni) 

sin(k,nXqCos8n,) 

for even m (2.7) 
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I671U k + k;^cos^8m 

Wg 1 + sin^8^ - msech^(kmH) 

E cosh(km(H + Zo)); ^ '"^cosniK^iH + Zrtjlsm 
mTty, 

W 

c o s ( k ; n X q cosGni) 

sin(kniX(yCos8m) 

for odd m (2.8) 

If the ship model is symmetric relative to the tank centreline, the wave elevation at a 

longitudinal cut, y, can be expressed by taking the even terms only and substituting 

n=2m as follows: 

Z cos(x^„ COS ) + 77, sin(%A:̂  cos )]cos (2.9) 

The wave coefficients (^^ and ?]n) can be derived theoretically using Equations (2.7), 

and they can also be derived experimentally from physical measurements of wave 

elevation, in Equation (2.9). 

The wave number at n'*' harmonic, kn, can be found by combining the square of 

equation (2.5) with (2.6). 

J = ; ^ k „ t a n h { k „ H ) + ( ^ ) 2 

In the current work, 8n can then be found by substituting kn into equation (2.6) in 

order to satisfy the wave speed condition including shallow water effects. It is noted 

that in the original version of the theoretical approach, 8n was found by substituting 

kninto equation (2.5) which does not satisfy the wave speed condition at supercritical 

speeds. For example, at supercritical speed, if 8n is obtained from equation (2.5), the 

smallest value of 80 will be zero, which is not correct. 

From the wave speed condition (2.6), for small knH i.e. shallow water, knH is greater 

than tanh knH. Hence; 
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knCoŝ Gn = (g/U^). tanh k^H < kn(gH/ U )̂ 

Aerefore; 

C o s 8 n < V ( g H ) / U 

If U< V(gH), the wave speed condition will be satisfied for all values of 8n, i.e. no 

restriction as CosGn < 1 for 0-90°. On the other hand, if U > V(gH), the largest value 

of CosOn is given by CosOn = V(gH)/ U in order to satisfy the wave speed condition. 

Hence, the smallest value of On becomes 0 = Cos"'(V(gH)/ U). Speeds U < V(gH) are 

called sub-critical speeds whereas speeds U > 'V(gH) are called supercritical speeds. 

Since gravity waves cannot travel at speeds greater than V(gH), if the ship is running 

at a higher speed than the critical depth speed VCgH), the transverse waves disappear 

and waves can only exit at angles greater than 8o= Cos ' \V(gH)/ U), Lunde [53]. It is 

noted that On increases as the speed increases. 

For a catamaran, the wave elevation can be found from equation (2.4) by calculating 

wave coefficients from equation (2.7) and (2.8) over a distribution of sources for 

both demihulls. For a catamaran made up two symmetric demihulls relative to the 

tank centreline, the wave elevation can be expressed as follows [1]: 

^ cos(%A:, cos a , ) -H 2?7^Q sin(%A:, cos )]cos (2.10) 

Where Cs=Cos(kn S/2 SinOn) = Cos(n7tS/W). 

Thus equations (2.9) and (2.10) can be used to fully describe the wave patterns for 

monohulls and multihulls. 
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2.4 Theoretical Wave Resistance 

From the considerations of momentum changes, Appendix A, the resistance 

components of a ship model can be derived. The total resistance can then be 

expressed as follows: 

_ — J dy-i— J J |v + w — M jdzdy + J j APdzdy 
^ -W/2 ^-W/2-^ -W:/2-7/ 

(2.11) 

Where B represents down stream. 

The Grst two terms in equation (2.11) represent the wave resistance and the third 

term represents the viscous resistance. 

Therefore, the wave resistance can be expressed as follows: 

^ vy/2 ^ vy/2 
(2.12) 

or 

1V/2 0 

w j j 
- W / 2 -W/2-H 

2 2 

+ 
(2.13) 

Where ^ is the wave elevation in the far field and (3(j)/3x)^, (9(|)/3y)^, (d^/dzf ' can be 

obtained from the derivatives of the far field velocity potential (!)ff with respect to x, 

y, z, see Ref. 1. The wave resistance can then be expressed in terms of the Eggers 

coefficients as follows: 
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Ru \ ^ ' y / ̂  + ^2 
sinh(2^^^m 6 X + , g ^ , 

cos 
1 + 

2A_/f 

sinh(2A:^7^) 

(2.14) 

Where ^ and T̂m are applied for even m whilst am and Pm are applied for odd m. 

It is noted that km=o is km at 0^ harmonic, which is not the same as k which is g/U^, 

especially at supercritical speeds. It is obtained from the combination of the wave 

speed condition (2.6) and wall reflection condition (2.5), as follows: 

4 = * k ^ t a n h ( k ^ H ) + ( ^ ) " 
U" W 

at m=0; 

Noting that km=o = k if deep water is assumed. 

^m=o = :^:anh(kn,=oH) 

For a ship model symmetric to the tank centreline the wave resistance can be 

simplified as: 

R, 1 -
cos 

2 
1 + 

2)̂  n 

sinh(2A:,^) 

(2.15) 

The wave resistance of a catamaran with symmetric demihulls can be expressed as: 

R 
COS 

1 + -
2A.H 

^ sml](2^,/^)y 

(2.16) 

Where Cg = Cos(7mS/W). 

A schematic overview of the modelling procedure is shown in Fig.2.2. It is noted 

that the theory provides an estimate of the proportions of transverse and diverging 
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content in the wave system and that the theoretical predictions of the wave pattern 

and wave resistance can be compared directly with values derived from physical 

measurements of the wave elevation. 

An outline of the computer program incorporating the theory is shown in Appendix 

B. The program calculates the wave resistance and wave profiles of a ship model 

moving along a rectangular tank, having finite width and depth, with a constant 

speed. The program allows up to 3 hulls to be calculated. The hull offsets data are 

generated by a hull faring program. Shipshape [52], and are then converted into the 

format required by the thin ship theory program using a Fortran program called 

Convert2. 

The thin ship theory program has been developed by the author to allow extra 

source(s) with desired strength to be added at suitable positions in the program for 

the purpose of transom stern corrections. The program has also been modified to 

satisfy the wave speed condition at supercritical speeds, as mentioned in Section 2.3. 

2.5 Refinements to Thin Ship Theory 

It has been noted from model tests and full-scale operation that trim and hence 

transom inmiersion can have a significant influence on the wave pattern and 

consequently on the wave resistance and wave wash, Ref.9. An important refinement 

to the basic theory, and a requirement of all theories, does therefore concern the need 

to model the transom stem in a satisfactory manner. As the thin ship approach 

represents a body with a source-sink distribution over the centreline plane of the hull, 

the wave resistance of a ship with a transom stem is underpredicted. This is due to 

the undefined slope of the waterline on the transom. As a result, there is need for 

refinements to the theory for transom stem effects in order to improve the potential 

for predicting wave resistance and near-Geld wave wash. These refinements are 

discussed in Chapter 4. 
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As a result of the significance of the transom stem immersion and its effect on 

resistance and wash, it is important to be able to incorporate suitable estimates of 

running sinkage and trim in the theoretical model. This was highlighted by the work 

reported in Refs. 9 and 13 which showed that, whilst reasonably large changes in 

trim can have relatively small effects on wave resistance arising from the hull source 

distribution, the resulting changes in the wave resistance due to changes in the 

transom immersion can be very significant. A number of investigators have 

employed an experimentally derived sinkage and trim input to their theoretical 

models, which is not unreasonable if data from a fairly wide range of geosim hull 

forms are employed, such as those described in Ref. 3. In order to facilitate data for 

this use, regression analysis of dynamic sinkage and trim has been carried out using 

the experimental deep water data obtained from Insel [2] and Molland [3, 11]. This is 

discussed in Chapter 4. 

A hybrid model has also been developed which facilitates improvements in the 

estimates of sinkage and trim based on changes in the dynamic pressure around the 

hull. The model links the thin ship theory to a panel method. This technique can 

provide reasonable first order approximations to sinkage and trim and might be 

suitable for new developments in hull forms for which acceptable trim and sinkage 

data is not available. The model is described in Chapter 4. 

2.6 Validation of Thin Ship Theory 

The theory has been well validated for wave resistance in deep water, Refs. [1, 7, 9, 

and 13]. Little work has been carried out so far on the validation of the theory in 

respect of wave profiles for wave wash purposes. In particular, there is a need for 

validation of the theory in shallow water and at supercritical speeds. This has been 

held up mainly by the lack of experimental measured wave elevations in shallow 
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water. Chapters 4 and 5 describe the validation of the theory for super critical speeds 

using new shallow water data presented and described in Chapter 3. 

2.7 Description of Wave Characteristics 

The wave system can be described using some or all of the following wave 

properties at sub-critical, trans-critical and supercritical speeds. 

The overall characteristics of sub-critical and supercritical wave pattern are shown in 

Fig.2.1. At sub-critical speed (FnH<1.0), the basic Kelvin wave with both transverse 

and divergent waves is generated. The direction of propagation of diverging waves is 

about 35° to the ship's track. At supercritical speed (FnH>1.0), the transverse waves 

disappear and the divergent wave angle becomes larger. The effect of depth Froude 

number, Fny, on the direction of propagation of divergent waves is discussed in 

Chapters 3 and 5. 

Basic properties of the wave system are given in Fig.2.2 which shows a typical 

(predicted) wave pattern, a longitudinal cut through the wave pattern, the typical 

distribution of wave energy (sub-critical in this example) within the wave system and 

the wave resistance. Further descriptions are given in Figs.2.3 and 2.4 which show 

the propagation angles of the leading divergent waves and wave resistance relative to 

deep water as speed passes from sub-critical, through trans-critical to supercritical. A 

typical predicted wave pattern and wave cut is illustrated in Fig.2.5. 

2.8 Wave Propagation and Decay 

In order to predict the hkely size of the waves as they approach some other area or 

the shore, and hence their hkely impact, the rate of decay of ship waves need to be 

estimated. The basic properties of the wave system mentioned above may typically 

be used for wave transformation / propagation studies from ship to shore. This can 
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entail extensive computer modelling using, for example, Boussinesq-type equations 

for the prediction of the propagation and decay of the waves. Alternatively, a much 

simpler approach, but with practical applications, is to use theoretical and 

experimental methods to predict the decay of the waves as they propagate. In deep 

water, the rate of decay can be described by Havelock's theoretical prediction of 

decay, Ref. 54, which is: 

H cc y.y"" 

Where n=0.5 for transverse wave components and n=:0.33 for divergent waves, y is 

the distance perpendicular to the ship's track, y can be determined experimentally 

based on a wave height at an initial value (offset) of y and as a function of the speed 

of the vessel. 

Hence, once the maximum wave height is measured close to the ship's track, it can 

be calculated at any required distance from the ship. 

In shallow water, smaller values of n in the above equation between 0.2 and 0.4 may 

be applicable, Ref. 55. This depends on wave period and water depth/ship length 

ratio. The decay rates for shallow water waves (supercritical) are less than for deep 

water and, consequently, the wave height at a given distance from the ship is greater 

than that of the equivalent height of a wave in deep water (sub-critical). 

The energy in the Arst two or three waves can be used as a good representation of the 

potential damaging effects of the waves because it combines the effects of wave 

height and period. The energy is given, Ref.55, by: 

E = pg^H^^/167i for deep water 

E = pgH^A/8 for shallow water 
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Where X = (gT^/27i:).tanh(2nh/L). H is wave height, T is wave period, h is water 

depth and L is wavelength. 

In shallow water, most of wave energy is contained in a single long period wave and 

the decay of the wave height and energy with distance from the ship is relatively 

small, Ref. 55. It is recommended that the description of wash waves in shallow 

water should include both maximum wave height and maximum wave energy as if 

the energy alone is used, the individual components of wave height and period are 

lost. 

The current investigation concentrates on the generation of the waves and their 

properties within about one ship length off the centreline of the ship. 
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3. 

3.1 Introduction 

An extensive experimental investigation has been carried out which would establish 

a database that could be used for design and investigation purposes, for the validation 

of theoretical models and for input to wave propagation models. Whilst the 

experiments formed part of a wider EPSRC funded programme of research, the 

author of this thesis was directly involved with the actual running of the experiments 

and the acquisition and analysis of the measured data. 

The basic aims of the experimental investigations were to assess the effects of hull 

form parameters, transom immersion, shallow water and propulsion systems on wave 

wash and resistance and to validate the theoretical model. The NPL round bilge 

series [56 and 3] and Series 64 hull forms [57] were chosen for the investigation. 

Models for these forms were available and had been tested at the University of 

Southampton for resistance and seakeeping over a number of years. The models 

broadly represent the underwater form of a number of monohulls and catamarans in 

service or currently under construction. 

The resistance data in deep water used in the investigation were obtained from the 

earlier tests on the resistance of high speed displacement monohulls and catamarans 

carried out over a number of years at the University of Southampton, Refs. 1-3, 11, 

and 12. These tests included the measurement of total and wave pattern resistance, 

running sinkage and trim and a limited number of wave profiles along the hull. The 

models used were derived from the NPL round bilge series, designated models 4b, 

5b, and 6b and Series 64, designated model 5s. The tests covered a range of length to 

displacement ratios (L/V^^) and catamaran separation to length ratios (S/L). 
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An extensive series of wave wash measurements for monohull and catamaran models 

travelling in both deep and shallow water has been carried out as part of the wider 

research programme, funded by EPSRC and industry. The models were tested in 

deep water in the Towing Tank at Southampton Institute and in shallow water at the 

GKN Westland tank on the Isle of Wight. Overall, the tests covered a range of length 

Froude Number of 0.25-1.2 and depth Froude Number of 0.5-3.2. Longitudinal wave 

cuts, model total resistance, sinkage and trim were measured and used in this 

investigation. 

The tests also covered a range of catamaran separation to length ratios (S/L), two 

shallow water depths and significant bow and stem trim. These allowed the effects of 

separation to length ratio, water depth and trim changes or transom immersion on 

total resistance and wave wash to be investigated. The effects of separation to length 

ratio and water depth on running sinkage and trim were also examined. 

Two separate model 5s catamarans, one self-propelled by propellers and the other by 

water jets, were tested in shallow water in order to investigate the effect of 

propulsion systems on the generation of wave wash. 

3.2 Description of Models 

Details of the models used are given in Table 1. 

The models were constructed using an epoxy-foam sandwich skin. Models 4b, 5b, 

and 5s are 1.6m in length. The length of model 6b was increased to 2.1m in order to 

achieve satisfactory weight - displacement balance. 

The models were of round bilge form with transom sterns. Fig. 3.1, and were derived 

from the NPL round bilge series [56] and the Series 64 round bilge series [57]. The 
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models were tested as monohull and catamaran configurations with separation to 

length ratios (S/L) of 0.2, 0.3, 0.4, and 0.5. 

The model towing force was in the horizontal direction. The towing point in all cases 

was situated at the longitudinal centre of gravity and at a height of 1.5 times the 

draught above the baseline. No compensation was made for the vertical separation of 

the tow point and the propeller thrust line. The tow fitting allowed free movement in 

sinkage and trim while movements in surge, sway, roll and yaw were not allowed. 

The models were fitted with turbulence stimulation comprising trip studs of 3.2mm 

diameter and 2.5mm height at a spacing of 25mm. The studs were situated 37.5mm 

aft of the bow. No underwater appendages were attached to the towed models. 

Two model 5s catamarans were built and equipped with propulsion systems in order 

to investigate the effect of propulsion systems on wave wash. One was propelled by a 

pair of propellers and the other was propelled by two pairs of wateijets. The 

propellers provided a speed up to about 3 m/s while the wateijets gave a speed up to 

4 m/s. 

3.3 Facilities and Tests 

3.3.1 General 

The deep water experiments were carried out in the Southampton Institute towing 

tank. The tank has the following principal particulars: 

Length : 60.0m 

Breadth : 3.7m 

Water Depth : 1.85m 
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Maximum Carnage Speed : 4.6m/s 

The shallow water experiments were carried out in the GKN-Westland Aerospace 

test tank on the Isle of Wight, which has principal particulars as follows: 

Length : 200m 

Breadth 

Water Depth (deep water) 

Maximum Carriage Speed 

4.6m 

1.7m 

14m/s 

In the current tests, water depths of 200mm and 400mm were used. 

Both tanks have a manned carriage which is equipped with a dynamometer for 

measuring total resistance together with various computer and instrumentation 

facilities for automated data acquisition. 

Total resistance, running trim, sinkage and wave elevation were measured in calm 

water. The tests were carried out over a speed range up to Fn of 1.0 for deep water 

cases and the shallow water tests were carried out at a speed range of Im/s - 4m/s 

corresponding to a length Froude Number range of 0.2 to 1.0 and a depth Froude 

Number range of 0.2 to 2.8. 

For the shallow water self-propulsion tests, a special frame, fitted under the carriage, 

was used as a guide to keep the models travelling on the tank centreline and also 

parallel to the centreline of the tank. During the run, model propeller revolutions 

were adjusted until the model speed was the same as the carriage set speed. 

27 



3.3.2 Wave pattern measurement 

The wave profiles were measured using resistance type wave probes with a length of 

300mm coupled to Churchill wave probe monitors. The data were acquired and 

stored using a laptop computer. 

The tests on wave wash measurement in deep water were carried out at the 

Southampton Institute towing tank. Model 5s was used and tested in catamaran 

configurations with separation to length ratios (S/L) of 0.2, 0.3 and 0.4. During each 

test run, four longitudinal wave profiles were measured, with transverse position (Y) 

relative to the tank centreline to the model length ratios (Y/L) of 0.694, 0.77, 0.86, 

and 1.028. These spaces were chosen to suit the wave pattern resistance analysis [1]. 

The longitudinal position of the wave probes was about halfway down the tank 

which allowed adequate time for the wave system to settle before measurements 

commenced. 

For the shallow water tests, models 4b, 5b, 6b, and 5s were used and tested at GKN-

Westland Aerospace test tank. Seven longitudinal wave profiles were measured at 

the transverse position to model length ratios (Y/L) of 0.43, 0.55, 0.68, 0.80, 0.93, 

1.05, and 1.18 for models 4b, 5b, and 5s and Y/L of 0.33, 0.42, 0.52, 0.61, 0.71, 0.80, 

and 0.90 for model 6b. The longitudinal position of the probes was 62.5m from the 

model starting point. 

The wave wash tests using self-propelled models 5s were also carried out in shallow 

water in GKN-Westland Aerospace test tank. Three sets of wave probes were placed 

at three different longitudinal positions. Eight longitudinal wave probes were 

measured at the transverse position to model length ratios (Y/L) of 0.43, 0.55, 0.68, 

0.80, 0.93, 1.05, 1.18, and 1.32 and were placed between the other two at the 

longitudinal position of 62.5m from the model starting point. 
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Two sets of four longitudinal wave probes were also measured at the same transverse 

position to the model length ratios (Y/L) of 0.89, 1.02, 1.14, and 1.27. The 

longitudinal positions of these two sets of wave probes were approximately at 41m 

and 87m from the model starting position. These positions allowed adequate time for 

the wave system to settle before measurements were commenced. The schematic 

layout of the GKN test tank is shown in Fig. 3.2. Routine repeat tests demonstrated 

that the wave profile measurements were repeatable within 1% of the typical 

measured maximum wave heights. Examples can be found in Refs.58 - 60. 

3.3.3 Total resistance and side force measurements 

Total resistance and side force were measured using a dynamometer provided by the 

Wolfson Unit for Marine Technology and Industrial Aerodynamics. The total 

resistance was recorded every test run while the side force was monitored to ensure 

that the model yaw angle was negligible, i.e. the side force is 10% less than the total 

drag, which is reasonable assumption based on the results of Ref. 61. 

3.3.4 Running trim and sinkage measurements 

Running trim and sinkage were measured for every test run. The running trim was 

measured by means of a potentiometer mounted on the tow fitting. The accuracy of 

the measurement was within ±0.05°. The running trim was measured as angle in 

degrees and taken positive for bow up. 

The sinkage was measured by means of a potentiometer and a track on the tow post. 

The accuracy of the measurement was within ±0.1mm. The sinkage was taken 

positive for vertical motion downward and non-dimensionalised using the draught of 

the model. 
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3.3.5 Trim changes 

A limited series of tests with changes in static trim were carried out using models 5b 

and 5s as catamaran configurations with a separation to length ratio (S/L) of 0.2. The 

tests were carried out at 200mm water depth for the cases of significant bow and 

stem trim. These would provide information on the effect of trim changes on the 

resistance and wave wash. 

3.3.6 Self-propulsion tests 

In order to investigate the influence of propulsion systems on wave wash, two model 

5s catamarans: one propelled by a pair of propellers and the other propelled by two 

pairs of wateijets were used. Sixteen longitudinal wave probes were used to measure 

the wave elevations at various longitudinal and transverse positions as described in 

section 3.3.2. 

The models were tested as catamaran configurations with separation to length ratios 

(S/L) of 0.2, 0.3 and 0.4 at the water depths of 400nim and 200mm. The tests were 

carried out at the speed range between l-3m/s for the one propelled by propellers and 

between l-4m/s for the one propelled by wateijets. The series of tests covered a 

range of length Froude Number of 0.25-1.0 and depth Froude Number of 0.7-2.85. 

Self-propulsion tests were also carried out on 4.5m and 1.6m free-running models in 

the QinetiQ (Haslar) model basin, and wave measurements were carried out. 
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3.4 Data Reduction and Corrections 

3.4.1 Coefficients 

The resistance data were reduced to coefGcient form as follows: 

Resistance Coefficient = Resistance 

0.5pAU^ 

Where p : Fresh water density (1000 kg/m^). 

A : Static wetted surface area (m^). 

U : Model speed (m/s^). 

3.4.2 Temperature correction 

The total resistance measurements were corrected to the standard temperature of 

15°C by modifying the frictional resistance component as follows: 

CT15=CTtest - Cptest + CpiS 

Although the correction should be slightly larger due to the form factor being greater 

than one, the correction is small in any case. Hence, the above equation is considered 

to be sufficiently accurate. 

3.4.3 Resistance due to turbulence studs 

Turbulence studs were attached to all models as described in Section 3.2. The 

influence of turbulence studs on model resistance was investigated and described in 

Ref. 11. It was found that the resistance due to the studs might be neglected since the 

laminar region upstream is counterbalanced by the boundary layer momentum 

thickness increase down stream of the studs. 
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3.4.4 Wetted surface area 

Static wetted surface area was used to non-dimensionalise the resistance 

measurements. Although the use of running wetted surface area may provide a better 

understanding of the physical components of resistance, it was found in Ref. 11 that 

the use of static wetted area does not have a significant effect on model to ship 

extrapolation providing both model and full scale coefGcients are based on static 

wetted surface area. Furthermore, the running wetted surface area is difficult to 

measure experimentally and will not be available for a new design. It is, therefore, 

more practical and generally satisfactory to use the static wetted surface area. 

3.5 Presentation of Data 

The residuary resistance coefficient Ca, rather than total resistance coefficient Cy, is 

used for the presentation of experimental resistance data as the residuary resistance 

consists mainly of wave resistance. It is obtained from the following; 

Ct = CF + CR 

Where CT is total resistance coefficient measured from the tests. 

CR is residuary resistance coefficient. 

Cp is frictional resistance coefficient calculated from ITTC: 

Cp = 0.075/[log (Rn)-2]^ 

The wave profiles are presented in terms of wave height (m) to a base of longitudinal 

distance, X (m) for a given model or ship speed. The running trim was presented in 

degrees and taken positive for bow up. The sinkage was taken positive for vertical 

movement downward and non-dimensionalised using the draught of the model. 

For the investigation of shallow water effects, the depth Froude number is used and 

defined as Fnn = V/(g.H)°^ where H is water depth in meters. The wave wash is 

defined as sub-critical, critical or supercritical as FnH<, =, or > 1.0 respectively. 
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The data are presented in Figs. 3.3 - 3.90 in terms of the influence of L/V^^, S/L, 

shallow water and trim changes on the residuary resistance and the wave 

characteristics. 

3.6 Discussion of the Results 

3.6.1 Residuary resistance 

J.6.7.7 o/'/gngrA fo rafzo 

The effect of length to displacement ratio (L/V^^) on residuary resistance is 

illustrated in Figs. 3 .3-3.5 . The figures show plots of residuary resistant coefGcients 

of model 4b, 5b, and 6b as monohull and catamaran configurations at the water depth 

of 0.4m. As the length to displacement ratio (L/V^^) increases (moving from model 

4b to 6b), the residuary resistance coefficient decreases, especially at the hump. A 

similar trend was also obtained in deep water by Molland [3]. 

J.6. J.2 fo ZengfA 

The effects of S/L are shown in Figs. 3.6 - 3.11. The residuary resistance coefficients 

of the catamarans are greater than that of monohull, especially at the Fn between 0.4 

and 0.6. This is due to the interference effects between the demihulls. It is noted that 

CRcat = RRca/(0.5pAU^) where A is the wetted surface area of both demihulls. For 

catamarans, the general trend is that as the hull separation reduces, the residuary 

resistance increases. The effect is significant at the hump i.e. Fn between 0.4 and 0.6 

for the deep water case. In the higher speed range, changes in hull separation tend to 

have a relatively small effect. The trend is also the same as that of models 3, 4 and 6 
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which have different length to breadth ratios (L/B) and breadth to draught ratios, see 

Ref. 3. 

In shallow water, the resistance hump may occur at lower Fn as it also depends on 

depth Froude number Fne. For instance, at the water depth of 0.2m, the peak is at the 

Fn of 0.35 where the depth Froude number, Fuh, is about 1.0 which is the critical 

depth speed. The effect of water depth on residuary resistance is discussed in section 

3.6.1.4. 

J.6.7.J 

The deep water results were used to illustrate the effect of model speed. As seen 

from Figures 3.6 and 3.9, as the speed increases, the residuary resistance coefficient 

gradually increases and peaks at a Froude number of about 0.45 and then decreases. 

Figures 3.12 - 3.23 present the influence of water depth on residuary resistance 

coefficient at a range of length Froude number, Fn. The ratios of the residuary 

resistance in shallow water to the residuary resistance in deep water of model 5b and 

5s as monohulls and catamarans are plotted against a range of depth Froude number 

Fny, Figures 3.24 - 3.29. The residuary resistance for the deep water case is the 

residuary resistance obtained from the tests at the water depth of 1.85m, taken from 

Molland [11] and Wellicome [12]. 

It can be seen from Figs. 3.12 - 3.23 that the resistance coefficients in shallow water 

are much higher than those in deep water at the length Froude numbers of about 0.35 

and 0.5 for the water depths of 0.2m and 0.4m respectively. It is noted that the depth 
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Froude number is about 1.0 at the length Froude number of 0.35 for the water depth 

of 0.2m and 0.5 for the water depth of 0.4m. 

Figures 3.24 - 3.29 show the curves of resistance ratio (RR/RR-oepth) against depth 

Froude number, Fny with two different water depths. It can be seen that the shallow 

water effect on the resistance is significant in the critical depth speed region 

(FnysLO). The resistance ratio increases dramatically as the depth Froude number is 

close to one. The resistance ratio then decreases sharply just below the value of 1.0 

i.e. the shallow water resistance is slightly less than the deep water resistance. In the 

supercritical speed region, as the depth Froude number increases the resistance rado 

gradually increases to the value of about 1.0, the resistance in shallow water being 

about the same as the resistance in deep water i.e. the effect of water depth 

disappears. 

Moreover, the water depth also influences the resistance at a given depth Froude 

number around the critical speed. As might be expected, the reduction in water depth 

causes an increase in the effect of shallow water. For instance, at the depth Froude 

number around 1.0 the resistance at the water depth of 0.2m is much higher than that 

of 0.4m. This is probably due to the effect of clearance under the hull. The similar 

trend was also obtained by Dand [21] and Millward [23, 62]. It is noted that at the 

critical speed, the length Froude numbers at the water depth of 0.2m and 0.4m are 

0.35 and 0.5, respectively. For the case of model 5s (Figs. 3.27 - 3.29) at the water 

depth of 0.4m, this trend cannot be seen due to lack of data points near critical depth 

speed. 

3.6.7. J 

The residuary resistance coefficients of model 5b and 5s catamarans with separation 

to length ratio (S/L) of 0.2 starting with level trim, 2° bow up and 2° bow down are 

compared in Figures 3.30 and 3.31. 
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It can be seen that bow down trim hardly affects the residuary resistance whilst bow 

up trim causes an increase in residuary resistance coefficient at a range of Fn 

between 0.25 and 0.45 in this case. The increase is significant at the peak (Fn of 

0.35) where the depth Froude number is about unity for the water depth of 0.2m i.e. 

critical depth speed. At higher speed, the bow up trim has a small effect on the 

residuary resistance. 

3.6.2 Running sinkage and trim 

The measured sinkage and trim data of model 5b and 5s as monohull and catamaran 

configurations over a range of length Froude number are presented in Figures 3.32 -

3.41 at different water depths. 

J.6.2.7 To (-S/L) 

The interference effects on the running trim and sinkage in both deep and shallow 

water can be seen in Figs. 3.32 - 3.35. The overall results and trends for deep water 

are broadly similar to other round bilge hulls such as those reported in Ref. 3. 

For the deep water cases, trim angle interference is significant between Fn of 0.4 and 

0.7 where the catamaran shows higher trim angles than the monohull, but generally 

approaches the monohull trim angle as S/L is increased. For shallow water cases, the 

interference is significant at around critical depth speed where Fn = 0.5 and 0.35 for 

the depth of 0.4m and 0.2m respectively. This will be discussed in section 3.6.2.3. 

With regard to running sinkage, the catamaran shows significantly higher running 

sinkage than the monohull at Fn between 0.3 and 0.5 for deep water cases and at 

lower Fn for shallow water cases. In general, the sinkage is increased as the 
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separation to length ratio (S/L) is reduced. At higher speed, the trends change to the 

opposite. The monohull has higher sinkage than the catamaran and the catamaran 

with S/L of 0.2 has the lowest sinkage. 

3.6.2.2 

The effect of speed can be seen from Figs. 3.32 and 3.33. Similar to the effect on the 

resistance, the running trim and sinkage increases and peaks at about a Fn of 0.45 

and then decreases as the speed increases. 

J.6.2.J oywafgr (/gprA 

Figs. 3.36 - 3.41 illustrate the effect of water depth on the running sinkage and trim 

for models 5b and 5s. Similar to the effect of water depth on the resistance, there is a 

significant increase in running trim and sinkage at the critical depth speed where Fn 

is around 0.5 and 0.35 for water depths of 0.4m and 0.2m respectively. At higher 

speeds (supercritical speed), the sinkage and trim of the catamarans in shallow water 

are less than that in deep water and then gradually approach the values of deep water 

as the speed increases. For the case of model 5s at the water depth of 0.4m, the effect 

cannot be seen clearly due to lack of data points near critical depth speed. It is noted 

that there is probably an error in trim measurement for model 5s in deep water as the 

trim seems too high when compared with the results of model 5b in deep water. 

J. 6.2.'^ 

Figs. 3.42 and 3.43 illustrate the effect of propulsion system on running trim and 

sinkage of model 5s catamaran with S/L of 0.2 and 0.4 travelling in shallow water 

(H=0.2m). It is seen that the values of running trim of both propeller and water jet 

are similar. Their trends agree with that of the towed model although the values for 
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the towed case is higher for S/L=0.2. It is noted that the tow line for the towed model 

in shallow water did not have a trim correction. It is also seen that the propulsion 

systems have little influence on the running sinkage. 

3.6.3 Wave profiles 

In the QinetiQ (Haslar) Ocean Basin, the 4.5m and 1.6m free running catamarans 

were tested in deep water at one speed for hull separation to length ratios (S/L) of 0.2 

and 0.4. Multiple wave cuts were made with two wave probe arrays and two 

Wavetector buoys. 

Example wave cuts are given in Fig. 3.44 which shows a comparison between the 

wave cuts for the 4.5m and 1.6m models for the same (non-dimensional) lateral wave 

cut position (Y/L). The results are very similar, verifying the suitability of the results 

from the smaller 1.6m models and the absence of any significant scale effects. Actual 

differences are likely to be due to the small difference in test Fn, model displacement 

and Y/L value. 

J. 6. J. 7 oy/gMgrA fo 

Figs. 3.45-3.47 illustrate the effect of length to displacement ratio (L/V '̂̂ ) on the 

wave profiles. Some of the measured wave cuts of models 4b, 5b, and 6b are taken as 

examples and compared at the same speeds and at the water depth of 0.4m. It is 

noted that the length of model 6b is 2.1m whilst the length of the other models is 

1.6m. Therefore, the wave profiles are non-dimensionalised with the model length 

and presented in terms of wave height/L to a base of longitudinal distance (X)/L. The 

wave cuts are compared at the transverse position (Y/L) of 0.55 for models 4b and 5b 

and at the Y/L of 0.52 for model 6b. 
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It is seen that the effect on the wave profiles is similar to the effect on the resistance, 

namely, an increase in length to displacement ratio (IW^^) (from model 4b to 6b) 

results in a reduction of the wave height, as also seen later in Figs. 3.53a and 3.54a. 

The wave phases of model 4b and 5b are almost identical whilst model 6b has shorter 

wavelength. It is noted that models 5b and 6b are compared at the same speed but not 

the same Fn as model 6b, which has a longer length, whilst models 4b and 5b are 

compared at the same speed and Fn. At a given speed, the Fn of model 6b is 13% 

less than that of models 5b and 4b. 

Comparison of different hull forms: 

The wave profiles of models 5b and 5s are compared at the water depth of 0.2m in 

Fig. 3.48. Both models have the same length to displacement ratio (L/V^^) and 

breadth to draught ratio (B/T) but different draught (T) and huU shape. The details 

are given in Table 1 and the model body plans can be seen in Fig. 3.1. Model 5b and 

5s have the draught to water depth ratio (T/H) of 0.365 and 0.315 respectively. It can 

be seen that the wave profiles are almost identical. This also agrees with the 

residuary resistance measurement. The values of residuary resistance of models 5b 

and 5s are hardly different, as seen in Figs. 3.18 - 3.23. It is noted that model 5s has 

higher L/B, Cg, CM but lower draught to water depth ratio (T/H) i.e. shallower 

draught. It can be clearly seen that L/V̂ ^̂  has more influence on the resistance and 

wave proGle than L/B, Cs, CM or T/H. Fig. 3.48b also displays solitons ahead of the 

model, and this subject is discussed later in section 3.6.5. 

J.6. J.2 fo ZgMgfA mfzo 

It can be seen from Figs. 3.49 - 3.52 that the effect of hull separation ratio on the 

generated wave is small although there is an increase in resistance as the hull 

separation is reduced, noting that the wave resistance is proportional to the square of 

wave amplitude Aw .̂ For instance, Fig. 3.51 shows that the wave cuts of model 5b 
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catamaran with S/L of 0.2 and 0.4 at Fn of 0.44 and the water depth of 0.4m are 

almost identical although the residuary resistance of model 5b with S/L of 0.2 is 

about 20% higher than that of the model with S/L of 0.4, as seen from Fig. 3.7. 

However, the increase in Aw^ is about 22% as the hull separation ratio (S/L) is 

reduced from 0.4 to 0.2, then being similar to the residuary resistance change. 

The waves generated by the catamaran are generally bigger than the waves generated 

by the monohull. This is probably due to interference effects. 

J. 6.^. J 

Figures 3.49 and 3.50 present the waves generated by model 5s catamaran travelling 

in deep water at two different speeds. It is seen that an increase in speed in the sub-

critical speed region results in increases in wave height and wavelength. This is 

because wavelength is proportional to and, for the deep water case, wavelength A. 

= 27iUVg. The wave amplitude also depends on the speed, U as the wave drag is 

proportional to the terms 0.25pgAw^ and 0.5pAU^. Increasing the speed will 

therefore increase amplitude and thus the wave resistance, Ref. 63. 

J. q/" fAaZZow vvargr 

Figs. 3.53 - 3.56 show the plots of wave height and half wave period of leading wave 

height against depth Froude number. Trends are similar to the residuary resistance 

results. 

Figures 3.57 - 3.64 illustrate the experimental wave cuts of model 5b and 5s as 

monohulls and catamarans travelling in shallow water at various speeds and two 

different water depths of 0.2m and 0.4m. The wave cuts at sub-critical, critical and 
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supercritical speeds are presented. To investigate the shallow water effects on wave 

profiles, the following conditions are compared: 

1. Same water depth but different speed and depth Froude number: Figs. 3.57 - 3.58 

2. Same speed different water depth and depth Froude number: Figs. 3.59 - 3.63 

3. Same depth Froude number different water depth and speed: Fig. 3.64 

Constant water depth: 

Figs. 3.57 - 3.58 show the waves generated by the models travelhng in shallow water 

at a constant water depth but different speed i.e. different depth Froude number Fuh-

As the speed increases, the depth Froude number increases. The effect of depth 

Froude number on the resistance at a constant water depth is shown in Figs. 3.24 -

3.29 and as the depth Froude number approaches the critical depth speed (Fny 5 1.0), 

the wave elevation increases and then decreases when the depth Froude number is 

greater than one i.e. supercritical depth speed. This is also clearly seen in Figs. 3.53 -

3.56. 

Constant Fn: 

To investigate the effect of water depth on the wave profiles at a given speed, the 

waves generated by the same model travelling at the same speed i.e. Fn but at 

different water depth and hence depth Froude number Fny are compared and 

illustrated in Figs. 3.59-3.63. It was found that the water depth or depth Froude 

number Fnn hardly influences the wave in the sub-critical speed region (Fny < 1.0). 

The wave phases are almost identical but the wave amplitudes are slightly different, 

as seen in Figs. 3.59 and 3.62. This agrees with the effect of water depth on the 

resistance. As seen in Fig. 3.18, the residuary resistance coefficients of model 5b 

monohull at the Fn of 0.25 for both water depths are little different. In the super-

critical speed region (Fny > 1.0), a decrease in water depth from 0.4m to 0.2m, 

causing an increase in Fny, results in small changes in wave height and wavelength, 

seen in Figs. 3.60 and 3.61 whereas it hardly affects the resistance, as seen in Figs. 
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3.18 - 3.20. Fig. 3.63 shows a signiRcant increase in bow wave as the water depth is 

increased from 0.2m to 0.4m. This is because at the Fn of 0.505 the depth Froude 

number of the water depth of 0.4m is the critical speed (FnH=1.0) whilst that of the 

depth of 0.2m is supercritical. It is clearly seen that the shallow water effect on the 

wave profiles is significant at or near the critical speed (Fne = 1.0). 

Constant Fnn: 

Wave profiles for the same model travelling at about the same depth Froude number 

but different speed and water depth are compared in Fig. 3.64. It is seen that at sub-

critical depth speed the Froude number or speed has an influence on wave height and 

wavelength, discussed in 3.6.3.3. As seen in Fig. 3.64, the wave height and length are 

increased as the speed increases. The resistance is also increased slightly with 

increasing the speed, as seen in Fig. 3.18. 

In order to investigate the effect of trim changes on generated waves, the measured 

wave cuts of model 5b and 5s catamarans with separation to length ratio (S/L) of 0.2 

at level static trim, bow up and bow down static trim are presented and compared in 

Figures 3.65-3.66. 

The effect of bow down trim on the wave profiles agrees with the effect on the 

resistance, as the waves generated by bow down trim are almost identical to the level 

trim, as seen in Figs. 3.65b and 3.66b. For the effect of bow up trim, the wave phases 

are about the same but the wave height of the bow up trim is slightly higher than the 

level trim. The residuary resistance of bow up trim is also higher than that of the 

level trim, as seen in Figs.3.30 and 3.31. For example. Fig. 3.66a shows that the 

wave elevation of bow up trim is slightly higher than that of the level trim whereas 

the increase in residuary resistance due to bow up trim seems to be more significant. 
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as seen in Fig. 3.31. This is because the wave resistance is proportional to the square 

of wave amplitude, Aw .̂ In this case, the residuary resistance coefficient of bow up 

trim is about 20% higher than that of level trim whilst the increase in Aw ^ is about 

11%. It is noted that the residuary resistance consists of wave resistance and others. 

Figs. 3.67-3.74 present the influence of the propulsion systems; water jets and 

propellers on the wave profiles in shallow water. The experimental wave cuts of 

model 5s catamaran with S/L of 0.4 and 0.2 travelling in shallow water are compared 

at sub-critical, critical and supercritical speeds. It can be seen from Figs. 3.67 and 

3.71 that the water jet causes an increase in wave height at low Fn in the sub-critical 

depth speed region but has a small effect on the wave profiles at the supercritical 

depth speed, as seen in Figs. 3.69, 3.70, 3.73 and 3.74. However, the wave height at 

low speed region is not important as it is very low when compared to those at higher 

speeds and in critical and supercritical speed regions. At the critical depth speed, the 

water jet and propeller result in a small increase in wavelength whilst the amplitudes 

are hardly different, see Fig. 3.68 and 3.72. 

It is seen that the differences in wave elevation between the three propulsion methods 

are small. This is a highly significant result as it implies that the towed case provides 

realistic wave cuts which compare well with those from propelled models. This 

further implies that towed data can be used with some confidence for design and 

validation work. 

3.6.4 Direction of wave propagation 

The diverging wave angle (8), the angle between wave direction and the direction of 

the model, of the bow and stern waves was determined from the wave cuts measured 
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at the same longitudinal position but different transverse positions (Y/L), see Fig. 

3.75. The diverging wave angles (8) of model 5b monohull and catamaran in shallow 

water are plotted against depth Froude number, Fnn in Figs. 3.76 - 3.88. 

It can be seen from Figures 3.76 - 3.81 that when the depth Froude number moves 

toward the critical depth speed (Fnn s 1.0), the diverging bow wave angle reduces 

close to zero i.e. the wave propagation's direction is almost parallel to the model's 

direction. The wave angle increases sharply as the depth Froude number moves to 

greater than one i.e. the wave pattern becomes steeper. This trend was also obtained 

by Whittaker [31] and Kofoed-Hansen [32]. 

The experimental results agree satisfactorily with the theoretical diverging wave 

angles calculated from the following equations, Ref. 32: 

8 = 35.267(1 - exp(l2(FnH -1))) for Fny <1 

for Fhh >1 A 1 ^ 
8 = cos 

A physical description is offered by Whittaker [31] in that as depth Froude number 

increases, the longer wave components in the wash begin to feel the bottom and the 

wave properties start to change. The long waves become steadily less dispersive 

between depth Froude number of 0.57 and 1.0. At critical speed region (Fuh at or 

near 1.0), the energy is being pumped into a few transverse waves with front 

perpendicular to the direction of the ship. The waves, therefore, travel at the same 

speed as the ship and parallel to the direction of the ship. At supercritical speed, the 

transverse waves are left behind, as they can not keep the pace with the ship because 

their velocity is limited by water depth. The wave crests are concave close to the ship 

as they are pulled along at a greater speed than they can sustain due to the limited 

water depth. 

44 



It is also found from the experiments that the stem wave travels at a higher angle 

than the bow wave at the supercritical speeds. This is because the wave crest length 

increases whilst the wave height reduces as the waves propagate toward the tank 

wall, as seen in Fig.3.75. The similar trend was also obtained by Whittaker [64]. In 

addition, as the depth Froude number increases, the difference between the bow and 

stem wave propagation directions becomes smaller. 

It can be seen from Figs. 3.82 - 3.88 that the water depth and hull separation hardly 

affect the direction of wave propagation. 

3.6.5 Solitons 

3.6. J. 7 q/ZongzfwcfmaZ 

As the model travels along the towing tank in shallow water at the near or critical 

depth speed (FnH = 1.0), solitons are built up and spill out ahead of the model. Their 

amplitudes are very high when compared to the waves at sub- and supercritical 

speeds and are above the still water level. The wave direction of propagation of the 

solitons is almost parallel to the direction of the model, as seen in Figs. 3.76 - 3.81. 

The number of solitons increases as the model travels along the tank, as seen in Figs. 

3.89 - 3.90. It can be seen from the Figures that when the model passes the front 

probes, there are about 1.5 solitons. Then when the model passes the back probes, 

there are 3 solitons. The longitudinal distance between the front and back probes is 

about 46 meters. 

It is generally considered that the production of solitons, at or near critical speed, is 

increased due to the finite width of the tank. Solitons are therefore not considered 

further in the present investigation. Studies into the physical properties of solitons 

have been carried out, such as those reported in Refs.65 and 66. 
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3.7 Summary 

3.7.1 An extensive data base has been established which shows the effects of length 

to displacement ratio, hull separation, speed, water depth, and significant trim 

changes on resistance and wave wash. 

3.7.2 The database included the effects of hull separation and shallow water on the 

direction of the wave propagation and running sinkage and trim. 

3.7.3 The results show that an increase in length to displacement ratios causes a 

decrease in residuary resistance and wave height. 

3.7.4 For catamarans, the hull separation to length ratio (S/L) was found to have an 

influence on resistance and running sinkage and trim, especially at the hump 

speed. It hardly affects the wave wash and direction of wave propagation. 

3.7.5 Significant changes in model behaviour occurred at or near the critical speed, 

FnH=1.0. There were large increases in resistance and wave height and 

significant changes in sinkage and trim and the direction of wave 

propagation. 

3.7.6 At around the critical speed, the resistance increases as the water depth is 

decreased. This implies that the shallow water effect at the critical speed 

depends on the water depth. This may be due to the effect of clearance under 

the hull. 

3.7.7 The effect of significant static trim changes on resistance and wave was 

examined. It was found that the bow up trim causes an increase in resistance 

especially at the hump speed but it hardly affects the wave height. 
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3.7.7 The effect of the propulsion system on wave profiles is found to be small. 

This implies that the towed case provides realistic wave cuts which compare 

well with those from propelled models. This further implies that the data 

obtained from towed models can be used with some confidence for design 

and validation work. 

3.7.8 The data should prove useful for assessing the influence of the main hull 

parameters, speed and water depth, for the validation of theoretical wash 

prediction methods and for input into wave propagation models. 
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4. REFINEMENTS TO THE THEORY 

4.1 Introduction 

Basic thin ship theory requires a number of refinements in order to improve its 

potential for predicting wave pattern resistance and wave wash in a reliable manner 

over the whole range of likely ship operation and requirements. For instance, the 

transom stem which is used by most high speed displacement ships is known to have 

a significant effect on wavemaking, and hence on wash. The effects of the transom 

are also known to be sensitive to changes in the operational trim of the vessel, Ref. 9. 

As a result, mnning sinkage and trim are needed to be estimated. 

4.2 Transom Stem Corrections 

As described in Chapter 2, thin ship theory represents a body with a source-sink 

distribution over the centreplane of the hull. The calculated source strength in each 

panel depends on the slope of the waterline (dy/dx). For a ship with a transom stern, 

the waterline slope on the transom is, therefore, undefined causing the under-

prediction of wave resistance and wave wash. As a result, there is need for a transom 

correction to improve the potential for predicting wave resistance and wave wash. 

For the prediction of wave resistance, a hydrostatic (pgHT) transom resistance 

correction, Ref. 8, has been a popular and reasonably satisfactory procedure. It gives 

a reasonable correction to the resistance but it is important to note that it does not do 

so by correcting the wave system and is therefore not suitable for correctly predicting 

the wave wash. The use of sources/sinks placed in the vicinity of the transom, Refs. 

67 and 7, has been used with reasonable success for correcting the wave pattern 

resistance, whilst the creation of a virtual stem and associated source strengths, Refs. 
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9, 13 and 68, has been found to provide the best results in terms of the wave pattern 

resistance. Typical examples, from Refs. 7 and 9, of the predicted wave pattern 

resistance using a single source correction and a virtual stern correction are shown in 

Figs. 4.1 and 4.2. 

In view of the proposed use of the thin ship theory to predict wave wash, the use of a 

virtual stem based on Couser [9] and source corrections based on Lee [7] are 

investigated for wave wash prediction for ships with transom stems. In order to 

provide a better understanding and obtain the best predictions, the use of different 

positions of a single source and a single trailing line of sources with various numbers 

of sources is also investigated. 

4.2.1 Virtual Stern Transom Correction. 

The Virtual Stem approach was introduced by Couser [9&13] in order to improve the 

prediction of wave pattem resistance of a ship with a transom stem. It was found that 

the approach gave very good prediction for wave pattern resistance. In this method, 

the virtual stern is added to the transom which encloses the separated flow in the low 

speed range and the air pocket in the high speed range, see Fig. 4.3. 

From physical observations, it is found that the length of the hollow varies with 

speed. Fig. 4.4 shows typical experimentally derived values of re-attachment length 

for different speeds (Fn), compared with values of re-attachment length of the virtual 

stem (Lvs) from Couser [9] and from Doctors [68] used in theoretical methods to 

achieve a suitable correction. Some full-scale measurements of the length of the 

hollow in the water behind the transom on two wave piercing catamarans with hard-

chine hull forms were carried out by Armstrong and discussed in Ref. 69. These are 

shown in Fig. 4.4 and it is interesting that the full-scale results are reasonably close 

to the values used by Doctors in the theoretical methods. 
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In Ref. 9, the re-attachment length of the virtual stern (Lvs) was obtained by 

choosing the length which gave the best results for wave pattern resistance over a 

specific range of Froude number. The re-attachment length was found to be 

dependent on Froude number and Breadth to Draught ratio (B/T). The experimental 

values were obtained by physical observation during the experimental tests in 

shallow water, Chapter 3. It can be seen from Fig. 4.4 that in order to obtain a good 

prediction of wave pattern resistance using the virtual stem correction, the theoretical 

values need to be higher than those obtained from physical observations. The reasons 

for this are not altogether clear. 

From the observations and Fig. 4.4, it is seen that the length of the hollow depends 

on the speed. The length increases as the speed increases. This agrees with the trend 

of deficit of source strength required by the theory to give a net source strength of 

zero, as discussed later in section 4.2.2. It was also found from the tests that bow up 

trim tends to shorten the length of the hollow whilst bow down trim increases the 

length of the hollow. 

The virtual stern can be easily created and added to the transom of the ship by using 

a typical commercial lines faring package such as ShipShape [52]. In the current 

model, these lines are established as parabolas. The offsets for the ship with a virtual 

stem are created and then used as an input Gle for source strength calculations within 

the thin ship theory program. 

The effect of re-attachment length on the wave pattem and wave pattern resistance at 

a given speed has been investigated. The model used is 5b monohull travelling at Fn 

of 0.785. It is seen from Fig. 4.4 that at Fn of 0.785 the length of the hollow behind 

transom observed from the experiment is 3 times half transom breadth whilst the re-

attachment length recommended by Doctors [68] and Couser [9] are 6 and 8 times 

half transom breadth respectively. Three different re-attachment lengths: 3, 6 and 8 

times half transom breadth were, therefore, chosen for the investigation. 
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The wave pattern resistance is found to be reduced as the re-attachment length is 

increased, as shown in Fig. 4.6. Increasing the re-attachment length of the virtual 

stem from 3 to 8 times the half transom breadth causes a reduction of 20% in wave 

pattern resistance for this case. This brings it much closer to the measured wave 

pattern resistance, as discussed later. 

Fig. 4.7 shows the effect of the re-attachment length on the wave profile at Fn of 

0.785 in shallow water with a depth of 0.4m. It is seen that when the re-attachment 

length is increased, the wavelength is increased whereas the amplitude and phase are 

hardly changed. The distribution of total source strength of the three re-attachment 

lengths is shown in Fig. 4.8a. The net source strength of the hull with the virtual stern 

of these three cases is zero. Fig. 4.8b shows the vertical distribution of source 

strength at positions near the bow and within the virtual stem, with the reattachment 

length 3 times half transom breadth. It is interesting to note the distinct increase in 

source strength near the surface and the implications of this are discussed again later. 

The theoretical wave cuts for three different re-attachment lengths, plotted against an 

experimental wave cut, at Y/L of 0.55 in shallow water (0.4m), are shown in Figs. 

4.9 a-c. The theoretical wave cut using the virtual stem with Lvs of 3 times half 

transom breadth is compared with a theoretical wave cut with no correction at Y/L of 

0.55, Fig. 4.10. It can be seen that thin ship theory with a virtual stern correction is 

considerably less damped than the experiment and the theory with no correction. 

This tends to arise due to the concentration of source strength near the water surface. 

Fig. 4.8b. In the case being considered (Fn=0.785, B/T =2.0), it was recommended 

by Couser [9] to use a re-attachment length of 8 times half transom breadth. The 

theoretical wave pattern resistance coefficient (Cwp) using the virtual stem with Lvs 

of 8(B/2) is 0.00093 compared with 0.0006938 with no correction. The estimated 

experimental wave resistance coefficient (Cw) is 0.00109 which was obtained using 

the equation: Cw = CT - (l+k)CF , Ref. 11. It is clearly seen that using the virtual 

stem correction gives a distinct improvement in the prediction of the wave pattem 

resistance. 
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A similar result is also obtained in deep water, as seen in Fig. 4.11. A theoretical 

wave cut for model 5b monohull is compared with an experimental wave cut at Fn of 

0.44, Y/L of 0.694 with the water depth of 1.85 metres. It is also seen that the theory 

plus a virtual stern correction gives less damping than the experiment. However, it 

shows reasonable agreement between the experiment and theory, particularly for the 

leading waves. The re-attachment length used is 4.55 of half breadth at transom, 

taken from Couser's line, Fig. 4.4. 

It can be clearly seen that using thin ship theory with the virtual stern correction 

gives less damping for the trailing wave profiles than experiment or using the theory 

with no correction, although it can give good results for the wave pattern resistance. 

The length of the virtual stern hardly affects wave amplitude and phase but affects 

wavelength and wave pattern resistance. In the main, the predictions for the leading 

waves, which are important from the point of view of wash analysis, are good. 

Doctors and Day [26] used the virtual stern with nonlinear free-surface effects by 

introducing a vertical straining or distortion of the hull for the prediction of the 

resistance, sinkage and trim. The influence of boundary-layer was also included by 

means of adding the displacement thickness to the hull. It was found that the 

nonlinear methods did not improve the predictions for the resistance, sinkage and 

trim and the boundary-layer model showed hardly any improvement to the 

prediction. 

4.2.2 Single Source Transom Correction. 

The use of a single source, or limited number of sources, near the transom has been 

applied by a number of investigators, Refs. 7, 29, and 67. If a suitable position and 

strength of a source can be established, then the method can offer a very simple but 

effective transom correction without the need to create a virtual stern. 
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A single source correction was used and investigated for the prediction of wave 

pattern resistance by Lee [7]. He found that placing the single source at the bottom of 

transom on the centre-plane of the hull gave the best result for wave pattern 

resistance. To balance out the net positive strength of the hull and produce a closed 

body, the strength of the source was set as a balancing source to give the net source 

strength of zero i.e. no water passes through the hull. This approach tends to give a 

good prediction of wave pattern resistance for Fn greater than about 0.35, Fig. 4.1. 

In the current investigation, the effect of the position of a single source on the wave 

profile and wave pattern resistance was firstly investigated. This would provide some 

fundamental evidence as to the best position to site a single source. Model 5b 

monohull is used as an example. Four positions are considered, as illustrated in Fig. 

4.12. The strength of the source is the same for all positions. Positions 1 and 2, 

designated as ssl and ss2, are close to the transom at the bottom and waterline, 

respectively. Positions 3 and 4, designated as ss3 and ss4, are further aft of the 

transom at a longitudinal distance of 10% LWL at the bottom and waterline 

respectively. The distance between the waterline and the bottom of the transom is 

2.4% of LWL-

Fig. 4.13 shows the effect of the position of the single source on wave profiles in 

shallow water. It can be seen that placing a single source at waterline level (positions 

2&4) gives less damping than placing the source at the bottom (position 1&3). In 

addition, the longitudinal position of the single source at the waterline level has an 

effect on wave height but a small effect on wave phase whereas moving the source at 

the bottom of the transom in the longitudinal direction affects the phase but hardly 

affects the wave profile. 

The results of this investigation also help to explain the predicted wave profiles 

obtained using the virtual stem correction, since the number of sources/sinks near the 
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waterline is more than that near the bottom, as seen in Fig. 4.8b. This results in less 

damping of the wave profile, as identified in section 4.2.1. 

A similar result is also obtained in deep water, as shown in Fig. 4.14. The single 

source only affects the wave amplitude. Placing the single source at the waterline 

close to the transom (ss2) gives less damping than placing the single source at the 

bottom of transom (ssl). 

The position of the single source also affects the wave pattern resistance. As the 

single source is moved up from the bottom of transom to the waterline level, the 

wave pattern resistance coefficient increases by about 80% while if the single source 

is moved longitudinally from a position close to the transom to the position at 10% of 

LwL aft the transom, the wave pattern resistance coefficient reduces by only about 

11%. This agrees with the effect on the wave profile and conArms that the vertical 

position of the single source has more influence on the wave profile and wave pattern 

resistance than the longitudinal position. 

It is clearly seen that placing a single source at the bottom close to the transom gives 

the best result for both wave pattern resistance and wave profile for Fn greater than 

about 0.35. 

Fig. 4.15 shows a theoretical wave cut using a single source placed at the bottom of 

the transom, plotted against a theoretical wave cut with no correction and an 

experimental wave cut, for model 5b monohull at Fn of 0.785. It can be seen that the 

theory shows good agreement with the experiment for wave height, although with a 

slightly different phase. In general, the theory with no correction gives less wave 

height than the experiment. Using a single source correction can improve the wave 

height. It is also seen that the single source correction affects the wave amplitude but 

hardly affects the phase. 
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In the case of Fn below about 0.35, Fig. 4.16a shows the comparison between a 

predicted wave profile using thin ship theory with no correction and a measured 

wave profile at a Fn of 0.22. It can be seen that the thin ship theory with no 

correction under-predicts the wave amplitude. If the single source is used with value 

of strength set as a balancing source to give the net source strength of zero i.e. the 

strength of the single source = - total source strength, the wave profile is over-

predicted, as seen in Fig. 4.16b. It can be seen that the predicted wave profile has 

greater amplitude than the measured one. This agrees with the result for wave pattern 

resistance, as mentioned above. It is found for this example that the strength of the 

single source needs to be reduced to about 25% of the total source strength to give a 

satisfactory result, as seen in Fig. 4.16c. This would tend to indicate that transom 

effects, and hence transom corrections, tend to diminish at these slower speeds. Lee 

[7] found a similar result for wave resistance and systematically reduced the 

hydrostatic correction between Fn = 0.4 and 0.2. 

4.2.3 A single trailing line of sources correction 

The use of a single trailing line of sources placing at the bottom of transom on the 

centreplane for the prediction of wave pattern resistance was investigated by Lee [7]. 

The strength of sources was determined by extrapolating values from the total source 

strength of the hull. The number of sources was determined by the requirement to 

achieve zero net source strength. The results in Ref. 7 showed that using the single 

line of sources gave less wave pattern resistance than using the single source. This is 

probably due to a large number of sources used. 

In the current study, the effect of number of sources on wave profiles and wave 

pattern resistance was, therefore, investigated. The number of sources used is 5, 10 

and 15 sources. The single line of sources is placed at the bottom of transom on the 

centreplane of the hull, as seen in Fig. 4.17. The sources are of equal strength and the 

sum of all the sources gives the net source strength over the hull of zero. 
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It is found that the number of sources has little effect on wave profile. Increasing the 

number of sources results in a small reduction in wave height, as seen in Fig. 4.18a 

and 4.18c. The theoretical wave profiles are compared with the experimental wave 

profile in Fig. 4.18b and reasonable agreement is found. 

With regard to wave pattern resistance, the wave pattern resistance is reduced 

linearly as the number of sources increases, as seen in Fig. 4.19. Increasing from 5 to 

15 sources causes a reduction of 13% in Cwp- This agrees very well with the 

reduction in wave height as the square of the leading wave height is also reduced by 

12.9%. 

4.2.4 Summary 

The use of a virtual stem, a single source and a single line of sources corrections 

have been investigated for the prediction of the wave profiles of high speed 

displacement catamarans with transom stems. It is found that the virtual stem 

correction gives less damping for the trailing wave profiles. Using a single source 

increases the wave amplitude but hardly affects the phase. The single source gives 

more damping than the virtual stern and good agreement with the experiment for Fn 

greater than about 0.35. The single line of sources gives little improvement on the 

single source correction. 

Overall, in terms of wave profiles, the use of a single source placed at the bottom 

close to the transom is deemed to be the most effective, as it gives the best results 

and is the simplest to apply. The use of a single source correction will, therefore, be 

further investigated and validated in Chapter 5. 
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4.3 Dynamic Sinkage and Trim 

Changes in dynamic sinkage and trim affect the immersion of transom, which is 

known to have a significant effect on wave pattern resistance, and hence wave wash 

[9]. It is, therefore, important to be able to incorporate suitable estimates of running 

sinkage and trim in the theoretical model. In the present investigation, a regression 

analysis of available data has been carried out which allovys rapid estimates of 

sinkage and trim to be made. This analysis is described in the next section. 

4.3.1 Regression analysis of dynamic sinkage and trim 

A predictive technique is established by regression analysis using experimental data 

from Refs. 2, 3 and 11. Length to displacement ratio was found to have a 

significant effect on sinkage and trim, Ref. 3. Therefore, dynamic sinkage and trim 

are considered as dependent variables while length to displacement ratio (L/V^^) is 

considered as an independent variable. 

In 1992 models 3b, 4b and 5b were tested at the University of Southampton. Model 

6b and some of the previous models were re-tested in 1996. The experiments were 

carried out in the Southampton Institute test tank, for which dimensions are shown in 

Chapter 3. The models were of round bilge form with transom stern and derived from 

the NPL round bilge series with the range of L/V'^ between 6.27-9.50. The details of 

the models are given in Table 2. 

As seen from Table 2, length to displacement ratio (L/V^^) is increased when going 

from models 3b to 6b. The models were tested as monohulls and catamarans with 

separation to length ratios (S/L) of 0.2, 0.3, 0.4, and 0.5 at a range of Fn between 0.2 

and 1.0. The total resistance, running trim and sinkage were measured. The results 

were published in Refs. 2, 3 and 11. Hence, the effect of length to displacement ratio 

on running trim and sinkage can be investigated at each configuration and speed. 
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It was found that between Fn of 0.3 and 0.7 the catamaran shows higher trim angles 

than the monohull and generally comes near the monohull trim angle as the 

separation to length ratio (S/L) is increased, Ref. 3. As the length to displacement 

ratio (L/V^'^) is increased the running trim is decreased, as seen in Fig. 4.20. The 

positive value of trim represents bow up. The effect of length to displacement ratio 

(L/V'^) is signiHcant at a Fn between 0.4 and 0.7. 

The trim angle can be considered as a function of length to displacement ratio 

(IW'^) and can be put into the equation: Trim angle = a[L/V^^]". The values of a 

and n are shown in Table 3. It is noted that, at Fn below 0.4, the trim angles seem to 

be independent of the length to displacement ratio (L/V^'^). The values are shown 

in Table 5. It is seen that the R^ values are very close to 1.0. 

With regard to running sinkage at Fn between 0.3 and 0.5, as the length to 

displacement ratio (L/V^^) is increased, the running sinkage is decreased and the 

catamaran shows higher sinkage than the monohull and generally approaches the 

monohull sinkage as the separation to length ratio (S/L) is increased, as seen in Figs. 

4.2Ia-c. The positive value of sinkage means an increase in draught or downwards 

and its unit is in percentage of draught. At Fn of 0.6, where its direction begins to 

change to the opposite, the monohull has higher sinkage than the catamaran and the 

catamaran with S/L of 0.2 has the lowest sinkage, see Fig. 4.2Id. Above Fn of 0.7, 

the relation between sinkage and length to displacement ratio (L/V^^ )̂ is opposite 

compared with lower speeds. As length to displacement ratio (L/V^^) is decreased 

the running sinkage is reduced (ie. The models rise.), as seen in Figs. 4.21e-h. 

The relation between running sinkage and length to displacement ratio (L/V^^ )̂ can 

be represented as Sinkage (%draught) = a(L/V^^ )̂" - m. The values of a, n and m of 

each case at a given speed are shown in Table 4. It is noted that the equation is for Fn 

greater than 0.4 as the running sinkage at Fn below 0.3 seems to be independent of 

length to displacement ratio (L/V''^), Ref. 3. The R^ values are indicated in Table 6. 
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Most of the values are close to one except the cases of Fn=0.3 and Fn=0.7, 

Catamaran with S/L=0.2 and 0.5 where the data are scattered. 

The predicted sinkage and trim are compared with the experimental sinkage and trim 

in Figs. 4.22a&b. It is seen that the agreement between the experiment and prediction 

is acceptable. 

It is noted that this regression analysis is valid only for deep water case. As discussed 

in Chapter 3, shallow water has an effect on sinkage and trim at or near critical depth 

speed (FnH=l) although at sub-critical and supercritical the effects are not significant. 

The regressions are therefore also suitable for shallow water for sub-critical and 

supercritical speeds. At or near critical speed, the large increases in sinkage and trim 

have to be considered separately. 

4.3.2 Hybrid Model 

A hybrid model is under development in the Fluid-structure Interaction Research 

Group, University of Southampton. The author has been partly involved. 

An important feature of the hybrid model is that it facilitates improvements in the 

estimates of dynamic sinkage and trim based on changes in the dynamic pressures 

around the hull. The model links the thin ship wave prediction procedures to an 

existing well proven panel code, PALISUPAN, Ref. 70. In the current version of the 

procedure, a fixed horizontal waterline is used in the panel code and the hydrostatic 

moment resulting from the actual wave elevation around the hull is derived by 

numerical integration of the wave. 

This technique provides reasonable first order approximations to sinkage and trim 

and should be suitable for new developments in hull forms for which acceptable trim 

and sinkage data are not available. In order to improve the robustness of the method. 
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further work is ongoing by another research team to use the theoretical estimate of 

hull wave profile directly in the panel code. Fig. 4.23 shows an outline of the overall 

approach which is still under development. 

4.4 The Prediction of Wave Profiles along the Hull 

An estimate of the hull wave profile over the hull is required in order to provide the 

limits of the integration of pressures over the hull. These in turn may be used to 

estimate dynamic sinkage and trim or hydrostatic forces and moments, as discussed 

in section 4.3.2. 

Linear thin ship theory has been used to predict the wave pattern resistance and wave 

elevations with some success. The potential convenience of using the same theory to 

estimate the wave profile around the hull was also investigated. 

Based on the generated wave pattern, the wave elevation was calculated firstly 

around the hull waterline shape and then using longitudinal cuts at B/4 and B/2 off 

the centreline, as seen in Fig. 4.24. The technique was investigated for the Wigley 

parabolic hull and the round bilge hulls. 

It has been found that using the longitudinal cuts at B/4 off the centreline gives the 

best agreement with the experimental wave profiles. However, the theoretical wave 

cuts need to be shifted forward in order to match the phase with the experimental 

ones. This is probably because the wave pattern close to the hull is non-linear, see 

Fig. 4.25. Linearlised thin ship theory is not able to predict these non-linear effects, 

unless artificial sources are placed ahead of the bow, see Hogben [71]. The distance 

required to shift the waves forward was found to be dependent on Froude Number 

and was investigated. 
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Wigley Hull; 

Figs. 4.26 and 4.27 show the comparisons between theoretical wave cuts and 

experimental wave profiles along the Wigley hull at Fn of 0.35 and 0.5 respectively. 

The experimental wave profiles are taken from Insel [1] and Shearer [72]. In order to 

match the phase with the experimental wave profiles, the theoretical wave cuts were 

required to be moved forward for a distance of 32% and 16% of ship length for Fn of 

0.35 and 0.5 respectively. It can be seen that the theory gives promising agreement 

with the experiment, especially at a Fn of 0.5. The wavelength and phase are well 

predicted. The amplitude of the bow wave is found to be under-predicted. The under-

prediction of the bow wave was also obtained by Zhang [73] and Stem [74]. As was 

discussed by Stem, this may be because of the existence of a thin Aim and beads of 

fluid at the bow region. He also found that CFD was unable to predict them. 

Apart from the bow wave, the stem wave is overestimated and the hollow is 

exaggerated by the theory. These features were also obtained by Gadd [30, 75]. In 

Ref. 30, a second order method where sources were placed on the centre-plane of the 

hull was introduced. The theoretical wave profiles of Wigley hull obtained from the 

second order method were compared with Michell theory and Guilloton's method. It 

was found that the second order method gave a reduction in amplitude for stern crest 

and hoHow. He suggested that the over-predicted stem crest was probably due to 

viscous effects on the experimental wave. 

Round Bilge Hull: 

A limited number of wave profiles along an NPL hull were measured by Spencer 

[76]. The model was equivalent to model 4b used at the University of Southampton. 

The model's parameters are shown in Table 1. The model was tested in monohull 

and catamaran configurations with the hull separation to length ratio (S/L) of 0.4. 

The wave profiles were measured and plotted relative to the model, whereas the 

theoretical wave cuts are relative to earth or static waterline. Due to dynamic sinkage 
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and trim, these two references are angled to each other. In order to compare the 

experiment with the theory it was necessary to adjust the experimental wave profiles 

to be relative to earth by rotating the wave profiles about LCF. 

Figs. 4.28 - 4.30 show the comparison between the experimental wave profiles along 

the NPL (model 4b) as monohull and the theoretical wave cuts at B/4 at Fn of 0.4, 

0.6 and 0.9 respectively. It can be seen that the theory can give promising agreement 

with the experiment, although the theory underpredicts the trough at about amidship 

at Fn of 0.4 and 0.6 and the amplitude of the bow wave at Fn of 0.9. These also agree 

with the case of Wigley hull. 

Fig. 4.31 shows the theoretical wave profiles at B/4 compared with the experimental 

wave profiles of the catamaran with the separation to length ratio (S/L) of 0.4 at Fn 

of 0.4 for both inboard and outboard. It was found from the experiment that the 

inboard wave profile has a little higher amplitude than the outboard wave profile. 

This is due to the interference effects between demihulls. This can also be obtained 

from the theory. Fig. 4.31c. The comparison of the outboard wave profiles between 

theory and experiment at Fn of 0.6 and 0.9 are shown in Figs. 4.32 and 4.33. The 

agreement between experiment and theory is acceptable. 

In order to match the phase of theoretical wave cuts with the experimental wave 

profiles, the theoretical wave cuts were shifted forward by 20%, 10% and 5% of ship 

length at Fn of 0.4, 0.6 and 0.9 respectively for both monohull and catamaran 

configurations. 

As there were limited data available for the wave profiles along the NPL hull forms, 

the data for a similar hull form, the Athena, taken from Brizzolara [77] were 

therefore used to compare with model 4c. Although the Athena does not have the 

same hull form, its length to displacement ratio (L/V^^) which tends to be the 

important parameter in the case of resistance, is similar to that of model 4c, Table 7. 
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It can be seen from Figs. 4.34, 4.35 that the agreement between experiment (Athena) 

and theory (model 4c) is reasonable although the bow wave is a little overestimated 

and the stem wave is a little underestimated. Brizzolara [77], found that the 

numerical wave profile for the Athena, obtained from a linear boundary element 

method, had a lower bow wave amplitude than the experimental wave profile at Fn 

of 0.65 but at Fn of 0.48 they were well matched except for the stern wave which 

agree very well with the case of model 4b. It was suggested that the bow wave was 

breaking at higher speeds and the non-linear methods could be used for high speed 

hulls. The wave proHle of the Athena model at Fn of 0.48 was also predicted by 

Cong [28] using thin ship theory with a sink line along the bottom edge and flat ship 

theory on the bottom of the overhang aftbody. It was compared with Michell 

(equivalent to thin ship theory), Rankine source and Guilloton methods. The 

prediction was found to be more or less the same as Michel!'s method except with 

lower stem wave amplitude. 

The theoretical wave cuts of model 4c were shifted forward for 15% and 10% of ship 

length at Fn of 0.48 and 0.65. These agree very well with the previous cases. 

It can be seen from all three cases that as the speed is increased, the distance needed 

for shifting the theoretical waves forward is decreased. The trend in forward shift of 

the theoretical waves is shown in Fig. 4.36. The distance required to move forward is 

suitably represented by 

forward shift (%L) = 4.176/Fn^ 

It is seen that all three cases follow the numerical trend well, except for the case of 

the Wigley hull at Fn of 0.35. 

It is clearly seen that thin ship theory can provide acceptable approximations to the 

wave profiles along the ship hull for the intended uses. This is important in that it 

will allow the incorporation of this in future hybrid developments. 
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4.5 Summary 

4.4.1 The use of a virtual stern, single source and a single trailing line of sources 

corrections were investigated for wave wash prediction of ships with transom 

stems. In terms of wave profiles, the single source correction was found to be 

satisfactory and the simplest to apply. 

4.4.2 The effect of the position of the single source on wave pattern resistance and 

wave profiles was investigated. It was found that changing the source in the 

vertical direction has a significant effect on wave pattern resistance and wave 

profiles. Using a single source near the base of the transom gives the best result 

for wave profiles. 

4.4.3 The virtual stem correction gives best result for the wave pattem resistance but 

not for the wave profiles, as it causes less damping in the trailing wave profiles 

than the experiment. This is due to the number of sources/sinks positioned near 

the waterline, as discussed in 4.2.2. 

4.4.4 A regression analysis of dynamic sinkage and trim of NPL hull form with the 

range of L/V'^ between 6.27-9.50 in deep water was established. Other than 

near the critical speed, this analysis was found to be also suitable for shallow 

water. 

4.4.5 Thin ship theory can provide an acceptable approximation to the wave profiles 

along the ship hull. 

4.4.6 A hybrid model is under development. An important feature of the hybrid 

model is that it facilitates improvements in the estimates of dynamic sinkage 

and trim based on changes in the dynamic pressures around the hull. This 
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technique provides reasonable first order approximations to sinkage and trim 

and should be suitable for new developments in hull forms for which 

acceptable trim and sinkage data are not available. 
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5. VALIDATION OF THE THEORY AND EXAMPLE 

APPLICATIONS 

5.1 Introduction 

The theory has been well validated for wave pattern resistance in deep water, Refs. 1, 

7, 9, and 13. In this chapter, the theory will be validated for the physical wave 

patterns and profiles, especially in shallow water and at supercritical speeds, using 

the new shallow water experimental data presented and described in Chapter 3. In 

order to cover typical ship operating regimes, the cases of a ship travelling in deep 

water, shallow water at sub-critical speed and shallow water at supercritical speed are 

considered. The validation includes the effects of length to displacement ratio, hull 

separation ratio, trim changes and depth Froude number on wave pattern resistance 

and wave profiles. For this part of the investigation, the thin ship theory with a single 

source correction and with no correction is used for theoretical validation of wave 

profiles of ships with transom stems. The theory with a single source correction is 

used for the prediction of wave pattern resistance. The distribution of the component 

of wave pattern resistance and the propagation direction of the diverging waves are 

also investigated and presented. 

5.2 Validation 

5.2.1 Wigley Hull: Deep Water 

The Wigley hull. Fig. 5.1, is a mathematical parabolic hull form with no transom. It 

therefore forms a good example for validation of the theoretical program and a 

transom correction is not needed. The hull surface was defined by the equation y/b = 
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(l-x^/l^).(l-z^/d^) adopted by Wigley [78] where the origin lies at the intersecdon of 

the median, midsection and water planes, x, y, and z are the longitudinal, transverse 

and vertical ordinates of the hull surface and 1, b, and d are the half length, half 

breadth and draught respectively. The principal particulars of the model used in the 

investigation are L= 1.8, L/B= 10, B/T= 1.6, L/V^^= 7.116, CB= 0.44, Cp= 0.667 and 

Cw= 0.607. These are the same as those for the experimental model used by Insel [1]. 

Fig. 5.2 shows the comparison of theoretical and experimental wave pattern 

resistance over a wide range of speeds. The experimental results were taken from 

Insel [1] and it is seen that good agreement is achieved. Figs. 5.3a&b show the 

comparison of distribution of the components of the computed and measured wave 

pattern resistance. The parameter 8 is the direction of propagation of each component 

wave mode. It is noted that the transverse part of the Kelvin wave system 

corresponds to 0 < 35°. As was found by Insel [1], the theory tends to overestimate 

the transverse waves. 

Theoretical and experimental wave cuts at Fn of 0.331 at tvyo different transverse 

positions are shown in Fig. 5.4. They also show good agreement. The good 

agreement between experimental and theoretical results of wave resistance and wave 

profiles for the Wigley model has also been found by other researchers such as 

Millward [23], Everest [24], Gadd [30], Shearer [72] and Zhang [73]. This is perhaps 

not surprising, as there is no need for any form of transom correction. 

5.2.2 Round Bilge Hull; Deep Water 

Model 5s which has round bilge form with transom stern. Fig. 3.1, derived from the 

Series 64 round bilge series [57], was tested as a catamaran configuration in deep 

water in the towing tank at Southampton Institute. The dimensions of the model are 

in Table 1. Figs. 5.5 - 5.7 illustrate the comparison of the theoretical and 

experimental wave cuts of model 5s catamaran travelling at medium to high speeds 
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in deep water (sub-critical speeds). It can be seen that the theory can provide 

reasonable results for wave wash prediction for a ship with transom stem. The thin 

ship theory with a single source correction overestimates the bow wave for all 

speeds. Apart from the bow wave, the theory with a single source correction 

generally gives better prediction than the theory with no correction, which slightly 

under-predicts the wave height. It was noted in Chapter 4 that from the aspect of 

overall wave pattern resistance, more reahstic results are achieved when the single 

source transom correction is applied. 

5.2.3 Round Bilge Hull: Shallow Water 

Shallow water (Sub-critical speed): 

Fig. 5.8 shows the comparison of measured and predicted wave cuts of model 5b 

monohull at Fn of 0.22 and Fnn of 0.44 at Y/L of 0.93. The theory with no transom 

correction underestimates the wave height although the wave phase is well predicted. 

It can be seen that the theory with a single source correction gives an acceptable 

result. It is noted that the strength of a single source for this case was reduced to 25% 

of the deficit of total source strength, as discussed in Chapter 4. 

Figs. 5 .9 -5 .10 show the predicted wave cuts compared with the experimental wave 

cuts of 5b monohull at the water depth of 0.4m and Fn of 0.38 and 0.44 respectively. 

Fig. 5.11 illustrates the comparison of the wave cuts of model 5b catamaran with S/L 

of 0.4 at the water depth of 0.4m and Fn of 0.435. The theory shows an acceptable 

agreement with the experiment. As seen from Fig. 5.9, the theory with a single 

source correction gives a better prediction, particularly at the rear of the wave 

system. Some wave phase shift is seen in Fig. 5.9 and 5.11, which is likely to arise 

from non-linearlities in the actual (experimental) wave system. The shift of the 

theoretical is forward in the case of the monohull (Fig. 5.9) and aft in the case of the 

catamaran (Fig. 5.11). 
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It is noted that the theory overestimates the leading bow waves at a Fn higher than 

about 0.38. It can be seen from Figs. 5.10 and 5.11 that at a Fn of 0.435 and 0.44, the 

theory over-predicts the bow wave which is similar to the case of high Fn in deep 

water (sub-critical speeds), as seen in Figs. 5.5 - 5.7. It is noted that the case of 5b 

monohull at Fn of 0.38 and water depth of 0.4m (Fig. 5.9) has the value of Fnn = 

0.76 which is higher than those in deepwater (high Fn, sub-critical speeds) case. The 

overestimated bow waves, therefore, seem to depend on Fn rather than Fny. 

In a similar manner to the deepwater (high speed) case, the theory with no correction 

gives better prediction of the leading wave for the case of Fn = 0.435 and 0.44, but in 

general it underestimates the wave height. Apart from the over-predicted leading 

wave at the Fn of 0.435 and 0.44, the theory with a single source gives better results. 

Shallow water (Supercritical speed): 

Figs. 5.12 - 5.19 show the comparison between the experimental and theoretical 

wave profiles of model 5b as monohull and catamaran configurations travelling at 

supercritical speeds with two different water depths. In general, the theory provides 

an acceptable agreement with the experiment, especially at very high speeds. The 

theory with no transom correction underestimates the wave height. The theory with a 

single source correction gives better results, including the prediction of the leading 

bow waves. 

However, it has been found that at the supercritical speeds the theory with a single 

source creates a hollow in front of the bow wave. The size of the hollow seems to 

depend on Fn. As Fn increases, the size of the hollow is reduced. It is seen from Figs. 

5.18 and 5.19 that the two conditions have the same Fn but different water depth and, 

hence, Fny. The size of the hollow of both conditions is about the same. From Figs. 

5.12 and 5.13, the two cases have about the same Fny but different Fn. It is seen that 
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the one with Fn of 0.511 has a bigger hollow. This is probably because at Fn about 

0.5 the wave height is more significant, as is also the case for Cwp. 

Overall, the single source correction helps to improve the prediction of the wave 

profiles, and it generally gives a better prediction than the theory with no correction. 

This type of single source correction does therefore offer a practical method for the 

transom correction. However, there are some limitations. At very low speeds (Fn < 

0.35) in the sub-critical speed region, in order to get acceptable correcdon the 

strength of the single source must be reduced to less than 100% of the deficit of total 

source strength. This needs further investigation. For Fn > 0.35, the strength of the 

single source should be set equal to 100% of the deficit of total source strength, as 

discussed in Chapter 4. At sub-critical speeds with Fn > 0.44, the theory with a single 

source correction over-predicts the bow wave although it gives good predicdon in 

general. 

In the supercritical speed region, the single source correction can also be used as it 

gives better predictions than the case with no correction. However, it should be used 

with care as it creates the hollow in front of the bow wave, especially at Fn about 0.5. 

The hollow becomes less significant as the speed increases. 

J.2. TTzg o/ZgMgrA fo 

Fig. 5.20 shows the influence of length to displacement ratio on wave pattern 

resistance using thin ship theory with a single source correction. It is seen that an 

increase in length to displacement ratio causes a reduction in wave pattern resistance 

coefficients. The trend is similar to the experimental wave resistance coefficients. 

Fig. 5.21, which were derived from the equation Cw = Ct - (l+(3k)CF. The form 

factor (l+(3k) was obtained from Ref. 11 and Cp was derived using the ITTC 

formulation. It is noted that the experimental wave pattern resistance coefficients 

were not derived from the shallow water wave cuts. Whilst the analysis program 
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works well for deep water, it is currently not able to produce a close enough fit to the 

measured shallow water wave cuts. 

Fig. 5.22 illustrates the effect of length to displacement ratio on the wave profiles. 

The examples are compared at the same speeds and at the water depth of 0.4m. It is 

noted that the length of model 6b is 2.1m whilst the length of the other models is 

1.6m. Therefore, the wave cuts are compared at the Fn of 1.02 and transverse 

position (Y/L) of 0.93 for models 4b and 5b and at the Fn of 0.89 and Y/L of 0.71 for 

model 6b. The wave profiles are non-dimensionalised with the model's length and 

presented in terms of wave height/L to a base of longitudinal distance (X)/L. 

It can be seen that an increase in length to displacement ratio causes a reduction in 

wave height. This agrees with the experimental results, Figs. 3.45 - 3.47. The wave 

phases of model 4b and 5b are almost identical whilst model 6b has shorter 

wavelength. This is because model 6b is compared at the same speed but not the 

same Fn as models 4b and 5b, as mentioned above. 

The theoretical wave profiles of models 4b, 5b, and 6b are compared with the 

experimental wave cuts in Figs. 5.23, 5.24 and 5.25 respectively. The comparisons 

show an acceptable agreement between theory and experiment. 

J.2. j .2 TAe gjO'ecf q/ZmfZ in wafer 

Fig. 5.26 shows the predicted wave pattern resistance coefficients Cwp of model 5b 

catamaran with S/L of 0.2 and 0.4 at the water depth of 0.4m. It is seen that reducing 

the separation causes an increase in wave pattern resistance at Fn around 0.5. This 

trend is similar to the experimental wave resistance coefGcients Cw, as seen in Fig. 

5.27. The trend also agrees with the experimental residual resistance coefficients 

obtained from the tests in shallow water, as shown in Fig. 3.7. 
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The predicted wave profiles of model 5b catamaran with S/L of 0.2 and 0.4 are 

compared with the experimental wave profiles at Fn of 1.02 and water depth of 0.4m 

in Figs. 5.28 and 5.29. It can be seen that the thin ship theory with a single source 

correction provides acceptable predictions of the effect of hull separation ratio on 

wave profiles. This compliments the acceptable prediction of the influence of hull 

separation on wave pattern resistance, seen in Figs. 5.26 and 5.27. 

J.2. J. J 

The model used for the investigation is 5b catamaran with S/L of 0.2 at the 

waterdepth of 0.2m. The model was trimmed 2 degree by stern using the line faring 

package, ShipShape [52]. The offsets of the hull underwater with new maximum 

draught and static wetted surface area were obtained and used as input for the 

theoretical program. The single source correction is used and its strength is equal to 

the deficit required to balance net source strength of zero. The strength of the single 

source depends on speed and trim. Fig. 5.30. The single source is placed at the 

bottom of the transom, which is lower than the case of level trim as the transom 

submerges deeper due to bow up trim. 

Fig. 5.31 shows the theoretical prediction of the effect of static trim changes on wave 

pattern resistance coefficients, Cwp. It can be seen that bow up trim results in an 

increase in wave pattern resistance around the peak. The trend is similar to the 

experimental wave resistance coefficients, Cw, in Fig. 5.32. 

Fig. 5.33 illustrates the effect of trim changes on wave profile predicted by the 

theory. It can be seen that the predicted wave profiles of level and bow up trim are 

hardly different. This agrees with the experimental results, as shown in Fig. 5.34. 

It was also found that applying the experimental dynamic sinkage and trim hardly 

improves the wave profiles. The predicted wave profile using thin ship theory with 
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dynamic sinkage and trim is compared with the predicted wave profile using the 

theory with static setup waterline (level trim) in Fig. 5.35. The model used is 5b 

catamaran with S/L of 0.4 at Fn of 1.02 and Fnn of 2.04. The values of dynamic 

sinkage and trim obtained from the experiments for this example were 1.8% draught 

and 1.338° bow up respectively. It is noted that the wave profile along the hull 

causing dynamic sinkage and trim was not applied to the theoretical model. 

TTzg q/jAa/Zow on wavg partem (ffvergmg wave angZe, 

AezgAr wave 

Wave pattern resistance: 

The effect of shallow water on wave pattern resistance and divergent wave angle can 

be predicted by thin ship theory. Fig. 5.36 shows the plot of theoretical wave pattern 

resistance ratio (Cwp/Cwp°c) of model 5b catamaran with S/L of 0.2 at the water 

depths of 0.2m and 0.4m with changes in depth Froude number. It is seen that the 

trend agrees with the experimental wave resistance ratio (Cw/Cwcc), as seen in Fig. 

5.37, although the theoretical wave pattern resistance ratio of the water depth of 0.2m 

is much higher than the experimental wave resistance ratio at the critical speed. It is 

noted that the experimental wave resistance coefficients Cw were derived from the 

equation Cw = CT - (l+|3k)CF which is not the same as Cwp predicted by thin ship 

theory. The similar trend was also obtained by Dand [21] and Millward [23, 62]. 

As can be seen from the figures, the effect of shallow water is significant in the 

critical speed region. The wave pattern resistance dramatically increases as the depth 

Froude number is close to critical speed and then sharply reduces, when the depth 

Froude number is greater than unity. 
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Diverging wave angle: 

Fig. 5.38 shows the comparison of the predicted diverging wave angles obtained 

from the thin ship theory approach, from Kofoed-Hansen [32] and experiments. It is 

noted that the diverging wave angle (8) is the angle between ship's direction and the 

direction of wave propagation, as seen in Fig. 2.1. The predicted diverging wave 

angles using thin ship theory were determined by calculating the angle (6) from the 

position of the bow wave at various transverse positions (Y/L). It is seen that the 

values of the diverging wave angle, modelled using the thin ship theory, are close to 

those obtained by the experiments and broadly similar to those obtained theoretically 

by the following equations taken from Ref. 32. 

8 = 35.267(1 - exp(l2(FnH -1))) for Fny <1 

f 1 A 
6 = cos ^ for FnH >1 

These results show promise for further development although the very small angles 

expected at or near FnH=1.0 were not achieved with the theory in its current form. 

It can be seen that as the depth Froude number moves close to critical speed region, 

the diverging wave angle reduces close to zero i.e. the direction of the wave 

propagation is almost paralell to the ship's track. Then, the wave angle increases 

again in supercritical speed region and greater than the wave angle in sub-critical 

speed region. This was also obtained by Whittaker [31] and Kofoed-Hansen [32]. 

Wave height, wave period and wave energy: 

Figs. 5.39 - 5.41 show the influence of depth Froude number on wave height, wave 

period and wave energy of the first leading wave of model 5b monohull travelling at 

the waterdepth of 0.2m and 0.4m and 5b catamaran with S/L of 0.4 travelling at the 
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waterdepth of 0.2m respectively. The wave enery is derived from the following 

equation for shallow water: 

E = pgH^X/8 

Where X = (gT^/27i).tanh(27rh/L). H is wave height, T is wave period, h is water 

depth and L is wavelength. 

It can be seen that the wave height, wave period, and wave energy increase sharply in 

the critical speed region. The trends are similar to the wave pattern resistance. 

The theoretical results are compared with the experiment in Figs. 5.39 - 5.41. The 

theoretical results were obtained using thin ship theory with a single source 

correction. Apart from the under-predictions of the wave height, wave period and 

wave energy at or near critical speed, it is seen that the theory gives a reasonable 

agreement with the experiment, especially for the wave energy. At supercritical 

speeds for the case of monohull, the theory over-predicts the wave height and under-

predicts the wave period but it gives rather good prediction for the wave energy. For 

the case of the catamaran, the theory gives better predictions, as seen in Fig. 5.41. 

5.2.4 Summary 

The validation examples have demonstrated that the theory is suitable for predicting 

and investigating the changes in wave pattern resistance and wave profiles due to the 

influences of length to displacement ratio, hull spacing, trim changes, speeds and 

water depth. 
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5.3 Example Applications 

General: 

The results, shown in Figs. 5.42 - 5.46, which might be representative of say a 60m 

to 80m catamaran or monohull travelling at various Froude number and water depths, 

are used to illustrate the use of the theory for predicting the influences of speed and 

water depth and for example, a typical 60m catamaran travelling at 25 knots in 6m 

depth of water would have a length Froude number Fn of 0.53 and a depth Froude 

number Fnn of 1.68, i.e. supercritical speed. In the supercritical speed range, the 

leading divergent waves will dominate, Fig. 5.46, and in this particular case the 

leading wave will be propagated at an angle about 55°, Fig. 5.38. The decay rate of 

these waves will be less than those in sub-critical speeds in deep water, as discussed 

in Section 2.7. 

The effects of Fn and Fny: 

Fig. 5.42 shows the wave patterns at different speeds in deep water, and the changes 

from diverging plus transverse waves to predominantly diverging waves can be seen. 

It can be seen that as the speed increases, the diverging wave angle becomes steeper. 

According to the figure, at the Froude number of about 0.7, the transverse wave 

begins to disappear. 

Fig. 5.43 shows the influences of changes in depth Froude numbers (Fuh) at a given 

set speed. It is seen that at a constant speed Froude number of 0.5, as the depth 

Froude number increases close to critical speed the diverging wave angle reduces 

close to zero i.e. the wave propagation's direction is almost parallel with the ship's 

direction. Then, the wave angle increases again at supercritical speed. From Fig. 

5.43, it can be seen that at the constant Froude number of 0.8 this phenomenon is not 

seen so clearly. The diverging wave angle can also be seen from the contour plots. 

Fig. 5.44. 
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The results show that not only depth Fronde number but also length Froude number 

will affect the wave pattern. This was experimentally obtained by Stumbo [35]. He 

found that the wave pattern of displacement vessels operating at a subcritical speed 

(Fuh <1.0) i.e. in deep water and length Froude number less than about 0.65 

produced the standard Kelvin wave pattern with the existence of both diverging and 

transverse waves. At or near the critical speed, the direction of wave propagation was 

almost parallel with the ship's direction. At a supercritical speed (Fna >1.0) and Fn 

less than about 0.65, the diverging wave angle became larger and transverse waves 

disappeared. For the case of vessels operating at a very high speed (Fn >0.9) and at 

any supercritical (Fng >1.0), subcritical (Fny <1.0) or critical speeds (Fnn =1.0), the 

wave pattern would be the same for all depth Froude numbers. Transverse waves 

disappeared and diverging waves became steeper. For vessels operating in the range 

of length Froude numbers between about 0.65 and 0.9, the wave pattern could be 

somewhere between the two conditions. 

Fig. 5.45 shows the predicted wave patterns and the distribution of wave pattern 

resistance at different speeds in deep water. It can be seen that as the speed increases, 

the diverging wave angle becomes steeper and the distribution of wave pattern 

resistance also changes. It is seen that at high Froude number, where the transverse 

waves almost disappear, most of the wave resistance components lie in the diverging 

waves. 

Fig. 5.46 illustrates the predicted wave pattern and the distribution of wave pattern 

resistance (or wave components) with changes in depth Froude number. It is seen 

that at supercritical speeds the transverse waves disappear and waves can only be 

propagated at an angle of direction greater than 8o = Cos'\V(gH)/ U), as discussed in 

Chapter 2. These results, which describe wave patterns and their associated 

distribution of wave components within that pattern, e.g. high transverse or divergent 

content, are of value for input to wave propagation models. 

77 



It can be noted that when a vessel travels at a given speed but at different water 

depth, the generated wave patterns can be different whilst the wave resistance is 

about the same. Fig. 5.47 shows the wave pattern of model 5b catamaran with S/L of 

0.2 travelling at Fn of 0.5 in deep and shallow water with Fne of 0.465 and 1.155 

respectively. It is clearly seen that the wave patterns are different. It is also seen from 

Fig. 5.48 that the heights of the first leading wave of the two conditions are different 

although the maximum wave heights are close. However, the wave resistance is 

calculated from the integration of the whole wave system. It is noted that the wave 

resistance of the two conditions is about the same, as seen in Fig. 5.49. This would 

imply that wave resistance alone is not adequate to describe changes in wash, and 

that there is a need to consider actual wave elevations for wash purposes. 

The effect of draught to water depth ratio (T/H): 

In order to investigate the effect of water depth in terms of under hull clearance, or 

draught to water depth ratio (T/H), three NPL monohull models, 5a, 5b, and 5c, were 

used. The three models have the same water line length and length to displacement 

ratio but have different length to breadth and breadth to draught ratios, as seen in Fig. 

5.50 and diagrammatically in Fig. 5.51. The details of their dimensions are indicated 

in Table 8. The wave cuts of the three models were compared at sub-critical and 

supercritical speeds, shown in Figs. 5.52 and 5.53. It is seen that the wave cuts are 

hardly different. This might infer that under hull clearance is not important at sub-

critical and supercritical speeds. 

These results tend to agree with the comparison of the experimental wave profiles of 

models 5b (T/H = 0.365) and 5s (T/H = 0.315), as discussed in section 3.6.3.1. Both 

models have the same length to displacement ratio (L/V^^) and breadth to draught 

ratio (B/T) but different draught (T) and hull shape. The details are given in Table 1 

and the model body plans can be seen in Fig. 3.1. In this case also, although the 

draught and hence under hull clearances were different, their wave resistance and 

wave profiles were similar. 
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However, as seen from Figs. 5.36 and 5.37, the water depth can have a significant 

effect on the resistance at around critical speed. The reduction in water depth causes 

an increase in resistance at the critical speed. This implies that the effect of clearance 

under the hull may have a particular influence at or around the critical speed. 

The effect of tank breadth: 

Fig. 5.54 shows the effect of tank breadth on predicted wave pattern resistance ratio 

(Cwp/Cwp-)- The model used was 5b monohull travelling at a constant water depth of 

0.4m. Three different sizes of tank breadth were used: 1.856m (b/L=0.58), 3.7m 

(b/L=1.156) and 4.6m (b/L=1.438), where b is the distance between tank wall and the 

hull centreline. 

It is found that the tank wall can have an effect on the resistance, particularly around 

the critical speed. Fig. 5.54. The effect of the wall decreases very rapidly as the 

distance from the wall gets bigger, as seen in Fig. 5.55, which shows the effect of 

tank wall on maximum resistance ratio at FnH=0.9. If the distance between the hull 

and tank wall is more than approximately 1.5 hull lengths the effect is neghgible. 

These trends are similar to those obtained experimentally and theoretically by Rich 

[79]. The effect of tank wall in deep water was also investigated theoretically by 

Rich [79] and found that the effect of the tank wall was small. 

The breadth of the tank has little influence on wave wash at sub-critical and 

supercritical speeds, as can be seen in Figs. 5.56a&c. The wave profiles are hardly 

different as the breadth of the tank is increased from 4.6m (b/L=1.438) to 9.6m 

(b/L=3). The tank breadth has an effect on wave profiles at around critical speed, as 

seen in Fig. 5.56b. It is seen that the wave profile of the narrow tank (b/L=0.58) has a 

larger wave height than that of the wider tank (b/L=1.438). These results agree with 

the effects on resistance. 
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5.4 Discussion 

The examples have illustrated the wide scope and applications of thin ship theory in 

the prediction of wave pattern resistance, wave patterns and wave wash and, in 

particular, the relative effects due to changes in the design and operational features. 

Potential limitations in the application of the theory have also been illustrated. In 

particular, there is a need for great care in the use of single source transom correction 

and the need to incorporate reliable sinkage/trim estimates. There is also the need for 

further refinements to improve the predictions around the critical depth speed. 

5.5 Summary 

5.5.1 The theory has been validated in deep water at low and high speeds and 

in shallow water at sub-critical and supercritical speeds using the 

experimental results presented and described in Chapter 3. 

5.5.2 The single source correction can improve the prediction of the wave 

profiles and wave pattern resistance for ships with transom stern with 

some limitations. 

5.5.3 Thin ship theory can be used to predict the wave pattern resistance and 

wave profiles at sub-critical and supercritical speeds. 

5.5.4 The theory is proved to be useful for predicting and investigating the 

changes in wave pattern resistance and wave profiles due to the 

influences of length to displacement ratio, hull spacing, trim changes, 

speed and water depth. 

5.5.5 It was demonstrated that changes in wave resistance alone may not be 

adequate to describe changes in wave wash since, with changes in water 
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depth, the vessel can have the same resistance but different wave 

systems. 

5.5.6 The output of the thin ship theory program such as the wave pattern, the 

direction of wave propagation and the distribution of wave energy has 

applications for input to wave propagation models. 
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6. OVERALL DISCUSSION 

6.1 General 

Experiments: 

Extensive experiments including resistance measurements and wave cuts have been 

carried out in deep and shallow water. The experimental results are useful for 

validation purposes, or design and operational purposes in their own right. 

Validation of the experiments included comparing the results for 1.6m and 4.5m 

models for a practical case. The results were very similar, confirming the suitability 

of the models employed. 

Further investigation and validation involved testing a model with different methods 

of propulsion, namely towed, or propelled with conventional propellers or with 

wateijets. The results were broadly similar, confirming the suitability of the methods 

and procedures employed. 

Theory: 

Various validation exercises have demonstrated that thin ship theory can be usefully 

employed as a simple and effective means of estimating wave pattern resistance and 

wave profiles with low computational effort. Part of its effectiveness relies on the 

ship hull(s) being slender or thin, which is generally the case for high speed vessels. 

The theory has been shown to work effectively for deep and shallow water. The 

theory was validated using the experiments and covered the aspects of hull 

parameters, speed, trim and water depth. 

82 



Wave cuts: 

It has been noted that for a given speed, and different water depths, a vessel can have 

similar resistance but different wave patterns. This would indicate that relating wave 

wash simply to wave resistance is not adequate and that wave cuts and wave criteria 

are required for wash investigations. 

6.2 Transom Stern Corrections 

The use of virtual stern and a single source transom corrections have been 

investigated for the prediction of wave wash. The virtual stern correction introduced 

by Couser [9] was found to give good prediction for wave pattern resistance. The 

virtual stern can be easily created and added to the transom using a typical 

commercial lines faring package. In the current model, these lines are established as 

parabolas. The offsets for the ship with a virtual stem are created and then used as an 

input file for source strength calculations within the thin ship theory program. 

The thin ship theory program has been modified to be able to insert a single source 

with desired strength at a suitable position. Firstly, the thin ship theory program was 

run at a set Fn with no correction. The total source strength was then obtained. The 

strength of the source was set as a balancing source to give the net source strength of 

zero i.e the strength of the single source = - total source strength. 

In terms of wave profiles, the single source correction was found to be satisfactory 

and the simplest to apply. The thin ship theory program with a single source 

correction has been validated in deep water and shallow water sub-critical and 

supercritical speeds using the experimental results. The single source correction can 

improve the prediction of wave profiles. The effects of L/V'^, S/L and shallow water 

can be predicted. However, there are some limitations such as the over-prediction of 
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the bow wave for Fn > 0.44 and the hollow created in front of the bow wave at 

supercritical speed. These were discussed in detail in Chapter 5. 

When trim is applied to the model, the hull shape under water is changed. The total 

source strength is changed. The strength and position of the single source must then 

be changed. This causes changes in Cwp and slight changes in wave profiles. The 

prediction of the effect of trim changes has been validated in Chapter 5 and found to 

give an acceptable agreement with the experiments. 

It is noted that using different transom corrections may give the same wave 

resistance but different wave wash, as seen in Chapter 4. The virtual stern correction 

can give good prediction for wave pattern resistance but poor predictions for the 

wave profiles. Whilst in principle the wave resistance is proportional to the square of 

wave height, this may not always be the case as there could be a different 

combination of wave heights for the same resistance. Again, this illustrates the need 

to consider actual wave elevations for wash purposes. 

6.3 Critical Speed 

Information at speeds at or near critical is difficult to assess due to the significant 

changes in resistance, wave height and trim in this speed range. The experiments 

suffered from the presence of solitons which made the acquisition of consistent 

results difficult, and the theory is not effective at FnH=1.0. Generally, ships will try 

to avoid operating at or near critical speed and should if possible pass through the 

trans-critical speed range as quickly as possible. However, there remains the need for 

reliable data at or near critical speed. 
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6.4 Applications 

(i) Design Parameters: 

The effects of length to displacement ratio (L/V^^) and hull separation ratio (S/L) 

(for catamarans) on wave resistance and wave wash have been investigated 

experimentally and numerically for different speeds and water depths. A change in 

hull form was also investigated. The results and developed techniques provide the 

facility to investigate the main design parameters when taking wave wash into 

account. 

(ii) Operational Parameters: 

The effects of speed, trim, and water depth on wave wash have been investigated 

using experiments and the thin ship theory program. The results and the developed 

prediction techniques provide the facility to offer guideline for ship operation when 

taking wave wash into account. 

6.5 Numerical Predictions 

The computer program based on the thin ship theory provides a means of predicting 

wave resistance and wash by numerical methods in a rapid and computationally 

efficient manner. 
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The numerical program has applications to: 

# Low-wash design 

As discussed in Chapter 5, wash waves with different wave height and period may 

have the same wave resistance and energy. As a result, both wave height and wave 

energy should be used as criteria. 

It is clearly seen from the experimental and theoretical investigations that the effect 

of length to displacement ratio (L/V'̂ )̂ on wave wash and wave resistance is 

significant. An increase in L/V^^ causes a reduction in wave height and wave 

resistance. The effect of hull separation ratio (S/L) is significant at around main 

hump speed. As the hull separation ratio is increased, the wave resistance and wave 

height are decreased. As a result, the length to displacement ratio (L/V''^) and hull 

separation ratio (S/L) should be as high as possible in order to reduce wave 

resistance and wave wash. At the same time, the numerical method allows the 

assessment of the increase in wave wash and resistance if these low wash hull 

parameters cannot be achieved. 

» Operational guidelines 

It is found from the experimental and theoretical investigations that an increase in 

speed or Fn in the sub-critical speed region results in increases in wave height and 

wavelength. In deep water, the resistance coefficient peaks at hump speed around Fn 

of 0.5. The water depth is also important. It is found that the shallow water has a 

pronounced effect on wave resistance and wave height at about critical speed (Fuh = 

1.0). The wave resistance and wave height increase sharply at the depth Froude 

number close to one. Moreover, the depth of water in the critical speed region is also 

important as a reduction in water depth causes an increase in the effects of shallow 

water. As seen from the investigations, the effects at the water depth of 0.2m are 

more significant than the effects at the water depth of 0.4m at around critical speed. 



This implies that the shallow water effect at the critical speed depends on the water 

depth. This is probably due to the effects of clearance under the hull. If a vessel 

travels at around critical speed in much deeper water, the effect of Fnn may not be 

seen. However, the vessel would have to travel at a very high speed. 

An increase in transom immersion due to stem trim causes an increase in resistance 

and changes in the wave wash pattern. This can be tracked using the numerical 

program in order to assess the effects on the generation of wash and on the ship 

operation. 

Shallow water has an effect on the direction of wave propagation. At or near the 

critical speed, the direction of wave propagation is almost parallel to the direction of 

a ship. The ability of the numerical model to predict the wave propagation direction 

is important as it allows assessments to be made of the direction of wave travel and 

the potential damage to people on beaches, small boats in harbour or marine ecology. 

# Inputs for wave propagation models 

In order to predict the likely size of the waves as they approach some other area or 

the shore, and hence their likely impact, the rate of decay of ship waves need to be 

estimated. Basic wave properties such as wave height, wave period, direction of 

wave propagation and distribution of wave energy may be used for wave 

transformation / propagation studies from ship to shore. These properties can be 

obtained using the thin ship theory program. 

The rate of decay of ship waves can be estimated using the wave height predicted by 

thin ship theoiy and, for example, Boussinesq-type equations used for the prediction 

of the propagation and decay of the waves. Alternatively, a much simpler approach, 

but with practical applications, is to use the rate of decay described by Havelock's 

theoretical prediction of decay, Ref. 54, shown in Chapter 2. Apart from the wave 
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height, the direction of wave propagation is also needed and it can be derived using 

the thin ship theory program. 

The energy of the first two or three waves can be used as a good representation of the 

potential damaging effects of the waves. The wave energy can be estimated using 

wave height and period, which can be obtained from the thin ship theory program, as 

shown in Chapter 5. The theory can also provide the distribution of wave energy at a 

set condition which indicates the likely level of energy at a particular wave 

propagation angle. This is particularly true in shallow water where much of the 

energy is in the leading diverging waves. 

6.6 Summary 

Potential applications of the experimental results and developed numerical model 

have been brought together and discussed. It is seen that many useful applications of 

the wash prediction procedures exit in their fields of ship design and operation. 



7. CONCLUSIONS AND RECOMMENDATIONS 

7.1 General 

7.1.1 The literature review and survey of research identified a number of areas and 

issues in the field of ship wave resistance and wave wash for high speed craft which 

require further attention. 

7.1.2 An extensive investigation has been carried out experimentally and 

numerically into wash waves and wave resistance of high speed displacement craft. 

The current work has focused on the investigation of the effects of hull form 

parameters, speed, trim and water depth. The experimental and theoretical 

investigations have shown that hull form parameters, speed, trim and water depth can 

have significant effects on wave resistance and wave wash. 

7.1.3 The current investigations have demonstrated that not only wave resistance but 

also wave wash should be considered both for applications at the preliminary design 

of high speed craft and during their operation. 

7.1.4 It has been determined that at a particular speed and two water depths a vessel 

can have the same resistance but a different wave pattern, depending on the depth of 

water. It is concluded that wave wash should be assessed from a knowledge of the 

wave profile and its properties, and not by assessing wave wash as a function of the 

wave resistance. 

The principal findings and conclusions drawn from the investigations are outlined as 

follows. 

89 



7.2 Experiments 

7.2.1 Experiments were carried out at various tank test facilities in both deep and 

shallow water in order to establish an extensive database and to provide a further 

understanding of the influence of hull form parameters, speed, water depth, and trim 

changes on resistance and wave wash. The effects of hull separation and shallow 

water on direction of the wave propagation and running sinkage and trim have also 

been studied. The experimental results, particularly those covering shallow water and 

its effects, provide one of the most extensive sets of experimental data currently 

available. 

7.2.2 The effect of the propulsion system on the wave profiles was investigated 

experimentally and found to be small. It can be concluded that the extensive wash 

data obtained from towed models can be used with some confidence for design and 

validation work. 

7.2.3 The influences of hull form parameters, speed, trim and shallow water on wash 

and wave resistance have been determined using the experimental results. It was 

found that an increase in length to displacement ratio results in a decrease in wave 

height and wave resistance. This is consistent with earlier wave resistance tests. 

For catamarans, the hull separation ratio (S/L) was found to have an influence on 

running sinkage and trim, especially at the hump speed. It was found to have a small 

effect on the wave wash and direction of wave propagation. 

Significant changes in model behaviour were found to occur at or near the critical 

speed, FnH = 1.0. There were large increases in resistance and wave height and 

significant changes in sinkage and trim and the direction of wave propagation. 
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From the investigations into changes in static trim, it was found that stem trim causes 

an increase in resistance, particularly at hump speed, but the effects on the wash 

height tend to be relatively small. 

7.2.4 It is concluded that the experimental data is in a suitable form to be used 

directly for the assessment of the influence on wash of the main hull parameters, 

speed, trim changes and water depth, for the validation of theoretical wash prediction 

methods and directly as input to wave propagation models. 

7.3 Theory 

7.3.1 A thin ship theory program has been developed for the prediction of wave 

resistance and ship generated near-field wave wash, including the case of shallow 

water. It is found that thin ship theory can be satisfactorily employed as a simple and 

effective means of estimating wave pattern resistance and wave profiles with low 

computational effort. Parts of its effectiveness rely on the ship hull(s) being slender 

or thin, which is the case for high speed vessels. 

7.3.2 The thin ship theory model has been validated in deep water and in shallow 

water at sub-critical and supercritical speeds using the experimental data. Limitations 

of the theoretical approach are centred mainly on speeds at or around critical speed. 

7.3.3 The uses of a virtual stem, a single source and a single trailing line of sources 

corrections to the thin ship theory were investigated for wave wash prediction of 

ships with transom sterns. In terms of wave profiles, the single source correction was 

found to be satisfactory and the simplest to apply. 

7.3.4 A regression analysis of existing experimental dynamic sinkage and trim has 

been established. This provides rapid estimates of sinkage and trim for input to the 

thin ship model. 
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7.3.5 It has been demonstrated that thin ship theory is able to provide an acceptable 

approximation to the wave profiles along the ship hull. This is achieved using a 

suitable longitudinal wave cut and an empirical correction to the phasing of the 

wave. Such wave profiles may be used for enhancing models of the prediction of 

dynamic sinkage and trim. 

7.3.6 Thin ship theory is proved to be useful for predicting and investigating the 

effects of hull form parameters, speed, trim and shallow water on wash and wave 

resistance. The distribution of wave components, diverging wave angle, wave height, 

wave period, and hence wave energy can also be determined. These provide the 

necessity information for input to wave propagation models. 

7.3.7 The theory can be used as a preliminary design tool or as a means of 

developing operational guidelines for ship's operators. The current work has shown 

how the numerical method may be applied to identify low-wash designs and to 

identify the effects on wash of speed, trim and water depth in order to develop 

acceptable operational patterns. 

7.4 Achievement of the objectives 

7.4.1 It is considered that the objectives, outlined in Chapter 1, have been achieved. 

The experimental and numerical investigations provide a better understanding of 

basic physics of wash waves and wave resistance of high speed displacement craft. 

This includes basic wave cuts and the properties of the waves, the distribution of 

wave energy content and typical angles of wave propagation from the ship. 

Thin ship theory has been developed and extended to cover vessels operating in 

shallow water. The theory has been validated using extensive experimental 

measurements covering changes in speed and water depth. 
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A numerical tool, based on the thin ship theory, has been developed which facilitates 

the prediction of wave wash properties for the assessment of new designs and the 

effects of wash on ship operation. 

7.5 Recommendations for further work 

As a result of the research programme using experiments and the thin ship theory 

approach, the following recommendations are put forward; 

7.5.1 Due to the significant changes in resistance, wave height, wave pattern and 

trim at around critical speed, further model tests should be carried out to provide a 

better knowledge at this speed. The thin ship theory program also needs further 

improvement as it is not fully effective at around critical speed. 

7.5.2 The single source correction offers a practical method for the transom 

correction and it gives satisfactory improvements in wave resistance and wave wash 

predictions and is the simplest to apply. However, it has some limitations, such as the 

need for arbitrary reductions in source strength at lower speeds. The method 

therefore needs further investigation and improvement. 

7.5.3 Further development is recommended of the hybrid model, which intends to 

facilitate improvements in the estimates of sinkage and trim based on changes in the 

dynamic pressures around the hull. 

7.5.4 Full-scale measurements of wave wash should be carried out to provide much 

needed reliable data for validation of the experimental and theoretical predictions. 

7.5.5 Experimental tests on different hull shapes should be carried out including 

other types of multi-hull vessels such as trimarans, pentamarans, SWATH and SES. 
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The thin ship theory approach should also be enhanced in its performance in order to 

be able to predict the wave resistance and wave wash of such vessels. 
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D;jpZacgme»f Cafa/Mara/ẑ y, PhD Thesis, Ship Science, University of SouAampton, 1990. 

2. Insel, M., and Molland, A.F., An mfo fAe q/" 

D/jpZacemgnr Cafamamnj', Transactions of RINA, Vol. 134, 1992. 

3. Molland, A.F., Wellicome, J.F., and Couser, P.R., Expenmenr^ OM a 

'̂yjfgTMafzc 5'gne^ q /^ /gA DijpZacgfMg/ir CaramamM Fo/TM .̂- Vanarion q/Lgng^/z -

Dzjp/acgmg»f 7(arzo aW - DmwgAr ^ar/o. Transactions of RINA, Vol. 138, 

1996. 

4. Couser, P.R., Molland, A.F., Armstrong, N.A., and Utama, I.K.A.P., CaZm Wargy 

fowermg frgcfzcrzonj /br //(g/i 6^ge(f Proc. Fourth International 

Conference on Fast Sea Transportation, FAST' 97, Sydney, 1997. 

5. Molland, A.F., and Lee, A.R., An Investigation into the Ejfect of Prismatic Coefficient 

on Transactions of RINA, Vol. 139, 1997. 

6. Molland, A.F., and Lee, A.R., 7%g TTzgorgffcaZ q/̂ a q/̂ Hzg/z 

DzjpZacgfMgMf CafamaroM Fo/Tzzj." Vonafzo/z q/" Prz^mafzc Co^czgnr, Ship Science 

Report No. 87, February 1995. 
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a WiaZZ OM fAg T ĝ̂ fĵ â/icg q/̂  a Fai'f j'Azp '̂Aapg m Wafgr Dgp^A, Trans, of 

International Shipbuilding Progress, Vol.32, No.376, Dec. 1985. 

104 



APPENDIX A: TOTAL RESISTANCE FROM CONSIDERATIONS OF 

MOMENTUM CHANGES 

! V S t . 

A ship model in towing tank, taken from Insel [1]. 

The resistance component of a model can be derived from considerations of 

momentum changes. Consider a model in a control box formed by plane A, plane B, 

tank walls, tank floor and model surface. Plane A is sufficiently upstream and plane 

B is far down stream, as seen in the above figure. H and W are depth and breadth of 

the control box. By applying conservation of momentum, the total forces on the 

control surface must be equal to the rate of change of momentum of fluid flowing 

through the control box, hence: 

M b - M a = F a - Fb - R t Al. 

Where Ma = Momentum flowing in through plane A per unit time 

M a = p J J U( U + u ) dzdy 

- W / 2 - H 

A2. 

Momentum flowing out through plane B per unit time: 
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W / 2 CB 2 2 
MB = p j j" ( U + 2Uu + u ) dzdy A3. 

- W / 2 - H 

Fa = pressure force on plane A 

FA = p / 2 g W H ' A4. 

Fb = pressure force on plane B 

W / 2 CS 2 2 2 
Fb = - J J [-pgz - p / 2(2Uu + u + v + w ) - APJdzdy A5. 

- W / 2 - H 

Substituting A2, A3, A4, A5 into Al , total resistance becomes: 

W / 2 , W / 2 CB 2 , 2 W / 2 ; B 

RT = pg / 2 j" dy + p / 2 j j (v + w" - u jdzdy + J j APdzdy A6. 

- W / 2 - W / 2 - H - W / 2 - H 

Perturbation velocity u can be written as + (u^ - w )̂, where w is a fictitious 

velocity at plane B if viscous head looses were neglected. Hence, equation A6 

becomes 

W / 2 CB W / 2 CB 2 2 

R t = J J APdzdy + p / 2 J J ( m - u )dzdy 

- W / 2 - H - W / 2 - H 

W / 2 ^ W / 2 CB 2 2 2 

+pg / 2 j" ^gdy + p / 2 j j ( v + w - u )dzdy 

- W / 2 - W / 2 - H 

A7. 
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by introducing u , v , w as wave orbital velocities which can be obtained from the 

measured wave pattern at B and employing linearised wave theory, where: 

2 2 x 2 2 
u = u + (u - u ) 

2 2 ^ 2 2 ^ . _ 
V = v + ( v - V ) A8. 

2 2 2 2 
w = w + (w - w ) 

Finally the total wave resistance can be written in the form: 

W / 2 CB W / 2 2 2 
R t = J J APdzdy + p / 2 J J (w - u )dzdy 

- W / 2 - H - W / 2 - H 

W / 2 2 W / 2 CB , 2 2 
+ P g / 2 j Cgdy + p / l j j ( y + w - u )dzdy 

- W / 2 - W / 2 - H 

2 2 , , 2 2 , 2 2^ W/2 CB ^ ^ 
+ p / 2 I J [(v" - v ' ) + (w" - w") - (m' - u" )]dzdy 

- W / 2 - H 

A9. 

The first line in equation A9 is the resistance due to viscous effect, the second line 

represents the wave resistance and the third line is the induced drag which may be 

neglected. 
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APPENDIX B: FLOW DIAGRAM OF THIN SHIP THEORY PROGRAM 
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M o d e l 4b 5b 6b 5s 
L [ m ] 1.6 1.6 2.1 1.6 
Bnm] 0 J 4 6 OJ^O 0 J 2 5 

Tf in l 0 .089 0 .073 0 .080 0.063 

0 .0101 0 .00667 0 .0108 0.00667 

A[kg] 1 0 ^ 0 6.67 1&75 6.67 

7.4 8.5 9.5 8.5 

L /B 9.0 ILO 13.1 1 2 8 

B / T 2 .0 2 .0 2.0 2.0 

CR 0 3 9 7 0 3 9 7 0 3 9 7 0.537 

Cp 0.693 0 .693 0.693 0.633 

Cm &565 &565 0.565 &848 

A [ m ^ 0 3 3 8 &276 &401 &261 

L C B [ % ] -&4 -6.4 -&4 -6.4 
Table 1: Principal part iculars of mode l s (demihul ls) tested in shal low w a t e r 

Mode l L ( m ) L /B B / T L / V ^ Cb Cp Cm A ( m 2 ) L C B ( % a m i d s h i p ) 

3 b L 6 7 ^ 2 ^ 6 ^ 7 0 .397 0.693 0 .565 & 4 3 4 -&4 

4b L 6 9 ^ 7 ^ 1 0 3 9 7 0 .693 0 .565 0 3 3 8 -&4 

5b 1 ^ ILO 2 ^ 8 ^ 0 0 3 9 7 0 .693 &565 0 . 2 7 6 -6 .4 

6b 1 ^ 1 1 1 2 ^ &50 0 3 9 7 0 .693 &565 0 . 2 3 3 -&4 

Table 2: Principal part iculars of mode l s used in regress ion analys is of d y n a m i c s inkage and 
trim. 

T R I M z z a d W ^ ^ " 

F n M o n o h u l l S /L=0 .2 S /L=0 .3 S / L = 0 . 4 S/L=0.5 

a n a n a n a n a n 

0.4 555 .06 -3 .50 3 2 8 i m -2.99 988.28 -3 /W 6 5 8 3 . 4 0 -4 .48 301.97 - 2 9 0 

0.5 5183 .70 -4 .06 1548.60 -3.18 8799.70 - 4 ^ 9 5 6 3 1 . 0 0 -3 .98 830 .40 -3 .03 

0.6 7722 .40 -4.17 3226 .40 -3 .50 8186.20 - 4 ^ 3 7 1 8 3 . 6 0 - 4 ^ 5 1422.40 -3 .23 

0.7 7583 .60 -4 .14 2057 .30 -3.38 4 4 8 & 4 0 - 3 J 9 7 0 1 0 . 4 0 -4 .05 1497.70 - 1 2 5 

0.8 4 J 6 & 9 0 -3 .89 % # & 1 0 -3.51 2 0 6 L 6 0 - 1 4 2 5 4 9 8 . 1 0 -3 .92 1 2 4 L 6 0 -3.15 

0.9 1 7 7 7 J 0 -3.38 1772.10 -3.37 12aA20 - 1 1 4 2 6 8 7 . 7 0 - 1 5 6 8 2 5 ^ 3 -2 .93 

1 8 1 L 1 6 -2.98 827.33 -2 .99 958 .82 - 1 0 4 2 0 6 8 . 7 0 - 1 4 6 41&29 -2.59 

Table 3: D y n a m i c T r i m (Degree) 
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F n M o n o h u l l S /L=0 .2 S /L=0 .3 S /L=0.4 S /L=0.5 

a n m a n m a n m a n m a n m 

0.3 2 .59 0 .08 0 8.90 -0.39 0 10.24 - 0 ^ 0 0 6 . 9 1 -0 .32 0 11.10 -0.58 0 
0.4 19.06 -0 .58 0 29 .42 -0.61 0 6&53 - I I W 0 18 .54 -0 .44 0 21.71 -0.57 0 
0.5 4&73 -0 .96 0 44.31 -&74 0 87.03 -1.21 0 19.81 -0 .49 0 32.37 -0 .72 0 
0.6 6 9 J 2 - L 2 7 0 7.57 -0.31 0 14.90 -0.65 0 I Z I O -0.51 0 1&94 -0.71 0 
0.7 1 4 3 7 -&63 0 0.89 -0 .16 0 0 ^ 9 1.00 3 .54 OJW LOl 0 1 3 6 -0.11 0 
0.8 0 ^ 8 I J ^ 0 L 7 7 1.00 16.50 1.66 1.00 12.87 1 J 3 1.00 8 3 2 0 ^ 0 % 3 J ^ 0 
0.9 0 .000 

4 
4.38 0 1.89 1.00 16.97 2 ^ 5 1.00 20.68 2 J 7 1.00 16.62 I j ^ LOO 10.50 

1 4 .00E 
-08 

8.65 0 4.93 1.00 4 4 J ^ 3.22 1.00 2&49 2 . 0 1 LOO 15.61 1.66 1.00 1 2 3 8 

Table 4: D y n a m i c S inkage (% Draught ) : posit ive u p w a r d 

Fn 

0 .4 0.5 0.6 0.7 0.8 0 .9 1 

M o n o h u l l 0 .947 0 .9843 0 .995 0 . # # 7 0 .9952 0 . 9 8 3 9 0 .9687 
S /L=0.2 0 .9921 0 .9734 0 .985 0^1757 0 .995 0 .9931 0 .9821 
S /L=0 .3 0 .9705 0 .9987 0 .9959 0 ,999 0 ^ # % 0 . 9 9 8 7 0 .9748 

S /L=0 .4 o.&%^ 0 .9146 &9177 0 .9263 0 .9624 0 . 9 8 6 8 0 .9678 

S/L=0.5 0 .9421 0 ^ # 8 9 0 .9896 0 .9925 o . # n 6 0 .9981 0 .9835 

Table 5: R Va lue of T r i m Predic t ion 

F n 

0 .3 0.4 0.5 0 .6 0.7 0 .8 0 .9 1 

M o n o h u l l 0 .4831 0 .8613 0 . & # 7 0 .9043 0 3 3 0 7 0 .7457 &877 OjU7 

S /L=0.2 &1957 0 .9016 &7529 0 4 & M 0 .0006 0 .9865 0 .9973 0.9111 

S/L=0_3 0 .8871 0 .9698 0 .9901 &9871 &8388 0 .9948 0 .9422 0 .9184 

S /L=0.4 0 .2108 0 .9577 &7566 & 8 2 7 4 0 .8812 0 .968 &96&4 0.9343 

S /L=0.5 0 .4484 0 3 7 5 9 0 3 1 5 2 0 .6033 0 .1856 0 .7878 & & # 7 0.8633 

Table 6: R^ V a l u e of S inkage Predic t ion 
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M o d e l L /B B /T Cb L C B ( % a m i d s h i p ) 

M o d e l 4b 9 .0 2.0 7 .410 0 J 9 7 -&4 

M o d e l 4c 8.0 2.5 7 J 9 0 0 3 9 7 -6.4 
A t h e n a &806 4 ^ 7 7 . 6 ^ &478 N / A 

Table 7: Principal part iculars of mode l s used in the predic t ion of w a v e prof i les a long the hull. 

M o d e l L ( m ) BOa) TOn) A(m2) L / V " : L /B B /T 

M o d e l 

5a 
1.6 0 J 2 5 0 .0833 & 2 8 2 8 j l 1 Z 8 1.5 

M o d e l 
5b 

1.6 & 1 4 5 4 0IM27 &276 8 .50 11 2.0 

M o d e l 

5c 
1.6 0 J 6 1 6 0 .0646 0 .277 8 4 9 9.9 2.5 

Table 8: Pr inc ipal part iculars of mode l s (demihul ls) used for e x a m p l e app l i ca t ions 
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Fig.2.2 Description of wave characteristics: wave pattern, longitudinal wave cut, distribution of wave energy and wave resistance. 
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Fig.3.1 Model Body plan and Notation 
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Fig.3.45a Measured wave cuts (monohull H=0.4m Fn=0.785 Y/L=0.55) 

0,015 

Fig.3.45b Measured wave cuts (monohull H=0.4m Fn=0.785 / 0.685 Y/L=0.55 / 0.52) 

0.04 

d0.02 

s o 

i f ° 
1-0.02 

-0.04 

Flg.3.46a Measured wave cuts (catamaran S/L=0.2 H=0.4m Fn=0.47 Y/L=0.55) 

Fig.3.46b Measured wave cuts (catamaran S/L=0.2 H=0.4m Fn=0.47 / 0.41 Y/L=0.55 / 0.52) 

0.02 

Flg.3.47a Measured wave cuts (catamaran S/L=0.4 H=0.4m Fn=1.0 Y/L=0.55) 

0.015 

, 0.01 

5b 

d) 2 \ \ 4 / ^ y 

X/L 

-0.03 

dO.OI 

Fig.3.47b Measured wave cuts (catamaran S/L=0.4 H=0.4m Fn=1.0 / 0.88 Y/L=0.55 / 0.52) 

128 



•^0.03 

-5-0.02 
= 0.01 

S-0.03 xfrn)̂  
Ftg.3.48a Comparison of wave cuts; catamaran S/L=0.2 Fn=0.5 FnH=1.43 H=0.2m Y/L=0.68 

— 0.06 

•c 0.04 

i 
0) 
0) 
§ 
S -0.04 

Fig.3.48b Comparison of wave cuts: catamaran S/L=0.2 Fn=0.35 FnH=1.0 H=0.2m Y/L=0.93 

0.01 S/L=0.3 -
S/L=0.4 

<1.01 

Fig.3.49 IMeasured wave cuts (5s H=1.85m Fn=0.3 Y/L=0.69) 

S/L=0.3 
S/L=0.4 

-0.03 x(m)_ 

Fig.3.50 IMeasured wave cuts (5s H=1.85m Fn=0.59 Y/L=0.69) 

0.04 

-0.04 

monohull 

S/L=0.2 
S/L=0.4 E 0.02 

m-0.02 

Fig.3.51 IWeasured wave cuts (5b H=0.4m Fn=0.44 FnH=0.88 Y/L=0.55) 

S/L=0.2 monohul 
S/L=0.4 

5 5-0.02 

-0.06 

Fig.3.52 IVIeasured wave cuts (5b H=0.4m Fn=0.47 FnH=0.93 Y/L=0.55) 

129 



003 

0.025 

^ 0,02 

•f 
f 0.015 g 

I 0.01 

0.005 

0 
0 

— -o — 4b mono 
\ — A — 5 b mono 

1 
1 

\ ^ - 'bD mono , — • 

K 

f Y 

7 

f Y 

7 
.4? * 

IJ 
ll 
u 

O-. -

1 
Fhh 

1.2 

"O 
O0.8 

| o .6 

^0.2 

0 
0 

\ — — 4b mono 

\\ > - - 6 b mono 

\ \ \ 

o" 
-

1 Fnu 

Fig.3.53a Leading wave heigtil, H=0.2m Fig.3.53b Half wave period of leading wave, H=0.2m 

0.03 

0.025 

> 0.02 
O) 
c 0.015 
g 

g 0,01 

0.005 

0 

— 40 — 41 mono 
mono 
mono II 

n 
0- - -at 

mono 
mono 
mono 

\ 

\ \ 
a . / 

0 0.5 1 Fnwl.s 2 2.5 

Fig.3.54a Leading wave height, H=0.4m 

1.8 

1.6 

3 . 4 

h 

%.6 
g).4 

0.2 

0 

CI — 4b mono-
•A—5b mono 
-0- - -Bb mono" 

P 
CI — 4b mono-
•A—5b mono 
-0- - -Bb mono" 

II 

CI — 4b mono-
•A—5b mono 
-0- - -Bb mono" 

II 
] 1 

0 

y 
A 

Fig.3 

0 1 FIH 2 3 

,54b Half wave period of leading wave, H=0.4m 

. — o — 5 b mono 
f S r — — 5b S/L=0.2 
jO. \ - - •A" - • 5b S/L=0.4 

0.025 

g 0.015 

0,005 

Fig.3.5&4_eading wave height, H=S'.i 

1,8 

1.6 

S I - 4 

S l 2 
& 1 
goo 

X0,4 

0.2 

0 

- 5 b mono 
- 5b S/L=0.2 ^ 
•5bS/L=0.4 -

/ / 

- 5 b mono 
- 5b S/L=0.2 ^ 
•5bS/L=0.4 -

/ \ 

- 5 b mono 
- 5b S/L=0.2 ^ 
•5bS/L=0.4 -

1 r 

i/y 
/ • Y. \ 

\ -A 

_ - g CI 

FHh 
im 

0 1 2 3 
Fig.3.55b Half wave period of leading wave, H=0.2m 

0.04 

0.035 

0.03 

1,0.025 

I 0.02 

io .015 

^ 0.01 

0.005 

0 

1 1 1 
— a — 5 b mono 

* 5b S/L=0.2 

1 1 1 
— a — 5 b mono 

* 5b S/L=0.2 

• ; 

£ \ )! A - " ' 

/ ' ̂ 3-

i y 

1.4 

r: • = 

&).8 
S) 

9)6 
sP.4 
(S 

^.2 
0 

r 
- 5b mono 

5b S/L=0.2 
•5b S/L=0.4 — 

# * 

r 
- 5b mono 

5b S/L=0.2 
•5b S/L=0.4 — 

J 

r 
- 5b mono 

5b S/L=0.2 
•5b S/L=0.4 — 

/ ^ * 

"A.. . . -• 6 

0 0.5 1 FnHl.5 2 2.5 
Fig.3.56a Leading wave height, H=0.4m Fig.3 

0 1 FIH 2 3 

.56b Half wave period of leading wave, H=0.4m 

130 



0.03 

Fig.3.57a Measured wave cut at sub- critical speed (5b monohull H=0.4m Y/L=0.55 Fn=0.38 FnH=0.76) 

0.03 
& c 042 T 
o 0.01 4 

0 -s 0 -

0) -0.01 A 

-0.02 -

-0.03 
Fig.3.57b Measured wave cut at near critical speed (5b monohull H=0.4m Y/L=0.55 Fn=0.47 FnH=0.93) 

043 

/ X 
— g 0 

x(m) 

c 

•2 0.01 

I 
a) -0.01 

I 
5 -0.03 Fig.3.57c Measured wave cut at super-critical speed (5b monohull H=0.4m Y/L=0.55 Fn=0.785 Fnn=1.57) 

043 
042 
0.01 

0 i 
a> -0.01 0) 
a -042 
® -0.03 

-44- -44-

x(m) 

Fig.3.58a Measured wave cut at sub-critical speed (5s monohull H=0.2m Y/L=0.55 Fn=0.25 FnH=0.71) 

0.03 

<L03 
Fig.3.58b Measured wave cut at critical speed (5s monohull H=0.2m Y/L=0.55 Fn=0.35 FnH=14) 

'-0.03 
Fig.3.58c Measured wave cut at super-critical speed (5s monohull H=0.2m Y/L=0.55 Fn=0.5 FnH=1.43) 

131 



H=0.2m,FnH=0.71 

H=0.4m,FnH=0.5 

0.008 
0.006 

*-0.006 

Fig.3.59 Comparison of wave cuts at the same Fn (5b monohull Fn=0.25 Y/L=0.55) 

^ 0.02 

§ 0.01 

1 " 
g -0.01 
s 
5 -0.02 

-H=0.2mFnH=2.22 
H=0.4m FnH=1.57 

\ 
0 2 ^ 

yy \ / ' \ \ 
\ / y \ ^ 4 

x(m) 

Fig.3.60 Comparison of wave cuts at the same Fn (5b monohull Fn=0.785 Y/L=0.81) 

c 0.02 

CO 0.01 

0 0 

H=0.2m FnH=2.86 

H=0.4m FnH=2.01 

x(m)̂  
Fig.3.61 Comparison of wave cuts at the same Fn (5b catamaran S/L=0.2 Fn=1.0 Y/L=0.55) 

o 0.005 

0 I 
oj -0.005 

i -0.01 

H=0.2m FnH=0.7 

- • H=0.4m FnH=0.5 A A/\ y\ j A A / \ W \ 

0 

Ml . J " . 

2 ^ 

x(m) 

Fig.3.62 Comparison of wave cuts at the same Fn (5b catamaran S/L=0.4 Fn=0.25 Y/L=0.68) 

-p 0.04 & 

§ 0.02 

i • 
g -0.02 
s 
3 -0.04 

•H=0.2m,FnH=1.43 

H=0.4m,FnH=1.0 

— X \ / "x 
(J) 2 

x(m) 

Fig.3.63 Comparison of wave cuts at the same Fn (5b catamaran S/L=0.4 Fn=0.505 Y/L=0.55) 

FnH=0.73 H=0.2m Fn=0,26 

FnH=0.76 H=0.4nn Fn=0.38 E 0.02 

-0.03 

Fig.3.64 Comparison of wave cuts at the same Fnn (5b monohull Y/L=0.55) 

132 



0.04 
level trim 

bow up 
o 0.02 

Fig.3.65a Comparison of wave cuts: 5b catamaran S/L=0.2 Fn=0.5 FnH=1.43 H=0.2m Y/L=0.55 

level trim 

bow down 
= 0.02 

-0.03 
Fig.3.65b Comparison of wave cuts: 5b catamaran S/L=0.2 Fn=0.5 FnH=1.43 H=0.2m Y/L=0.55 

level trim 

bow up 

#0.01 

-0.03 
Fig.3.66a Comparison of wave cuts: 5s catamaran S/L=0.2 Fn=0.5 FnH=1.43 H=0.2m Y/L=0.68 

evel trim 

bow down 

Fig.3.66b Comparison of wave cuts: 5s catamaran S/L=0.2 Fn=0.5 FnH=1.43 H=0.2m Y/L=0.68 

133 



0.01 

# 0.005 

towed 
• waterjet 

propeller" 

i 0 
0) 

-0.01 

lOyiV i2v^v ' 14 

V 
x(m) 

Fig.3.67 Comparison of wave cuts; 5s S/L=0.4 Fn=0.25 FnH=0.71 H=0.2m Y/L=0.55 

towed 
waterjet 
propeller 

Fig.3.68 Comparison of wave cuts: 5s S/L=0.4 Fn=0.35 FnH=1.0 H=0.2m Y/L=0.81 

towed 
waterjet 
propeller 

>-0,01 

-0.02 

Fig.3.69 Comparison of wave cuts: 5s S/L=0.4 Fn=0.505 FnH=1.43 H=0.2m Y/L=1.05 

0.02 
towed 

— wateijet ^ 
- - propeller 

> -0.01 

-0.02 

Fig.3.70 Comparison of wave cuts: 5s S/L=0.4 Fn=0.785 FnH=2.21 H=0.2m Y/L=0.55 

134 



c 
0 

1 
0) 

> 

&01 

0.005 

-0.005 

-0.01 

towed 
- waterjet 

propeller" 

- M / M l 

x(m) 

Fig.3.71 Comparison of wave cuts: 5s S/L=0.2 Fn=0.25 FnH=0.71 H=0.2m Y/L=0.93 

towed 
waterjet 
propeller 

-0.04 
Fig.3.72 Comparison of wave cuts: 5s S./L=0.2 Fn=0.35 Fn^sl .0 .H=0.2m Y./L=0.55 

0.03 

0) -0 .01 

-0.03 

towed 
waterjet 
propeller 

Fig.3.73 Comparison of wave cuts: 5s S/L=0.2 Fn=0.505 FnH=1.43 H=0.2m Y/L=0.55 

I -0 .02 

-0.03 

towed 
waterjet 
propeller 

S -0.01 

Fig.3.74 Comparison of wave cuts: 5s S/L=0.2 Fn=0.785 FnH=2.21 H=0.2m Y/L=0.55 

135 



0.02 
Y/L=0.43 

-0.02 x(m) 

0.02 
Y/L=0.55 

-0.02 x(m^ 

0.02 
Y/L=0.68 

•= -0 .01 

-0.02 x(m)̂  

0.02 
Y/L=0.80 

-0.02 

0.02 
Y/L=0.93 

-0.02 x(m)̂  

002 
Y/L=1.05 

-0.02 * N -

0.02 
Y/L=1.18 

-0,02 x(m) 

Fig.3.75 IWeasured wave cuts at various transverse positions: 5b monotiuli Fn=0.785 FnH=1.57 

136 



theory 
bow wave 
stern wave 

(Or 

90 
80 
70 
60 

J 50 

20 
10 
0 

0 

A 

4 

— ^ theon 
/ave / X bow V /ave 

J / * stern wave 

0.5 1 

Fig.3.76 Measured wave angle: 5b monohull H=0.4m 

1.5 
Fn. 

2.5 

Fig.3.79 Measured wave angle: 5b monohull H=0.2m 

theory 
bow wave 
stern wave 

0 0.5 1 FnHl.5 2 2.5 
Flg.3.77 Measured wave angle: 5b catamaran 
S/L=0.2 H=0.4m 

* $ 
X-

#1 

* 

—theor y 
K bow wave 
» stern wave— 

< 

K bow wave 
» stern wave— 

0.5 1 F"h1.5 2.5 

Fig.3.80 Measured wave angle: 5b catamaran 
S/L=0.2 H=0.2m 

theory 
X bow wave 
* stern wave 

0 0.5 1 FOh 1.5 2 2.5 
Fig.3.78 Measured wave angle: 5b catamaran 
S/L=0.4 H=0.4m 

90 
80 
70 
60 

§50 
j540 

30 
20 
10 
0 

0 0.5 1 FnHi.5 2 2.5 3 
Fig.3.81 Measured wave angle: 5b catamaran S/L=0.4 
H=0.2m 

$ • 

* 
. . . 

— ^ K bow wave -
& stem wave _ \ 
K bow wave -
& stem wave _ \ / 

A 1 

137 



90 
80 
70 
60 

#50 
|540 

30 
20 
10 
0 

_ O H=0.4m 

- XH=0.2m 

0 0.5 

X 

Fhh 1.5 

o X 

2.5 

O H=0.4m 

XH=C .2m 
3 X 

X 

X 

QD 

( 

Fig.3.82 Measured bow wave angle: 5b monohull 

80 

60 

I 
j540 

20 

0 
0 0.5 1 FHh 1.5 2 2.5 

Fig.3.83 Measured bow wave angle: 5b catamaran 
S/L=0.2 

80 

60 

I 
j540 

20 

0 

o H=0.4m 

XH=0.2m 

o, 

0.5 Fn, 1.5 

O X 
X 

2.5 
Fig.3.84 Measured bow wave angle: 5b catamaran 
S/L=:0.4 

X monohull 

O S/L=0.2 

A S/L=0.4 

X 

A 
0 

90 
80 
70 
60 

§50 
jE40 

30 
20 
10 
0 

0 &5 1 2 
Fig.3.85 Measured bow wave angle: 5b H= 

2.5 
:0.4m 

90 
80 
70 
60 

# 0 
j540 

30 
20 
10 
0 

0 0.5 1 PHhI-S 2 2.5 
Flg.3.87 Measured bow wave angle: 5b H=0.2m 

X mo 
_ OS/L 
_ AS/L 

nohull X mo 
_ OS/L 
_ AS/L 

% 
X mo 

_ OS/L 
_ AS/L =0.4 •a 

X mo 
_ OS/L 
_ AS/L 

A X 

X 
A 

X monohull 

O S/L=0.2 

A S/L=0.4 

-OA-

90 
80 
70 
60 

§50 
jE40 

30 
20 
10 
0 

0 &5 1 | ^^ 5 2 2^ 
Fig.3.86 Measured stern wave angle: 5b H=0.4m 

90 
80 
70 
60 

§50 
jE40 

30 
20 
10 
0 

_ x m M 

- o S/L 

- A S/L: 

lohull _ x m M 

- o S/L 

- A S/L: 

_ x m M 

- o S/L 

- A S/L: X 
X 

_ x m M 

- o S/L 

- A S/L: =0.4 . o 

0.5 1 F rw l .5 2.5 

Fig.3.88 Measured stern wave angle; 5b H=0.2m 

138 



-0.06 

Fig.3.89a Solitons; 5s catamaran S/L=0.2 waterjets, H=0.2m Fn=0.36 FnH=1.01 Y/L=0.89 [Front probe] 

E 0.04 

g -0.04 

-0.06 

Fig.3.89b Solitons; 5s catamaran S/L=0.2 waterjets, r!=0.2iii Fn—0.36 Frin—1-01 Y/L=0.89 [1 Back probe] 

0.04 

-0.04 

Fig.3.90a Solitons; 5s catamaran S/L=0.2 propellers, H=0.2m Fn=0.36 FnH=1.01 Y/L=0.89 [Front probe] 

0.01 0 

x(mr 
Fig.3.90b Solitons; 5s catamaran S/L=0.2 propellers, H=0.2m Fn=0.36 FnH=1.01 Y/L=0.89 [Back probe] 

139 



0.004 

0.003 

Cwp(exp.) 
- - - Cwp(theory no corr) 
* — Cwp(single source) 

30.002 
O 

0.001 

0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7 0 . 8 0 . 9 1 

Fn 

Fig.4.1 Comparison of wave pattern resistance coefficients of 5b catamaran 
(S/L=0.4) 

O § 

experiment 

virtud stern 

0 CU 0^ 0^ a s &6 &7 &8 ^ 9 
Fn 

Fig.4.2 Comparison of wave pattern resistance coefficients of 5c monohull 

140 



TRANSOM 

VIRTUAL 

STERN 

Flg.4.3 Virtual Stern 

O) (0 C (U 0) CD 

0 

Full scale (Armstrong) 
bow down(exp.) 
Doctors 
B/T=2.0(Couser) 

experiment 
bow up(exp.) 

— B/T=1.5(Couser) 
- -B/T=2.5{Couser) 

0 &2 0 4 

Fig.4.4 Re-attacliment lengtli with Fn 

0.6 Fn 0,8 1 1.2 1.4 

-0.0012 

o 

0.0008 

0.0002 

Fig.4.5 Deficit required to balance net source strength of zero: 5b monohull 

1 4 1 



0.0014 

0.0012 

CLC01 

q.0.0008 

O 0.0006 

0.0004 

0.0002 

0 

0 8 2 4 6 
Re-attachment length (times of 8^/2) 

Fig.4.6: The effect of re-attachment length on Cwp: 5b monohull 
Fn=0.785 

10 

0.02 
(1015 

Lvs=8(b/2) Lvs=3{b/2 Lvs=6(b/2) 

0.015 

x(m) 

Fig.4.7 Theoretical wave cut using virtual stern with three different re-attachment length model 5b monohull, 
Fn = 0.785, water depth = 0.4 m Y/L=0.55 

f 

r " 
O (/) 

:-40 
-6-

V 

K-
60 80 im 

— -X — Lvs=3Bt/2 

» « .#. » - Lvs=6Bt/2 

$ Lvs=8Bt/2 

Ship length from stern (%L) 
Fig.4.8a Longitudinal plot of source strength along the hull and virtual stern 

source strength 

-0.00004 -3.5E-0; 

JZ 

-1.5E-05 -0.00001 -5E-06 0 
20 

0.000003»0.0C 

Virtual stern@-11%L from 
transom 
huil@88.6%L forward of transom 

+ 2 6 -
Fig.4.8b Vertical plots of source strength: LVS=3Bt/2 

142 



0^2 
eD.015 

LvB=3(b/2) 

exp. 
c 0.01 
=0.005 

%.005 

20.015 
-0.02 

x(m) 

Fig.4.9a Comparison between theory with virtual stern (Lvs = 3(b/2) and experiment: 
model 5b monohull, Fn=0.785. water deDth=0.4 m Y/L=0.55 

0.02 -Lvs=6(b/2) 

-exp. 

/ R /o — & 
a-001 
5-0.015 

4.02 xfm) 

Fig.4.9b Comparison between theory with virtual stern (Lvs = 6(b/2) and experiment: model 5b monohull, 
Fn=0.785, water depth=0.4 m Y/L=0.55 

Lvs=8(b/2) 

exp. 0.015 

0.005 

3) 

®-0.005 
S 

-0.02 
Fig.4.9o Comparison between theory with virtual stern (Lvs = 8(b/2) and experiment: model 5b monohull, 
Fn=0.785, water depth=0.4 m Y/L=0.55 

143 



0.02 
ro.015 

theory no corn 

Lvs=3(b/2) 

0.005 

<u-0.005 

-0.02 
x(m) 

Fig.4.10 Comparison between theory with no correction and with virtual stern (Lvs=3(b/2) model 5b 
monohull, Fn=0.785, water depth=0.4 m Y/L=0.55 

0.02 Lvs=4.55(b/2) 

x(m) 
Fig.4.11 Comparison between experiment and theory with virtual stern (Lvs=4.55(b/2) model 5b monohull, 
Fn=0.44, water depth=1.85 m 

WL 

TRANSOIVI 

4 a 

3 0 

2 |xi 

10% Lwl 

Fig.4.12 Single Source Correction at 4 different positions 

144 



0.03 

#.0.02 
-0.03 

SS1 SS2 

ss3 ss4 

o 0.01 

x(m) 
Fig.4.13Comparison of theoretical wave cuts using single source correction model 5b monohull, Fn=0.785, 
water deDth=0.4 m Y/L=0.55 

no corr E 0.02 

-0.03 

X(m) 
Fig.4.14 Comparison of wave cuts between single source correction and no correction model 5b monohull, 
Fn=0.714, water depth=1.85 m Y/L=0.77 

0.03 

-0.03 

single source {ss1) 
theory no corr. 
exp. 

o 0.01 

g-0.02 

x(m) 
Fig.4.15 Comparison of wave cuts between single source correction, no correction and experiment: model 5b 
monohull, Fn=0.785, water depth=0.4 m Y/L=0.55 

145 



CLCm4 
(1003 

0.01 

5 0.005 
0 

1 
u § 
I -0.005 

-0.01 

0.004 

0.003 

5b monohull Fn=0.22 d=0.4m Y/L=0.55 exp. 

theory no corr. 

0.002 

0.001 

G —6 -0.001 

S -0.002 

-0.003 

-0.004 x(m^ 

(a) 

5b monohull Fn=0.22 d=0.4m Y/L=0.55 exp. 
single source(100% of Total SS) 

xOm) 

(b) 

5b monohull Fn=0.22 d=0.4m Y/L=0.55 exp. 

single source(25% Total SS) 

0.002 

0.001 

0.001 

0.002 

0.003 

0,004 

(C) 

Fig.4.16 Comparison of wave cuts at low speed: 5b monohull Fn=0.22 H=0.4m Y/L=0.55 

146 



TRANS0IV1 

WL 

X X X X X 

— 
Fig.4.17 Diagram allowing a single trailing line of sources 

15 sources 

10 sources 

5 sources 

_ 0.015 
E 
c oai 
g 0,005 

> 0 

-0.015 x{m)̂  
Fig.4.18a Theoretical wave profiles using a single trailing line of sources: 5b monohull Fn=0.785 H=0.4m Y/L=0.55 

15 sources 

5 sources 

exp. 

x(m)-
Fig.4.18b Comparison of experimental and theoretical wave profiles: 5b monohull Fn=0.785 H=0.4m Y/L=0.55 

15 sources 
5 sources 
single source 

#n)_ 
Fig.4.18c Comparison of theoretical wave profiles using single source and a single line of sources: 5b monohull 
Fn=0.785 H=0.4m Y/L=0.55 

0.0012 

0.001 

0.0008 
S 0.0006 

0.0004 
0.0002 

0 

10 15 
No. of Sources 

Fig.4.19 The effect of number of sources on C^p: 5b 
monohull Fn=0.785 d=0.4m 

147 



00 

Trim 
angle(degree) 

to CO 4̂  ai cn 

Trim 
angle(degree) 

-k r\3 GO ^ Ol O) 

Trim angle(degree) 

ro CO cn o> 

cnmcpcô  
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Figure 5.44a: Model 5b S/L=0.25, Fn=0.5, FnH=0.8 

Figure 5.44b: Model 5b S/L=0.25, Fn=0.5, FnH=1.05 

Figure 5.44c: Model 5b S/L=0.25, Fn=0.5, FnH=1.2 

Figure 5.44d: Model 5b S/L=0.25, Fn=0.5, FnH=1.5 
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Fig.5.50 Three NPL Hull Forms used for example applications 
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Fig.5.51 Diagram of model 5a, 5b, and 5c: effect of clearance under hull 
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