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ABES RACT 

A survey of literature concerning methods of predicting the effect 

of weather on ship speed performance at sea has been made covering the 

following topics: - 

- Added resistance due to regular waves, 

- Wave diffraction, 

- Wave drift force, 

- Added resistance due to irregular waves, 

- Added resistance due to wind, 

- Wind and wave conditions at sea, 

- Involuntary speed loss and power increase for a given 

added resistance, 

- Effect of rough weather on ship speed performance. 

The survey revealed that it is difficult to determine numerically 

the speed loss and power increase due to incl¬ment lather. A principal 

reason for this is that none of the existing theoretical methods available 

for detennining the added wave resistance are convincingly accurate, in 

particular over the range of wavelengths which are short cc ared to the 

length of a ship. 

An approximate method for calculating added resistance due to regular 

wave reflection has been established by the Author. The basic steps of 

the method are as follows: - 

(1) To find a mathenatical model of a ship by making use of the NAG 

subroutine based on a minimax polynomial fit method. 

(2) To evaluate the wave drift force due to very, short waves(i. e. 

When it may be assumed that the incident wave potential is the 
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same as the potential due to body disturbance) for a 

vertical axis cylindrical body having infinite draught, 

and for which the waterline shape is the same as the 

actual ship, using the mathenatical formula obtained at 

1(1)1 and Bessho's formula. 

(3) To correct the result of '(2)' with a correction factor for 

the effect of wave scattering, based on the wave scattering 

coefficient derived by Jones et al. using ideas developed 

in the shady of geometrical optics. 

(4) To correct the result of '(3)' for the effect of finite 

draught considering the orbital motions of water particles. 

(5) To correct the result of '(4)' for the effect of forward 

speed with the correction factor given by jii-Takahashi 

but modified for the case of oblique waves by the Author. 

In order to confirm the applicability of this method, an experimental 

work was carried out by the Author using a Series 60 model with 

oscillations in the 6-degrees of freedan restricted. Particular 

attention was paid to the case of the shorter wavelength range where the 

effect of wave reflection is dcminant cared to the effects of the ship's 

motions (Wave steepness = 10.6 ti 101.0) A/L = 0.23 ti 1.18, Fn = 0.10 ti 0.25). 

Vhen c ci pa ring the measured and the cc uputed resistance due to wave, 

reflection in a head sea, good agreement is shown. 

To modify the results of most conventional methods for added resistance 

due to regular waves, it is assumed that the total resistance increase of 

a ship in regular waves can be approximated by the sum of the resistance 

due to wave reflection and the resistance due to the ship's motions. 

Modifications of results determined by Gerritsma's method and by I o's 
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method were made using the Author's routine. The modified results were 

compared with results using Fujii-Takahashi 's method, that of Gerritsma, 

and that of Maruo as well as with some experimental data measured by 

Strom-Tejsen et al., van Sluijs et al., Loukakis, Shintani, and Fujii 

et al. for Series 60 and tanker forms in head and oblique regular waves. 

Fran the comparisons, the Author concludes that his method of determining 

added resistance due to regular waves provides a good approximation for 

practical purposes, bearing in mind, however, that an increased error may 

be found with longer wavelengths and higher speeds in the range Fn > 0.25. 

Using the Author's method and the linear superpositiari technique, 

added resistance due to irregular waves was calculated for a Series 60 

model in several experimental spectra used by Sibul. The ccoputed 

results were canpared with the model data measured by Sibul in irregular 

waves. The comparison reveals that the results of the Author's method 

agree well with the measured data. 

A cemparison was made by the Author to find differences between the 

results of added wind resistance calculated using methods due to 

Isherwood, van Berlekan, Aage, Wilson et al., Tsuji et al., Wagner, 

Gould, and Shearer et al.. The mean difference between the results of 

Isherwood's method and the others quoted above was 7% for a given relative 

wind speed for a tanker in head winds where the added wind resistance may 

be larger than that for oblique winds. 

Using the follcwirg routines :- 

- the Author's for added wave resistance, 

- van Berlekan's for wind resistance, 

- van Berlekan's for speed loss and power increase due to a given 

added resistance. 
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and using the I. T. T. C. standard spectrum and particular sea conditions, 

various effects of weather on ship speed performance at sea were investi- 

gated. The following topics were covered: - 

- Effect of weather intensity and ship type on added wave 

resistance (Tanker, Containership), and comparison of the 

result with full scale data (Tanker). 

- Caparison of the result of the Author's method with those 

based on experimental data for the thrust increase due to 

waves (Tanker). 

- Effect of ship size, ship type, and weather intensity on the 

ratio of added wave resistance to the total added resistance 

(Tanker, Containerstrip, Passenger liner). 

- Comparison of the results of the Author's method with full 

scale data for speed loss (Ore carrier). 

- Effects of ship speed and draught on power increase in certain 

cases (Tanker). 

- Effect of weather intensity on the additional energy expenditure 

per nautical mile (Tanker). 

- Canparison of the result of van Berlekan's formula for speed 

loss due to a given added resistance with the result of Townsin's 

empirical foi hula based on full scale data (Tanker). 

- Establishing approximate formulae (the Townsin/Kwon formulae) 

for speed loss due to the effect of head wind and waves (Tanker, 

Container-ship). 

- Comparison of the relative effects of weather and hull roughness 

on power increase and speed loss (Tanker). 
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To conclude, the Author considers that the thesis provides an improved 

understanding of the effect of weather on ship speed perfozmance, particularly 

in short sea waves. The Author expects that his work will facilitate the 

following: - 

- Analysis of sea trial data. 

- Improved estimation of service power margins. 

- Accurate determination of optimum speed for fuel economy etc.. 

This thesis is based on research done by the Author as a member of the 

Ship Performance Group in the Department of Naval Architecture and 

Shipbuilding of the University of Newcastle-upon-Tyne in England, under the 

supervision of Dr. R. L. Townsin. 
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PARE I. QENE M IN ROUJGTICr, 

I. 1 Causes of Delay the to Weather. 

1.2 The Purpose of Determining Weather Effect 

an Ship Speed Performance at Sea. 

1.3 Outline of Each Part of The Thesis. 
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1.1. Causes of Delay due to Weather 

Delay of a ship's passage is generally classified in two parts, 

namely, involuntary speed loss (or naninal speed loss) and voluntary 

speed loss. The weather causes of these speed losses may broadly be 

described as the effects of wind and waves. The effects of wind and 

waves for speed losses may be subdivided as follows: - 

(A) Involuntary speed loss 

(i) Direct effect 

- Wave added resistance 

- Wind resistance 

(ii) Induced effect 

- Yawing resistance 

- Rudder resistance 

- Drifting resistance 

- Reduced propulsive efficiency 

(B) Voluntary speed loss due to deliberate redaction in revolutions 

(i) Direct effect 

- Shipping of green water 

- Slarar, 3ng 

- High acceleration 

- Bad visibility 

(ii) Induced effect 

- Structural damage and collapse 

- Shaft and engine trouble, due to propeller racing 

- Danger of capsizing or sinking due to the less of 

transverse stability 
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Drift, collision and running aground due to the 

loss of manuoeuvrability 

Sea sickness of the crew and passengers 

- Risk of cargo shifting 

- Huh costs of operating, due to the increase in 

fuel constmipticti. 

Townsin (1976,19784 established the relative importance of various 

delays on passage for merchant ships. Townsin, using a statistical 

analysis of voyage data, produced results for percentage speed loss and 

structural damage, and costs of damage, arising fron all causes. Examples 

of Townsin's results are taken to show the relative importance of weather 

effects compared to other effects in Fig. 1 (for V. L. C. C. ) and Fig. 2 

(for containership). For the case of a containership, Townsin assumed 

the speed loss due to bottom deterioration to be the same for each ship, 

since no monitoring systen was in use and power figures were not available. 

Townsin also assumed that the six containerships at the beginning of the 

analysis were all in a clean new condition. For the case of the V. L. C. C. s, 

Townsin worked out the speed loss due to bot tan deterioration from the 

seven ship's data averaged over the seven ships. The analysis period was 

assumed to be one year after the last docking at the beginning of which the 

V. L. C. C. s were assumed to be new and clean. 

As can be seen from Fig. 1 and 2 the effect of weather is minor 

canpared to the effects of bottan roughening and fouling. Improving 

bottan condition is much easier than improving weather conditions! It is 

possible to calculate the profitable investment in bottan maintenance, e. g., 

by Tvwnsin et als method (1980a, 1980b). Thus great suns are invested 

nowadays in reconditioning outer bottcns but not much is spent minimizing 
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the delay due to weather, although the problem of weather effect on ship 

speed performance at sea is also important as described in the following 

section, 1.2. In figures 33-a (power increase) and 33-b (speed loss) 

of Part IV of this thesis, the results of speed loss and power increase 

due to weather are canpared with those due to hull roughness for a tanker. 
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time lost 
voluntarily, 
all causes. 

weather 

roughening and initial 
deteriöration only 

t ime 
lost 
involuntarily, 
all causes 

Fig. 1. Apportionment of lost time for seven 
V. L. C. C. s (Townsin (19784) 

distance lost 
voluntarily, 
all causes 

weather 

rough 
foult 

distance 
lost involunt 
all causes. 

Fig. 2. Apportionment of lost distance for 
six containerships (Townsin (1.976,1978a)) 
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1.2. The Purpose of Determining Weather Effect on Ship Speed 

Performance at Sea. 

There are a nunber of reasons for deternining speed loss or power 

increase due to weather at sea, for ex«np1e: 

(i) To analyse sea trial data: 

The Seakeeping Czmiittee of the 16th I. T. T. C. (1981) 

has listed the following purposes of measured mile trials: - 

a) To fulfil contractual obligations between builders 

and owners relating to speed, power and fuel 

consmption; 

b) To obtain perfornance data on full sized ships for 

use in future design; 

c) To determine the relationship between ship's speed 

and propeller rate of rotation for use by the ship 

as an aid to navigation after wing any necessary 

corrections which may be established in service; 

d) To obtain ship model correlation allowances for 

different types of ships and different hull surface 

ccditions in order to improve the prediction of 

ship powers fran the results of model tests. 

To achieve the above purposes, the sea trial data should 

be corrected for the effects of wind, wave, current, hull 

roughness, and water temperature when analysing the data. 

For example, it is generally recommended that all results are 

reduced to a ca n basis of performance in still air 
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conditions, for design purposes (e. g. I. T. T. C. (1981)). 

For such analysis, codes of procedure have been presented by 

various organisations, e. g., I. I. T. C. (1963), S. N. A. M. E. (1976) 

and B. S. R. A. (1978). In most codes, however, it is assured 

that the effect of waves can either be neglected, determined 

from available data or calculated theoretically, since data 

on the added resistance in waves is sparse (I. T. T. C. (1981)). 

The importance of wave effect on sea trial analysis has 

recently been realised by several researchers, e. g., Takahashi 

et al. (1977), Laredo et al. (1977), and I. T. T. C. (1978,1981). 

For example, the 16th I. T. T. C. Performance Ccamittee (1981) 

has pointed out that although wave diffraction (reflection) 

does have a significant effect on added'resistance in waves 

and thus on trial speeds, especially for large ships with 

blunt bows, to date the systematic work recam ended in this 

area by the 15th I. T. T. C. Performance Committee (1978) has 

not been followed up. 

(ii) To improve estimation of service power margins: 

As menticned by the 16th I. T. T. C. Performance C amittee 

(1981), research organisations are increasingly being asked to 

give advice on the service margin by many ship owners although 

they frequently have their own empirical methods of estimating 

the service margin. Of particular importance is the 

prediction of the service margin required for the increase in 

power over and above the trial prediction necessary for the 

ship to maintain speed under service conditions (I. T. T. C. (1981)). 
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In general, the service margins are deduced Fran an 

analysis of log book data. Many systans have been devised 

to collect data at sea and analyse it (e. g., Townsin et al. 

(1975a & b, 1980b)). It is, however, usually considered that the 

accuracy of the service margins determined by analysing log 

book data is poor because of the unreliability of the data 

(See, e. g., Aertssen (1969), Townsin et al. (198(x, I. T. T. C. 

(1981)). The data obtained from log book or by measursnents 

are also biased to particular conditions, i. e. too fair or 

rough weather, from the point of view of an analysis of the 

service margin (See, e. g. Whyte (1973), Townsin et al. (1975b), 

I. T. T. C. (1981)). Frequently the service margin is generally 

overestimated (See, e. g., Ferdinande (1978), I. T. T. C. (1981)). 

In order to improve the conventional service margins it 

is clear that two aspects are of major importance, as pointed 

out by the 16th Performance Committee (1981),: 

- the effects of waves, 

- hull deterioration and fouling. 

One of the main reasons for determining the effect of weather 

on ship speed perfonnance is the first point quoted above. 

To solve the second problem quoted above, the work of the Ship 

Performance Group at the University of Ne*castle-upon-Tyne 

should be referred to (e. g. Townsin et al. (1975b, 1978b, 1980a, 

1981), Woodhead (1974)). 
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(iii) To determine accurate optimum speed for fuel econcmy: 

As noted recently by several researchers, e. g., 

Townsin et al. (1980b) and Logan et al. (1980), design 

speeds nowadays give much less indication of actual operational 

speeds which later vary with economic circumstances and often. 

seen to be based on little more than a shrewd guess. With 

fuel now becoming the major budget item in operating costs and 

maintenance fast increasing, it is necessary to establish a 

more accurate and precise means of determining the losses as 

they occur rather than historical methods such as all-in fuel 

consumption and log abstract analysis (Iogan et al. (1980)). 

When calculating optinun speeds, speed/power curves for 

various weather intensities are required together with ones for 

various bottan conditions. 

(iv) To improve perfornnance descriptions in connection with charter 

party conditions: 

Zbwnsin et al. (1980b) have pointed out that at present 

charter parties are left sorrewhat vague since failure in 

performance is difficult to prove. They go on to note that 

litigation is expensive and speed and power descriptions with 

more technical precision might be in everyone's interests. 

It is considered that a better understanding of, speed and 

power in service may be useful for improved descriptions of 

performance in connection with charter party conditions. 
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1.3. Outline of Each Part of This Thesis. 

The main contents of each part of this thesis are as follows: - 

(1) Part I 

- Introduction of the weather effect on ship speed performance 

at sea. 

(2) Part II 

-A literature survey of usual methods of predicting the effect 

of weather on ship speed performance at sea covering the 

topics s narised in the Abstract of this thesis, excluding 

the topics of wave diffraction and wave drift force 

(covered in Part III). 

- Establishing a method from the above survey, partly using 

the Author's method developed in Part III. 

(3) Part III 

-A literature survey covering the topics of wave diffraction, 

wave drift force, and added resistance due to regular wave 

reflection. 

- Developing the Author's method for determining numerically 

the added resistance due to regular wave reflection. 

- The Author's experimental work for the added resistance due 

to regular wave reflection. 

- Modifying conventional methods for calculating added resist- 

ance due to regular waves, using the Author's method. 
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(4) Part IV 

Using the method established in Part II and the results 

of the Ship Performance Group in the University of Newcastle- 

upon-Tyne for hull roughness, 

- Investigating various effects of weather on ship speed 

performance at-sea, for the topics described in the 

Abstract of this thesis. 

-A ccmparison of the relative effects of weather and hull 

roughness on power increase and speed loss for an L-class 

tanker. 
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II. 1. INT UCrION 

The resistance and speed loss of ships will be considered only in as 

much as they are affected by wind and waves. In order to solve this 

problem, the pioneering work was started by Kent by means of watching ships 

at sea and of testing models, about 60 years ago. The results of Kent's 

work were slumled up in the book, "Ships in Rough Water" (1958) which has 

been referred to by ship designers, as well as shipping agents, and researchers 

considering the problems involved. Kempf (1935,1936) also presented a 

thorough treatment of this subject. The data given by these investigators 

applies only to ships built between 1913 and 1934. The primary objective 

of investigations was the loss of speed due to weather when using full engine 

power. Nowadays of course there is also much concern to keep operating 

costs low (See, e. g., Townsin (1978a)). In 1938, Macdonald and Telfer gave 

a general review of seakindliness of ships, which was based on seagoing 

experience. Möckel (1944) summarised the results of observations at sea 

collected by Kent (1936,1937) and by the "Sammelstelle für Fahrtergebnisse 

der Hamburgischen Shiffbau - Versuchsanstalt". Lewis (1955a) classified 

the influence of heavy weather on the reduction of speed into two parts, 

namely, the effect for involuntary speed loss and the one for voluntary 

speed loss. Furthermore, clarification of the relationship between a 

ship's propulsion and its behaviour in heavy head seas was furnished by the 

semi-theoretical investigation of Lewis (1955b). The relationship between 

ship's power and weather effect was also given by Bonebakker (1954), 

Clements (1956-57), and Telfer in the discussion of the Clements' paper, 

by analysing voyage data and mrxdel experiments. In connection with the 

effect of weather on ship's performance, the work achieved by Äertssen 

(1955,1957a, 1957b, 1963,1964,1967,1968a, 1969,1970,1972,1973,1975 ) 
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should be referred to. Also, Hire references for the results presented 

up to about 1960 can be found in the books written by Korvin-Kroukovsky 

(1961) and by Vosers (1962). Scxrie more results and references related 

to this subject are surveyed in the following sections of this thesis. 

It is tacitly understood that mast previous works have been achieved 

by means of observation on board ships at sea or by model tests. It is 

very difficult to derive general solutions for this problan from the 

measured data since the phenomena of weather is so random. For example, 

it is well known that the added resistance due to irregular waves, 

produced by experimental work, may be applicable only to the sea spectrum 

in which the experiment is carried out (See, e. g., Strom-Tejsen (1973)). 

Of course, as discussed recently by Daizell and Kim (1979), it might be 

possible to arrive at a mean response curve for the added resistance due 

to irregular waves by means of cross-bi-spectral analysis. Dalzell and 

Kim, however, concluded that they could not confirm the actual level of 
>-AU . 

accuracy of their analytical method because of the scantiness of experi- 

mental data containing fewer caveats. Here, it should be also stressed 

that the speed performance of ships in service' e continuously monitored 

and that this should be associated with the monitoring of plant perform- 

ance, using a monitoring system established by several researchers, for 

examples Zbwnsin et al. (1975a, 1975b, 1980b) and Logan et. al. (1980). 

One more point to consider for the data obtained from ships in service 

or measured by mödel tests, is that in general, the measured data 

barely covers all the regions which might be necessary to produce a 

general solution to this problem. Consequently,. it is considered that- 

a theoretical method may be helpful to investigate the effect of weather 

on ship speed performnce at sea. Nevertheless, none of the existing 
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canputation methods available for this subject are convincingly accurate 

(See, e. g. proceeding of I. T. T. C. (1978) Lindenarm et. al. (1980)). For 

these reasons, score attar is have been made, by the Author, to develop a 

computation method for determining the weather effect on ship speed 

performance, albeit still relying on some approximations. 

In 11.2.2, a survey of literature of the existing theoretical methods 

available for evaluating the added resistance due to regular waves, -is 

made. The disadvantages of those methods are also discussed. 

The literature concerning the available theoretical methods to 

determine the added resistance in irregular waves is reviewed in 11.2.3. 

In this section, the added resistance due to irregular waves, Rte, for 

a Series 60 model are conputed using the added resistance due to regular 

waves, R, pAW, and by means of the spectrun method. . The R, UW are calculated 

by the Author's approximate method which is developed in Part III of 

this thesis. Also, the c orrputed R are canpared with the ones measured AIW 

by Sibul (1969) covering several experimental spectra. 

In 11.3., a review of the literatures covering added wind resistance 

is made. Also, the differences between the results obtained by eight 

kinds of analytical methods are shown for a tanker in head wind. 

Wind and wave conditions at sea are dealt with in II. 4. Some 

efforts are also made to study the relationship between wind speed and 

wave height at sea. 

The prediction methods of involuntary speed loss and of power increase 

are dealt with in 11.5 

The effect of rough weather on ship speed perfoi ance is studied in 11.6. 



22 

11.2. ADDED RESISTANCE tUE ZU WAVES. 

11.2.1. General 

Aertssen (1957a) has suggested that the speed of a ship 

at sea must be considered under two conditions: 

(a) In a moderate sea in which ship motions are not critical 

and the speed loss is determined by the power increase due to 

weather. 

(b) In a rough sea in which the violence of ship motions 

limits the speed which can be maintained safely. 

The resistance of a ship in a moderate sea is further 

subdivided, by Korvin Knmukovsky (1961), into: 

(1) Waves so short that there is no appreciable ship's 

oscillation and the resistance is caused by waves themselves 

in the absence of ship's notions. 

(a) Longer waves in which there is appreciable ship's 

oscillations. The resistance in this case is only partially 

the to waves themselves and it is caused to a large extent by 

the ship's motions, mainly heaving and pitching. 

The added wave resistance in the first case, outlined in 

the previous paragraph, is appropriately called "added resist- 

ance due to wave reflection, RAI ". Fran the practical point 

of view, the RAIM of large ships, particularly of large full 

ships, may be very important since the length of the encounter 

wave in a seaway becanes shorter with increasing ship length 

as shown in III. 1. of this thesis. Nevertheless, most 
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conventional methods for calculating added resistance in waves 

were developed to consider only the second case of Korvin- 

Kroukovsky's division, as discussed in the following section 

11.2.2. (See also, e. g., Fujii et. al. (1975), Nakamura et al. 

(1977), Takahashi et al. (1977), the Performance Ccamittee of 

I. T. T. C. (1978), Lindanann et al. (1980)). 

An attempt has been made, by the Author, to establish an 

approximate method to calculate the added wave resistance for 

the first case of Korvin-Kroukovsky's classification (1961) in 

Part III of this thesis. The total added resistance due to 

regular waves, I, AW, is obtained approximately by the sun of the 

resistance due to wave reflection and the one due to ship's 

moticais in the Part III. 

If the added resistance in regular waves is known, the mean 

added resistance in irregular sea can be calculated using the 

Spectral method. In the theoretical calculation it is assumed 

that the added wave resistance increases as the second power of 

the wave height (See, e. g., Maruo (1957b, 1957c, 1957d, 1960b)). 

To use the prediction technique in combination with the resist- 

ance in regular waves, it is necessary to investigate how well 

experimental results agree with the wave height square 

assumption. For the case of total added wave resistance in 

waves, excluding very short wave length range, say, X/L > 0.5, 

this has been done by numerous investigators, e. g., Sibul 

(1959,1961,1964,1971b), Gerritsma (1961,1972b), Wahab and 

Moss (1971), Yeh et al. (1973), and Strom-Tejsen et al. (1973). 
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For the case of added resistance due to wave reflection, 

particularly in the short wave length range, 0.2 < X/L < 1.2, 

the validity of the assumption is also examined by the Author 

in 111.6. of this thesis. Fran the results obtained by 

these investigators, it may be considered that: 

For the cases of both the total added wave resistance and 

the resistance due to wave reflection in regular waves of 

approximately 1: 2 " 1: 60 steepness, the error the to the 

assumption may not be very serious for an average cargo ship 

over all the wave length range and for speeds corresponding 

to Froude numbers between 0.10 and 0.20. A larger error may 

be expected when the ship has a small block coefficient, as 

well as for higher speed, and higher steepness. For practical 

purposes, most researchers, e. g. Gerritsna (1961,1972b) and 

Strap-Tejsen et al. (1973) have concluded that the error fran 

use of the assumption, including the cases of small block 

coefficient as well as higher speed, is not significant. 

11.2.2. Added Resistance due to Regular Waves. 

11.2.2.1. Literature Review 

There have been many attempts to predict numerically 

the resistance increase of a ship in regular waves. None 

of these attempts, however, are convincingly accurate, the 

main reason being the nonlinear and thus scmewhat oonplicated 

nature of the problem. 
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The first case of xorvin-Kroukovsky's classification 

(1961) for RTAW outlined in the previous section, bas been 

investigated by Kreitner (1939), Havelock (1940) Bessho (1958a&l 

ijii and Takahasi (1975), and the Author in Part III of this 

thesis. More details about these methods are presented in 

Part III. 

Most attenpts for theoretically determining 1TAW have 

considered the second case of Korvin-Kroukosky's classific- 

ation. 

The pioneering work was done by Havelock (1942. ) 

considering only those wave iressures caused by pitching and 

heaving, Havelock arrived at the expression for the mean 

background force. 

RTAW Z sinßl +2P0 sinß2 

where 

RTAW Total added wave resistance in regular waves, 

k Wave number, 

H, P Amplitudes of the buoyancy and pitching manent, 

Z, A: Amplitudes of the forced heave and pitch, 

ßI, ß2: Phase lag between the ship's heave and pitch, 

and the waves. 

In 1947, Haskind pointed out that the total added 

resistance might be defined as the sum of independent 

cc aients corresponding to waves generated by a forced 

periodic motion of a forward moving ship in still water 

and the diffracted waves generated by interaction between 
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the oncoming waves and a non-oscillating forward moving 

ship. Most theoretical methods have been developed to 

consider only the first coonent using "Haskind relations". 

Later, Haskind (1957,1959) used the momentum theorem to 

derive a general expression for. both the instantaneous 

and the average force acting upon a ship moving through 

regular waves. An inviscid fluid and irrotaticnal 

flow was assumed. The general expression was simplified 

by linearizing the free-surface boundary condition and by 

expressing the velocity potential as a sum of a diffraction 

potential, a source - distribution potential, and a 

potential harmonic in the lower half-space. The average 

resistance appeared as a sum of two terms, one associated 

with the first potential, the other with the third. His 

formulae were expressed in te1n of Kochin H- function. 

(See, Kochin et al. (1964)). The H- function depends 

on the frequency and the body's form. It is expressed as 

a double integral taken over the surface of the body. In 

the case of diffraction of regular progressive wave systems, 

Haskind expressed the exciting forces and mcments, the 

damping coefficient, and the estimated wetting of ships 

also in terms of the asy. nptotic characteristics of the 

ship's radiation functions. The radiation functions 

characterized the wave radiation in a fluid only due to 

forced oscillations of the ship with unit velocity 

amplitude in calm water. Newman (1965) extended the 

Haskind relationships to consider the effect of constant 

forward speed for the case of a submerged ellipsoid, 
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scinetimes referred to as the F., askind - New= relatics". 

These relationships have been applied in most theoretical 

methods for the added resistance due to regular waves. 

Hanaoka (1956,1957) investigated the resistance 

increase in waves. He considered the case that a ship 

was moving in a calm sea with a uniionn velocity but making 

heaving and pitching motions under the excitation of sane 

external mechanise such as an oscillator. 

Making essentially the same assumptions as Haskind and 

Newman, Maruo (1957a) developed a theoretical method to 

calculate the RrAW. He defined the velocity potential of 

the fluid motion caused by the body moving under regular 

waves as follows: 

0=ýw+Os+fie, 

where 

ý'w : Velocity potential of the regular waves, 

ýs : Velocity potential of the singularities assumed 

on the surface of the body, 

0e : Disturbance of the wave surface due to the 

singularities. 

In order to obtain ýS and 0e, he evaluated the heaving 

and pitching motions theoretically and represented the 

oscillation of the ship by the deviation of the centre of 

gravity from the mean position and an angle of rotation. 

He assured the density of the source distribution was 

proportional to the width of the load waterline to 
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calculate RTAW. Furthermore, the surface distribution 

was replaced by a line distribution located in the centre 

plane of the ship, assuming the slenderness of the ship. 

In 1963, MMaruo also used the equations for conservation of 

energy to derive a theoretical method for added wave 

resistance. Maruo expressed the added wave resistance by 

the form: 
2 B2 

RTAW - Yv PgýaL 

and Kw " of 'this formula is taken by the form: 

Kw - Dis ýö + D22 p% + D12 ýo coSißi-ß2)+D13ý0 CCS$i 

+ D2 3ýÖ cosß2 + D3 3 

where 

to = Z/ýa, 

z: amplitude of heave, 

@ amplitude of pitch, 

wave mplitude, 

maximun wave slope; 

ß phase lag, 

D. -, s are coefficients which may be canputed analytically 13 
for a given ship form. Subscript "1" means heaving, 

11211 pitching, and "3" diffraction. 

Maruo's method is considered to be the most frequently 

quoted (See, e. g., Wang (1965), Sibul (1967), Beck (1969) 

Loukakis (1970), Braun et al. (1973)). 

By means of the variety of the distribution of the 
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singularity for a ship, Marco's method was modified by 

several researchers. For example, Nakamura and Shintani 

(1965) modified MMaruo's method by taking into account 

the effect of forward speed on the vertical velocity of 

ship sections using the conception of strip theory. In 

1971, Takaki and Hosoda developed a method for calculating 

the added wave resistance in regular oblique waves, based 

on Maruo's method. Takaki et. al. used the conception of 

strip method to obtain the velocity potential of fluid 

motion around the ship's hull. In 1973, Hosoda studied 

added resistance in oblique sea by means of the modified 

Maruo method (Takaki et al. (1971)) and by experimental 

work. From the comparison of measured and computed added 

resistance in oblique waves, Hosoda (1973) concluded that 

the effect of lateral motions on the added resistance in 

oblique waves was almost negligible. 

Joosen (1966) derived an expression for the added 

resistance in waves modifying Marco's method (1960c)for drift 

force. Kochin function of Marco's expression, formula 

(111-5), was simplified by Joosen, using the assumption 

of a slender-body. Joosen considered only the first 

order terns. In order to consider the effect of ship 

speed, he used the frequency of encounter. Strip theory 

was used to obtain the motion amplitudes and damping 

coefficients and hence the relative vertical motion of ship 

with respect to the water was taken into account at each 

section. His final expressions are equivalent to 
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Havelock's (1942) except for the inclusion of a wave- 

motion coupling team. Joosen's formula for the added 

wave resistance may be expressed by the form: 

3 

RTAW 
= Zg (bz Z2 + be 82 

where, 

We : encountering frequency, 

bZ, be :- damping coefficients of heave and of pitch, 

respectively. 
By means of strip theory, Joosai arrived at the expression 

for the added resistance in regular head waves 

TAW L2 Za )2PI 
+ 

L'ý ea-ý2 
P3 

pg Ca (B /L)B >2 2ltra 

ae z 21rL a) r 
-2) P 2. COS 

where 
3 

Pi pg2L pQ bý 

2w 
e3 P2 = pg2L 

pV (e + E')p 

2w 3 
PV ý 

ý-- ý-4 B' : P3 pg2L 'V L 

Heave displacement, Z=Z. cos wet 

Pitch displacement, 6= ea cos (Wet + ¬), 

and the damping coefficients were given as follows: 

1 b bndý, 
we L 

e+ E" =w o- 
Iýbn 

e 

fi 
n 77e LLbd 
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where 

V: volume of displacement, 

bn : sectional damping coefficient, 

: nondimensional longitudinal co-ordinate; = 2x/L. 

The Joosen's formula is valid primarily for the non- 

dimensional frequency parameter wee/2g = 1.0 

In 1971, Wahab expressed pi, p2 and p3 of Joosen's 

fozmula using a different strip theory fran Joosen's. 

If coefficients b, B', e, E' of Wahab's expressions are 

obtained by means of Tasai and Takaki's strip theory (1969), 

Wahab's expressions are in accord with those of Joosen. 

Meanings of those coefficients, b, B', e, E' may be found 

in equations of heave and pitch. Considering the 

following forces: 

(a) inertia force; m and Iy " 

(b) hydrodynamic force due to added mass; a"z and A' " 6, 

(c) hydrodynamic force due to damping; (b+ý)z and (B+Ä)8, 

(d) hydrostatic restoring force; c "z and C'"9, 

these equations of heave and pitch motions can be usually 

expressed as follows, respectively, (See, e. g. Author (1970)): 

(m+ a)z + bz + cz + dÄ + eÄ + gO =F 

and 

(Iy+A')O+B'9+C'A+D'z+EZ+GZ=M 

where 

m, Iy : mass of ship and mannt of inertia, 

a, A' : coefficients of added mass and of added mass 

mm-jent of inertia, 
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c, C' : coefficients of hydrostatic restoring force and 

hydrostatic restoring moment, 

d, D' : mass coupling coefficients, 

e, E' : cross coupling coefficients for damping, 

g, G' : cross coupling coefficients for hydrostatic 

restoring force, 

F, M: exciting force and mcment. 

Boese (1970) derived a formula for added resistance 

integrating pressure forces over the wetted surface of the 

ship. His approach is similar to the original work of 

Havelock, but including a more sophisticated consideration 

of the motion data. Boese employed transverse strip 

theory to determine the pressure and hence the interaction 

effects between the strips were neglected. Boese also 

neglected the quadratic velocity term in Bernoullis equation 

(Refer to Appendix II), although this term is very important 

for the added resistance due to wave reflection. Boese 

divided the pressure forces acting on a ship into two parts. 

The first part the fluctuating force caused by the wave 

field (P1) and the second part the heaving and pitching 

motions ccr. sisting of the integral of the pressure forces 

over a fixed surface (P2), i. e. integration to the static 

waterline. This limited integration was justified on the 

grounds that the first order effects dominated in motion 

remises. Boese derived his formula only for the case of 

head waves. Boese's final fours were expressed by the form: 
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AW= - (P1 -P2) 

where, 

Z 

P1 
mw e (Z1} g ei)ei + (Z2 + X9 02)62 

2 

P2 =2I( Sie + S22) dY/dx dx, 
41 N1 + (dY/dX) 2 

P1, P2 : pressure forces acting on a ship, 

m: mass of a ship, 

Xg : distance between the centre of gravity of a 

ship and the origin of co-ordinate, 

Z, B, S : complex expressions of heave, pitch, and 

relative water level. 

Gerritma and Beukleman (1972a, 1972b) developed a 

method for this problen regarding the added resistance as 

a" result of the radiated damping waves. In order to 

consider the effect of ship speed, circular frequency of 

wave was replaced by circular frequency of wave encounter 

and the vertical velocities at each transverse section were 

considered by means of strip theory. Motions were limited 

to heave and pitch, and there was no asymnetric modification 

of the wave field by the hull. Considering the added work 

of the ship to be proportional to the radiated energy, they 

arrived at the expression for the added wave resistance 

pk (b -v3 an) v2 dx, 
A`V = 2we Ln ax ; 

there 

bn : sectional damping coefficients, 
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al : sectional added mass coefficients, 

v: ship's forward speed, 

v: vertical relative velocity at each transverse 

sections. 

Coefficients an and n in this formula were determined by 

mans of their strip theory developed in 1967. Their 

method is valid only for head waves because of the assumption 

of symmetry of all physical processes. Later, Gerritsna and 

Journee (1978) generalized this method to consider an oblique 

sea, assuring the contribution of lateral motions to added 

resistance to be almost negligible. In spite of the lack of 

theoretical rigorousness, Gerritsma and Beukelman's method 

has became popular, especially with its simplicity in 

numerical wok (See, e. g., Street--Te j sen et al. (1973)). 

The main disadvantages of this method are the errors due to 

the assumptions of the strip theory used. A ship form is 

replaced by a long slender body and hence the longitudinal 

boundary condition of this problem is neglected. All 

physical properties are considered only at each transverse 

section neglecting the interaction effect between the strips, 

and the geometrical variations of ships should not be abrupt 

in the longitudinal direction. The most daninant troubles 

take the rises from the effect of ship's blunt ends, e. g., 

reflection force at a blunt bow, and the effect of ship's 

forward-speed. Very low forward speed is one of the 

fundamental assumptions of strip theory. 
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In 1974, Salvessen made an attempt to determine added 

wave resistance by means of potential flow solution. 

Newman (1974) assumed that the body is a 'weak scatter' to 

obtain the second-order slowly varying force on a submerged 

slender body moving beneath an irregular wave system. 

Following Newnan's assumption and hence assuming the 

potential due to body disturbance is much smaller than the 

incident wave potential, Salvessen neglected quadratic terms 

of potential in the equation of hydrodynamic force. By means 

of this assumption, Salvessen expressed second-order steady 

state force with first-order quantities. From this steady 

state force, Salvessen obtained added wave resistance for 

head waves in the form: 

BTA'"=E (F, +FD)+F7 
3=3, s 

where 

FI : steady state force component for Froude-Krilov 

part of the exciting force (j = 3,5 refer to 

heave and pitch, respectively), 

steady state force carponent for diffraction part 

of exciting force, 

F7, . steady state force canponent for diffraction due 

to incident waves. 

In order to make the calculations for added wave resistance 

workable, Salvessen considered that F3 is much larger than 

Eý or F7 according to the assumption of a slender body. 

Furtherrmre, all those forces are evaluated at each transverse 

section of the ship by use of strip theory. As shown in 
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Salvessen's fo=ula, he attentped to involve the effect 

of incident wave diffraction. Due to the assumption of 

strip theory, however, Salvessen neglected the interaction 

effect between neighbouring sections and the strength of the 

singularity was taken to be proportional only to the vertical 

velocity of the ship relative to the wave. Accordingly a 

considerable amount of reflection force due to on coming 

waves was excluded in his calculation. Using the assumptions 

of 'weak scatter' Salvessen also ignored the mean force due 

to the body potentials interacting with itself. In 1976, 

Lin et, al. made a further contribution to this point. It 

appeared however that their method was not applicable to the 

problem of conventional ships because of the couplexity of 

their force equation. 

Faltinsen et al. (1981) recently studied this problem 

using a pressure integration method. Their approach is 

similar to the work of Boese (1970) but includes the 

quadratic velocity term in Bernoullis equation, and uses 

pressure on the average position of the ship instead of using 

the pressure on the instantaneous position of the wetted 

surface of the ship. In order to use pressure on the aver- 

age position of the ship, they employed two rectangular 

Cartesian co-ordinate systems. One was fixed to the ship 

and the other fixed with respect to the mean position of the 

oscillating ship. They Employed Salvessen et al. 's (1970) 

strip theory to evaluate the wave induced motion. They 

realised that the diffraction problem is difficult to solve, 
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in particular in the low wave length range. In connection 

with the diffraction problem, they calculated added wave 

resistance by two different methods. One is what they called 

the "relative motion method" for the case of large wave- 

length. In this method, the diffraction potential was 

expressed with the motions of forced heave and sway, and hence 

the diffraction force due to incident waves was virtually 

neglected. A second method was that of SkjOrdal and 

Faltinsen (1980) for the case of shorter wave-length, and was 

called the "diffraction method". In order to determine the 

diffraction potential, however, Skjordal et al. (1980) 

assumed the ship was a long slender body in addition to the 

assertion of linearized waves in an ideal fluid. Due to the 

assumption of a long slender body, longitudinal boundary condit- 

ion was neglected. For example, the normal vector canponent 

of longitudinal direction was assumed to be of very small value. 

Skjordal et al. 's solution was not valid at the bow because 

of the appearance of singularity there. They considered the 

first-order term only of the equation of diffraction potential 

to overcame the singularity at the bow as Maruo and Sasaki 

(1974) did. Using the matched asymptotic expansion technique 

Skjordal et al. performed the matching with all the terms of 

diffraction potential at the same time, instead of matching 

first with the lowest-order tens. For this reason it appeared 

that Faltinsen et al. 's diffraction method hardly considered 

the reflection force at the ship's ends, e. g., at the bow, 

which is of sane consequence when considering the added 

resistance due to wave reflection. This disadvantage of their 
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method was verified by the results of their calculations. 

The difference between the calculation results of 

Faltinsen et al. 's relative motion method and of their 

diffraction method appeared to be negligible over the 

shorter wave-length range where the effect of wave reflect- 

ion is significant. - Moreover, it appeared that over the 

shorter wave-length range the results of both Faltinsen 

et al. 's relative motion method and diffraction method were 

similar to those of Gerritsma and Beukelman's (1972b) for 

added wave resistances of Series 60 models. Faltinsen et. al. 

also considered the case of a container hull form but the 

agreement, between the result computed by Faltinsen et al. 's 

method and the data measured by Fujii and Nakamure, appeared 

to be worse than Gerritsma and Beukelman's method. ` Another 

disadvantage of Skjordal and Faltinsen's method for the 

diffraction problem is that their method is only applicable 

in a head sea. Faltinsen et al. (1981) derived yet another 

method to calculate added wave resistance in asymptotic low 

wavelength case. To establish this method, they assumed a 

ship to be a stationary, vertical, infinitely long cylinder 

and used the idea developed in the study of limit geometrical 

optics. These assumptions are similar to the Author's (1980a), 

however there are significant differences. Faltinsen et al. 

assumed the ship's hull to be an infinitely long vertical 

plane wall and considered the average force per unit breadth 

to find added resistance assuming the infinite draught of the 

ship. They ass mied the scattering coefficient to be 2, i. e., 

= 4I, and hence considered only a limited case, i. e. 
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ka. + -, 'k' being the incident wave number and 'a' the 

dimension of the body's cross-section. They did not have 

a correction factor for finite draught nor did they consider 

the effect of wave scattering. The Author, however, has 

tried to consider these effects (See Author (198Oa) and 

Part III of this thesis). Faltinsen et al. 's method 

appears to have used the same speed correction factor as 

Fujii and Takabashi's (1975) but halved, for the case of a 

head sea. The Author used the same speed correction factor 

as Fujii and Takahashi 's for a head sea but modified it for 

an oblique sea (See, Part III of this thesis). In the 

discussion of Faltinsen et al. 's paper (1981), Fujii 

pointed out that the magnitude of Faltinsen et. al. 's speed 

correction factor should be twice as large when compared with 

experimental data. Finally, Faltinsen et. al. regarded the 

result computed by their asymptotic method as the total added 

wave resistance. The Author, however, regards this resistance 

as the one due to wave reflection only, and hence added the 

resistance due to motions to it to obtain the total added 

wave resistance. It is considered that Faltinsen et. al. 's 

method is only valid for an extremely short wavelength case 

(say, scattering coeff. = 2). In order to apply their method 

to the problem of a ship's added wave resistance due to non- 

fictitious waves more modifications are needed, i. e. for the 

effects of wave scattering, ship's finite draught, ship's 

motions, and ship speed. These disadvantages of their 

method appeared in figures from 7 to 12 of their paper 

(Faltinsen et al. (1981)). In most cases their figures for 
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the added wave resistances, canputed by means of their 

asymptotic theory, gave rather lower values than the ones 

calculated by other methods which virtually neglected the 

added resistance due to wave reflection, over the short 

wavelength range. 

Nakamura, Takagi and Hosda (1981) recently made some 

attempts to midify Marco's (1963) method to involve the 

effect of wave diffraction at the bow and stern of a slender 

ship in regular head waves. In order to treat the problem 

approximately, they assumed that, a given ship's form consisted 

of a parallel wall-sided vessel with semi-circular cylindrical 

sections in bow and stern part. To determine those velocity 

potentials due to bow, parallel, and stern parts of the ship, 

they assumed the orders of various quantities were as follows: 

(a) ship breadth, B-0 (c), 

(b) ship length, L=0 (1), 

(c) wave height, H=0 (c"n), 

(d) wave length, X-0 (e), 

(e) advance speed of ship, 
,v=0 

(s1/2), 

where"'E' and` rl "are sna11 parameters, i. e. c«1 and n«1. 

Vertical line singularities were distributed at bow and stern 

parts, and centerline singularities, at the parallel part. 

They made score more assumptions to determine the strength of 

the sources. They assigned those velocity potentials, due to 

the baw, the parallel and the stern parts of the ship, do not 

affect each other. Since incident wave decays through the 

ship's parallel part, the velocity of the incident wave at the 
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stern part is decreased and they determined the factor of 

decrease by experimental data. They assumed that the 

draught of the modified vessel was infinite to determine 

the source strength of the bow and stern parts. Once the 

source strength was determined, they assumed that the 

singularities were distributed between the free surface and 

the ship's draught.. Bessho's. foxmula (1957) was used for 

the wave source potentials of the bow and the stern parts of 

the ship. Under the assurption of the slender-body theory, 

the velocity potentials due to the parallel part was obtained 

using Maruo's method (1974). Since they assumed the ship's 

speed to be zero, they modified the results of zero-speed 

problem to consider the effect of forward-speed using the 

circular frequency of, eneounter. To determine added wave 

resistance, Maruo's method (1963) was used but the expression 

of the Kochin function in Maruo's formula was changed due to 

singularities at the bow and stern parts. To determine the 

Kochin function, they assumed that 
. 
the singularities in bow 

and stern parts were located at the end points of the parallel 

part's centerline.. Their approach is very interesting. 

They have shown that it may be possible to satisfy the long- 

itudinal boundary condition at the blunt parts using the 

slender-body theory. Some difficulties, however, are found 

when applying their method to a general ship because of the 

large number of assumptions made to determine singularities 

as mentioned above. For example, the vertical line singular- 

ities of bow and stern parts should be replaced with a 

surface distribution satisfying the body boundary conditions 
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in order to involve the effect of different bow shape on 

added resistance. When the longitudinal source distribution 

at the parallel part of the ship was determined, they Employed 

Lewis form transformation. For actual ship hull sections, 

however, it is necessary to use an integral equation technique, 

since the techniques of conformal mapping are not particularly 

useful with the modified Helmholtz equation (See, Appendix A. V 

for Helmholtz equation). There is also much more difficulty 

in calculating the diffraction effects from bow and stern on 

the fluid motions in the middle parallel body domain, for 

instance, they determined the decrease of the incident wave 

velocity at the stern part by experimental data. It appears 

that the quantitative agreement between their calculations and 

experimental data was not particularly close especially in the 

case of non-zero speed in Fig. 8 of their paper (1981). 

Another error, appearing in their results, is that the added 

resistance due to wave diffraction increased with the incident 

wave length. They have pointed out that this error may be 

generated because they used the same method as that in the 

zero-speed problem to determine the source strength of the 

forward speed problem, and they used the assuPtion of high 

frequency wave without giving any correction for the case of 

low frequency wave. 

11.2.2.2. General Disadvantages of Available Theories. 

The fundamental assunptions of mDst existing theories, 

for detenn -i ng n unerically the added resistance due to 
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regular waves, may be generally written as follows: - 

(1) A ship is a weak scatterer. The Froude-Kriloff 

hypothesis was originally adhered to; e. g. the 

pressures acting on a ship were taken to be those 

existing in the wave structure when the ship was not 

there (e. g. Havelock (1942)). The nature of the 

derivation, based on the Froude-Kriloff hypothesis, 

excluded the hydrodynamic effects of the ship's speed 

and reduced the effect of wave reflection. 

(2) Assuming the incanpressibility and irrotationality of 

fluid, the continuity equation takes the form of the 

Laplace equaticn. 

(3) The effects of viscous and surface tension of the fluid 

are neglected. 

(4) The water has a free surface, fixed or moving, which 

separates it from the air, and w1nich has the property 

that any particle which is once on the surface remains 

on it. Actually, this property is a consequence of 

the basic assunption in continuum mechanics that the 

motion of the fluid can be described mathematically as 

a topological deformation which depends continuously 

on the time 't'. 

(5) In many methods, the depth of the free-surface is 

assumed to be infinite. 

(6) The periodic motions of the ship are all and hence 

the problem of the motions belongs to the scope of 

linear theory. 
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(7) Assuming the fluid to be stationary and considering 

conservative field of force, velocity potential can 

be defined. 

(8) A ship takes the form of a horizontal slender-body 

and hence longitudinal boundary conditions are 

neglected. 

(9) A ship's speed is very small and the problem of the° 

ship's motions due to oncaning waves is' replaced with 

the one of forced oscillations in still water (Refer 

to Haskind relations and Appendix II of this thesis). 

Following these manipulations. the need to solve the 

diffraction prcblan is removed. 

(10) Wave height and fluid velocity are sufficiently shall 

" so that the free-surface boundary condition can be 

linearized (See, Appendix A. I). 

Disadvantages of Wist usual theories may be found in the 

above mentioned assumptions which have been corsronly used in 

most theoretical methods. In addition to the above fundamental 

assumptions, more short caýeings of most usual methods are found 

in the techniques used to obtain the solution. As reviewed in 

the preceding section, most methods cain my used strip theory 

or slender-body theory. Slender-body theory originated in the 

field of aerodynamics, first as a technique for predicting the 

stability characteristics of dirigibles. In ship hydrodynamics, 

slender-body approximations have been utilized for a variety of 

problems. The strip theory of ship motions in waves is a 

significant advance, the pioneering efforts of Sorvin-Kroukovsky 

(1955) were motivated by parallel developments in aerodynamics, 
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but the complexities of free-surface effects and the 

original assumptions of the theory itself are such that 

there are many kinds of modified theories. The Author 

(1970,1971) made an attanpt to investigate differences 

among eight kinds of theories. Fora survey of utility in 

sea keeping theory, a critical review by Odabasi and Hearn 

(1977) should be referred to. The books written by-Korvin- 

Kz ukovsky (1961) and by Newman (1977) can be consulted for 

an introduction strip/slender-body theory. A fundamental 

assumption associated with strip/slender-body theory may be 

described as follows: 

Ship is slender and the gecrnetrical variations in the 

longitudinal direction are not abrupt, so that longit- 

udinal boundary condition is neglected. It is assured, 

in strip theory, that the perturbation velocities due to 

the presence of the body are confined to the tvo-- 

dimensional flaw between control planes; i. e. neglect 

the fore-and-aft components of the pertubation velocities 

due to the body, as in the 'slender body theory' of aero- 

dynamics. This form of analysis is also known as ' cross flow 

hypothesis'. In strip theory, all nations are also 

assumed to be sufficiently small so that the derivatives 

of the potential can be taken on the surface of the 

transverse section. These assumptions imply that strip 

theory is valid as long as the ship's forward speed and 

wave length are sufficiently low. In slender-body theory, 

the normal derivative in the longitudinal direction 

assumed to be negligible and hence the body potential, 
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can be replaced by a two-dimensional potential,. say 

_ 'B (Yo, Zo; xo). Here the dependence on xo is 

induced to emphasize that this potential will vary 

slowly along the body length, as a result of the change 

in the body geometry and lateral motion. Since wave 

height, and slenderness parameter, e_ (maximtm lateral 

dimension of ship)/(ship's length), are both small, the 

body potential must be small in sane sense, and if the 

forward velocity V=0 (1), then 8ýB/a o should be 

sufficiently small in comparing to the forward velocity 

These assumptions also imply that ship's forward speed 

and wave length are sufficiently high. 

As discussed in the preceding section, e. g., Nakamura 

et. al. (1981), it is very difficult to distribute singular- 

ities satisfying body boundary condition in particular ship's 

bow and stern parts. For example, a ship is usually assumed 

to be a fictitious body, say slender-body. The ship is 

replaced by a distribution of wave-making sources. The source 

density depends only on local geometry, and so every element 

of the distribution produces wave motion that does not satisfy 

the body boundary condition. Even in the absence of a free 

surface, there will be similar errors, since the flow generated 

by any portion of the source distribution violates the bound- 

ary condition as pointed out by Ogilvie (1976). Sane more 

errors due to the singularity distribution method, therefore, 

should be expected but the errors among individual methods 

will be varied. 



47 

Due to those assumptions, most usual calculation methods 

of added wave resistance give fairly small values over short 

wave-length range as shown in Fig. 3. Since the length of 

the encounter wave in a seaway becumes shorter with increasing 

ship length, e. g., the case of V. L. C. C., this disadvantage of 

the usual methods has been regarded as significant by many 

researchers, for example, Pujii-Takahashi (1975), Nakamura- 

Fujii (1977), Takahashi-Tsukannto (1977), the Performance 

Cc mittee of I. T. T. C. (1978), Lindemann - Robertson (1980), 

Faltinsen et. al. (1981), and Nakamura et. al. (1981). In 

the shorter wave length range, ship motions, heaving and 

pitching do not occur, but a considerable added wave resist- 

ance can be found Fran measured data for full form (See Fig. 3) 

(Also refer to Takahashi Tsukamoto (1977) and I. T. T. C. (1978)). 

the main reason for this disadvantage is that most usual methods 

hardly take account of the added wave resistance caused by 

waves themselves in the absence of ship motions, namely the 

added wave resistance due to wave reflection, as pointed out 

by several researchers, e. g., Nakamura et. al. (1977) and 

I. T. T. C. (1978). In other words, the vertical boundary 

condition is satisfied but the longitudinal one, which may be 

important for the reflection problem in particular at bow or 

stern of a ship, is neglected when assuming the slenderness of 

the ship in most usual theories. For example, the strength 

of the singularity for the ship is usually taken to be proport- 

icnal to the vertical velocity of the ship relative to the wave. 

Accordingly, the added resistance becomes small in the range 
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of shorter wave length where the ship's motions are small. 

In general, the reflection problem may be difficult to 

solve; in particular in the low wave-length range, where 

slender body theory is not valid, the reflection effect is 

significant when compared to the effect of ship motions. 

It may be considered beyond the scope of present day methods 

to properly cover all the wave length range with cne 

expression. For example, sufficently large value of the 

ratio, a/L is usually assumed in a method based on slender- 

body theory but small A/L, in a method based on strip theory. 

For these reasons, the Author has made an attempt to deter- 

mine numerically added wave resistance caused by waves thgn- 

selves in the absence of ship motions, that is the added 

resistance due to wave reflection as considered in Part III 

of this thesis. To develop the Author's method, a very 

short wave length is fundamentally assumed but some corrections 

are later made to apply the Author's method to the non- 

fictitious case. Furthermore, conventional methods are 

modified by use of the Author's method to detennine the total 

added wave resistance in Part III. 



49 

13 

N 
H 

U 
", 1 

ýi 

O*' 

., moo ý ti 

1 

. Cd 
Q) 

t 

9. Mf-l 
4.4 

M N 
Cd 

H 
rý-I 1-1 

0a 41 9 
*c0 

1ýý1 

. ' 
40P 

/*: 
J 

o 

o 

9, 

13 

C 13 o1 
ýý, 

0 
0 

1 

r4 19 
O oo m cv O 

MVJ 

co 

ri 

ri 

N 

ri 

0 

r-4 

öa 

ö 

0 

N 
O 

0 

6 

6D 
2 

0) 

LO C! Ü 

cü 
oo 

M1 it a) 
ril r-4 ýV 

ra cd 

0 
0 (D* 

cq, Cd 

Itl 
cä 

ý, 

4 

8 
a) 

G .ý 
G 
cd 

CdZ 

ai 

h4 
P4 



zo 

II. 2.3. ADDED RESISTANCE TUE In IRBF]GUTAR WAVES 

11.2.3.1. Prediction Method 

The added resistance in irregular waves is a non-linear 

ship response with a non-zero mean. Its statistical propert- 

ies have not been properly investigated. The process may not 

be Gaussian and is not of the narrow-band type. The state 

of the art at this point allows us to predict only the non- 

zero mean of the process, for constant ship's speed. In 

other words, in irregular waves, there are no definite periods 

and the mean resistance is defined as the average over an 

infinitely long time. Therefore, it is assumed that the 

average value of added resistance over. a sufficiently long 

time has a definite value which is independent of time. 

The mean added resistance due to irregular waves is 

usually determined in the same manner as in the case of ship's 

motions, namely, by use of the linear superposition technique 

(See, e. g., Maruo (1957b, 1957d, 1960b), Pershin et. al. (1957), 

Kawashima et. al. (1959), Gerritsma et. al. (1961), 

Vassilopou. los (1967), Sibul (1969), Strom-Tejsen et. al. (1973), 

and Dalzell (1972a, 1972b, 1974,1975,1976a, 1976b, 1979)). 

The first application of this statistical method to the ship's 

motions problan was made by Pierson and St. Denis (1953). 

For heaving and pitching motions of a ship in irregular waves, 

the linear spectral method has been used with successful 

results, since the ship's oscillations depend linearly upon 

the wave height, in waves of small steepness. In order to 
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enploy this linear superposition technique for the mean 

added wave resistance due to irregular waves, it should 

be assumed that the added resistance due to the waves 

increases as the second power of the wave. height. This 

assumption has been used both in theoretical calculation 

for the mean added resistance due to irregular waves, and 

in obtaining the response function fron experimental data 

in regular waves. As discussed in 11.2.1. and 111.7 of this 

thesis, this assumption is not always correct. This ass mption, 

however, may be a very useful one to determine mean added 

resistance due to irregular waves with acceptable accuracy 

both by means of theory and by experimental cork (See, e. g. 

Gerritsma et. al. (1961) and Dalzell-Kim (1979). 

By means of the linear superposition technique, the mean 

added resistance due to irregular waves is obtained in the 

form: 

RAIW =2 f0 S; (we) RTA" 
(w) d we, 

C2 e 

where 
a 

R : mean added resistance due to irregular waves, AIN 

S C(we) : spectral density; SC(we) is determined for a 

particular sea condition or can be assumed 

for a given wind condition by using I. T. T. C. 

standard formulation, 

Rraw 
2 we : response operator; this response operator is 

a obtained theoretically or by model tests in 

regular waves, 
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-TAW : total mean added resistance due to'regulur 

waves, 

Ca : wave amplitude. 

II. 2.3.2. Comparison of the Results of Author's Method with 

Measured Data 

In Fig. 5-a to 5-c, results using the Author's method, 

established in 111.8 of this thesis, are compared with 

experimental data measured by Sibul (1969) in irregular 

waves. Three kinds of experimental spectra, used by 

Sibul, are presented in Fig. 4. When response operators 

were calculated using the Author's method, those for very 

short wave length, say X/L < 0.2, were excluded, since those 

operators for that particular wave-length may not be reliable 

as discussed in 111.7 of this thesis. 

The figures 5-a to 5-c show that results canputed by 

use of the Author's method are in good agreement with 

measured data in typical experimental spectra. It also 

appeared that relatively larger discrepancies exist between 

calculated results and measured data at high ship's speed. 

As pointed out in 111.7 of this thesis, the main causes of 

these discrepancies may be regarded as those errors due to 

the correction factor for ship's speed effect, due to the 

assumptions, RTAW °C ý ä, and due to inaccuracy of experimental 

work. It does appear, however, that these discrepancies are 

within acceptable limits. } 
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In Fig. 6, added resistance coefficients in irregular 

waves are plotted against significant wave heights. The 

added resistance coefficient is defined by the form: 

RAILy. L 
CAN 

pgB2Hiý 

where 

CAN : added resistance coefficient in irregular waves, 

RAIW : added resistance due to irregular waves, 

HIn : significant wave height 

Response operators for RAN were dete2mined using the added 

resistance due to regular waves obtained by different retbods 

shown as follows : 

model test data measured by Strom-Tejsen et al. 

(1973) at the N. S. R. D. C., 

-----: mpdel test data measured by van Sluijs et al. 

(1973) at the N. S. M. B. 

---x : Marco method + Author's, 

-X- : Marco method, 

"--0-- : Gerritstna method + Author's, 

... 40 .... : Gerritszr . method. 

Spectral density was detexmined by means of I. T. T. C. standard 

spectrtan (1969). 

Figure 6 shows that large discrepancies exist acmng 

individual results. It appears, however, that results of the 

Author's method lie between those obtained by use of Strom- 

Tejsen et, al. 's experimental data, and those detezrnined by 
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van Sluij's model test data, in the wave height range 

Hlp < 5-m where the most of the wave height of a ship's 

actual route may fall within (See, e. g., Fig. 9). In this 

wave height range, Maruo's and Gerritsna's calculation 

methods give low values canpared to those detezmined by 

measured data. 

0 
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Fig. 5-a to c Canparison of measured and computed resistances 

in irregular waves (Series 60, CB = 0.8) 
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11.3 ADDED RESISTANCE DUE 'ID WIND 

11.3.1 General 

The term wind refers broadly to any notion of the air, 

though it is usually designated the horizontal component, of the 

air motion relative to the earth, which is the dominant canponent. 

The motion of the air is governed by Newton's second law which 

equates the individual acceleration of the air to the sum of 

forces acting on unit mass of air: 

dW* p Op-2wxw-gk+, 

(1) (2) (3) (4) (5) . 

where 

W :, the vector velocity of the air with respect to a 

frame of reference fixed in the earth, 

t time, 

pa air density, 

p: pressure, 

angular velocity of the earth, 

g: gravity acceleration, 

: unit (upward) vertical vector, 

term(5) : frictional force per unit mass of air; shearing 

stresses produced by the relative motion of the 

layers, 

d_t at 
+ w' V 

_ 
äx +Y+Z in a rectangular fraw with 

i, j, k unit vectors along the axes, 
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term (1) : inertia force, 

term (2) : the force arising from a gradient of pressure 

in the atmosphere, 

term (3) : the deviating force due to the earth's rotation, 

namely, the Coriolis force (normal to and to 

the right of the notion in the northern hemi- 

sphere). 

term (4) : the downward force of gravity which includes 

both gravitational attraction and the vertical 

component of the centrifugal force arising 

fron the earth's rotation. 

For the case of a ship in an oblique wind, there will be 

an axial force, as well as a lateral force and a yawing 

mannt. These forces and tents must be balanced by the 

hydrodynanic forces and mcanents on the ship's underwater 

hull. For stationary conditions, van Berlekan (1981) 

expressed the forces and mcment balance by the forms: 

Axial force: 

U2 + (1- t)Tp+X V V2 
v +XccSSC2 62 +XyS, IIýID=0 

(1) (2) (3) (4) (5) 

Lateral force: 

YuvW + Yea eS+k., Tp + YWLNID =O 

(6) (7) (8) (9) 

Yawing moment: 

Nvw+NccöC2 S +1. TTp+NWINID =0, 

(10) (11) (12) (13) 
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where? 

team (1) : resistance in calm water, 

term (2) : propulsive force, 

teen (3) : induced resistance due to drift, 

term (4) : induced resistance due to rudder, 

term (5) : wind resistance of above water parts of ships, 

term (6) : lateral force due to. draft, 

term (7) : lateral force due to rudder, 

term (8) : unbalanced force due to propeller, 

term (9) : lateral wind force on the parts of the ship 

above water, 

term (10) : yawing ant due to drift, 

term (11): yawing moment due to rudder, 

term (12): unbalanced yawing moment due to propeller 

tern (13): yawing moment of wind on the parts of the 

ship above water, 

u: ship's velocity in a_dal direction, 

v: ship's velocity in lateral direction, 

c: water velocity at rudder, 

d: rudder angle, 

t: thrust deduction factor, 

Tp : propeller thrust, 

uu'Xw 
: hydrodynamice coefficients depending on 

etc. 
gearetry, size etc. 

The forces and moanents on the ship are thus divided into 

direct wind effects and induced forces and n rents. 
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The wind forces stern fran two sources, the passage of 

the ship through still air, and any natural wind encountered 

by the ship. The first force is generally referred to as 

the basic air resistance. The basic air resistance of modern 

ships ccmprises only same 2" 3% of the total resistance 

(Hughes (1932) and Wilson et. al. (1970)). The latter 

ccnipanent has been the main subject of recent studies. 

No theoretical method exists at the moment for detennin- 

ing the wind resistance of a ship, the present technique is 

to use analytical methods based on model test data. 

II. 3.2. Methods and Status for Model Test 

Methods of model test may be classified into two parts, i. e., 

(1) testing with an inverted model in an ordinary towing tank, 

and (2) testing in a wind tunnel. The main advantages and 

disadvantages of these two methods are described below: 

(1) Zbwing tank method 

Advantages... (a) The size of the nodel can be larger than 

that generally used in a wind tunnel. 

(b) High Reynolds ner can be obtained. 

Disadvantages... Wave-snaking is a problem in particular at 

a large angle of attack. 

Examples... Hughes (1930,1932); Brenner et al. (1972); 

Peukeiman et al. (1274). 
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(2) Wind tunnel method 

Advantage... Wave-making is not a problem. 

Disadvantages... (a) It is difficult to perfonn a test in 

high Reynolds number compared to the 

case of a water tank. However, 

general experience indicates that 

Reynolds number scale effects are not 

very significant (Wilson et. al. (197 0)). 

(b) The size of a model is noizmally smaller 

than used in a water tank. 

Examples... Most existing results of model tests 

were produced using this method, e. g., 

van Berlekan (1981). 

Ships have many large cylindrical appendages, such as king 

posts, which are subject to scale effects. The effects, however, 

were usually minimized by the practice of omitting wire rigging 

from the model of the ship. In any case, masts and posts are 

usually considered to be very minor contributors to the overall 

wind resistance campared to the hull and main superstructure. 

The ship types tested by various investigators, include the 

following: 

(1) Container ship 

Tsuji et al. (1970), Olivari (1971), Brtumier (1972), 

Aertssen (1972,1973) Beukelama et al. (1974) Wagner 

(1974), Ponsford (1978), van Berlekan (1981) 

(2) Tanker 

MB (1933), Mutimer (1955), Schultz (1960), Shearer (1960), 

Prohaska (1963), Gould (1967), Tsuji et al. (1970), 
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Wagner (1967,1974), AAge (1971), B5 mie et al. (1975), 

van Berlekan (1974,1975b, 1978,1981). 

(3) General Cargo Ship 

MM (1932), Mutimer (1955), Shearer and Lynn (1960), 

Colin (1961,1963), Aertssen and Colin (1964), Gould 

(1967), Wagner (1967,1968a), Tsuji et al. (1970), 

Aage (1971). 

(4) Other ship types: 

a) Ferry ... Araks and Hanaoka (1952), Gould (1967), 

Aertssen and Colin (1968b), Wagner (1968b), 

Aage (1971). 

b) Trawler/Fishing Boat 

... Cvwdrey (1966), Gould (1967), Wagner (1968b) 

Tsuji et. al. (1970)/Lutsche and Schroeder 

(1965), Tsuji et al. (1970) Aage (1971). 

c) Passenger Liner 

... Gutsche and Schroeder (1965), Wagner (1968b) 

Aage (1971). 

d) Ro/Ro ... Tsuji et al. (1970), van Berlekcm (1981). 

e) Destroyer. . 
DTh[B(1931) 

f) Light Carrier... EMB (1930). 

g) Hydrofoil boat... Wagner (1968b) 

h) Tugs ... Wagner (1968b). 
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11.3.3. Difficulties of Predictical Added Wind Resistance 

(A) Effects of boundary layer 

The friction between the wind and the underlying surface is 

usually of the "aerodynamically rough" kind, arising fron the 

pressure distribution in separated flow around the bluff bodies 

composing the roughness elements of the surface. It is thus not 

directly related to the viscosity of the air, but the ocean 

surface may be an exception in light winds because its surface 

roughness is actually created by the wind. 

Friction reduces the relative motion at the surface itself 

to zero and affects the velocity field above up to a height of 

a few hundred metres, or more in strong convection. The 

upward influence is brought about by turbulence, itself a 

consequence of surface friction but modified by the lapse rate 

intensified in super adiabatic lapse rates, suppressed in 

subadiabatic lapse rates (Holmboe et. al. (1945)). 

The layer of frictional influence is conveniently divided 

into two sub-layers (see, e. g., Brunt (1951)) : (1) a lower 

layer a few tens of metre deep (over not too rough a surface) 

in which the horizontal frictional stress is practically 

independent of height and equal to the surface stress; (2) an 

upper layer in which the stress varies with height in a manner 

depending on the vertical variation of the pressure field, on 

the lapse rate and on the rate of rotation of the earth about 

the local vertical. 
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The problem of a ship in wind may be regarded as the 

foi r case classified as above. In the lower layer the mean 

wind velocity (mean over period upwards of 10 minutes) is 

constant in direction and its speed W increases with height Z 

in a nearly adiabatic lapse rate (Sheppard (1962)). 

w= 
(-Co Pa)1 

/2 
log 

z 

Ck ZO 

where 

-co 

pa 

Ck 

surface stress, 

:u air density, 

: Von Kaiman's constant; C=0.41 for a pure nixnber, 

aerodynamic roughness length of the order 1/I) the 

height of the roughness elenents (deter pined 

empirically). 

Thus, the surface stress in a wind of 10 m/s (= 20 knot) at 

10 metres (anananeter level) over a surface with Zo =1 an is 

4.2 dyn/cm2. Observations of mean speed at two levels give 

both-Co and Z0 fran the above equation. In non- adiabatic lapse 

rates a more canplex relation holds. 

A characteristic of the boundary layer was studied in the 

above, since the layer gives difficulty applying model test data 

to the problems of full scale ship's wind resistance, e. g., for 

speed trial analysis. 

To analyse sea trial data using the result of a model test, 

a correction must be made to the wind resistance for the differ- 

ence between the boundary layer used in the experiments and the 

effective boundary layer obtained by the vector sum of the true 
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wind speed and ship's own motion. Another correction should 

be made for the difference in anemometer height as compared to 

the free stream height on the model tests. Many attempts have 

been made to solve these problens for example: 

Pitre (1932), E. T. C. (1951,1954), Bonebakkar (1954), 

Prohaska (1963), B. S. R. A. (1964,1977,1978), Taniguchi et al. 

(1966), White (1966), Cowdrey (1966), Todd (1967), Gould (1967), 

Aage (1971), Aertssen and van Sluys (1972), Isherwood (1973), 

van Berlekan (1974), Larsson (1976), Muntjewerf (1978), 

Ponsford (1978). 

Mere are two customary methods of expressing a natural wind 

profile, 

(i) Power law 

WZ 
_r Z 11 
thJa 

(ii) Logarithmic law 

WZ log 
e(Z/Zo) 

¶h loge(h/Zo), 

where 

Wz : local speed of approaching, wind at height z above 

the ground or sea, 

Wh : local speed of approaching wind at height h above 

the ground or sea, 

Z0 : roughness - height parameter, 

a: constant. 

The power law is mathematically convenient and is claimed to 

provide the best overall representation over a large height range 
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(Gould (1967)). Varying values have been suggested for the 

constant 'a' of the power law, e. g., 7 (Brunt (1951)) and 5 

(E. T. C. (1951)). Me logarithmic law is less convenient 

mathanatically but its users claim that it gives a better 

representation of the velocity profiles found within 20 feet 

or so of the surface (Gould (1967)). There is an alternative 

method of determining the effective velocity, namely the naninal 

wind speed defined by the form (See, e. g., Gould (1967), 

Isherwood (1972)): 

I Sh i nr rho zr dz 

where, 

Wnr : nominal wind speed relative to ship, 

zr : relative wind speed at height z, 

h: height to top of superstructure. 

Also, the relationships between wind speed and height above the 

sea surface was given by a graphical form (See, e. g., Shearer 

and Lynn (1960); Todd (1967)). To correct for the boundary layer 

effects, many methods have been recamiended by, for example, 

Pitre-(1932), White (1966), Gould (1967), Wilson and Roddy (1970), 

van Berlekan et al. (1974), Muntjewerf (1978) and B. S. R. A. 

(1964,1977,1978).. 

(B) Oblique Wind 

Predicting wind resistance for an oblique wind gives rise 

to two major problems compared. to the case for a head wind: 

(i) Mow to find a suitable representative area as the angle 

of attack changes. 
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(ii) How to consider the effects of a lateral force and of 

the ship's motions such as yawing and rolling etc. 

Results of model tests for determining wind resistance, 

RwIM, are frequently expressed as 

RWM= I AaCAVr2 

where, 

C: wind resistance coefficient which is a , 
function of 

the shape of the ship as well as Reynolds nurnber., 

A: area of the above-water form, 

Vr : relative wind speed. 

For the area A, Hughes (1930,1932) used an equivalent area to 

allow for the different effects of hull and superstructure, 

considering the superstructure has the greater specific resist- 

ance. The majority of present day investigators use the_ 

projected area above-water for every direction of relative wind. 

Generally, the method of projected area is considered sufficient 

for determining ahead resistance. For the case of an oblique 

wind, however, there are shortcomings in both the equivalent area 

approach and the projected area approach since the superstructure 

effect also depends on the longitudinal spacing of the erections 

and the interaction between than as pointed out by White (1966). 

To find the effect of different superstructures, experiments 

have been carried out by several investigators, e. g., Wagner 

(1967) and Dove (1968). In 1981, van Berlekom used ship length 

squared instead of the projected area to facilitate canparisons 

of wind forces for the same ship with different superstructures 

as well as for different ships with different projected areas. 

In this case, van Berlekan considered the resistance coefficient 
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of his formula as a function of the ratio of the projected 

area to the ship length squared. 

Another difficult problem is detem ining wind resistance 

for an oblique wind when trying to include for the effects of 

lateral force and the ship's yawing and rolling motions. Ship 

motions due to an oblique wind have been investigated by 

several researchers. For example, Ueno et. al. (1963), 

Cowdrey (1966) and Norrbin (1972) investigated the problem of 

yawing effect and Okada (1952), Kinoshita et al. (1957) and 

Firsoff et al. (1957), the problem of ship heeling. The 

magnitude of the ship's motions also depends on the control 

system for steering the ship and thus it is necessary to know 

information on the control system to evaluate the resistance 

due to the motions. The steering problem has been investigated 

by many researchers, e. g., Kinoshita et al. (1949,1951), 

Fedyaevsky et al. (1957), Lvtveit (1958/1959), Norrbin (1971, 

1972), Inoue et al. (1972,1973), M AE (1976. To solve the 

problem of the lateral force effect, experiments have been 

conducted by, Gutsche et al. (1965), Jorgensen et al. (1966), 

Wagner (1967,1974), Kringel (1974) and van Berlekan (1978,1981). 

It appears, however, that there is no realiable method available 

to predict wind resistance taking into account the effects of 

lateral force and ship's motions. It was also recannended, by 

I. T. T. C. (1975), that more efforts had to be applied to study 

the added resistance due to drift angle, rudder angle and steer- 

ing, and that sane approximate method to estimate the induced 

resistance due to drift had to be established. Fortunately, it 
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has been found that drift, rudder and steering resistance 

are of minor importance and may be neglected in comparison 

with the direct wind resistance (See, e. g., Nakamura and 

Fujii (1977), van Berlekan (1981)). 

11.3.4 Prediction Method 

As reviewed in 11.3.2 and 11.3.3., there are many methods 

available for determining the resistance increase due to wind. 

In this section, two different methods are presented. One is 

Isherwood's method (1972) which was recorrmiended by I. T. T. C. 

(1975) for calculating the wind resistance of a general merchant 

ship. The other is van Berlekcm's (1981) whose method appears 

to be the most recent for the ship form of tanker, container, 

Ro/Ro and small craft. 

In table 1, a ccmparison is made by the Author to find 

differences between the results of added wind resistance 

calculated using methods due to Isherwood (1972), van Berlekom 

(1978,1981), Aage (1971), Wilson et al. (1970), Tsuji et al. 

(1970), Wagner (1967), Gould (1967), and Shearer et al. (1960). 

Table 1 demonstrates that the mean difference between the result 

of Isherwood's method and the others quoted above is 7% for a 

given relative wind speed for a tanker in head winds where the 

added wind resistance may be larger than that for oblique winds. 

Van Berlekan (1981) also noted that in general the resulting 

differences in wind coefficients were in the order of 10% or less. 

Consequently, it may be considered that the resulting differences 
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in wind resistance determined using different methods are 

insignificant for a given relative wind speed. The resulting 

differences in wind resistance, however, mould be increased in 

applying those methods to full scale ships at sea since there 

are other sources of error (See, 11.3.3. and 11.5.1. for error 

sources) when determining the relative wind speed. 

(A) Isherwood's method (1972) 

Analysing model data using multiple regression techniques, 

Isherwood proposed a useful method for determining wind resist- 

ance, recommended as suitable, for the time being, by the 

I. T. T. C. (1975). However it was also recommended by I. T. T. C. 

(1975) that more effort should be made to improve Isherwood 'S 

method by including data from tankers of modern design and 

containerships. Isherwood expressed wind resistances as: 

(i) Fore and aft component 
( Rwind 

x 
"-a I pa Cx VRi `9T, 

(ii) Lateral component 

i (Rd 1 
)y =1Pa Cy VV AL 

(III) wind-induced yawing moment 

N='a CN VR LOA AL, 

where., 

VR : wind speed relative to ship; VR h 
)o 

Vi 2 dz, 

h: height to top of superstructure, 

z: distance above sea surface, 

Ar AL : transverse and lateral projected area, 

respectively, 
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C; 
yC 

CN : forces and nýcment coefficients which were 

given by equations, with tables, obtained by 

fitting model data, 

LOA : length overall. 

(B) van Berlekan's method (1981) 

Van Berlekan proposed a convenient method based on data fron 

wind tunnel model tests for ship forms of tanker, container, 

Ro/Ro and small craft. Differences of his method carpared to 

others are: 

(i) the ship length squared was used as the reference area, and 

the wind coefficient was presented as functions of the 

ratio of projected area to ship length squared. 

(ii) principal shapes of wind coefficient curves were given. 

Assuming stationary conditions, van Berlekan obtained wind 

resistance in the forms: 

(i) direct wind resistance 

wind =xý fa 0 L2 . V2 

(ii) induced resistance due to drift 

Rdrif t=0.1 "P XI. V2.10 -3, 

(iii) induced resistance due to rudder (also refer to 

Norrbin (1972)) 

Rrudder = I-p-V2 82 

(iv) added resistance due to yawing motion, 
2 

Ryawing = 1.2 L"V"p" OVa)2 

where, 

X, yCN : wind coefficients, 

0: displacement of the ship (m3), 
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*a : amplitude of the yawing motion. 

pa : density of air, 

0 : density of water, 

L : length of the ship, 

VR : relative wind steed, 

d : draught of the ship, 

v : drift velocity; e= v/u, 

U: ship speed in x-direction 

S, E rudder and drift angles, respectively (refer to 

van Berlekcm (1981)), 

AR : rudder area, 

V: ship speed. 

Van Berlekom used Norrbin's formula (1972) for determining the 

induced rudder resistance and the added resistance due to 

yawing motion. However, he asses a functica of the rudder 

aspect ratio to be 1 and neglected the influence of the 

unbalanced propeller force to make Norrbin's fornula workable. 
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TABLE 1 

Wind Added Resistance Using Various Prediction Methods for 

a Tanker in Head Sea (wind added resistance given as a 

fraction of the result of Isherwood's method). 

method (year) 

Isherwood (1972) 

van Berlekan (1981) 

Aage (1971) 

Wilson & Roddy (1970) 

Tsuji et. al. (1970) 

Wagner (1967) 

Gould (1967) 

Shearer & Lynn (1960) 

d resistance 

1.00 

1.10 

0.89 

1.18 

1.29 

0.99 

1.08 

1.06 

mean value = 1.07 
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II. 4. Wind and Wave Conditions 

11.4.1. Scale of wind force 

In general the Beaufort number is used to express the 

wind force. Care, however, should be taken in applying the 

Beaufort number to analyse sea data of a full scale ship 

since the measured wind speed varies according to the 

location of an anemometer due to the effect of boundary 

layer (see, Townsin's discussion on the paper of Aertssen 

et. al. (1972)). Townsin et. al. (1975b) pointed out that 

originally, there were no specific wind speeds associated with 

this scale. Later the scale was defined by an internationally 

agreed 'State of Sea Card' which describes the appearance of the 

sea, together with a range of wind speeds associated with an 

anemcmeter positioned 1Qn above the surface of the sea. Further- 

more, Townsin et. al. (1975b) presented the Beaufort number 

related to wind speed at the standard height and to wind speed 

in the free stream as shown in Table 2. 
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TABLE 2 

Beaufort Number related to wind speed at the standard 

height and to wind speed in the free stream (Townsin (1975b)). 

B f 

Wind speed 10m 
above surface 

Free stream wind 
speed 

eau ort 
Number mean m/s range m/s mean m/s range m/s 

1 0.8 0.3- 1.5 1.0 0.1- 1.7 

2 2.4 1.6- 3.3 2.8 1.8- 3.8 

3 4.3 3.4- 5.4 5.0 3.9-6.2 

4 6.7 5.5- 7.9 7.7 6.3- 9.1 

5 9.3 8.0-10.7 10.7 9.2-12.3 

6 12.3 10.8-13.8 14.2 12.5-15.9 

7 15.5 13.9-17.1 17.8 16.0-19.7 

8 18.9 17.2-20.7 21.8 19.8-23.9 

9 22.9 21.1-24.7 26.4 24.3-28.5 

11.4.2. Wave spectrum 

In the absence of spectra derived frcan measurements for 

a particular sea, the I. T. T. C. standard spectnan (1969)is 

generally used. The standard wave spectrum was given by 

the forms for open ocean conditions: 

ý, ýwý ý 
WS 

e -B/W4 

vhere, 

S(u) : spectral density function, 

w: circular frequency, 
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A, B : coefficients depending on the circular frequency of 

the spectral peak and the significant wave height, 

H113; The significant wave height (or characteristic 

wave height), of an irregular seaway at any given time 

and in a given location in the sea, is the arithmetic 

mean of the heights of the one-third highest waves 

for a given record. 

If statistical information is available on the characteristic wave 

period 'T' and the significant wave height, a two parameter 

spectral formulation can be used by defining (also see 16th I. T. T. C. 

1981)): 

A= (173 H2 )/T'' , B=691/T4 

where, 

, H] = 4f -110 

T= (21TMO)/MI; This period is based on the spectral 

centre of gravity and it can be taken as the 

observed period, 

MO, MI : mmients of the area under the spectrum defined by 

Mn =0 cý S(W)CI. 

If the only information available is the significant wave 

height, these coefficients 'A' and 'B' can be obtained in the 

forms : 

A=8.10 x 10"3 9 2, where 'g' is the acceleration of 

gravity in appropriate units, 

B=3.11 x 108tH 2 (Hlr3 in meters), 

= 33.56/Hila 2 (H in feet). 



so 

When only wind speed is known, the approximate relationship 

between wind speed and significant height was given as follows: 

wind speed significant wave height 

(knots) (ft) 

20 10 

30 17.2 

40 26.5 

50 36.6 

60 48.0 

The wind speed is taken to be that which is 'sensed'by personnel 

on board ship. 

The seakeeping committee of the 16th I. T. T. C. (1981) has 

pointed out that there is no substantial evidence that a more 

superior spectral formulation has been developed compared to 

the above mentioned spectrum. The carmittee goes on to recaimend 

that the two--parameter formulation, recannended by the 12th I. T. T. C. 

(1969), should continue to be used for general applications wten 

the wave spectrum of a particular sea is not available. Also, 

the 7th I. S. S. C. (1979) reviewed several recent modelling 

alternatives, i. e. Ochi et. al. 's (1976), Chen's (1979), and 

Hogben's (1978). No recannendation for adoption of any of the 

techniques was made by the I. S. S. C. pending determination of 

their efficiency and relative reliability in practice. 
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II. 4.3. Wave and wind statistics 

(A) Useful data 

Hogben and Ib (1967) made a statistical survey of wave 

characteristics estimated visually from 2500 voluntary observing 

ships sailing along the shipping routes of the 'world. Analysing 

almost 2 million sets of observations about sea conditions reported' 

fran ships in service over a period of eight years, from 1953 to 

1961, they provided valuable systEmatic information in tables. The 

selection of sea areas for which tables were presented, was made by 

studying a Marsden Square chart (Marsden Squares are 10° squares, 

each having a code nurber). In order to assess the standard of 

accuracy of the observations from the Voluntary Observing Ships, 

they also made a comparison of the observations from V. O. S. with 

ones on Ocean Weather Ships. 

Yamanouchi and Ogawa (1970) analysed about 1.5 million sets of 

observations on the wind and waves of the North Pacific Ocean over a 

10 year period, fran 1954 to 1963. They gave useful diagrams, on the 

wind and waves. When applying the diagrams, the following points 

should be borne in mind: 

(i) Since the data are not uniformly distributed either on place 

or in time, the effect of the non-uniformity can appear in 

the results. 

(ii) As the wave height is observed visually, high accuracy cannot 

necessarily be expected. 
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(iii) As almost all ships that reported the meteorological data 

are equipped with the 'regulation' authorised anemometer 

the wind data are reasonably reliable. 

(iv) The wind and wave roses are not drawn 'when the observed 

numbers are less than 50. 

For further details on the contents, validity or reliability etc. of 

the data used, the paper of Yamanouchiet. al. (1965) can be referred to. 

Takaishi et. al. (1980) analysed the Marine Meteorological Data 

stored at the meteorological offices both in Japan and the United 

States of America.. The data were originally obtained by visual 

observations on the voluntary ships navigating worldwide. They 

presented statistical diagrams and tables on the wind and waves of the 

North Pacific Ocean by analysis of the data obtained for ten years ' 

frech 1964 and 1973. When 'using their statistical results, it should 

be born in mind that the wave data used were in most cases obtained by 

visual observations on voluntary ships. Therefore, the accuracy of 

data may not' always be reliable and the density of observed data is not 

uniform, depending on the frequency presence of ships, obviously 

influenced by operating practice and weather conditions. However, as 

they conclude, the statistics described in the book will be useful to 

gain an understanding of the wind and wave climates of the North Pacific 

Ocean and the effect of this environment upon ships in this area. 

Several atlases of shipboard (visual) observations have also been 

published in the U. S. A. for the North Pacific (U. S. Navy (1977))and 

South Atlantic Oceans (U. S. Navy (1978)). 
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Walden (1964)presented statistical tables obtained fron a 

stationary marine meteorology ship in the North Atlantic Ocean. 

For informatica on tides and currents of the North Atlantic 

Ocean, U. S. Naval Oceanographic Office (1965; reprinted 1968,1969) 

gives an atlas (made on a seasonal basis). 

(B) Data of a route analysis (Persian Gulf) 

To investigate the effect of weather on ship speed performance, 

it is worth referring to results of an actual route analysis. , 

Townsin et. al. (1975b) analysed the weather on the Persian Gulf- 

Europe route. They sorted daily data f rosa twelve 210,000 tonne DWr. 

tankers for Beaufort number and weather sector. 3,813 ship days were 

in the laden condition and 3,330 ship days in ballast. Townsin et. al. 

gave the frequency plot of the percentage occurrence of each Beaufort 

Number as duplicated in Fig. 8 of this thesis. They found that there 

was close agreement for the laden and ballast conditions. Furthernre, 

Thwnsin et. al. pointed out that the total distribution in Fig. 8 was 

also typical for each of the twelve ships. The European sector of the 

Persian Gulf route is shown in Fig. 7. 

Lindenann and Robertson (1980) also studied the European sector 

of the Persian Gulf route. They presented the frequency of the 

percentage occurrance of significant wave heights and of wave periods. 

To obtain this frequency of occurrance, they used Hogben and Lunb's 

(1967) statistical wave data and approximated the ship course as done 

by Zubaly (1970). Their results are shown in Fig. 9. 
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(C) Fully developed sea condition 

Since in an actual seaway the weather condition continually 

varies fron time to time and place to place, it is impassible to 

describe the condition accurately. It is necessary to idealize the 

weather condition to investigate theoretically the effect of weather 

on ship speed performance. 

The fully developed wind/sea spectrum is one example of the ideal 

case. In this spectrun, it is assumed thata steady wind blows for a 

sufficiently long time and with a large fetch. Thus the energy 

spectrum is assumed to be unchangeable for a given wind speed. 

Moskowitz and Pierson's (1964) spectrum is widely used for a fully 

developed sea (See, e. g., Logkakis (1970) and Ehattacharyya (1978)`). 

Pierson-Moskowitz's definition of sea condition for fully developed 

sea is shown in Fig. 10. For the relationships between wind speed 

and wave height at sea, Pierson-Moskowitz's is canpared with measured 

data in the following section, (D). 

(D) Relationships between wind speed and wave height 

In Fig. 11, the relatiaiships between wind speed and wave height 

are shown. Figure 11 indicates differences between results of: - 

(i) approximate methods, i. e., I. T. T. C. 's and Pierson- 

Moskowitz 's, and of observed data. 

(ii) the North Pacific Ocean and of the North Atlantic Ocean. 

(iii) expressions of the significant wave height, H1,3 and of the 

mean value of the observed wave height, mean . 
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Data sources plotted in Fig. 11 are: 

- Aertssen (1975) 

The data was measured on board four container ships in 

service over a period of one year in the North Atlantic 

Ocean. The data was taken with anemmieter, wind vane and 

a wave record. The position of anemaneter was not mentioned 

in Aertssen's paper (1975). However, it may be assumed 

that the anemmieter was located 23m 2,9m above the main deck 

since Aertssen usually used these height (see, e. g., 

Aertssen (1969,1972)). 

- Yanranochi et. al. (1970) and Takaishi et. al. (1980) 

See the previous section (A). 

- I. T. T. C.. (1969) 

I. T. T. C. gave the significant wave height for the case only 

of wind speed over 20 knots. (Also see 11.4.2 of this thesis 

for detail). 

- Pierson - Moskowitz's spectrun(1964) 

The spectrum was presented for a fully developed sea 

(Also see Fig. 10). 

Fran figure 11, it appeared that: - 

(i) For a lower wind strength, i. e. under about 20 knots, Aertssen's 

recorded wave heights are higher than the I. T. T. C. wave height 

as well as Pierson - Moskowitz's. For the higher wind strength, 

the agre®aent between these results is relatively good. 

(ii) Differences between the results of the I. T. T. C. and of Pierson- 

Moskowitz spectrun lie within the scattering range of the data 

recorded by Aertssen. 
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(iii) The difference between the results of the North Pacific Ocean 

and of the North Atlantic Ocean is insignificant. 

(iv) The difference, between the significant wave height and the 

mean value of observed wave height, is larger than other 

differences mentioned above, (i) " (iii), at a constant wind 

speed. The higher the wind speed, the laxger the difference, 

when comparing Aertssen's results with other observed data. 

The differences, however, fall within the scattering range of 

the data recorded by Aertssen 

It is, however, considered to be difficult to make a general conclusicn 

since such a large scatter of the recorded data exists. 

F. ogben and Lunt (1967) expressed the relationships between the 

significant wave height Fran spectral analysis and the observed wave 

height, as the form: 

H1/3 = 1.23 + 0.88 How (in m) 

where Hobs is wave height as reported by observers on Weather ships. 

Furthermore, Hogben and Lumb gave the relationships between the period 

fr® spectral analysis and the observed period as follows: 

T= (4.7 + 0.32 Tom) (in sec. ), 

T0 (4.10 + 0.76 Tths) (in sec. ) 

where, 

T: average period from spectral analysis defined by 

T= Mo/M2 , where M2 is 2nd mannt about origin, 

Tcbs : observed period, 

T0 : modal period from spectral analysis defined by 

To = 1/(frequency of spectral peak). 
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Also, Nordenstr6m (1969) expressed those relationships as 

follovws : 

H113 = 1.63 (obs)0.75 (in m), 

T=1.148 ( öbs)0.96 (in sec). 

For the relationships between wind speed and wave height at sea, 

Motte (1972) made a ccmparison between results obtained by various 

Empirical fornulae such as Cornish's, Zim er ann's, Scripp's, Rossby's, 

Pierson - Moskowitz's, Scott's, and Darbyshire's. 
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11.5. PREDICTION NEEIIC®S Rfft INVOLUNTARY SPEED LOSS AM RE 

POWER INCREASE 

11.5.1. General 

The effect of weather on ship speed performance may be 

treated in two ways. One is speed loss for a given resistance 

or power. The other is power increase or additional energy 

expenditure in the sense of fuel economy, for a constant speed. 

Conventional predicting methods for speed loss and for 

power increase may be classified as follows: 

(i) Method of analysing full scale data. 

(ii) Method of using model test data. 

(iii) Theoretical approach but partly based on model 

test data. 

The problem of predicting speed loss or power increase at 

sea is so difficult that all the methods classified above have 

score disadvantages. For example: - 

(i) For the case of full scale data method: 

a) The full scale data may not always be accurate 

- due to instrumentation errors, 

- due to visual observation erros, 

- since the density of observed data is not 

usually unifoxm, it is difficult to cover all 

conditions of weather, ship's type, ship's speed 

and ship's power etc., 

b) If an empirical fonmaa is derived fron the full 

scale data, there would be the error of the 

analysing method itself. 
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(ii) Model test method: 

a) There may be model test errors 

- instrumentation errors, 

- errors due to the procedure and experiment 

condition, e. g., due to differences in fitting 

bilge keels, rudder, or turbulence stimulators, 

blockage effect, etc... as pointed out by 

I. T. T. C. (1978). 

b) It is difficult to make corrections for scale 

effects, e. g., Reynolds number scale effects for 

the speed loss of the corresponding full-scale 

ship. 

c) It is also difficult to predict the changes of 

propulsion factors and propeller characteristics 

in waves. Tasaki (1975) showed evidence on the 

variation of propulsion factors with wavelength 

and wave height. 

d) It is difficult to consider the irregularity of 

waves. It may not be appropriate to operate only 

with mean values in irregular waves. Ochi (1968) 

discussed the statistical property of powering 

characteristics in irregular waves. 

(iii) Theoretical approach: 

a) The problens discussed above 'c', 'd', and 

partly 'a' of the model test method also apply 

to the theoretical approach. 
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b) There may be many sources of errors due to 

the nonlinearity and irregularity as discussed 

in the previous sections of this Part and in 

Part III of this thesis. 

To predict speed loss and power increase due to weather, 

attempts have been made by many researchers, for exanple: - 

(A) Prediction of speed loss 

(i) 1hpirical formula based on full scale data: 

- Aertssen's (1967) for cargo ships, 

- Aertssen's (1975) for container ships, 

- Townsin et. al. 's (1975b) for tankers and bulk 

carriers, 

- Babbedge (1977) for cargo ships, 

(ii) Model test: 

IkegaMi. and Ima. izuni (1978,1979) 

(iii) Theoretical approach (partly based on model test data): 

Pershin et. al. (1957), Nakanoto et. al. (1974), 

Journee (1976b), Nakamura et. al. (1977), Holland (1979), 

Naito et. al. (1980), van Berlekcm (1978,1981). 

(B) Prediction of power increase 

(i) Method based on full scale data: 

Teifer (1951), Clements (1956/7), Kent (1958), Zubaly 

(1970), Holtrop et. al. (1978). 

(ii) Model test: 

Kans (1963), Wmtjewerf (1963), Ncmoto (1966; due to 
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yawing), Wilson et. al. (1970; due to wind), 

Murdey (1972), Nakamura (1976a), Day et. al. (1977). 

(iii) Theoretical approach (partly based on model test data) : 

Nakamura et. al. (1975a, 1976a, 1977) Yamazaki (1978), 

van Berlekan (1978,1981) 

(iv) Research on the propulsion factor and propeller 

characteristics in waves: 

Moor et. al. (1967,1970), van Sluijs (1972), 

Oosterveld et. al. (1972; Torque coefficient was 

expressed as polynals, 1973), Geisler et. al. (1974), 

Nakaniira, et. al. (1975b, 1976b), T asaki (1975), 

Journee (1976a), van Sluijs et. al. (1977), Faltinsen 

et. al. (1981). 

(C) Füll scale data for speed loss and power increase: 

In addition to those literatures mentioned in A-(i) 

B-(i) above, the following literatures should also be 

referred to for full scale data: - 

Taylor (1933), Lewis (1955b), Aertssen (1955,1957a, 

1957b, 1963,1968a, 1969,1972), Nakannxra and Fujii 

(1977), Takahasi and Tsukamoto (1977). 

11.5.2. IKamples for Method of Predicting Speed Loss and Prover Increase. 

As exales for the prediction method, Townsin et. al. 's 

(1975b) method and van Berlekcm's (1978,1981) are presented 

since these methods have been suggested recently and are simple 

to use. Results of this method are examined in Part IV of this 

thesis. 
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Analysing service performance data of full scale ships, 

Townsin et. al. (1975b) recamiended that involuntary speed 

losses for tankers and bulk carriers above 50,000 tonne dwt., 

in the laden condition, due to weather approaching from ahead, 

could be estimated fron the following formula: 

loo a°) = 0.1 (ßv)2 + 1320(M)5 V 
04 /3 

where, 

HST : Beaufort . Number, 

V: volume of displacement in m3. 

For the cases of ships in ballast, of oblique weather and of 

smaller vessels, Townsin et. al. (1975b) also presented same 

tables which can be used to approximate speed loss. 

Townsin et. al. 's method may be considered as a useful one 

because of the simplicity in applying it to determine speed loss. 

Using their method, complicated measursnents or calculations, 

e. g., added resistance, propulsion factors, propeller character- 

istics etc., are not required. When applying their method, the 

following points should be borne in mind: - 

(a) Since the full scale data analysed was observed visually, 

high accuracy can not necessarily be expected as 

discussed in 11.5-1- 

(b) As the wind speed was taken to be that which is sensed 

by personnel on 'board' ship, the wind force is likely 

underestimated canpared to the wind speed measured by an 

anemometer located at over 10 m above the main deck, 

note that Aertssen usually locates the anemometer at 

23m % 25m (Aertssen (1969,1972)). 
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The results of Townsin et. al. 's method are canpared with 

van Berlekm's in Fig. 31 of Part IV. 

Van Berlekan (1974,1978,1981) gave simple formulae for 

calculating speed loss at constant thrust and power increase 

at constant speed from a given added resistance as follows: 

Vv 
=R 

OW1+0 

AP 
_oR. --1 

Po 1+ ýnp 

i nP 

where, 

AV : speed loss, 

V0 : ship speed in calm weather, 

AP : power increase, 

P0: required power at the speed ado 

AR added resistance, 

R0: calm weather resistance at the speed Vol 

(np)o : propeller efficiency at the speed Vol 

AnP : change of propeller efficiency. 

To derive the formula for speed loss, van Berlekan assm-led 

the added resistance to be mall compared to the resistance in 

calm weather and hence the resistance coefficient, 2Ro/(psVV), 

was not dependent on the speed change. To find the formula for 

power increase, van Berlekcin assumed the thrust deduction factor 

to be constant (not depending on the propeller loading). In 

order to make the calculations for power increase workable, he 

also assumed the wake fraction to be constant. We see that the 
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above relationships are straightforward given the assumptions made and no 

doubt others have produced them fron time to time nevertheless van 

Berlekom's presentation came first to the Author's routine and accordingly 

are called van Berlekcm's formulae in this thesis. 

Van Berlekan's assumptions described above imply that his formulae 
very 

should not be used in the case of trough weather. Ranembering that 

involuntary speed loss is meaningless due to the voluntary speed loss in 

rough weather, van Berlekan's formulae may be regarded as useful for 

determining involuntary speed loss and power increase when added resist- 

ance, the speed and the resistance in calm weather, and the propeller 

characteristics are known. -Van Berlekcm also presented the relationships 

between ' 1/ {1+ (drtp/(TIP)0)11 and '1+ 
. 
(L1R/RR)' in diagramatic form 

for a tanker and a Ro-Ro ship. 

Further details of the prediction methods recxxanended by Nakamura, 

Holland, Clements, and Telfer were investigated by the Author (1979). 
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11.6. FnEcr OF ROUGH VIEA' CN SEID PF CE MANGE 

In the case of severe weather, there can be a reduction in 

speed ordered by the ship's master or demanded by the chie.,. P 

engineer to avoid undesirable phenanena such as, 

(a) structural damage and collapse, 

(b) problems with the propeller shaft, navigation equipment 

and other machinery, 

(c) capsizing or sinking, 

(d) drift, collision or running aground, 

(e) unacceptable conditions for the canfort and safety of 

the crew and passengers, and the risk of cargo shifting, 

(f) bad visibility. 

The main causes of this 'voluntary" speed loss may be given 

as follows : 

(1) high vertical acceleration due to excessive ship nx)tions, 

(2) shipping of green water over the bow, due to severe 

vertical relative motion, 

(3) propeller racing as a consequence of vertical relative 

motion at the stern, 

(4) bottan slanming due to vertical relative motion, and bow 

flare slamming. 

As shown above, mast causes of the voluntary speed loss may be 

investigated using the theory of ship motions. 
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By means of strip theory, the vertical displacEment and the 

vertical acceleration relative to the regular waves can be deter- 

mined. The Author (1970,1971) made catnparisons between eight 

kinds of strip theory; Korvin-Kroukovsky and Jacob's strip theory, 

Vassilopoulos and Mandel's pure strip theory, Gerrit-sm and 

Beuke]nian's, Vosser's, Tasai and Takaki's, Ogilvie and Tuck's 

rational strip theory,. Vugt's, and Semenof - Tjan - Tsanskij's. 

The Author (1970) also presented computer programs for the above 

mentioned theories. Other computer programs for determining ship 

motions have been made by many researchers, e. g., Frank and 

I Salvesen (1970), and Meyers, Sheridan and Salvesen (1975). There 

are also other strip theories such as those of Kaplan, Sargent and 

Raff (1969), Salvesen, Tuck and Faltinsen (1970), and Wang (1976). 

The vertical displacement and acceleration relative to the irregular 

waves may be determined fram those of regular waves by use of the 

linear superposition technique (Refer to 11.2.3.1 of this thesis 

for the spectrum method; also Gerritsna (1966) and Ferdinade (1978)). 

Spectral density is determined from a spectrum of a particular sea 

condition or can be assumed by using I. T. T. C. standard spectrum 

(1969) (also refer to the proceedings of 2nd I. S. S. C. (1964)). 

Meyers and Bales (1973) made a canputer program for the prediction 

of irregular sea response. 

Using the idea of strip theory, we may evaluate as follows: 

(1) relative displacement of a ship to waves, Zr, e. g., 

Zr = (Zg -X 8p +y 8R) -- hd - hs, 

where, 

Zr : relative displacement of a ship's transverse 

section to waves, 
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Zg : displacement of heave, 

9p, 8R: pitching and rolling angles, respectively, 

x, y : longitudinal and transverse co-ordinates, 

respectively, 

Cw : wave nnplitude relative to the surface of 

still water, 

bd: wave height increase due to ship motions 

in waves, 

bs: wave height of the wave made by ship's 

movanent in still water. 

(2) difference between relative vertical motion at the screw 

and the inversion of propeller blade tip in still water, 

(3) vertical acceleration at the ship's bow, 

(4) wave height for deck wetness to occur, 

(5) relative velocity for slamming to occur. 

However, it is difficult to determine tolerable values of the 

above mentioned phenctnena. In order to determine the voluntary 

speed loss due to those undesirable phenomena, there are also 

other factors which should be considered: 

(a) human reactions of the ship's master, chief engineer 

of the ship,, crew and-passengers, 

(b) strength of the ship's structure, 

(c) stability and manoeuvrability of the ship, 

(d) characteristics of the machinery of the ship, 

(e) weather condition of the ship's route. 

To establish tolerable values (or criteria) of the und--sir- 

able phenomena outlined above, investigations have been made by 
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many researchers, e. g. Marks et. al. (1960), Ochi et. al. 

(1964,1974), Fukuda, et. al. (1966), Aertssen (1968a, 1977) 

Gerritsnan (1969), Jaurness (1976b), Ferdinande (1978), 

Meyerhoff (1978), Chilo and Sartori (1979), and Andrew and 

Lloyd (1981). Summarizing the results given by these research ers, 

the criteria of those phenomena for the voluntary speed loss may 

be described as follows: 

(i) slamming O. 15L behind F. P. 

3" 4% occurrence, 

(ii) shipping of (green) water at F. P. 

5" 7% occurrence, 

(iii) propeller anergence for racing 

one-third of the propeller diameter, 

(iv) significant vertical acceleration 

(0.18 ti 0.4) x gravitational acceleration, 

(v) deck wetness interval 

40 seconds. 

In general, slarming and deck wetness are considered the 

most important criteria (Report of 16th I. T. T. C. (1981)). To 

determine numerically the frequency of occurrence of these 

phenamena in irregular waves, the sea state is usually assumed 

to be a stationary sea and Gaussian (see, e. g., Ferdinande 

(1978)). The apparent wave heights are assumed to be distributed 

according to the Rayleigh distribution law and hence the spectrum 

of the waves is narrow banded. 
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According to Tick (1958) and Ochi (1964), the probability 

of occurrence of slamning is expressed by the form: 

T2 S* 

Pr (slanimning) =e Mý M. 

where, 

T: local draught at ship section, 

S* : threshold velocity; S* is a rather artificial concept, 

its physical meaning not being well understood; 

S* =c 4c=0.093 (for mariner, Ochi (1964)), 

c=0.07 (for bulk carrier, Fuksda. et. al. (1966)), 

(See also Aertssen (1968a), Ferdinande (1968) and 

Tasai (1968) for 'c)., 

Ni_ : area under response amplitude spectmn, 

Zr : relative vertical motion at foreship station, 

Zr : relative vertical velocity. 

Slamming pressure expressed as the fonn: 

PS =p k1 Zr2, 

where, 

p: mass density of water, 

k2 : constant; ki is dependent upon the hull section shape 

of the bottom portion below about one-tenth of the 

design draught; Z2- tan ß, ß being the angle of dead 
2 

rise (Wagner (1932)), kl = exp (1.377 + 2.419 al - 

0.873 a3 + 9.624 a5) where a_ is the coefficients of 

mapping function (Ochi et. al. (1971)), charts for 

kl (Ochi et. al. (1973)), 
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Methods to evaluate the hull girder response to the slap 

load have been presented by various researchers, e. g., Kaplan 

Sargent and Raff (1969), and Kaplan and Sargent (1972). - 

Deck wetness would occur when the relative motion of the box 

exceeds the effective freeboard forward. The effective freeboard 

will be smaller than the geanetrical freeboard in calm water at 

zero speed, because of the static swell-up due to the bow wave and 

the sinkage. Tasaki (1960) gave this static piling-up of water, 

h,, as follows: 

hs=0.75 LF12 

where, 

B ship's beam, 

I. E : length of entrance, 

Fn : Froude number.. 

The gecmetrica. l freeboard will also be decreased by the 

dynamic swell-up of water, associated with the entry of a wedge- 

shaped section in the water. The probability of deck wetness 

is usually expressed in the form (See, e. g., Jcurnee (1976h) and 

Tbrdinande (1978)): 

-F 2/Mz 
Pr (deck wetness) =eer 

where Fe is the effective freeboard. Kawakami (1969) showed that 

the whipping bending ni nt stress caused by green water impact in 

regular waves was nearly doubled in the case of a forward deck with 

bulwark cuiared to a forward deck without bulwark. 

In addition to the work mentioned above, further literatures 

should be referred to: 
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- green water : Newton (1960), 

- prediction of slarnni. ng pressure 

Ochi et. al. (1969), Kawakami et. al. (1977), and 

Aertssen (1979), 

- ship inclination due to erupting wave impulse 

: Mirokhin and Kholodilin (1975) 

- investigation of ship's relative notions to waves by means 

of measured data 

van Sluijs et. al. (1971), van Sluijs (1974). 

From the review of-literature, it is considered that the 

prediction method of voluntary speed loss is not fully developed 

yet. The reduction in speed is still very dependent on the 

judgement of each individual ship's master. It is again 

stressed that it is necessary to monitor systematically the speed 

performance of ships in service (See, e. g.,, Townsin et. al. (1975a, 

1975b, 198)b)). It is, however, possible to predict the approxi- 

mate criteria below which no voluntary speed loss is expected. 

To predict these criteria, computer programs have been made by 

several investigators, e. g., Kobayashi et. al. (1973), Ochi et. al. 

(1974), and Journee (1976b). 

A bright spot in the gloom of trying to detezmine voluntary 

speed loss numerically is that generally weather in actual voyages 

is not severe. Aprox mately 80 " 9% of voyages sampled fell into 

the fair weather category, B. N. = 0"4, (Logan et. al. (1980), also 

see, Fig. 8& 9). It should be noted that this percentage will 

decrease in winter. 



106 

11.7 COMM m MARKS 

A survey of literature mainly concerning methods of 

predicting the effect of weather on ship's speed performance 

at sea has been made, i. e., methods for determining: - 

- added resistance due to regular waves, 

- added resistance due to irregular waves, 

- added resistance due to wind, 

- weather conditions of sea, 

- involuntary speed loss and power increase, 

- the effect of rough weather on ship's speed performance. 

From the literature survey, it appears to be difficult to 

calculate theoretically the effect of weather on ship speed 

performance at sea. A principal reasai for this is that none 

of the existing theoretical methods available for determining the 

added resistance due to waves are convincingly accurate, in 

particular over the range of wavelengths which are short canpared 

to the length of a ship. 

In an attaipt to improve conventional theoretical methods 

for determining the added resistance due to regular waves, a method 

is proposed by the Author in Part III. Using this method and the 

linear superposition technique, added resistance due to irregular 

waves was calculated for a Series 60 model in three kinds of 

experimental spectra used by Sibul (1969). The results of the 

Author's method were compared with the data measured by Sibul 

(1969) in irregular waves, in Fig. 5-a to 5-c. From the canparison 

it may be concluded that the Author's method of deterring added 
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wave resistance provides a good approximation for practical 

purposes, bearing in mind however, that an increased error may 

be found with higher speeds in the range Fn > 0.25. One of the 

main reasons for this error may be ascribed to the error due to 

the linearization of superposition technique as discussed in 

11.2.3.1 and 111.7 of this thesis. - 

In Fig. 6, the Author also made further canparison betue-en 

added resistance, due to irregular waves, determined using 

different response operators. These response operators were 

calculated using those added resistance, in regular waves, 

obtained by experimental data (N. S. M. B. (1973), N. S. R. D. C. (1973)), 

Marco's method, Gerritsma's, and the Author's. Fran Fig. 6, it 

may be concluded that the results of the Author's method are in 

closer agreement with ones based on measured data than other canpu- 

tation methods. 

In table 1, a canparisoa was made by the Author to find 

differences between the results of added wind resistance determined 

by Isherwood's method (1972), van Berlekom's (1981), Aage's (1971), 

Wilson and Roddy's (1970), Tsuji et. al. 's (1970), Wagner's (1967), 

Gould (1967), and Shearer and Lynn (1960). The mean difference 

between the results of Isherwood's method and the others quoted 

above was *7% for a given relative wind speed for a tanker in head 

winds where the added wind resistance may be larger than that for 

oblique winds. 

In Fig. 11, the relationship between wind speed and wave 

height at sea was investigated using the results given by 

Aertssen (1975), Yamanouchi et. al. (1970), Takaishi et. al. (1980), 
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I. T. T. C. (1969), and Pierson - Moskowitz's spectrum (1964). 

It appears that differences between the results of the North 

Pacific Ocean and of the North Atlantic Ocean are negligible. 

The following differences fell within the scattering range of 

the data recorded by Aertssen (1975): 

- between I. T. T. C. 's recinnendation (1969) and Pierson - 

Moskowitz Is definition, 

- between the significant wave height and the observed 

wave height, 

- between I. T. T. C. 's and the observed data, 

- between Pierson - Moskowitz's and the observed data. 

Since a large scatter between the recorded data exists, it is 

difficult to make qualitative canparisons between these results. 

To calculate speed loss or power increase for a given added 

resistance, the most difficult problems is deteiinining the changes 

of propulsion factors and propeller characteristics. The 

prediction method for these is not yet fully developed. 

It is possible only to predict the approximate criteria 

below which no voluntary speed loss is expected. Systematic 

monitoring of speed and power of ships in service is again very 

important. The importance of monitoring is not only emphasized 

as regards the problen of voluntary speed loss but also to find 

a qualitative solution for the problem of involuntary speed loss 

and power increase. 
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III. 1 I TFJCUJcrIcN 

In the preceding part, it is shown that most usual theories, 

for the added resistance due to waves, can not be applied to the 

case of high frequency waves since those theories do not include 

the effect of wave reflection, which is important, especially is 

the case of large full ships with blunt bows such as VICC's. 

From the practical point of view, the added resistance of 

large full ships in the shorter wavelengths may be very important 

as the length of the encounter wave in a seaway becanes shorter 

with increasing ship length (see, Fig. 9 for an exanple of the 

actual sea state). 

In the shorter wave length range, ship motions, heaving and 

pitching do not occur, but a considerable added resistance can be 

found fran model tests of full forms. 

In the past several years, therefore, the importance of wave 

reflection to the added wave resistance has been recognised by, 

for example, , 
jii - Takahashi (1975), Nakamura - Fujii (1977), 

Takahashi-Tsukaimto (1977), the Perforn nce Ccmnittee of I . T. T. C. 

(1978,1981) and Lindemann - Robertson in D. N. V. (1980). 

Specifically, Takahashi - Ito (1977) ran nmcdel tests 

on a full ship with a blunt bow and observed high values of added 

resistance for waves that induced no discernible ship motions. 

These waves had relatively low heights (H1ý3 =2 m) and short 

lengths carpared to the ship length. Speed losses in the neigh- 

bourhood of 0.5 knots were observed for sea state 4. 
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In September 1978, the Performance Camiittee of the 15th 

I. T. T. C. pointed out that in general, the added resistance has 

been regarded as closely associated with ship motions, hence, 

for a ship moving in a seaway, whenever there are no noticeable 

ship motions observed, the added resistance is usually assuned 

to be negligible. The Caimittee stressed, in the concluding 

remarks, that wave diffraction does seen to have a significant 

effect on added resistance in waves with speed losses being 

registered as high as 1.5 knots. Furthermore the Committee 

suggested that additional systematic work should be performed in 

this area. 

In the report of D. N. V., Lindemann and Robertsson (1980) 

indicated that: - "All methods have large discrepancies in the 

high frequency part of the curve which is of most importance to 

tankers dealt with in this study. In conclusion we are of the 

opinion that none of the existing theoretical methods available 

for determining the added resistance due to waves are convincingly 

accurate". 

Once the added resistance due to regular waves is known, the 

added irregular wave resistance may be evaluated using the spectra n 

method which was dealt with in 11.2.3 of this thesis. At present 

it is considered necessary to review past theoretical work for the 

diffraction problen due to regular waves. 

Haskind (1957) derived very useful expressions, appropriately 

called "Baskind relations", for the exciting forces and mor_ nts 

exerted on an arbitrary fixed body due to the inccming regular waves. 
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These relations are expressed in terms of the radiation velocity 

potentials which do not depend on the diffraction potential, and 

furthermore can be obtained by the far-field radiation potentials 

which are simpler to handle. Newman Euployed these relationships 

to evaluate the exciting forces and moments on a submerged 

ellipsoid (1962) and extended the relationships to consider the 

'effect of constant forward speed (1965), sometimes referred to as 

the Haskind-Newnan relations. Following the Haskind-Newman 

manipulations, the problem in waves has been replaced by a forced 

oscillation one (See, Appendix II). As a result, the sectional 

force distribution due to an incident wave has been lost even 

though the total force upon the ship is evaluated. Ne n and 

Tuck (1964) made some canparisons between theory and experiments, 

and then showed that the diffraction potential in the low frequency 

regime is of higher order, hence, the exciting forces can be 

accurately approximated without solving the diffraction problem 

considering only Froude-Krylov forces. However it is clear that 

the diffraction problem should not be neglected in the high and 

moderate frequency regime. In order to solve the ship motion 

problem in the high frequency regime, various strip theories have 

been derived, since Korvin Kroukovsky (1955) made the first 

application of strip theory to the problem of pitch - heave 

coupled motion, for example, Korvin-Kroukovsky and Jacobs (1957), 

Vossers (1959), Vassilopoulos and Mandel (1964), Gerritsrm. and 

Beukelxmn (1967), Söding (1969), Tasai and Takaki (1969), Borodai 

and Netsvelayev (1969), Ogilvie and Tuck (196-0), Kaplan, Sargent 

and Raff (1969), Vugts (1970), Salvesen, Tuck and Faltinsen (1970) 
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and Wang (1976). The Author (1970,1971) made sane comparisons 

of eight kinds of strip theory; Ordinary Strip Theory, Vosser's 

Strip Theory, Vugt's Strip Theory, Gerritsna - Beukelman's Strip 

Theory, Ogilvie - Tuck's Rational Strip Theory, Tasai-Takaki's 

Strip Theory, KorvinKroukovsky - Jacobs' Strip-Slender body 

theory and Vassilopoulos - Mandel's Pure Strip Theory. Fran the 

cc uparisons it was found that sane distinct differences exist in 

the hydrodynamic and coupling coefficients of these theories 4o 

include the effects of ship form and forward speed. 

Newman (1970) showed that for zero Froude number the deter- 

mination of the sectional forces, which are related to the diff- 

raction problem due to incident waves, should be included, solving 

a Helmholtz equation (See, Appendix A. V. 4 for Helmholtz's formula) 

in the crossplane instead of laplace's equation as the usual strip 

theory did. Furthermore Nemman showed that the integration of 

the solution to those two problems should yield the same total 

forces in an asymptotic sense. 

For the diffraction problem, Faltinsen (1971b) studied the 

diffraction potential with the high frequency assiinption. 

Faltinsen found the diffraction pressure and the exciting force 

for a body of circular sections using Ursell's (1968a, b) solution 

as the near-field solution of the problem. Ursell studied the 

boundary value problem of the modified Helmholtz equation which 

is the governing equation of the near-field problem. The muitipole 

expansion technique for a circular cylinder was applied and 

numerical solutions have been obtained by Bolton and Ursell (1973). 
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Later, Faltinsen and Michelsen (1974) found the diffraction 

potential by a three-dimensional source-sink technique (Refer 

to Appendix III for a method of determining a velocity 

potential of 3-D source and doublet). The main disadvantages 

of these methods are the long ccuputer time required by the 

corresponding computer programs and also the effect of forward 

speed is not taken account of. Choo (1975) extended Faltinsen's 

theory to include an arbitrary sectional shape by solving the 

modified Helmholtz equation with an integral equation technique 

which is similar to Frank's solution (1967) for the two-dimensional 

Laplace equation. Choo, using the high frequency assumption and 

the technique of matched asymptotic expansions, found the diff- 

raction potential due to an oblique incident wave for a slender 

body with zero Froude number. First, Choo obtained a far-field 

solution by distributing three-dimensional sources and horizontal 

dipoles and then matched the inner expansion of the solution with 

the outer expansion of the near-field solution. Choo, however, 

did not consider the interaction effect between neighbouring 

sections neglecting the second-order effect. Bai (1975) found 

the velocity potential in the two-dimensional Helmholtz problem 

for wave excitation loads on an infinitely long cylinder using 

finite-element techniques. Bai, however, calculated diffraction 

forces and moments upon only the forms of rectangular cylinders. 

Troesch (1979) modified C'hoo's method to include the effect of 

non-zero Fronde number by a perturbation analysis. Troesch's 

solution, however, is not valid for the case of bow seas since 

the inter-action effect between neighbouring sections and end 

effect were neglected. Recently, Liapis and Faltinsen (1980) 
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suggested a new fast method to solve the Helmholtz equation 

problem by a distribution of simple Green's functions over the 

ship's section and the free surface. They calculated the 

pressure distribution for different wave heading and wave 

length, but gave the results only for the sections of the mid- 

ship part, and showed that their solutions are asymptotically 

identical with the one of, T oesch for short waves. The ship 

form was assumed to be a slender body and the effect of ship 

speed was not considered by them. 

From the preceding review of the current literature on 

the diffraction problen, it may be generally concluded that 

all the available theories have got sane of the following short- 

comings: - 

(1) The interaction effect between neighbouring sections 

has not been considered by neglecting the higher order 

effect which is highly complex. 

(2) The end effect such as the effects of blunt bow and 

transom stern has not been included by assuming that 

a ship is a slender body hence the ship changes shape 

slowly along its length. 

(3) The ship speed effect, which is related to the free 

surface condition, has not been considered properly. 

(4) Very long conputer time is required (for 3-D source- 

sink technique). 

Therefore, it seers beyond the capability of present day methods 

to evaluate an exact solution for the added wave resistance due 

to reflection. 
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In order to modify the usual methods for the total added 

wave resistance, i. e. to include the effect of wave reflection 

a simpler approximation method is being suggested by the Author. 

The objectives of the method are as follows: - 

(a) To evaluate the added resistance due to wave reflection 

independent of ship nation effects, 

(b) To be applicable to a general form of body, particularly 

to a full ship with a blunt bow. 

(c) To be applicable to the shorter wavelengths, 

(d) To be applicable for the case of oblique waves, 

(e) To take into account the effect of ship speed, 

and finally, 

(f) To calculate the added resistance by using a short 

car uting time. 

The basic steps of the method are as follows: - 

(1) To find a mathematical model of a ship by making use 

of the NAG library subroutine based on mininix poly- 

ncmial fit method. 

(2) To evaluate the wave drift force due to very short 

waves (i. e. when it may be assumed that the incident 

wave potential is the same as the potential due to 

body disturbance) for a vertical axis cylindrical body 

having infinite draught, and for which the waterline 

shape is the same as the actual ship, :. sing, the 

n thanatical fozmula obtained at '(1)' and Bessho`s 

formula based on the idea developed in the study of 

geametrical optics. 
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(3) To correct the result of '(2)' with a correction 

factor for the effect of wave scattering, based on 

the wave scattering coefficient derived by Jones and 

whitham (1957) for the high frequency simple harmonic 

waves by using ideas developed in the study of 

geometrical optics. 

(4) To correct the result of '(3)' for the effect of finite 

draught considering the contour generated by the orbital 

motions of water particles. 

(5) To correct the result of ' (4 )' for the effect of forward 

speed with the correction factor which was found by 

Fuj ii and Takahashi (1975) ' but modified for the case of 

oblique waves by the Author. 

It should be pointed out that the use of the known solutiax 

and techniqe of geometrical optics, acoustics and electrcmagnetics 

is not new in the field of surface waves. For example, Havelock 

(1940) solved the diffraction problem of water waves for the 

parabolic cylinder by making use of the expressions given by Lamb 

(1906) for the diffraction of sound waves. Bessho (1958b) 

derived a formula for the wave drift force acting on fixed cylin- 

drical body-in very short waves using the idea of geometrical 

optics. In 1960 Wehausen and Iaiton dealt with the idea in detail 

and showed that when an obstacle is a vertical cylinder extending 

fr above the free surface to the bottom, the diffraction problem 

Of surface waves can be reduced to the one of sound and electro- 

netic waves for which many special solutions are known. More- 

over, Wehausen and Laitone gave many examples such as the works 
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of Haskind (1948), Penney and Price (1952), and Peters and 

Stokers (1954) who used the above mentioned idea. 

Finally, it is worth quoting Ursell's statements (1957): - 

"The study of time-periodic electromagnetic wave problems 

falls into two parts. On the one hand there is the rigorous 

formulation in terms of Maxwell's equations (See Appendix A. V. 8. 

for Maxwell's equations), on the other there are the approximate 

theories of physical and geometrical optics which are useful at 

wavelengths short compared to other dimensions occurring in the 

problem under consideration. The substantial correctness of 

these latter theories is not seriously questioned, and it is 

believed that they are asymptotic representations, valid at short 

wavelengths, of solutions of the exact equations. " 
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111.2. DRIFT FOIE DUE '3 "VERY SHDRT WAVES 

In this section the drift force, due to the regular.. araves 

whose lengths are extremely small, is examined. The drift 

force, for the case of extremely short waves, may be considered 

as the added resistance solely due to wave reflection according 

to the following assumptions: - 

When the wavelength is extremely small, on account of the 

factor e in the expression of a incident wave potential 

(see, Appendix A. I. 4), the fluid notion exists only in a thin 

layer near the free surface because k is very large. Further- 

more, in such cases, the wave pressure is also so small that the 

body does not effectively move. The effect of the body upon 

the wave is just like an infinite vertical plane wall. Consequ- 

ently the incident wave is canpietely reflected at the reflecting 

region of the body. 

In actual cases wavelengths are not so nal1 and hence the 

above mentioned assumptions may not be true. In other words the 

incident wave can not be perfectly reflected, the ship is not a 

fixed body and the draught of the ship is not infinite. There- 

fore sie modifications for those effects are made by the Author 

in 111.3. 

For the drifting force due to regular short waves, the 

following literature may be consulted.. 

Kreitner (1939) gave the following semi-empirical formula 

for a ship at rest in a train of waves. 
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DX =pg Cä B sin y (III-1) 

where D. is the longitudinal camponent of wave drift force, 

y is the slope of the tangent of the waterplane curve with 

respect to the longitudinal centerline of the ship and the 

bar denotes the mean value of sin y with respect to the beam 

of the ship. The formula appears to be based upon an estimate 

of the difference of resultant amplitude at bow and stern, and 

upon taking the mean value of the hydrostatic pressure due to 

the surface elevation. Havelock (1940), however, pointed out 

that the latter assumption is incorrect. 

Havelock (1940) found that the drift force can be obtained 

fron the quadratic term of the fluid velocity in the pressure 

integral. Havelock presented on approximation formula, for a 

a fixed cylinder with vertical sides in head sea. This is as 

follows: - 

X=Pgý2Sb sin' ydy 
(111-2) 

=Pg ý2 B sine y 

In order to obtain the above formula, Havelock assumed total 

reflection by the sides of the ship frc n the bow back to where 

the sides become parallel to the longitudinal centerline, and 

furthermore assumed ac uplete shadow aft of that point. 

Later, using the assumptions of geometrical optics, Havelock's 

method was generalised by Bessho (1958b). Bessho gave a formula 

for the drift force, due to very short waves, upon a fixed cylin- 

drical body whose waterline shape is arbitrary form. Bessho 

integrated the quadratic term of the pressure equation over the 
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surface of the body and assured the following boundary 

conditions, to obtain the drift force: - 

a a(cI+ 4'R) 

on = an = 

`SR 

ý= ýI "R =0 

where 

on the surface SR + SS 

on the surface SR, (111-3) 

on the surface SS . 

n: the outward normal to the surface, 

ýI the velocity potential of incident mve, 

R the velocity potential of reflected wave, 

SR the reflection region of the body surface 

(see Fig. 12), 

SS : the shadow region of the body surface 

(see Fig. 12). 

Incident 

Wave 
ýR Shadow - 

Fig. 12. Reflection and shadow regions 
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For the case of regular head waves, the drift force was 

obtained by Bessho as follows: 

y )3 cis (111-4) DX =Ag ýä 
a 

as 1 
If the factor 'asp 

of Bessho's formula is replaced with 'sirr 

considering 'ds', as a line element along the curve of inter- 

section of the body surface with the free surface, Bessho's 

formula can be taken as having the same form as Havelock's. 

For the drifting force acting on 'a body floating in 

plane progressive naves, Maruo (1960a) presented the following 

asymptotic expression: 

DX =sp0 Iö IH (A) 12 (cos cos 8)"d6 (111-5) 

where 

H(9): Kochin function, 

x(e) 
S aos 

- 2a- = 
S5 

T ýs 
l1 / exp (KZ + ikx CASe + 1jý s111e)Cis, 

0: polar angle, 6= tan -1 (y/x), 

direction of propagation of incident wave referred 

to x- axis. 

Marco used the Mmnentum theory and the usual techniques of 

linearised water wave problems, by assuming the fluid to be 

incompressible and inviscid and the wave amplitudes to be snail 

canpared to the wave length and characteristic ship dimensions. 

For the case of very short waves, Maruo derived exactly the 

sane formula as Havelock's by assuming the body has vertical 

sides at the free surface. Maruo concluded that Havelock's 

formula could be regarded as the limiting form of the enact 

formula for the drifting force when the wave length is very 
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small. ! Raruo, however, made computation only for the simple 

forms such as a circular cylinder, a sphere, a spheroid and an 

elliptic cylinder. 

Nevxaan (1967) gave explicit results for a freely floating 

slender ship. In order to find the explicit results, Ne'anan 

linearised the problan and used slender body theory. Newman 

also employed n nentun relations to express the drift force in 

terns of the far-field disturbance of the ship, thus avoiding 

the necessity to determine the second-order disturbance in the 

near field. Newman evaluated not only the drift force but 

also the moment. Newman's method, however, is not suitable for 

a full ship with a blunt bow, because of the slender body 

assumption. 

Recently, Faltinsen and Michelsen (1974) found the drift 

force rxxnent for a floating body in regular waves. They 

used the formula given by Newnan (1967) and employed the 

asymptotic expansion of the Green's function which was presented 

by Wehausen and Laitone (1960). They also made use of the 

technique of stationary phase which was given by Erddlyi (1956). 

For the case of very short waves, their formula does not take 

the form which was derived by others, i. e. Havelock, Bessho and 

Maruo. Their formula, for the case of very short waves, is as 

follows: - 

DX =pg ýä L (111-6) 

Using the three-dimensional source technique, they made 

carputation for the added mass, the damping coefficients, the 

wave exciting force and iranent, and the horizontal drift force. 
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They, however, carputed those only for a simple form, i. e. a 

floating box. 

From the review of literature, Bessho's method may be 

considered as a suitable one for the drift force due to very 

short wave reflection. The reasons may be shown as follows: 

(1) In order to evaluate the drift force due to wave 

reflection independent of ship motion effects, the 

methods for a fixed body may be better than the ones 

for a floating body. 

(2) the assumption of slender body is not good for the 

problems of a full ship having a blunt bow. 

(3) Havelock's fonnula may not be applicable for the 

case of oblique seas, since Havelock only considered 

the bow form of a ship. 

In this connection, Bessho's method is adopted. Bessho, 

however, assumed that the incident wave is perfectly reflected 

in the reflection region of the body and that the ship is a 

stationary cylindrical body having infinite draught. Furthermore, 

Bessho gave a formula only for the case of head seas. Bessho did 

not indicate how his formula would be used to produce answers for 

ship problems. Therefore, some attempts are made by the Author 

as follows: 

(a) The waterline shape of a ship is mathematically repre- 

sented in III. 4 of this thesis. 

(b) In order to calculate the drift force for the oblique 

waves, the method of co-ordinate rotation is Used. 
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In other words, the direction of incident waves are 

assumed to be always parallel to the old x-axis in 

the cartesian co-ordinate, but, for the case of 

oblique waves, the mathematical formula of ship is 

changed using the following relations: 

x= x' cosy - y' sins + ö, 

y= x' sine + y' toss + Yo, 

where the new origin 0' of x'y' co-ordinate system 

has co-ordinates (xo, yo) relative to the old xy 

co-ordinate system and the x' axis makes an angle ß 

with the positive x axis. The ß also denotes the 

angle between the incident wave direction and the 

longitudinal centerline of the ship. Furthermore 

when the added resistance due to oblique-wave 

reflection is obtained in vector form, the usual 

method for wind resistance is used in 111.8. of this 

thesis. 

(c) Some corrections for the effects of wave scattering, 

finite draught of the ship, and ship's speed, are 

made in 111.3. 
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111.3. M DIFICATICTS OF WAVE DRIFT FCRCM FOR THE ADDED RESISTANCE 

IXJE TO WAVE REF'IECTICXXi 

In order to evaluate the added resistance due to short 

wave reflection from the drift force . which is obtained in. 

111.2, sane modifications are made in this section. 

111.3.1 Correction for the effect of wave scattering 

If plane waves are incident upon a perfectly reflecting 

vertical wall, the reflected wave is consistent with Snell's 

law (See, Appendix A. V. 9) and with the method of images. 

However, the plane waves are incident upon a ship, which 

reflects part of the wave energy and transmits the remainder, 

so that the amplitude of the reflected wave will be reduced. 

In this case the reflected and incident waves will differ, and 

the ratio of ýr/ýI defines a reflection coefficient. 'Where the 

and the CI are the amplitudes of reflected wave and of 

incident wave, respectively. 

In actual case, it seems beyond the scope of present day 

knowledge to find an exact reflection coefficient, taking into 

consideration the effects of wave diffraction and of wave- 

breaking. 

If the incident wave is sufficiently small and the body 

is aso ed to be stable, the resulting motions will be proport- 

Tonally small. - Furthezmore, the velocity potential ýA' due 

to the incident waves and their interaction with the body, is 

assumed to be independent of the body motions and may be 
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defined with the body fixed in position. The appropriate 

boundary condition on the body surface is 

an - 0' (III-7) 

which states that particles do not penetrate the body. 

The problen so defined is known as a wave diffraction 

problem, 

The presence of the body in the fluid results in diff- 

raction of the incident wave system and the addition of a 

disturbance to the incident wave potential associated with 

the scattering effect of the body. This process can be 

emphasized by the additional subdivision 

ýA=$1+ýS (III-8) 

The incident wave potential ýI, for infinite water depth, 

may be written in the form (See, Appendix A. I. 4) 

ýI = 
Ca 

e 
kz 

cos (kc - ut). (111-9) 

The scattering potential ýS must be introduced to present 

the disturbance of the incident waves by the fixed body. 

As usual, ýA is written in the form 

ýA (x, y, z, t) = Re 
.5 

(x, y, z) e -'Wt (III-10) 

where the potential function 
-T must satisfy the following 

free surface condition (see, Appendix A. I); 

(a) The dynamic boundary condition which states that the_ 

pressure is zero cap the free surface:. _ 

at +V5. V9+gz=o on z= ýa (x, Y, t), (IIIý11) 
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(b) the kinematic boundary condition which states that 

particles on the free surface remain there: 

3 50 ax 
21 + ac +a a .- =By az 

or alternatively 

(c) the usual linear free-surface boundary condition: 

22 
- k5 = 0, - cn z=0. (III-13) 

The cQditic (111-13) can be obtained fran Bernoulli's 

equation assuming that the wave elevation and the fluid 

velocity are sufficiently small and that the atmospheric 

pressure is independent of position on the free surface. 

In addition to the body boundary condition and the free- 

surface condition, the scattering potential must satisfy the 

cn z= ýa (x, 7, t), (III-12) 

following bottom boundary condition and Laplace's equation: 

S 
O as Z-º'-c° (III-14) 

025=0 in the fluid interior. (III-15) 

By assuming the incompressibility and irrotationality of the 

fluid, the condition (111-15) can be obtained fran the continuity 

equation which is derived with conservation of mass. 

\irthernore, an appropriate radiation condition should be 

imposed at infinity to make the boundary-value problem unique. 

Physically, the radiation condition of the diffraction problem 

implies that the fluid notion of the diffracted, wave at large 

distance from the ship represents an outgoing wave. The proper 

condition is (See, e. g., Wehausen and Laitone (1930)) 
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lim Ra 
r aJS 

-ik Ts )=o, 
Ry=o(1)m-. 

R, 
\ öR 

(III-1&) 

'When the wavelength is very shall, the fluid motion exists 

only in a thin layer near the free surface. Therefore, it may 

be assumed that the ship form is a vertical axis cylinder having 

infinite draught. In this case the z variable may be separated 

in the manner shown as follows: 

5(X, y, Z) =3 (X, y) Z (Z). 
Then the boundary condition in the fluid interior, V2, '= o 

becomes 

a- 
+ä +A' o, Z"-AZ=o. 

The two cases A= k2 >o and A =-k2 <o lead to different solutions. 

A>o. In this case f (x, y) satisfies the wave equation 

(See, Appendix V) 

a+ aiy + k2 ýf =o (111-17) 
8x2 aye 

and Z is given by 

Z=aekz+beZ. 

If the fluid is infinitely deep and 
z is to remain bounded as 

z -º - -, one must have b=o. Here k must be the same as in 

(111-9) since the frequency is fixed by the incoming wave. 

_T(x, y) must now satisfy the conditions (111-17), (111-7) and 

(111-16). Wehausen and Laiton (1960) have pointed out that 

the problem is exactly the same mathematical problem encountered 

in the diffraction of sound waves by a cylindrical body. Thus, 

any solutions known for sound diffraction by cylinders may be 
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taken over inmediately for water-wave diffraction. Thrther- 

more, Wehausen and Laitone have also found that the diff- 

raction of water waves by a vertical half plane may also be 

treated by transferring known solutions due to Sc xmerfeld for 

sound (See Appendix A. V. 10. for Scamnerfield condition) and 

electranagnetic waves to the present context. It is also 

considered worth quoting Stoker's statements (1957): - 

"One might hazard a guess regarding the right way to 

determine the potential function Y in all cases involving 

unbounded dcmains : It seems highly plausible that it would 

always be correctly given by the methods of geanetrical optics". 

Kodis (1956) has considered the scattering of a plane 

hai nic wave by a circular cylinder and used variational 

methods to deduce an asymptotic formula for the scattering 

coefficient in the case of high frequency waves. The 

scattering coefficient, a, is defined as the total energy 

flux outward from the cylinder in the scattered wave divided 

by the energy. flux in the beam of the incident wave which falls 

on the cylinder. In the limit of geometrical optics, the 

scattered wave is made up of a wave reflected in the reflected 

region of the cylinder with energy flux equal to that in the 

incident beam, and a wave behind the cylinder cancelling the 

incident wave there to form the shadow. Thus a-2 as 

k a-)--, k being the wave number of the incident wave and 'a' 

scene length defined by the body shape. Various writers 

(see, for example, Keller (1956)) have suggested that the next 

term in the asymptotic expansion for a is still proportional 
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to (ka)4 for general obstacles. Using the method of geanetric 

optics, Jcnes and Whitham (1957) have proposed an approximate 

method, to solve the problem of high-frequency scattering, which 

is related to the one given by Kodis. For general obstacles in 

the simple ha manic wave, Jones and Vhitham obtained the 

scattering coefficients a in the form: 

=2-0.9850 (k a) 

for a vertical cylinder, (111-18) 

v=2-0.9850 (Rli'3 + R2i'3)/(kam g) 

for a general obstacle, (111-19) 

where the R1 and R2 are the radii of curvature at the glancing 

points and dg is the distance between the glancing points. In 

order to deduce the formulae(III-18) and (111-19), Jones and 

Whitham (1957) used Fresenel and Kirchhoff's diffraction theory, 

and also made use of geometrical optics (Refer to Appendix from 

A. V. 1 to A. V. 7). Furthermore, they have shown that their result 

is in closer agreement with the exact solution for the particular 

case of a circular cylinder. 

Using the scattering coefficient, modified wave drift force 

is simply obtained by the Author as follows: - 

From the definition of the scattering coefficient a, the 

relation between a and energy flux can be written in the form 

aa__«T_a 

(III-zo) 

where the subscript 'a' denotes the actual case including the 

effect of wave scattering, the subscript 't' means the limit 

case, i. e. or = 2, and 'F, r' is the total energy flus outward 
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fran the ship in the scattered wave. On the other hand �the 

relation between wave drift force and the energy flux may be 

given by 

Da (ET) 
a (111-21) 

referring to the fact that, from the conservation of energy, 

the total energy flux rate across a control plane must equal 

the rate at which work is done by a moving ship in waves, to 

overcome the wave resistance. From the formulae (111-4), 

(111-20) and (111-21), the modified wave-drift force Da and 

the correction factor for the effect of wave-scattering Cs is 

obtained in the form 

Da 
as " D1 (111-22) 

z 

and hence 

Cs = ýa 
(111-23) 

where 

DR = PgcäfSR 
3s }3 ds, 

crI = 2. 

For the csa, both formulas (111-18) and (111-19) are 

examined in Fig. 19-b of 111.7. 

111.3.2. Correction for the effect of finite draught 

An approximate correction is made by the Author considering 

the Smith effect of pressure attenuation with depth. 
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When the inertia forces caused by waves are evaluated, it 

is often convenient to think of water acceleration in waves as 

algebraically added to the acceleration of gravity. The water 

at wave crests appears then to be lighter and at wave troughs 

heavier than normal. This modification of the effective 

weight of water in waves is often referred to as the frith 

effect, since attention was called to it by Smith (1883) in 

connection with ship bending-moment evaluation. The modific- 

ation of the pressure gradient with depth (the Smith correction) 

follows and exponential law. 

If a particular particle's path, of a simple surface wave, 

be traced through a canplete cycle, it can be found that in 

deep water all particles describe circular paths having radii 

which are ýa at the surface and decrease with depth in proportion 

to e Strictly, 'z' should here be measured to the centre 

of the circular path described by the particle (See, Appendix 

A. I. 4). 

In deep water, the elevation C of lines of equal pressure 

in a wave relative to the still-water pressure lines may be 

given by (see, Appendix A. I. 4) 

r- =-ca ekz sink (x - wt), (III-24) 

where '*a is the surface wave amplitude. The foi u1a (111-24) 

shows that ccntours of equal pressure are attenuated with depth, 

approaching zero amplitude as kz -} - -. These contours are 

the same as those generated by the orbital nations of individual 

particles. In order to consider the effect. of pressure 

attenuaticn with depth, all tenns involving wave elevation, 
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have been generally multiplied by the factor e' in most 

theories for the motions of a ship in waves. Furthermore, 

in general, 'z' is approximated by the half-draught of the 

ship. 

The half draught of the Author's model is still infinite. 

Therefore, the above mentioned idea is used sanewhat differently 

by the Author, in order to consider the effect of finite draught. 

The effect of draught in short waves may be expected to be 

a small value since a smaller amount of the total wave energy 

passes unchanged in direction beneath the ship in short waves 

than in long waves of the, sane height. It is assumed that the 

wave drift force upon the body part, which is below the ship's 

draught, is very small. Therefore, the added drift force due 

to the infinite draught would be caused entirely by the drift 

force at the bottcm of the ship. Using the formula (111-22) and 

the given assumption, the modified drift force Df is approxi- 

mated by the form 

Df = (Drift force for the case of z=o ti - co) 

- (Drift force for the case of z=-d 

4Pg [(e1 
ßa)2 IS (y)3 

_ (e 2 ai f 
. Ig l( ay 13 ds] 'ýs I 

= (e2kZ1 - e2kZ2) 4pg ;äf 
(ä )3 

ds (111-25) 
Si 

vAlere zl is zero, z2 is the ship's draught and the positive 

z-axis has been chosen directed vertically upward from the 

crater surface at rest. Consequently, the correction factor, 

Cd, for the effect of finite draught is obtained in the foam 
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C e-7 
kd 

d (111-26) 

where d is the ship's draught. 

III. 3.3. Correction for the effect of ship speed 

In order to evaluate the added resistance due to wave 

reflection using the fomula (111-25), the formula should be 

m dified for the effect of ship speed. 

In the linearized theory, it is assumed that the Froude 

number is zero or very small by neglecting the higher-order 

effect (Refer to the Appendix from A. I. 3_to A. I. 5). 

For this reason, - it is believed that the speed correction 

factor, which is based on riodel tests, is better than the 

theoretical one, for practical purposes. - 

To introduce the effect of ship advance speed, E, ijii and 

Takahasi (1975) used the correction factor CJ which was given 

by the form 

vy 
(1 + 

2g 
v)2 (111-27) 

The formula (111-27) is Employed but is slightly modified, 

by the Author, taking into account the imdel test data and the 

idea of encounter, frequency, The correction factors are 

approximated by, the foxnns 

Cv = (1 it 
214 

v)2, for head and following sea, 
III-28) 

Cv = (1 } 29'ß 
v. cosß) 

37rý) 
'f 9r °blique sea, 

where '+' denotes for the cases of head and bow sea. 
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III. 4. MATHMATICAL NKEEL OF A SHIP 

According to the assertions which are given in 111.2, the 

ship is assumed to be a vertical axis cylindrical body for which 

the waterline shape is the actual waterline share. 

Mathematically, the waterline shape is represented by using 

a NAG library routine (1977) which calculates (hebysbev's minimax 

polynanial fit to a set of data points (See, Appendix A. V. 11 and 

A. V. I2). 

It is worth noting that several researchers have shown that 

Chebyshev polynomials have advantages cc red with other poly- 

nanials for the mathematical representation of ship fours. For 

examples, Martin (1961) examined some different approaches to 

express the sectional area curve in conjunction with wave resist- 

ance calculations. Martin has concluded that Qiebyshev poly- 

nomials have definite advantages compared with the Lagrange inter- 

polation polynomials and a Fourier sine series. Also Taylor 

(1963) prefers Chebyshev polynomials, since it could be shown 

that a sun of these polynomials would approximate a given function 

so that the maximum deviation is less than for every other poly- 

nomial of the same degree. Taylor has pointed out that the 

main property of the Chebyshev formula is that, generally, the 

total deviation is more evenly distributed along the range. 

Moreover, NAG manual (1977) has indicated that the Chebyshev 

polynomials are better than usual power-series, since it leads 

to much better accuracy in general, both in the canputaticn of the 

coefficients and in the subsequent evaluation of the fitted poly- 

nomial at specified points. 
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The fourth order polynomials are used for the waterline shape, 

as the equations of waterline offset may be expressed by the fourth 

order polynomials (See, e. g., KID (1971)). The equation of water- 

line is given by the form 

Y= A3 + A2X + A3X2 + A4X3 + A5X'' (111-29) 

where the coefficients Al ti As are evaluated using the NAG routine: 

E02ACF. In order to find the accuracy of the formula (111-29), 

a full ship (: Series 60, CB = 0.8) is examined, since the added 

resistance due to wave reflection of a fine ship might be insign- 

ificant (Refer to Shintani (1973)). The absolute errors, between 

the results of the equation (111-29) and the given offset, are 

presented in the tables 3-a and 3-b. The table 3-a denDnstrates 

that the maximum mean absolute error of the equation (111-29) is 

under 0.7% neglecting the value corresponding to the point, F. P., 

for the case of a Head sea. For the case of an oblique sea, the 

table 3-b gives 4.3% of the maximun error due to mathematically 

representing the ship's water line using the formula (111-29), when 

the values of end points are neglected. 
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TABLE 3-a and b OCMPARIBCST OF THE RESULT OF PRESENT COMPLM 

PROGRAM AND INPUT OFFSET FOR D. L. W. L. (SERIES 60, CB=O. 8) 

<HAII-BBEADIHS OF WATER LINE GIVEN AS FRAGTICN CF MAX. BEAbM> 

TABLE 3-a BOW CVLY (FOR HEAD SEA) 

STATION INPUT' BREADTH PRESfl T PROGRAM ABSOLUTE ERROR(%) 

F. P. 0.000 -0.005 

0.5 0.286 0.293 2.447 

1.0 0.522 0.525 0.574 

1.5 0.700 0.699 0.142 

2.0 0.830 0.825 0.602 

3.0 0.964 0.964 0.000 

4.0 0.999 1.005 0.500 

5.0 1.000 1.005 0.500 

* MEAN ABSOLUTE ER OR N GI=ING END POINT - 0.680 % 
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TABLE 3-b CWLETE W. L. (FOR OBLIQUE SEA) 

STATICN IlNPOT BHEAtJF. H PRESIIVT PROGRAM ABSOUJTE ERROR (%) 

20.0 0.000 -0.057 
19.5 0.353 0.328 7.082 

19.0 0.503 0.504 0.198 

18.5 0.617 0.646 4.700 

18.0 0.712 0.758 6.460 

17.0 0.851' 0.909 6.815 

16.0 0.941 0.983 4.463 

15.0 0.988 1.007 1.923 

14.0 1.000 1.000 0.000 

13.0 1.000 0.980 2.000 

12.0 1.000 0.959 4.100 

11.0 1.000 0.946 5.400 

10.0 1.000 0.947 5.300 

9.0 1.000 0.963 3.700 

8.0 1.000 0.990 1.000 

7.0 1.000 1.024 2.400 

6.0 1.000 1.053 5.300 

5.0 1.000 1.063 6.300 

4.0 0.999 1.037 3.803 

3.0 0.964 0.952 1.244 

2.0 0.830 0.783 5.662 

1.5 0.700 0.657 6.142 

1.0 0.522 0.499 4.406 

0.5 0.286 0.304 6.293 

F. P. 0.000 0.068 

* MEAN ALSO= ERROR NBGLEGTING RM FOINM = 4.304 % 
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111.5. CCMPARI, SC; OF I AU1 UR ̀ S ME= STMT IVJI I TAKAI1ASI PS 

The basic idea of the Author's method is sanewhat similar 

to Fujii and Takahashi's (1975). However, the difference 

between Flijii Takahasi's method and Author's can be established 

as follows: 

(a) Using forula of wave drift force 

Fujii and Takahashi used Havelock's formula (1940), i. e. 

the equatial (111-2) in the section 111-2. 

However, Bessho's fonnula (1958b), i. e., the formula (111-4) 

is used by the Author. 

As discussed in 111-2, Havelock's formula may be used only 

for the case of head waves, since Havelock only considered the 

bow form of a ship. Moreover, Havelock's approximate formula 

stands on a weak theoretical basis (See, e. g., Maruo (1956)). 

(b) Correction method for the effect of wave scattering 

In order to consider the effect of wave scattering, Pujii 

and Takahasi used the following reflection coefficient CR: 

CR = it I1 / 72 I12 + kiz (111-30) 

where, I1 and Kl are modified Bessel functions of the first kind 

and the second kind, respectively. The foxmula (111-30) was 

derived by Wehavsen and taitone (1960) for the case of a vertical 

flat barrier, and the fornoul. a is the arrlitudes - ratio of 

reflected and incident waves for the particular barrier. 
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Assuming that the added resistance is proportional to the square 

of wave amplitude, the formula (111-2) of wave drift force was 

multiplied by R2, by Fiijii and Takahashi. 

However, the ßoxmula (111-23), i. e. (Ia/a1,, is proposed as 

the correction factor by the Author. As mentioned in 111.3 of 

this thesis, the wave scattering coefficient ßa is evaluated by 

Jones and Whitharn's method, and the value of the limit scattering 

coefficient aI is taken 2 (Refer to 111.3.1 of this thesis). 

Moreover, the wave scattering coefficient is defined as the 

energy-flux ratio of the total energy flux outward fran the body 

in the scattered wave and the incident wave which falls on the 

body. It is worth remenbering that Jones and Whitham found the 

scattering coefficient for the case of a vertical axis cylindrical 

body for which the section shape is an arbitrary form. 

(c) Correction for the effect of finite draught. 

When Havelock's formula (111-2) was derived, Havelock 

assumed that the draught of the body was infinite. Fujii and 

Takahashi assumed that the effect of finite draught could be 

considered simply using the reflection coefficient (111-30), 

since the coefficient was derived for the case of a vertical 

barrier having a finite draught. 

The Author, however, proposes the foxmula (111-26) as the 

correction factor, using the idea of pressure attenuation with 

depth. 
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(d) Correction for the effect of ship speed. 

see, III. 3.3. of this thesis. 

(e) Final Toxin of the added resistance due to wave reflection 

Fajii-Takahashi's formula is given by the, form: 

(III-31) 2 RAyý = CV Cs 
,1Pg 

ýa J B/2 Sý2 Y dy, 

where, 

Cv (1 +g v) > 

CS - (CR, ) 2. 

On the other hand, the Author's formula is as follows: 

RAS_ Cs Cd pg ýaS (z )3 ds, (111-32) 
r as 

where., 

Cv 
: formulae (111-28), 

Cs : formula (111-23), 

Cd : formula (111-26). 

(f) Examples 

In the figures fran 23-a to 23-d in 111.8 of this thesis, 

the results of the Author's method, as well as the results of 

Rl jii-Takahasi's, are caripared with the experimental data 

which are given by Fujii and Takahashi (1973). The Fig. 

fron 23-a to 23-d show that the results of the Author's 

method would appear in most cases to he in closer agreement 

with the experimental data than F` j ii and Takahashi' s. 
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111.6. EXPEhDvIEN'IS 

111.6.1. Introduction 

Excluding the effect of ship notions, the mean added 

resistance due to high frequency waves has been measured by 

the Author. 

The aims of the model tests were as follows: 

(a) To compare the results of the Author's method with 

the measured data, 

(b) Over the shorter wave length range, to investigate 

the validity of the assumption; 

"That the added resistance due to the wave reflect- 

ion increases as the second power of the wave height 

at a given wave length and ship's speed. " 

(c) To investigate how the above mentioned resistance 

is affected by 

i) ship speed, 

ii) the ratio of wave-length to ship length, 

iii) wave steepness. 

The test data were measured in the following conditions: 

X/H = 10.6 ti 101.0, mainly 20 \, 60, 

X/L = 0.23,0.28,0.40,0.50,0.62,0.70,0.78,0.88. 

0.97, (1.08), (1.18), 

Fn being 0.10,0.15,0.20,0.25, 

() indicating conditions only for Fn = 0.15. 
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The experimental results and discussion are shown in 

111.7 of this thesis 

III. 6.2. Equignent 

The model tests were performed in the Towing Tank of 

the University of Newcastle upon Tyne., Although the tank 

is not particularly large (see, Table 4 for sizes), several 

researchers have shown that-the model (tank size) is of 

less significance in studying added wave resistance. For 

example, Stran-Tejsen, Yeh and Moran (1973) canpared the 

non dimensional added resistance of experiments on 5.6m 

model with the results from 1.5 m model test carried out 

in different towing tanks. The two sets of experiments 

gave similar results. Also Sibul, (1959,1961,1962,1964, 

1966,1967,1969,1971a, 1971b and 1971c) presented value- 

able test data of ship's resistance in waves using small 

models, i. e. 1.5m model. 

The Wave Generator is a Rolling Seal Modular Wavanaker. 

The mass of the wavenaker paddle is unusually low compared 

to conventional machines. The wavanaker has 12 - modules 

and each module consists of a rectangular case, the front 

of which is hinged to form the wave generating surface. 

Both the case and the paddle are fabricated : fron a -thezmD- 

plastic material. A fabric reinforced nxmbrane foams a 

seal between the displacer and its mainframe so keeping the 

water on one side. The forces due to the unbalanced hydro- 

static pressure of the displacer are controlled by an 
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adjustable spring system. The resulting low mass and 

spring rate displacer is driven by means of a D. C. servo 

motor and intermediate transmission. Due to the near 

ideal dynamics of the displacer system, the wavenaker 

exhibits very little frequency dependance and can be 

controlled to produce virtual monofrequency, complex or 

randan wave regimes. The control system formed by each 

wavanaker displacer, the servo motor and the associated 

control electronics, responds in a calibrated way to a 

command signal presented as a time-varying voltage wave- 

form. Interface equipment can be used to allow direct 

control of arrays of wave makers fron a digital computer. 

Also, the signals generated by the equipment can be used 

to influence and modify the motion of each displacer in 

such a way that unwanted components of the wave regime 

are suppressed. These unwanted cc* onents arise as a result 

of reflections and disturbances at the boundaries of the 

finite test tank and at the tested object itself. The 

ability to eliminate these effects frcm a test tank 

increase the quality of the test facility and the test 

tank throughput. By means of the wavegenerator, full 

size conditions seem to be reproduced at model scale with 

excellent accuracy and repeatability. The schematic 

diagram of the wavanaker modules and control systems are 

shown in Fig. 13. It is well known that experimental 

error increases rapidly with increasing frequency of 

encounter as the wave height beca es smaller as the wave 

length is reduced. The greater reliability of the 
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generated waves is extremely important in producing more 

reliable data, especially in the shorter wave length range. 

The Current Measuring Device and the Load Transducer 

are sham in Fig. 15 and 16, respectively. The load trans- 

ducer is of the displacanent type - "Uni Measure 80". 

Some more' characteristics of the above mentioned equip- 

ments are given in Table 4 and the Connection Method between 

the model and the carriage is shown in Fig. 14-a to 14-b. 

Much experimental data of the added resistance in waves 

for Series 60 is available. For example, series 60 mpdels 

have been tested by Sibul (1959 � 1971c), Shintani (1971), 

van Sluijs et. al. (1973) and Stran-Tejsen et. al. (1973). 

However, data for the added resistance, caused by incident 

waves in the absence of ship motions, does not appear to exist. 

This resistance anent was referred to as the added resist- 

ance due to wave reflection by Korvin-Kroukosvsky (1961). 

For this reason a restrained Series 60 Model was examined. 

The lines of the model are shown in Fig. 17 and the character- 

istics of the model are given as follows: - 

Ship Type Series 60 Parent 

Material of Model Wax 

Length, L, in 1.524 

Beam, B. m 0.234 

Draught, d, m 0.094 

L/B 6.50 

B/d 2.50 
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Block Coeff ., Cß 

Prismatic Coeff., Cp 

Midship Section Coeff., CM 

Waterplane Coeff. , CVp 

Vertical Prismatic Coeff., CVp 

Half Eitrance angle, deg. 

LLB % I! pp fran Midship 

Wetted Surface Area, S, m2 

L/QY, 

S/ati3 

o. soo 

0.305 
0.994 

0.870 

0.920 

43.0 

2.5F 

1.469 

5.092 

6.028 
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Fig. 13. Schematic wave basin shaving seawave simulation 

rolling seal wavenaker modules and control systems 

Fig. 14-a Schematic diagram - Connection of model 

and carriage 

Carriage 

11 - 
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'A BS A.. 

Fig. 14-b Connection of model and carriage 
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Fig. 15 Current measuring float 

ti. / 

Fig. t6 Force transducer 
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Table 4. Characteristics of the University of Newcastle-upon-Tyne Towing Basin 

Basin Dimensions Rectangular Cross Section 

Length 42.7 m 

Width 3.7 m 

Depth 1.2 m 

Wave Maker Rolling Seal 12 - modules Wave Maker 

(Seasin Control Ltd., Type 306). 

Wave Damping Sloped Screen Beach at Basin End. 

No Wave Suppression along sides. 

Time Interval between Tests 10 to 15 minutes 

Carriage Mono Rail Cable pulled on overhead tracks 

Weight 1.5 ICI 

Speed 0.0 to 6.4 m/sec 

Type of Drive Electrical, 1x 3/4 hp motor 

Zeasur ng Distance 15.2 m at 3.05 m/sec 

Model 

Size 0.9 to 2.4 m 

Material Wood, Fibreglass, Wax 

Taving Arrangement Constant Velocity 

Model restricted against all the six degree motions 

Instrumentation l hoto electric cell mounted on carriage 

Carriage Speed ± O. OCX)3 m/sec at maximum speed. 

Wave Height Capacitance wave probe with wave monitor ((iurchill 

Hill Controls Ltd. )± . 00025 m at ± . 10170 m range, 

Drag force Uni Measure/80, P- 20 Force Transducer 

± 17.8N maximum load, Accuracy ± . 044N. 
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111.6.3 Procedure 

As discussed in the Appendix A. V. 13 of this thesis, the 

constant-velocity method rather than the constant-thrust method 

is the more direct method, and would be more convenient in order 

to use the superposition technique for the determination of the 

added resistance of irregular waves. Moreover, several invest- 

igators, e. g. Sibul (1967; 1971a; 1971b) and Strom-Tejsen et. 

al. (1973) examined both the constant velocity method and the 

constant-thrust method; and they have shown that both the 

methods yield equivalent results. Furthermore they have 

pointed out that the constant-velocity method is easier to 

perform and the results are more accurate. For these reasons, 

the constant-velocity method was used by the Author. As 

shown in Fig. 14-a to 14-b (also see Appendix A. V. 13), the 

model was firmly attached to the resistance dynanrneter and no 

speed variations relative to the carriage were possible. The 

model was restricted against all the 6- degrees motions, i. e. 

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

The tests in calm water and in regular waves followed each 

other imnediately because the added resistance is the difference 

between two relatively snail forces, and even small changes in 

the experimental setup or temperature of the water may introduce 

errors -mhich distort the data. The conditions of calm water 

were checked with the current measuring device which was shown 

in Fig. 15. In addition, to obtain accuracy, the same wave 

length condition was repeated several times at different wave 
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heights (See Fig. fron 19-a to 19-d). 

The output of the dynammneter was integrated over a 

relatively long time period, i. e. 11 sec " 26 sec, to deter- 

mine the mean values of the drag force and the model velocity. 

When the mean values were obtained, the P. D. P. 11 ccmputer was 

used. AX-Y recorder instead of the P. D. P. canputer, 

however, was used to determine the mean wave height. The wave 

height and period were monitored using a wave probe and a wave- 

monitor. The schematic arrangements are shown as follows: 

(i) Speed and drag force 

! de Load Transducer Amplifier H P. D. P. 

(Unit Measure/80 (strain gauge type) Canputer 

(ii) Wave 

Wave Monitor 
Wave Probe Pen Recorder (Churchill Hill Controls) 
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111.7 RESULTS AIM DISCUSSION OF THE FORCES DUE TO WAVE RLFLECTIarsI 

In the shorter wave length range, 0.2 <A/L< 0.7, the 

figures from 18-a to 18-f show the following relationships 

between: 

(i) the Author's experimental data (: Circle) and the 

results calculated by means of Author's approximation 

method (: Full line), for the mean added resistance 

due to wave reflection, RAS 

(ii) RAS and the added resistance coefficient, CAS 

which is given by the following non-dimensional fora 

as the usual theoretical method did: 

CAMR, RAtiVR 'L (111-33) 

p"g. B2. C2 

(iii) CAS obtained fron the meastwed data (: Cross) and 

the ones canputed by Author's method (: Dotted line), 

(iv) wave-steepness, A/H, and CAS,,, as well as RAS. 

The data of the Fig. 18-a to 18-f are taken for the constant. speed 

corresponding to Fn = 0.15, but for the range of wave steepness, 

10 < A/H < 110. 

For the several speeds Fn = 0.10,0.15,0.20,0.25, the 

canparison between the measured CAM and the ones computed by 

Author's method, are made in the Fig. 19-a to 19-d. In these 

figures, the ratio of wave-length to ship-length is varied 

between 1: 5 and 6; 5. Fu therwre, the Fig. 19-b also show 

the variances of the results obtained using the two different 

formulae, i. e., (111-18) and (111-19), for the scattering 

coefficient. 



156 

The relationships between RAS and X/H are presented in 

the Fig. 20. The results of Fig. 20 are evaluated by means 

of the Author's approximation method for the ratios of wave- 

length and ship-length, a/L = 0.2,0.4,0.6,0.8,1.0,1.2, 

1.4,1.6. 

In the Fig. 21, the coefficients, CAMR, are plotted against 

the ratio, X/L. The results of this figure are computed by 

Author's method for the speeds corresponding to the Froude 

numbers, Fn = 0.10,0.15,0.20,0.25. 

It should be noted that, strictly speaking, the above 

mentioned resistance is not the whole added resistance due to 

wave reflection, but is the added resistance caused by incident 

waves in the absence of ship's 6- degree motions. In other 

words, the resistance force, resulting fron the interference 

between the force due to wave reflection and the one due to ship 

oscillations, is not included. However, when the effect of 

wave reflection is significant, say, in the case of shorter wave 

length, the effect of ship's nations is relatively shall and the 

force resulting fron the interference may be negligible. The 

added resistance of the non-oscillating ship is frequently 

referred to,, the added resistance due to wave reflection (See, 

e. g., Korvin-Kroukovsky (1961), and Fujii and Takahasi (1975)). 

In the case of the measured RAS, the maximum and mi ni un 

standard deviations are 0.089 and 0.001, respectively. 

For Fn = 0.15, the figures 18-a to 18-f show that the 

results of the Author's computation method are in close 
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agreanent with the measured data, for the case of RAS. For 

the case of CAS however, the agreement, between computed 

results and ones evaluated by use of the measured data, is not 

always good in canparing to the case of Fran this 

appearance, it may be considered that the assumption, that the 

resistance RA`VR increases as the second power of the wave 

height at a given wave length and ship's speed, is not always 

true. The CAS obtained by using the measured data agrees 

closely with the computed ones for the following waves only: 

1) 20 < A/H < 60 when 0.7 > A/L > 0.5, 
(111-34) 

ii) 30<X/H<40 when 0.23<_X/L<0.5. 

The results danonstrate that RAWR is probably proportional to 

the second power of the wave height for higher waves rather 

than lower waves. For the case of RTRW in A/L > 0.7, the same 

phenomena, as mentioned above, has been found by Sibul. For 

RrAW-in the range of a/L > 0.7, Sibul (1959,1961,1964,1971b) 

has been made a great nunber of experiments and he has pointed 

out that the second-power relationship between R, rAW and wave 

height is approximately true for merchant ships. Sibul, 

however has found considerable variation of the assumption at 

smaller wave heights. Furthermore, Sibul has recam nded that, 

when the response operator, to detennine RAN, is derived fron 

the tests in regular waves, the wave steepness should be under 

60. As an approximate value, A/H = 40 has been recannended 

by, Sibul. From the Author's results, a similar trend to 

Sibul's could be found, even though the Author's case is saºa- 

what different fron Sibul's, i. e. for RAS in 0.7 > A/L > 0.23 

not for RTAW in A/L > 0.7. The optimum range of wave steepness, 
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however, is slightly different from the one reccmnended by 

Sibul. In other words, when CAMR is derived from the rrmodel 

tests, the optimum range of wave steepness mould be 

30 < a/H <"40 rather than A/H < 60. As an approximate value, 

A/H = 35 would be better than X/H = 40. Furthermore, the 

Fig. 18-a to 18-f indicate that the snaller the wave length 

is, the larger is the scattering of CAIR, derived from the 

measured data, largely because wave height becanes small when 

2 wave length is reduced. With the assumption of RA OC MIR a° 

even small changes of RA. in the short wave length range 

could result in sizeable changes in CAS . For this reason, 

when CAS on high frequency waves is derived fron the measured 

data, the scattering of the CAI, VR would increase rapidly for 

increasing frequency of encounter. 

In Fig. 19-a to 19-d, CAR are evaluated using the data 

measured by the Author for the recaimended wave conditions 

(111-34), and then are plotted with the CAS obtained by use 

of the Author's calculation method. For Fn = 0.10 ti 0.20, 

the Fig. 19-a to 19-c danonstratesthat the computed CAS seem 

to agree well with the ones obtained fron the measured data. 

In the case of F1 = 0.25, however, there is considerable 

scatter of CAS based on measured data, and the measured 

CAS does not compare well with the computed C'ý for speeds 
, VR 

corresponding to Fn = 0.10,0.15,0.20. Frcm Sibul (1966), 

the discrepancy could arise fran the error inherent in the 

assumption of RAJVR CC ý2. However, he (Sibu7. (1966)) goes on 

to say that this error (f ran assuming RAM oc C a) may not be very 
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serious for the average cargo ship in waves of approximately 

AJH = 40 and speeds corresponding to Froude numbers between 

0.10 and-0.20. For higher speed, however, Sibul has found 

a larger error caused by the assumption. 

Frain the results of Fig. 19-a to 19-d, it might be 

considered that the correction factor for ship speed, (111-28) 

would provide a relatively good approximation for a full ship. 

At present, it is also worth while referring to the recent 

work of Fujii and Takahasi for the speed correction factor. 

In 1981, \ijii and Takahashi carried out experiments on the 

total added wave resistance for several kinds of ship model, 

i. e., Cb = 0.52,0.61,0.79,0.8,0.84,0.85. In two 

different ways, Fujii and Takahashi evaluated the added resist- 

ance coefficient, C. fAW = RTAW/(p g ýä B2/L). In one way CTAW 

was obtained fron their measured data, in the other way C, Mff 

was calculated by use of their calculation method (1975, Refer 

also to the section 111.5 of this thesis for Fujii-Takahashi 

method). They compared the ca xited CTAW with the one based 

on measured data for the case of A/L < 0.5 in the discussion 

of Faltinsen et. al. 's paper (1981). Fran the canparison, 

Fujii has pointed out that the speed correction factor (111-27) 

gives good estimation for full ship models and is a very 

attractive foinula fron the practical point of view. For the 

short wave lengths, however, they have shown considerable 

differences between the canputed C, Aiv and the ones based on 

measured data, for a fine ship model at high speeds correspond- 

ing to Froude numbers 0.25 and 0.33. The cause of this 
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tendency could be regarded as the error of the approximate 

correction factor for forward speed. However, there are 

a nirber of other factors which could give rise to errors 

in the speed correction factor, and thus dissimilarities 

in QrAW, when considering fine ships, Fn = 0.25 ti 0.35, and 

X/L < 0.5, thus : - 

(a) error from assuring that the resistance is increasing 

as the second power of the wave height, a larger 

error than may apply when the ship has a small block 

coefficient and above the error for high speed, 

II > 0.25, waves of low height and short wave length 

as shown by Sibul (1959,1961,1964,1966) and the 

Author. 

(b) experimental error, since the added resistance is 

obtained as a relatively snall difference between the 

resistance measured in waves and that measured in 

still water, particularly when considering a fine ship 

model the difference would be smaller. The experi- 

mental error would also increase rapidly with increas- 

ing frequency of wave encounter. 

(c) errors due to the assumptions to determine the effect 

of wave scattering, the effect of finite draught, 

and wave drift force, as studied in the sections 

of 111.2 ti 111.5 of this thesis. 

Also, Fig. 19-b indicates that the CAj1R obtained from use 

of the fozmu 1a (111-18) is in closer agreanent with the one 

based on the measured data, than the CAS evaluated using the 
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formula (111-19). Therefore, the formula (111-18) is 

adopted to determine aa by the Author. It is also inter- 

esting to note that the values of CAS based on measured 

data are less than zero for the case of X/L > 1.0 and 

Fn = 0.15 in Fig. 19-b. The same phenomenon appears at 

X/L = 0.975 and Fn = 0.10 in Fig. 19-a. This could be 

caused by the effect of viscous flow as pointed out by Ruse 

(1976) for certain platforms, although there is not much 

data to justify this. 

Fig. 20 shows that the higher the wave height, the 

larger RAS, at constant A/L. Furthermore, the RAS for 

A/L = 0.2 v 1.6 increases rapidly at the wave steepness 

range, about 20 <'A/H < 50. 

Fig. 21 demonstrates that CAS increase when X/L 

decreases, and also the larger CAS appears at the higher 

speed. This tendency implies that the energy dissipation 

due to reflected waves on the ship increases with the 

frequency of encounter. For the speeds between 0.10 and 0.25, 

sudden increases of the coefficient CAR appears in the 

vicinity of about X/L = 0.1 ti 0.3. Unfortunately, there is 

not much data to confirm the magnitude of this sudden increase 

of CAWR at the regime A/L < 0.2. In this very short wave 

length range, the error due to the assumption, that added 

resistance increase with the second power of wave amplitude, 

may be considerable as shown in Fig. from 18-a to 18-f. It 

may be considered that it would be better to exclude those 
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values for the range of very short wave length, say A/L < 0.3, 

when the response operator is calculated to determine added 

resistance due to irregular waves by means of the linear spectrum 

method. 
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Fig. 18-a to f Canparison of Author's method results and 
experimental data, presented as resistance RAS 

and as coefficient CAI, 7R (Series 60, CB=0.8, %=1.5) 
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Fig. 19-a to d Carputed and measured CAIti, R vs X/L 
(Series 60, CB = 0.8) 
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III. 8. M CDI HCATICK OF AVAILABLE MSS 1OR THE TOTAL 

ADDED RESISTANCE DUE TO REGULAR WAVES 

As discussed in Part II, most usual methods for calcu- 

lating added resistance in waves mainly deal with the effect 

of ship motions. In other words, most calculation methods 

do not include the added resistance due to the wave reflection. 

Several researchers, e. g., rlijii and Takahashi for a full 

tanker model (1975), and Nakamura for a fine container ship 

(1977), have shown that the total added resistance of the ship 

in waves can be obtained approximately by the form: 

RTAW RAM + RAWR 

where, 

(111-35) 

RAS : added resistance due to ship notions, 

RAS : added resistance due to wave reflection at 

the bow. 

As mentioned in II. 2. 'of this thesis, Korvin-Kroukovsky 

(1961) classified existing theoretical methods for added wave 

resistance into two parts as follows : 

(a) Added resistance caused by incident waves in the 

absence of heaving and pitching; this resistance was 

referred to the 'added resistance due to wave 

reflection', RAW. 

(b) Added resistance caused by ship rmtions, RAI' 

As shown in 11.2 and III. 1, the added resistance due to 

wave reflection has been regarded as an important factor in 
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particular for the case of a large full ship, for practical 

purposes. Nevertheless, most previous methods hardly took 

account of the resistance of the case (a) outlined in the 

above, in determining total added wave resistance, since 

there are sane difficulties in considering it. It appears 

to be beyond the scope of present day methods to determine 

singularities distributed in satisfying a body boundary cond- 

ition, as discussed in 11.2.2, e. g., Nakamura et. al. 's (1981). 

The added resistance due to wave reflection could be" 

approximately determined by means of the Author's method 

developed in the preceding sections of this part. In order to 

modify the results of most conventional methods, it is assumed 

that the total resistance increase of a ship in waves can be 

approximated by the sun of the resistance due to wave reflection 

and the-resistance due to the ship motions. 

For the case of an oblique sea, the conventional technique 

for wind resistance is used to obtain the resistance vector in 

the direction of wave propagation (See, Appendix VI)). 

The RTAW modified by means of the Author's method is 

canpared with the results of the original methods as well as 

scaie experimental data in 1g. 22, for the case of head waves. 

Most measured data in the figure, except van Sluijs et. al. 's 

(1973), are the ones for Series 60 model. In the figure, 

Shintani's canputation results are used forts aruo's method and 

Strom-Tejsen et. al.. 's (1973), for Gerritsna's. 
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The dig. 22 illustrates that the canputed results, 

particularly shorter wave length range, sear to be improved 

by use of the Author's method. 

The figures from 23-a to 23-d show the results of Maruo's 

method, Ri ii-Takahashi's and the Author's with the experimental 

data measured by Fujii and Takahashi (1975), for the CTAW of a 

tanker in oblique seas, a= Oo, 150,300,450. The computed 

values for M aruo's method are duplicated from the jii and 

Takahashi's paper (1975). 

Fig. 23-a to 23-d indicate that the results of the Author's 

method appear to be in closer agreement with the measured data 

cared with the ones of Fajii-Takahashi's and of Marco's in the 

shorter wave length range, X/L < 1.0. In the case of the longer 

wave length range, A/L > 1.0, however, the agreement between 

calculation by the Author's method and the experimental data is no 

better than that of Flajii-Takahashi's. In particular (for 

A/L > 1.0): - 

(i) For the case of a= 0°, the Author's method is better 

than Fujii-Takahashi's. 

(ii) Für a= 15°, Fijii-Takahashi's is better than the 

Author's. 

(iii) For a= 30°, large discrepancies of the measured data 

exist and it is difficult to judge whose method is 

better. 

(iv) For a= 45°, the Author's is as good as the Rijii- 

Takahashi's. 
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Fig. 23-a to d Comparison of measured and computed total added 

resistance coefficients in regular oblique waves 
(Tanker, CB = 0.846, F1 = 0.12) 
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111.9 OONCLUDING REMARKS 

The Author has proposed an apprcdmate method of deter- 

mining the increased resistance on a ship caused by regular 

wave reflection. 

Using a Series 60, CB = 0.8 model a series of experiments 

were performed by the Author to measure the added resistance 

caused by regular head waves in the absence of ship's 

oscillations, particularly in the shorter wave length range. 

Ccuparing the measured data with results ccaputed using 

the Author's method it was shown that: 

(a) Canputed mean added resistance due to wave reflection 

RAMS agrees well with measured data, 

(b) The assumption that the resistance is increasing as 

the second power of the wave height appears to be 

true for speeds corresponding to Froude numbers between 

1.0 and 0.20 and for the following wave conditions: 

20 < A/H < 60 for 1.0 > X/L > 0.5, 

30 < A/H < 40 for 0.5 > l/L > 0.2, 

where A, H and L are wave length, wave height and 

ship's length, respectively. Using the assumption 

tends to give a larger error than those above mentioned 

conditions for higher speed and for lower wave height 

or very much higher wave height at a given wave length. 

This tendency (for increased error) for the added 

resistance due to wave reflection in the wave length 

range 1.0 > A/L > 0.2 is similar to the tendency 
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obtained by Sibul (1959,1961,1964) for the total 

added wave resistance in the range 1.5 > X/L > 0.7. 

This tendency also implies that a larger error due 

to the assumption would be expected for shorter wave 

lengths than for longer wave lengths at a constant 

wave steepness, since the wave height beccmes smaller 

as the wave length is reduced at a constant wave 

steepness. 

The added resistance due to wave reflections, RAS, is 

increased when the wave height is increased and ship's speed is 

increased as well as the wave length is decreased. 

An approximation to the total added wave resistance, RTAW' 

is obtained by the sun of the added resistance due to ship's 

motions plus the resistance due to wave reflection, RAS, as 

determined by the Author's method. C mparing the Author's 

results with measured data for a Series 60 and a tanker model, 

as well as with canputed results using other methods such as 

Gerritsnan's, Maruo's and Fiijii Takahashi's, it was found that 

results when using the Author's method are in much closer 

agreement with measured data, particularly over the shorter wave 

length range, than other computation methods. 

It should be noted, however, that results were only 

obtained for models of full ships, i. e. Series 60 and tanker 

types. It is, therefore, considered worth while referring to 

the results of Shintani (1973), Sibul (1971b) Townsin and the 

Author (1981). Using those Series 60 models with CB = 0.8, 

0.7, and 0.6, Shintani (1973) ccmpared measured added wave 



182 

resistance with results calculated using theoretical methods 

such as Joosen's (1966), Wahab's (1969), Gerritsnan' s (1972a), 

Boese's (1970), and Shintani's strip method (1973). From 

these comparisons, Shintani (1973) found that the canputed 

resistance generally gave smaller values than measured data 

in the case of full ships, and larger values in the case of 

fine ships although the calculated resistance did not involve 

the resistance due to wave reflection. This tendency to 

under-estimate for full models was dominant for the shorter wave 

length range, X/L < 1.0, where the effect of wave reflection is 

significant. Conversely the tendency to over-estimate the 

resistance for fine ship models was considerable for the longer 

wave length range where the effect of wave reflection is 

relatively small compared with the effect of ship's motions. 

From these tendencies it could be argued that both the added 

resistance due to wave reflection for a fine ship and the 

resistance for longer wave length range, A/L > 1.0, may be 

inconsiderable. Fran results using the Author's method of 

computation, Townsin and the Author have pointed out, in a 

discussion of van Berlekan's paper (1981) that the added wave 

resistance for a container ship may well be negligible at the 

significant wave height of 2 metres, probably the most usually 

encountered height at sea (See, Fig. 9). Sibul (1971b) tested 

several ship models (Series 60, C3 = 0.60,0.70 and 0.80) and 

found that, for Froude number 0.20, almost identical resistance 

coefficients, CAW were obtained for those block coefficients 

corresponding to 0.70 and 0.80 (See also the discussion of 

Strom-Tejsen et. al. 's paper (1973)). 
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Fran the above, the conclusion may be made that the 

Author's nthod gives good approximate values for the added 

wave resistance due to wave reflection upon full ship models 

in the shorter wave length range, X/L < 1.0. Rirthennore, 

considering that the added resistance due to wave reflection, 

both for a fine ship and for the case of the. longer wave 

length, may not be very significant, the Author's method could 

be applicable to a general ship form and even to the case of 

wave-length greater than the ship's length. The Author's 

method has the advantage of allowing for, albeit in an approximate 

way, the effect of finite draught of the ship, possibly one of the 

more daninant effects on the added resistance due to wave 

reflection in the longer wavelength range. 

Similar conclusions to those for added resistance due to 

wave reflection may be made for the total added wave resistance. 

In the case of full ships, closer agreement is obtained between 

computed values and measured data using the Author's method. 

Existing conventional theoretical methods for determining the 

total added wave resistance could be improved by taking into 

account the sum of the resistance due to ship's motions plus the 

resistance due to wave reflection as determined using the Author's 

method. 

To conclude, the Author considers that his method of deter- 

mining added wave resistance provides a good approximation for 

practical purposes, bearing in mind, however, that an increased 

error may be found with longer waves and higher speeds in the 

range n 
. 
10.25. 
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PART IV. APPLICATIIN OF THE AUTHOR'S METHC) TO INVESTIGATE 

THE EFFECT OF TTA7HER AT SEA. 

IV. 1. Introduction. 

IV. 2. Canputation. 

IV. 3. Results and Discussiai. 

IV. 4. Concluding Remarks. 
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IV. 1. Introduction 

tramples of the application of the Author's routine to the 

problem of the effect of weather on ship speed performance at sea 

are discussed for various ships such as a V. L. C. C., a container 

ship, a passenger ship and an ore carrier in various intensities 

of head weather where the effect of weather may be larger than 

for oblique weathers (See, e. g., Aertssen (1969), Townsin et. al. 

(1975b)).. 

The following were canputed in various weather conditiais : 

- added wave resistance, 

- added wind resistance, 

- thrust increase due to waves, 

- (added wave resistance)/(added wave resistance + 

added wind resistance), 

- involuntary speed loss, 

- involuntary power increase, 

- involuntary extra energy expenditure per nautical mile. 

The computed results were compared with full scale data and 

the results based on model tests, in some cases i. e.: 

- added wave resistance of a tanker (full scale data, 

Fig. 24)v 

- thrust increase, due to waves, of a tanker (results 

based on model test data, Fig. 26-a and 26-b), 

- involuntary speed loss of an ore carrier (full scale 

data, Fig. 29). 
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The following effects on the computed results were 

investigated: 

- the effect of weather intensity (Fig. 24,26-a, 

26-b, 27-a, 27-b, 27-c, 28-a, 28-b, 28-c 28-d, 29, 

30,31-a to 31-e, 32), 

- the effect of ship length on the ratio of resistance 

increase due to winds and waves (fig. 27-a to 27-c), 

- the effect of ship type on the ratio of resistance 

increase due to wind and waves (Fig. 28-a to 28-d), 

- variations of ship's speed (Fn = 0.12 & 0.15) and 

draught (Ballast, load) are given in figures: 

- Fig. 30 (speed and draught; power increase; 

tanker ), 

- Fig. 32 (speed; additional energy expenditure 

per nautical mile; tanker). 

Comparisons of the result of van Berlekan's formula 

(1978,1981) for speed loss due to a given added resistance 

with the result of Tawnsin's mpirical formula (1975b) based 

cep full scale data are made in Fig. 31-a for a tanker. 

Approximate formulae developed by Tbwvnsin. and the Author 

for speed loss due to head wind and waves for tankers and 

container ships are shown in Figs. 31-a to 31-e. 

Since bottan roughness is a major cause of involuntary speed 

loss, a comparison of the relative effects of weather and hull 

roughness on power increase and on speed loss is attempted in 

Fig. 33-a and 33-b for a V. L. C. C.. For data about hull roughness, 
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measur¬ ents made by the Ship Performance Group of the University 

of Newcastle-upon-Tyne were used ('Ibwnsin et. al. (19aJa), Byrne 

c19&o» 
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IV. 2. Computation 

To caipute those weather effects outlined in the previous 

section, the following were used: - 

(a) Added wave and wind resistances 

the Author's method and linear superposition 

technique for total added wave resistance; 

Maruo's for the added resistance due to motions 

in regular waves. 

- van Berlekcm's (1981) for added wind resistance. 

(b) Speed loss and power increase due to a given added 

resistance 

.- van Berlekom's formula (1981). 

(c) Speed loss for a given weather condition. 

Townsin's empirical formula (1975b). 

(d) Thrust deduction fraction for Fig. 26-a and 26-b 

model test data (NSMB (1973)). 

(e) Change of propeller efficiency 

van Berlekan's curves (1978); It was, however, 

assumed that van Berlekcm's curve for a tanker 

can also be used for an ore carrier and his 

curve for a ro/ro ship, for a container ship 

and a passenger liner. It should be noted that 

if propeller characteristics in open water are 

known, the change of propeller efficiency due 

to added resistance can be approximated using 

van Berlekan's method (1978). 
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(f) still water data, speed and resistance, 

- experimental data 

- NSMB (1973) for a tanker 

Tanker, ore carrier. 

- Todd (1963) for Series 60 models 

: Container ship, passenger liner. 

(g) Quasi - propulsive coefficient for Fig. 32 and Fig. 33-a, 

experimental data (NB (1973)). 

(h) Wave and wind conditions 

:-I. T. T. C. standard spectrum (1969) for calculating 

spectral density function, 

- Pierscn-Moskowitz definition (Fig. 10) for the 

relationships between significant wave height 

and wind speed assuming a fully developed sea 

in most results of this part (except Fig. 29)) 

For comparison of computed result and full scale 

data (Fig. 29) actual sea condition (Table 7) was used. 

- Table 2 (Townsin et al. (1975b)) for the relationships 

between Beaufort number and wind speed (1Qn above 

surface). 

(i) Additional energy expenditure per nautical mile 

.- (power increase, dhp) x (speed, kt) 

(j) Ships investigated 

Tanker (CB = 0.84) in Fig. '24 (load condition, 

Fn = 0.16), Fig. 26-a (ballast, v= 16 kt), 

Fig. 26-b (load, v= 13 kt), Fig. 27-a (load, 

Fn = 0.15), Fig. 28-a to 28-d (load, Fn = 0.15), 

iig. 30 (ballast and load, Fn = 0.15 & 0.12), 
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Fig. 31-a to c (load, ballast, Fn = 0.15), Fig. 32 

load, Fn = 0.15 & 0.12), Fig. 33-a and 33-b 

(load, Fn = 0.15), 

- Container ship (CB = 0.62) in Fig. 24 (load, 

Fn = 0.23), Fig. 27-b (load, n=0.25), Fig. 28-a 

to d (load, n=0.25), Fig. 31-d and e (load, 

Fn = 0.25), 

- Ore carrier (The 'Mineral Seraing', CB = 0,8, L/B = 6.81) 

in Fig. 29 (load, Fn = 0.16), 

- Passenger liner (CB = 0.55, L/B = 7.18) in Fig. 27-c, 

28-a to 28-d (load, %=0.25). 

Score more principal particulars for each parent ship of the above 

mentioned ships are given in Table 5. 

$. It is easily possible to correct the values calculated under' h' to any other definition of 

the relätionship between H,,, 3 and Vwjnd, e. g. Wilson (10m) (ref. Pierson (1964)]. 
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Table 5. Principal particulars of each parent ship 

ship orms 
tanker container passenger ore 

particulars ship ship carrier 

length between 336 274 125 218 
perpendiculars (m) 

breadth, moulded 
(m) 55.40 32.2 17.4 32.0 

depth, moulded 28.75 24.6 9.15 16.43 
m 

mean draft, ballast 10.63 
25 =8 

(d - - - 
moulded . , F. P. 

dA P = 13.00) 
(m) load . . 

(even) 22.35 10.97 6.1 11.82 

displacanent ballast 156,163 58,252 - - 
volume (m3) load 349,944 97,835 7,297 65,965 

24,26-a & b, 24,27-b, 27-c, 28-a 29. 

Fig. ref. of 27-a, 28-a to 28-a to d, to d. 

investigation d, 30,31-a 31-d & e. 
to c, 32, 

33-a&b. 
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IV. 3. Results and Discussion 

Computed results are plotted in figures for which numbers 

are sham in <> after the topics investigated and a discussion 

of each topic follc vs :- 

(a) Effect of weather intensity and ship type on added wave 

resistance for tanker and container ship font ; canparison 

of canputed result calculated using the Author's routine 

and full scale data measured by Nakamura - F\ j ii (1977) for 

a tanker <Fig. 24 for results, Fig. 25 for wave conditions 

used for sea trial analysis> : 

Fig. 24 indicates that the added wave resistance for 

a tanker (L = 254m, v=8 m/s, CB = 0.84) is negligible 

for the case of H1,3 <1m and also negligible for a container 

ship (L = 19Qn, v= 10 m/s, Cg = 0.62) in the range Hi, <2m. 
3 

Fig. 24 shows that the added wave resistance for a 

tanker of the above particulars at v=8 m/s is larger than 

for the container ship quoted above over all wave heights. 

Such a result may be expected because of the small wave 

reflection on the finer vessel as discussed in 111.9. It 

should, however, be noted that added wave resistance varies 

considerably with ship speed (ref. to Fig. 21 of Part III) as 

well as ship's length (ref. to Fig. 20 & 22 of Part III) for 

a constant block coefficient and constant wave conditions. Of 

course, in the case of a long swell, the added wave resistance 

may not be negligible for even law amplitudes(Laredo (1977)). 
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Fig. 24 also illustrates that the agreement between 

crniputed and measured data in sea trial conditions appears 

to be good. Differences between measured and canputed data 

fall within the scatter of measured data. 

(b) Ccmparisons of the result of the Author's routine with those 

given by Lindemann et. al. (1980 , D. N. V. ) and by a shipyard 

(for trial analysis, unpublished) using experimental data 

measured by N. S. M. B., for the thrust increase of a V. L. C. C. 

(v = 16 & 13 kt. ) due to waves <Fig. 26-a & 26. b>: 

Fig. 26-a and 26-b demonstrate that the results of the 

Author's method are scn what larger than that determined by 

Lindemann et. al. (1980) using the model test data of regular 

waves and the I. T. T. C. spectrum with the technique of linear 

superposition. Für the results of the Author's method and 

of Lindemann's, the difference in the case of v= 16-kt is 

larger than v= 13-kt. In the case of v= 16-kt, the result 

of the Author's method agrees well with that determined by the 

ship trial analysis mentioned above using the model test data 

measured by N. S. M. B. in regular waves and the technique of 

linear superposition <Fig. 26-a>. The result of the ship 

trial analysis is available for one condition only, i. e., sea 

trial condition. The spectrum used by the ship trial analysis 

is unknown. The spectrum used by the ship trial analysis, 

however, may be regarded as the I. T. T. C. standard spectrum 

since the I. T. T. C. spectrum is generally adopted when determining 

a spectral density. 
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In conclusion, it is difficult to judge which is the 

better result since there are many sources of error in 

both theoretical methods and a method based on model test 

data for regular waves as noted in 11.5.1 of this thesis. 

Also there is not Huch available data presented by the ship 

trial analysis for the tanker quoted above. In the usual 

weather conditions of an actual route (say,, H1, < an, refer 3 

to Fig. 9), the difference between results obtained using 

methods of Lindemann et. al., the ship trial analysis and 

the Author appears to be insignificant. 

(c) Considering the effect of ship's length on the ratio of 

added wave resistance to the sum of added wave and wind 

resistances <Fig. 27-a for tankers (CB = 0.84, Fn = 0.15, 

laden condition),. Fig. 27-b for container ships (CB = 0.62, 

Fn = 0.25, design load), Fig. 27-c for passenger ships 

(CB = 0.55, Fn = 0.25, load)>: 

If the ratio of the resistance increase due to winds 

and waves is known, the total added resistance due to wind 

and waves can be simply calculated by determining the added 

resistance due to either wind or waves. 

In Figs. 27-a to 27-c, the effect of ship's length on 

the ratio of added wave resistance to the stun of added wave 

and wind resistances is shown for constant rations of L/B 

and B/d as well as a constant Froude number. 

Figs. 27-a to 27-c demonstrate that the relative 

proportion of added wave resistance campared to added wind 
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resistance increases as the ship's length decreases over 

all weather intensities for a constant Froude number and 

constant ratios of L/B and B/d. It should be noted that 

this phenanena does not imply that the added wave resist- 

ance always increases as the ship's length decreases for 

the case of a constant Froude number and constant ratios 

of L/B and B/d. In this case, added wind resistance. 

decreases as the ship's length decreases because of the 

decrease in area of the ship's above water form and decrease 

in relative wind speed for a given wind speed. The added 

wave resistance, however, does not always increase as the 

ship's length decreases, for constant Froude number, constant 

weather intensity and constant ratios of L/B and B/d (see, 

Table 6). This may be due to the effect of ship motions on 

the added wave resistance since Fig. 20 in Part III showed 

that the added resistance the to wave reflection increases 

as the ship's length decreases over all wave heights for a 

constant wave length. 

Van Berlekcm (1981) noted that the order of magnitude 

of the direct wind force is the same as for wave-induced 

resistance, in the conclusion of his paper. Van Berlekan's 

conclusion, however, does not always hold true as shown in 

Fig. 27-a to 27-c and as pointed out by Townsin and the 

Author in their discussion on van Berlekan's paper (1981). 

(d) Effect of weather intensity and ship type on the ratio of 

added wave resistance to added wind resistance for tanker, 
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container, and passenger ship forms <Figs. 28-a for 

L= 100 m, Fig. 28-b for L= 200 m, Fig. 28-c for 

L= 300 in, Fig. 288-4 for L= 400 m> 

From 28-a to 28-d, the following may be considered: 

- The magnitude of the ratio of added wave resistance 

to the sum of added wave resistance plus added wind 

resistance is increased with the increase of weather 

severity in all ship types quoted above. The rate of 

this increase for a tanker is larger than for other 

ship types such as a container and a passenger ship. 

It is worth noting that to find the relative proportion 

of added wave resistance canpared to the proportion of 

added wind resistance for an actual ship, the effect of 

ship size as well as the ship type should be considered. 

Fran this point of view, it may be considered that 

Figs. 28-c (L = 300 m) and 28-d (L = 400 m) show a more 

realistic situation for an L-class tanker, Figs. 28-b 

(L = 200 m) and 28-c for a container ship, and Figs. 

28-a (L = 100 m) and 28-b for a passenger ship. Consider- 

ing this point, it is shown that the added wind resistance 

is larger than the added wave resistance for all ship forms 

quoted above in the usual weather conditions encountered 

during a ship's voyage (say, AST<4, see Figs. 8 and 9 for 

weather conditions of a ship's voyage). 

- For the variation of the ratio of added wave resistance 

to the total added resistance (added wind and wave resist- 

ance) with weather intensity, a similar tendency is shown 

for both passenger and container ship forms. 
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(e) A comparison of the results of the Author's routine with 

full scale data measured by Aertssen (1969) for the speed 

loss of an ore carrier in particular weather conditions 

<Fig. 29, Table 7 for weather conditions>: 

Fig. 29 indicates that the speed loss canputed using 

the Author's routine is somewhat larger than the measured 

data for the case of Beaufort number three. The difference 

between the computed and the measured speed loss, however, 

appears to be shall. For the case of BN = 4, the agreement 

between the computed and the measured data is excellent. 

(f) Effects of ship's draught (ballast and laden conditions) and 

speed (Fn = 0.12,0.15) on the power increase for a constant 

speed of a V. L. C. C. <Fig. 30>: 

Fig 30 demonstrates that the ratio, power increase due 

to weather : power required in calm weather, is greater for 

a V. L. C. C. in ballast than for the ship laden, for a constant 

speed (Fn = 0.15). This applies over all weather intensities. 

The main cause of this would appear to be the greater wind 

resistance when in ballast compared to that when laden and 

the fact that the effect of the ship's draught on added wave 

resistance is insignificant at constant speed (Refer to 

Lindemann et, al. (1980) for the effect of ship's draught on 

added wave resistance). 

Fig. 30 indicates that the ratio, tP/Po, for the 

speed, Fi=0.12, is larger than that for the speed, F1=0.15, 
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albeit AP for Fn = 0.12 is smaller than that for 

n=0.15. That is : 

(AR) Fn=0.12 < ('ýR) 
Ä=0.15 

hence, 

(AP)Fn 
= 0.12 < (AP) Fn = 0.15 

however, 

±R > (1+Ä ) 
o Fn = 0.12 o Fn = 0.15 

thus 

(P) >p 
o Fn = 0.12 o Fn = 0.15 

(Refer to van Berlekan's formula for tP/Po for a given 

added resistance). 

Fran this it appears that considering the case of a V. L. C. C. 

with constant draught and in constant weather conditions, 

the increase in power required for an increase in speed in 

calm weather is greater than the increase in power required 

to overcome the greater effects of weather due to the 

increased speed. 

Fig. 30 also indicates that the power requirements of 

the V. L. C. C. increase abruptly for weather intensity over 

about Beaufort number 6. 

(g) Comparison of the result of van Berlekan's formula for speed 

loss due to the given added resistance determined by the 

Author's routine with the result of Townsin's empirical 

formula based on full scale data, for a V. L. C. C. 

< Fig. 31-a > and establishing approximate formulae for speed 
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loss due to wind and wave for tankers and container ships 

<Figs. 31-a to 31-e>: 

The result of van Berlekan's formula for speed loss 

due to the added resistance computed using the Author's 

routine is larger than that of Townsin's empirical formula. 

A principal reason for this probably being that the full 

scale data analysed by Townsin (1975b), was that observed 

by personnel on "board" ship. Thus the observed wind 

speed was probably smaller than that measured by an 

anemometer positioned 10-m above the surface of the sea, 

due to the effect of the boundary layer (as discussed in 

11.3.3). When the speed loss was computed using van 

Berlekom's formula for a given added resistance, the wind 

speed was taken corresponding to an anemometer position of 

10-m above the sea surface (i. e., Table 2), whereas, when 

the speed loss was calculated using Townsin's formula, the 

Beaufort number associated with the wind speed observed on 

board, was used. Consequently, it may be considered that 

the speed loss determined using Townsin's formula is likely 

to be less than that calculated fron van Berlekom's formula 

for the given added resistance computed using the wind speed 

at over 10-m above the sea surface. 

Townssin's type of formula for speed loss due to weather 

is useful for practical purposes since the speed loss can be 

calculated easily if one knows only the Beaufort number and 

volumetric displacement. Using Townsin's fomazla to deter- 

mine the speed loss due to weather, it is unnecessary to 
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obtain the added resistance, nor the change in propulsion 

factors and propeller characteristics due to weather. 

Townsin's formula, however, gives a lower value than the 

Author's routine in particular over the range of higher 

Beaufort numbers (say, BN>4) where the effect of wave on 
r 

speed loss is dominant compared to that of wind. 

Analysing the results annputed using the Author's 

routine for speed losses of five ships (: tankers and 

container ships), Townsin and the Author developed improved 

approximate formulae for determining speed loss due to 

head wind and waves as follows: 

a) Laden tankers 

.5 v 100 = 0.5 EN + '2.72,3 

b) Tankers in ballast 

V 100=0.7EN +2.7.6.5 
02/3 

c) Container ships (design load conditions) 

ý1oo=O. 7+22 
5 

"O2/3 

where 

AV : speed loss due to wind andwaves, 

V: service speed, 

Bt : weather Beaufort ntmber, 

V: volume of displacement (m3) 

The results obtained using these approximate formulae are 

compared with those computed by the Author's routine, for 

speed losses of five ships such as a V. L. C. C. (V = 350, OOL1n3, 
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laden condition, F. = 0.15, CB = 0.84 : Fig. 31-a), a 

smaller tanker (V = 117,000n3, laden, Fn = 0.15, CB = 0.84: 

Fig. 31-b), a V. L. C. C. (V = 156,000m3, ballast, Fn = 0.15, 

CB = 0.8 : Fig 31-c), a larger contain er ship (V = 60,20Qn3, 

design load, Fn = 0.25, CB = 0.62 : Fig. 31-d), and a 

smaller container ship (V = 20,10ßn3, design load, Fn = 0.25, 

CB = 0.62 : Fig. 31-e). 

Figs. 31-a to 31-e demonstrate that the speed losses 

determined using the Townsin/Kwon approximate formula agree 

well with the result computed by the Author's routine in 

most of the cases quoted above. Differences between the 

results f rcm the Towns in/Kwon approximate formulae and f ram 

the Author's routine may be regarded as insignificant 

considering that the properties of weather conditions at sea 

are so irregular and canplicated that the scattering of 

measured data at sea may be larger than these differences 

(See, e. g. Fig. 11 of Part II for weather conditions at sea 

and Fig. 24 of this Part for the added wave resistance of 

full scale data). It should, however, be noted that in most 

cases (Figs. 31-a to e, except Fig. 31-d for a larger 

container ship) the Townsin/Kwon approximate formula gives 

higher speed loss than that determined using the Author's 

routine, in particular for higher Beaufort numbers (say, 

Ei>5 or 6) although the differences between the results 

may be considered insignificant since speed loss increases 

abruptly over the range of these high Beaufort numbers. 

Moreover, involuntary speed loss is less important than 
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voluntary speed loss in higher Beaufort numbers (say, 

BT> 6 or 7). It is also worth remembering that van 

Berlekan's formula was used to determine speed loss for a 

given added resistance in the Author's routine. To 

derive this formula, van Berlekan (1978) assumed that water 

condition was still and hence the effect of wave motion on 

the formula was negligible . Thus van Berlekan's formula 

for speed loss for a given added resistance is likely to 

give a lower value than the actual speed loss found in 

practice. The underestimation of speed loss due to this 

assumption may be considered significant for higher Beaufort 

numbers (say, IN>6) where the effect of wave is dominant 

canpared to that of wind and the speed loss increases abruptly. 

Fran this point of view, the speed loss obtained using the 

Towns in/Kwon formula may be considered more useful than that 

computed using van Berlekan's formula for a given added 

resistance. 

(h) Effect of weather intensity on the additional energy expendi- 

ture per nautical mile for a V. L. C. C. (Fn = 0.15 & 0.12, laden 

conditions) <Fig. 32>: 

Fig 32 indicates that the additional energy expenditure per 

nautical mile increases sharply when the weather intensity is 

over about Beaufort number 6. 

In Fig. 32, it appears that the additional energy expendi- 

ture for the speed of Fn = 0.15 is larger than that for the speed 

corresponding to the Froude number 0.12. The main cause of 

this tendency may be that the added resistance due to weather 

increases with increase of ship speed for a constant weather 

condition. 
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(i) Canparison of the relative effects of weather and hull 

roughness on the increase in delivered power and the 

speed loss for a V. L. C. C. (laden condition) <Fig. 33-a 

and 33-b>: 

Fig. 33-a and 33-b indicate that the effect of the 

hull roughness, about 200 dun, on ship speed performance 

corresponds to the mean effect of the weather, 2<W<5 

which may be regarded as the weather conditions normally 

encountered on a ship's route (see, Figs. 8 and 9 for 

weather conditions). 

The Ship Performance Group of the University of 

Newcastle upon-ine recently measured hull roughness for 

various ships (Byrne (1980)). Fran the measurements, it 

seems reasonable to assume the average hull roughness of 

tankers in service to be 350 ým. Then if that is the case, 

the effect of hull roughness is about 2.7 times the mean 

effect of the weather, for 2<BN<5, on the ship's speed 

performance. This effect corresponds to that of the 

weather for EN = 5.3. If the hull roughness is assumed 

to be 600 pan (for a hull in poor caidition), the effect of 

the hull roughness appears to be over four times the mean 

effect of the weather over the range 2<BN<5. 

When the hull roughness of the V. L. C. C. is increased 

fron 200 pm to 500 In, the following losses due to the 

increase of hull roughness appear : 

- speed loss : 0.64 (kt), 

- delivered power increase : 4.07 (MV). 



204 

This effect is abut 2.7 times the mean effect of the 

weather, for 2<BN<5, and corresponds to the effect of the 

weather for BN = 5.2, on the ship's speed performance. 

It is noted that the ship performance Group of the 

University of Newcastle-upon-Tyne recently (1981, 

unpublished) calculated the power increment and the speed 

loss due to, roughness for a V. L. C. C.. The results of this 

calculation were used for the comparisons of the relative 

effects of weather and hull roughness on the power increase 

and the speed loss for a V. L. C. C. in this section. The 

hull roughness of a new building ship was assumed by the 

Author to be 125 dun. 

As shown in Mg. 33-a and 33-b, the effect of hull 

roughness on ship speed performance is dcminant compared 

to that of the weather. Moreover, improving bottom 

condition is easier than changing the weather effect as 

noted in I. 1: For this reason, great expenditure is 

invested nowadays in reconditioning outer bottoms but- 

relatively little for improving the understanding of the 

effect of weather on ship's speed performance although 

improved understanding of the weather effect is important 

for a number of reasons as noted in I. 2. It should, 

however, be noted that only small improvements to weather 

losses are possible by altering hull form whereas major 

changes in roughness are easy especially for bad cases. 
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Fig. 26-a and b Thrust increase due to irregular waves 

(V. L. C. C. ) 
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Table 6. added wave resistance vs. variations of weather intensity 

and ship's length (For constant F1, L/B and B/d) 

For the case of constant F1, L/B and B/d, the magnitudes of added 

wave resistances for various ship's lengths (10Qn, 200n, 304n, 400n) 

appear in the order: 

ip 
orcý 

HST 

Tanker 

(L/B = 6.06, B/d = 2.48 
CB = 0.84, Fn = 0.15) 

Container ship 

(L/B = 8.5, B/d = 2.94, 
CB = 0.62, Fn = 0.25) 

Passenger ship 

(L/B = 7.18, B/d = 2.9, 
CB = 0.55, Fn = 0.25) 

2 100200 300M400ä 0 100>2004300)400i 0 100>200O3000400= 0 

3 100>200>300>400 100>200>300>400 100>200>300>400 

4 200>100>300>400 200>100>300>400 200>100>300>400 

5 300>400>200>100 300>400>100>200 300>400>103>200 

6 403>300>200>100 400>100>300>200 400>100>300>200 

7 400>300>2(0>100 200>300>400>100 200>300>403>100 

8 400>300>200>100 400>300>200>100 400>300>200>100 

(100,200,300 and 400 are ship's lengths in metres) 
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Fig. 28- a to d. Effect of weather intensity and ship type on the 

ratio of resistance increase due to wind and 
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Fig. 29 Canparison of the result of the Author's 

method with full scale data for speed loss 

(Ore carrier, DW = 52675 tons, n=0.16) 

Table 7 Sea state used in Fig. 29 

Beaufort number 3 4 5 

wind velocity (m/s) 4.3 6.7 9.3 

wave height (m) 0.58 0.52 1.57 
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Fig. 33-a & b. Canparisons of the relative effects of weather and 

hull roughness on power increase and speed 

loss (V. L. C. C. ) 
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IV. 4. Concluding Renarks 

From the discussion in IV. 3, the following sumnaxy of results 

and conclusions are made: - 

(A) The Author's routine for determining speed loss and power 

increase due to wind and waves 

The Author's routine used in this Part is cmiposed of: - 

- the Author's method (developed in Part III) for 

total added resistance due to regular waves (also 

using Maruo's method (1963) for obtaining added 

resistance due to ship's oscillations in regular 

waves), 

- van Berlekcm's method (1981) for added wind resist- 

ance, 

- van Berlekom's formula (1978) for calculating speed 

loss and power increase due to a given added resist- 

ance, 

- linear superpositia technique and the I. T. T. C. 

standard spectrun (1969) for determining added resist- 

ance due to irregular waves from the added resistance 

due to regular waves, 

-A table taken fron Townsin (1975b) for the relationship 

between Beaufort number and wind speed (i. e., wind speed 

10 m above surface) and Moskowitz-Pierson's definition 

(Fig. 10 of Part III) for the relationship between wind 

speed and wave height; or particular sea conditions for 
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the canparison of the result of the Author's routine 

with full scale data. 

Comparing the results of the Author's routine with full 

scale data (Figs. 24 and 29), it appears that the results of the 

Author's routine were somewhat larger than full scale data for the 

lower Beaufort numbers (say, EN<3) where in general the effect of 

wave may be virtually negligible (see, Fig. 27-a to c). , The 

difference between the computed and measured data, however, 

appeared to be insignificant. For the case of an ore carrier 

(laden, Fn = 0.16) in the weather B1 = 4, the agreement between 

the caipited result and full scale data was excellent. 

To conclude, the Author considers that his routine for deter- 

mining involuntary speed loss and power increase due to wind and 

waves provides a good approximation for practical purposes, 

bearing in mind, however, that an increased error may be found with 

higher Beaufort number (say, BN>5) mainly due to the assumption in 

van Berlekcm's formula for determining the speed loss and power 

increase for a given added resistance. To derive his formula, van 

Berlekcm (1978), assumed the water condition to be still and hence 

his formula gives lower values than the actual ones found in practice, 

in particular for higher Beaufort numbers (say, EN>5 or 6) where 

the involuntary speed loss and power increase due to wind and waves 

increases. sharply (Refer to Figs. 29,30,31-a to e, 32,33-a and b). 

It is, however, worth remembering that the involuntary speed loss 

and power increase for higher Beaufort numbers are less important 

than for lower Beaufort numbers (say, flN<5 or 6) because of volun- 

tary speed loss and power increase. 
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(B) Approximate fom ula for speed loss due to wind and waves. 

Analysing the results ccmputed using the Author's 

routine for speed losses of five ships (: Three tankers and 

two ccitainer ships), Townsin and the Author established 

approximate formulae as follows: 

1) Laden tankers 

.5 AV 100=0.5BN+-2? 02- 

2) Tankers in ballast 

100 = 0.7 +5 2.7 Q 2/3 

3) Container ships (design laden conditions) 

.5 v 100 = 0.7 + T2 V 2 *V 

where, 

AV : speed loss due to wind and waves, 

V service speed, 

EN : weather Beaufort number, 

V: volume of displacement (m3). 

Results calculated using the approximate formulae 

quoted above were carpared with those computed by the 

Author's routine for tankers and container ships in Figs. 

31-a to 31-e. Fran these comparisons, it appeared that 

differences between the results of the Thwnsin/Kcwn 

approximate formulae and of the Author's routine were 

relatively insignificant. For the higher Beaufort 

numbers (say, IV> 5 or 6), however, the To%nsin/Kwon 

approximate formula gave a higher value than that obtained 
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by the Author's routine for most cases (Fig. 31-a to 31-c, 

31-e). Fran this, it may be considered that the result of 

the Townsin/Kwon formula is more useful than that of the 

Author's routine for higher Beaufort numbers (See, the 

discussion of the previous section 'A ' of this 'Concluding 

R3narks'). 

It may be concluded that the Thnsin/Kwon forniilae for 

involuntary speed loss due to wind and waves for tankers and 

container ships provides a good approximation for practical 

purposes. 

(C) The relative effects of weather and hull roughness on 

the power increase and the speed loss for the V. L. C. C 

(V = 350,000m3, laden condition) 

From the investigation of the relative effects mentioned 

above, Table 8 can be shown as examples. 

Table S. Hull roughness effect vs. Weather effect 

(on ship speed performance) 
<V. L. C. C., laden> 

hull roughness Power increases speed loss, corresponding weather 
tP (MW), AV (kt) (effect of (0 + AV) /2) 

(M) (P 
0= 

38) (Vo = 16) 

200 1.65 0.29 mean of 2< ET <5 

350 3.95 0.68 2.7x(mean of 2< B9 < 5) 
(average, assumed 

600 6.69 1.07 4.4X(mean of 2< EN < 5) 
(poor, assumed) 

increase from 4.07 0.64 2.7x(mean of 2<L< 5) 
200 to 500 - -ý 
(New ship's roughness assumed = 125 Wn; P0= power required in cam 
weather; Vo = speed in calm weather) 
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As shown in the above table (and Fig. 33-a & 33-b), the effect 

of hull roughness on ship speed performance is daninant canpared 

to that of weather. Referring to the above table and the fact 

that only small improvements to weather losses are possible by 

altering hull form, it may be considered that in bad cases major 

changes in hull roughness are easier to achieve than changes in 

the effect of weather. 

(D) The ratio of added wave resistance to the sum of added 

wave and wind resistances 

The effect of ship's length (for constant Fn, L/B and B/d) 

on the ratio defined above was investigated for three ship 

types, a V. L. C. C., a container ship and a passenger ship (laden 

conditions). 

From this investigation, the following can be shown 

- The ratio of added wave resistance to the sum of 

added wave and wind resistances generally increases 

with a decrease of ship's length as well as with an 

increase of weather intensity for a constant Froude 

number and constant ratios of L/B and B/d. This 

applies to all ship forms quoted above in laden 

conditions. It is worth noting that this tendency 

does not imply the added wave resistance always 

increases as the ship's length decreases for the case 

of a constant Fn and constant ratios of L/B and 

B/d (See, e. g., Table 6). The wind resistance, 

however, always decreases with a decrease of ship's 

length in this particular case. 
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- The rate of increase of the ratio defined above for 

the V. L. C. C. is larger than for other ship types such 

as the container and passenger ships for the constant 

Froude number (: service speed) and the constant ratios 

of L/B and B/d. 

Considering the above phenomena, it may be concluded that: - 

- The relative effect of added wave resistance to added 

wind resistance on ship speed performance increases 

with a decrease of ship's length as well as with an 

increase of weather intensity for a constant speed of 

service and constant ratios of (ship length)/(ship 

breadth) and (ship breadth)/(ship draught). 

- The increase of the relative effect of added wave 

resistance to added wind resistance as an increase of 

weather intensity for full form ships is larger than 

that for fine ships for a constant speed of service. 

This applies to any length of ship. 

(E) The ratio of the power increase due to weather to 

the power required in calm weather for a constant 

speed, ýP/Po, for a V. L. C. C. 

- The ratio DP/Po is greater for a V. L. C. C. in ballast 

(V = 156,00 m3) than for the ship laden (V = 350,00ßn3), 

for a constant speed (Fn = 0.15), applying over all 

weather intensities. This implies that the effect of 

the ship's draught is smaller on added wave resistance 

than cn added wind resistance for a constant speed of 
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a V. L. C. C. over all weather intensities. 

- The ratio LP/P0 for the speed, Fn = 0.12, is 

larger than that for the speed, Fn = 0.15, albeit 

LP for 0.12 is smaller than that for Fn = 0.15, 

for the V. L. C. C. in laden condition (V = 350,000 m3) 

over all weather intensities. That is: 

(AP)Fn= 0.12 < (AP)%= 0. '15 

however, 

LP 
PO 

Fn=0.12 
P 

°F1=0.15 

where, 

ýP : power increase due to wind and waves, 

P0: power required to maintain speed in 

calm weather. 

This implies that considering the case of a V. L. C. C. 

with constant draught (laden) and in constant weather 

conditions, the increase in power required for an 

increase in speed in calm weather is greater than 

the increase in power required to overcome the greater 

effects of weather due to the increased speed. 
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, 
NOMENCLATURE AND SYI 7LS 

The following list shows notations and symbols used in this thesis 

unless otherwise indicated when first used. Cases where a notation or 

a symbol has more than one meaning will be clear from the context. 

a: length defined by the body shape for a. 

: coefficients of the mathematical formula of a ship's 

water line. 

A. P. : after perpendicular. 

B: ship's breadth. 

ET : Beaufort number. 

CAW : coefficient of added resistance due to irregular 

waves; = (RAIW " L)/(p-g"B2"H2). 

CAS : coefficient of added wave resistance due to ship 

motions in regular waves; = (RAW"L)/(P"g"B2"ýa2). 

CAS : coefficient of added wave resistance due to regular 

wave reflection; = (BAVR'L)/(A"g-B2"ýa2). 

CB : block coefficient. 

Cd : correction factor for the finite draught of ships; 

=1-e-tkd 
Cs : correction factor for wave scattering; = as/a 

(TAW : coefficient of the total added resistance the to 

regular waves; = (RTA L)/(P"g-B2'ýa2)" 

CV : correction factor for ship speed. 

d : ship's draught 

dA. P. : draught at A. P. 

dF. P : draught at F. P. 

Da : wave drift force corrected for wave scattering. 
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Df : wave drift, orce corrected for finite draught. 

dg : distance between glancing points. 

D : wave drift force for the case of cr = 2. 

D longitudinal component of wave drift force. 

ET total energy flux outward from a ship in 

scattered waves. 

Fn : Froude number. 

F. P. : forward perpendicular. 

g : gravitational acceleration. 

H : wave height. 

HO significant wive height. 

Iea mean value of observed wave heights. 

His : wave height observed. 

k : wave number. 

L : ship's length. 

n : outward normal to a surface 

PD delivered power 

po ; power required in calm weather. 

RA : mean added res ist ance due to irregular waves. 

RAY mean added resistance due to ship motions in 

regular waves. 

RAS : mean added resistance due to wave reflection in 

regular waves. 

Il3A : RAS in vector fonn. 

RrAW : mean value of total added resistance due to 

regular waves. 

Rt := added resistance due to weather + still water 

resistance. 
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RWind : added resistance due to wind. 

IR : vector fonn of RAS in the direction of wave 

propagation. 

Nm : Ro + UtWR' 

Ro : resistance in calm weather. 

IRO Ro in vector form. 

R1, R2 : radius of curvature at glancing points. 

SR : reflection region. 

Ss shadow region. 

S(W) : wave spectrun. 

t : time or thrust deduction factor. 

T : wave period. 

TIW : thrust increase due to irregular waves. 

TM : mean value of wave period. 

TP : propeller thrust. 

V : ship speed. 

Vend wind speed. 

VO ship speed in calm weather. 

VR : relative wind speed to ship speed. 

a angle between directions of wave and ship's movement; 

a=0 for head sea. 

angle between incident wave and ship's heading. 

y: slope of the tangent of the waterplane curve with 

respect to the longitudinal centerline of the ship. 

LP : power increase due to weather for a constant speed. 

E, R : added resistance due to weather. 

N: speed loss due to weather for a constant power. 
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elevation of equal pressure line in a wave. 

wave amplitude of a surface wave. 

A : wave length. 

AA : average value of wave length. 

p : mass density of water. 

Pa mass density of air. 

c wave scattering coefficient. 

as a for actual situation. 

ax a for limit case, i. e. a=2. 

ýP, t_ 
oil- 

: velocity potential. 

W circular frequency of wave. 

We : circular frequency of wave encounter. 

Wp circular frequency of spectral peak. 

V : volumetric displacement of a ship. 
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APPENDIX I 

RN)AMERrALS OF MARINE HYDRODYNAMICS 

A. I. 1. Co-ordinate Systems 

Rectangular co-ordinates are used for convenience throughout 

all the appendices. The z-axis is taken directed vertically 

upward and the xy-plane Is taken coinciding with the water surface 

at rest. 

A. I. 2. Basic Equations 

The Continuity Equation 

With conservation of mass, the continuity equation can be 

expressed in the form 

1 dt + div q=0, (A-1) 
P 

where 

div au + av + aW q ax By aZ 

and q is the velocity vector of the fluid 

Assuming the incanpressibility and irrotationality of the 

fluid, the equation (A-i) is simplified to give the continuity 

equation, i. e. Laplace equation. 

div grad = V" q= eý =O (A-2) 

where ý is the velocity potential 

Bernoulli's Equation 

Bernoull's Equation can be given in the form of (A-3), inter- 

grating the Etuler equations which are obtained from the conservation 

of mcmentLun. 
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E=- ai - JV "W-gz + F(t), p at 

or 

P=-LID 
at-jq2-g P 

where 
, 

=0+f F(t)dt, 

hence 

at ß. 5+I'M 

(A-3) 

and F(t) is the body forces, such as that due to gravity. 

A. I. 3. Linearized Free- Surface Condition 

The vertical elevation of any point m the free surface may 

be defined by a function z=ý (x, y, t). In the special case 

of two-dimensional fluid motion, parallel to the x-z plane, 

the dependence on y will be deleted. In connection with the 

number of dimensions, there is a semantic problem. The usual 

two - and three - dimensional motions of fluid could be referred 

to, corresponding respectively to one- and two - dimensionality 

of the free surface elevation ý (x, y, t) 

Considering the fact that the substantial derivative of the 

quantity z-C vanish on the free surface, the exact kinematic 

boundary condition is given by the form 

D 
Dt (z-ý). aI- 21. -H 

21 
-a 2-1 . Oaz at ax ax ay ay p 

on z=c 

where 

(A-4) 

Da -).. 7- Dt t 
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If the wave elevation ý and the fluid velocity are assumed 

to be sufficiently mall, the formula (A-4) may be written in the 

form 

21 ^a at az. (A-5) 

The fornnila (A-5) is the usual linearized kinematic boundary 

condition. 

The dynamic boundary condition is obtained from the formula 

(A-3). It is assumed that the atmospheric pressure P0 is 

independent of position on the free surface. Itirthermore the 

velocity potential ý in (A-5) is chosen by the form 

ýý0+ f P-° 
dt 

and hence 
P 

at at . at 1p 

The exact dynamic boundary ccndition is obtained in the form 

-(P-P0) _20 -ýt+jq2 +gz=0, (A-6) 
P 

since P-Po=0on the free surface. 

Sustituting the wave elvation C for z and solving for C, 

1 ýät+iq2) (A-? ) 

Assuming the fluid velocity and the wave elevation are extremely 

small, the usual linearized equation for the free surface 

elevation is obtained in the form 

ßs_1 
ö4ý 

ý' 

JZ=O 

(A-8) 

Differentiating the equation (A-8) with respect to time and 
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combining with the condition (A-5) a single boundary condition 

for the velocity potential is given by the fonn 

i 
+g=O, onz=O (A-9) 

T-tl TZ, 
It the potential 0 is written in the form 

(x, Y, z; t) -' T (x, Y, z) e 
iwt 

, 
(A-10) 

fan the foxnrul. ae (A-9) and (A-10), the usual linearized boundary 

condition is obtained in the fonnn 

_ 
ä+k3- 0Z ca-11) 

where k is wave m ber. 

A. I. 4. Linearised Gravity Waves 

The simplest type of wave with which to introduce this subject 

is the so-called plane progressive wave system. his motion is 

ass zd to be two dimensional, sinusoidal in time with radian 

frequency w, and propagating in a steady manner along the free 

surface. The boundary value problem for the velocity potential 

is the following: 

v2 ý=0, 

a2 ao 
at2+ gä 
0$+0, 

2A =o 
e (x, z, t) a Re 

(A-12) 

on z=0, (A-13) 

as z'i'-O° 
(A-14) 

asz=-h 

_T 
(x, z)e 

iwt (A-15) 

The solution of the above mentioned problem may be given by 

the form (See, e. g. Iamb (1945)) 
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gýa cosh k (h + z) cos (k x- wt) (A-16) Binh kh 

where 

k= (w2/g)/(tanhk h); k= w2/g as h 

w: circular frequency, 

Ca surface wave amplitude (half-height fran crest to 

trough) 

h: depth of the fluid, 

g: gravitational acceleration, 

Vw : wave velocity or "celerity", 

W/n" 

For the case of deep water (roughly h> A/2) the ratio 

cosh k(h + z) 
sieh kh 

approaches e 
and the expression for the velocity potential 

becxmes 

ekz cos (kx - wt) 

äe kz 
ecs (kx - wt) (A-17) 

The evaluation C of lines of equal pressure in a wave 

relative to the still-water pressure lines is obtained fran 

the expression of (A-8). The elevation may be obtained in 

the fozm 

_Z 
coshk (h+z) 

sin (1x - Wt) a cosh kh > 

for water of any depth. (A-18) 

In deep water the ratio cosh k (h + z)/cosh kh approaches ems, 

and 
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C= - Caekz sin(1 -Wt). (A-19) 

The paths of the particles 

Let j5 (x, 9) be a fixed reference point and p (x, z) the 

position of a water particle at time t, where I' I is assumed P-P 

to be small. Then for a wave of small height the fluid 

velocity at p(x, z) will be equal to the fluid velocity at 

P' neglecting seccid order quantities. Thus 

dw cosh k (h+ Z) sin (kx ax inh 
(A-20) 

dz 
___ý, w 

sinh k (h + z) cos (los - wt). dt 9z sinn kh 

Equating the formula (A-20) through a cycle, we get 

x= cosh k (h + z) cos kx -wt sinh ich ( )ý 

Z_ si. nh k (h + z)-in kx - wt 
(A-21) 

sieh kh ( )) 

and therefore, 

22 ä +=1, (A-22) 

where 

a=ý coshk (h+z) 
sinn kh 

sinh k (h + z) 
sieh kh 

The path of the particle is therefore an ellipse whose 

semi-axes are a, horizontal and vertical respectively, and 

whose centre is at the mean position (x, z). Furthermore, 

since c- ß2 = ý2/sinh2 kh, all the ellipses have the same 

distance between their foci, but the lengths of their axes 

decrease as we go downwards into the liquid. At the bottan, 
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the vertical sari-axis is zero, and the particles oscillate 

back and forth on straight lines. 

For the case of deep water, the ratios 

cosh k (h + z) and sinh k (h + z) 
sinh kh sinh kh 

approach e 
kz 

and therefore, the formula (A-22) may be changed 

to the form 

X2 +Z2 = 
(.;, eýZ ) 2. (A-23) 

The particles describe circular paths having radii which are 

ý at the surface and decrease with depth in proportion to e. 

Strictly, z should here be measured to the centre of the 

circular path described by the particle. 

A. I. 5 Nonlinear Effects 

Sane of the simpler effects, neglected in the linearized 

theory, are studied briefly in this section. Firstly the 

linearized free-surface boundary condition (A-9) must be 

replaced with the nonlinear free-surface condition. 

The pressure is constant on the free surface. Substituting 

the formula (A-6) for the pressure, the desired boundary 

condition is obtained in the form 

(ýa- t +vý. v)l + v-v + gz) 

=a at2 +g 21 + 2V "V ät +i °4 "° (V4 -VO) 
=0 (A-24) 

The condition (A-24) is exact and explicit, except that it nagst 

be applied on the unknown surface z=C defined by (A-7). 
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Using Taylor series expansions, the condition (A-24) and 

(A-7) are used to expand from the exact free surface to the 

plane z=0. A typical example is shown by Newman (1977) in 

the form 

(X, y, O, t) + CC ä1+W( 

/z=o 
ME 

-1 = 

+---. (A-25) 

Birtheimore, the first three members are given by the form 

+g_0+0 (42), (A-26) 

+. g+2vý"v-gC 
aa 7 

at UZ t2 atl 
=O+O (0), (A-27) 

at2 +g 21 + 2V4. V 21 + JVO-V (VO-VO) 

at 
äZ aat +g 21 + 2vý"v aalt g 

_g 
(_ 

g 
aýzät 

+ýý"ýý, ä (+g) 

2 a2 
Z2 + Z1 

( äZ2 + at )=o+0 (04) (A-28) 
The symbol 0() indicates the magnitude of the neglected terms. 

The first-order plane-wave potential (A-19) must be nndified 

for the higher order effects. 

Direct substitution of the first-order potential (A-19) in 

the second-order boundary condition (A-27) reveals that the 

second-order temis in (A-27) vanish. Therefore the first-order 

potential may be a solution of the second-order boundary value 

problem (Newman (1977)), and the second-order plane-wave may be 

given by the fonn 
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= 
gWa 

e 
kz 

cos (kx - wt) +0 (ý3) (A-29) 

Furthermore, the free-surface elevation, corrected for second- 

order effects, may be given, using the systematic expansion of 

(A -7) in the form 

ý--( ät + i°ý' °e )Z 
= 

= -. 
1 f4 

jvý*Vý 
gk at 

L-4 
+ý zL g0ý+ v . v) z=0+ ... 2 R+I 

v4"v4 ga d) +0 (ci) (A 30) at Tz- -at 
) 

z=0 

Substituting the second-order plane-wave potential. (A-29) 

in the nonlinear terms in (A-28) eliminates all but one term; 

thus the boundary condition for the third-order plane-wave 

solution is given by Newman in the form 

a+g+i V4. V (V4. V) =0+0 (c4). (A-31) 

Wehaasen and Laitone (1960)have given the nonlinear 

correcticns for finite depth including the effects of surface 

tension. 



290 

APPENDIX II 

RELATICf1SHIPS BETWEEN' THE IEEE OSCILLATICUS IN HARZ IC WAVES AND nlE 

IURC. ED OSCILLATIONS IN CALM WATER. 

If the fluid is assumed to be inviscid, the fluid forces upon a body 

can be obtained integrating Bernoulli's equation (A-3) along the surface 

of the body. In regular waves, a purely periodic force with zero mean 

value-is obtained by the first term of (A-3) 

p- (A-32) 

The mean force different from zero can be evaluated fr® the second term 

of (A-3) 

2 v4"v4. (A-33) 

In general, the pressure force of (A-33) is neglected in the linearised 

ship-motion theory, assuming the fluid velocity is sufficiently small. 

Finally, the hydrostatic force can be obtained in the third term of 

(A-3) 

pgz. (A-34) 

The velocity potential may be takenmthe form 

ý (x, y, z; t) =y (x, y, z)ewt, (A-35) 

and the form may be applied to all cases both for the hammnic motions 

and for the periodic forces. 

Taking the form, Ui eiut , for those velocities of moticns, the body 

boundary conditions may be given by those forms 

aX Tn Uj 
an , for j=1,2,3, 

(A-36) 

ax aX 
- U( X 

j-2 
-X 

ý-1 1 
an =i ý-1 an j-2 an 

for j=4,5,6. * 
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where j=1,2, ... 6 denote the motions of surge, sway, heave, roll, 

pitch, and yaw, respectively. Moreover the body boundary conditions 

for the exciting forces may be also taken as the same form as (A-36) 

but the suffixes are changed fron 'j' to 'k', where k=1,2, ... 6 

denote the forces of surge, sway and heave, and the moments of roll, 

pitch and yaw, respectively. 

From the body boundary conditions and the equation (A-32), the 

periodical forces due to the periodical motions can be obtained in the 

fcrm 

plsät 
a 

an ds- 

for k=1,2,3, 

fk (t) =p is Pt 
xk-2 

a'ß-i 
- xk-l 

axk-2 ) as 
an an 

for k. = 4,5,6, 

and furthermore, fran (A-35), 

Fk = iw a IS _' axk 
ds 

an 

for k=1,2,3, 

Fk =i top fs y( Xk-2 
a_k-1 

- xk-1 
axk-2 ) ds 

I an an 

for k=4,5,6, 

where 

Fk = fk(t)/ewt, k=1,2, ..., 6. 

(A-37) 

(A-38) 

Therefore, for the case of Uk = U3 =1 in the body boundary conditions, 

the following relations are obtained 
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F(1) iwpf `ß (1) a (') 
ds 

l 
J, k s3 an 

F1=- iwpls T (1) 

where., 

F (1) 
=f 

M/ eialt J, k j, k 

for k=1,2,..., 6, 

apc1) 
ds an 

for k=1,2, ..., 6, 

for k=1,2, ..., 6. 

i\irthernbre, fore the relaticezs (A-39), 

(A-39) 

J, k(I) Fk, jl) iWpl( (1) aýk(1) 
_ ýk(1) aJj( ) 

ds S 8n an 
for k, j=1,2, ..., 6. (A-40) 

Where F' k is the k-th force due to the j-th mode motion and Fk, j is the 

j-th direction force due to the k-th mode motion. 

In order to examine closely the equation (A-40), the following 

manipulations are made. A cylindrical surface of large radius, R, 

whose vertical axis coincides with the axis of z, is assumed. The 

surface of the obstacle, the free surface of the cylinder and the side 

surface of the large cylinder are denoted by S, S,,, and SR, respectively. 

Use of Green's theorem gives 

S 
ýj (1) a&M vi) a_) ds 

8n an 

is 
+ 

rTj(1) 31(1) 
- 

5'k(1) ds (A-41) 
00 

SR ̀ an an 
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where 
(1) M 

fsý 
l5 

(l) a- ýk(1) i ds =0 (A-42) 
8n an 

from the free-surface condition 

-k 
ýj(1) +a )j = 0, at z=0. 

aZ 

Moreover, 

R j(1) 
a)k(1) 

- 5k(1) a ý-- ds a 0p (A 43) 
an an 

since on the surface, SR C (1) 
and Cfk(l) implies the divergent waves 

whose directions are the same. 

Frcm the equations (A-40), (A-42) and (A-43), the following relation is 

obtained 

F (1) 
_ 

(1) 
j, k - k, j 

for k, j=1,2, ... 6. (A-44) 

Based on the formula (A-44), Haskind (1957) regarded the forced 

oscillation in still water as the same problem as a body oscillating in 

waves. 



294 

APPENDIX III 

VELOCITY IO EN IALS OF SURE AND OF DOUBLET 

(Hwang (1969); Wehausen and Ia. itone (1960)) 

A. III. 1.3 - Dimensional Source 

When a point source, whose strength is eiwt, is at the 

point (xi, yi, zi), the velocity potential G (x, y, z; xi, y1, zi) 

of the source may be given by the form 

G (x, Y, Z; Xi, Yir z1) 

-11+I lld8f ke(2 i)-i K(w-W) tLc (A-45) 
( ý+i W)2+gK 

2 
where 

ft = (x - xi)2 + (y - yi)2 + (z - zi)2, 

R*= (x - x1)2 + (y - yi)2 + (z + zi)2, 

ti 
x cos e+y sin e, 

w"= xi cos e+ yi sin e, 

u: the frictional coefficient of Rayleich, 

p++0. 

If the point (x, y, z) and the point (xi, Yip zi) are 

denoted by P and Q, respectively, the following relationship 

of the velocity potential is known 

G (P, Q) =G (Q, P) (A-46) 

where G (P, Q) may be taken as the form of Green's functim. 

(a) Integration of III 

g tim fig Ke 
(a ]b) 

CSK I= 
u++0 ° (R+iw)2 +gic 

2 
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lim f+- K eK(a-ib) dK (A-47) 
ui-" +o 0K- k+iui 

where 

a<o, 

III =PW, 
b: real number. 

By considering the following relations 

K =d+ i t, 

I eK 
(a-ib) 

=e 
ad + bt 

I, 

and taking the proper integration path, the contour integrals 

may be achieved. 

(i) b>o 

+ lf eK(a 
ib) 

° 
K-k+iul 

.d 
K eK(a-ib) 

+i ul 
dK 

(K ui) 

- I° it eit(a-ib) idt 
it -k+ iul 

_ -2ni(k-iui)e(k-iui)(a 
+- 

ice 
irc(a-ib) 

0 is - ik - ul `IK 

Hence 

I=-27rike (ath)-itö 
KeiK(a-ib) (A-48) 

K- lk 

(ii) b<o 

+00 Kc eK(a-ib) ° K-k+iui 
dK 

!ý it eit(a-ib) i dt 
° it - k+iui 

.d=i J+00 it (a-ib ) 
0K+i k+ul CIK 

-- -Fa 
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Hence, 

ý iýc(a-ib) I= i I0 Kxe+ 
ik dK (A-49) 

(b) Deformation of the formula(A-45) 

'a' and 'b' of the formula (A-47) are set as follows: 

a=z+zi<0, 

b=w-ä' 

= (x - xi) cos e+ (Y - Yi) sin e 

=R, cos (e-e') 

where 

1ý, 
_ (x-xi)2 + (Y-Yi)2.9 

A' = tan -1 ((Y 
- Yi)/(x - xi)). 

since 

e'<o<+e'. b>o :-22 

b<o: iT<6 <-? +0'and Z+8'<o<ir, 

the integration teen of (A-45) may be written by the form 

J=lim+og fdo KeK(z+zi) 
iK (w- 

dK 
(u +i w)2 +gK 

2 
lT + A' lT 3 K(Z+Z )+ K(fýi)-W) 

=i(£, -, +I de I+» Ke 
K+ik 2 

- 27r ik 12 + A' 
ek(z 

+ zi) -ik (w ) 
dO 

- 7r 

-iI+A. 
- de I+°°Ke 'K(z+Zi)-Kc ( 

- lT+A. K- ik (A-50) 
2 

The first teen of (A-50) may be given by the form 
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i( Jr2+e !r )d6 Jö ..... di< 
2 

, Tr +e. 
=11 de Jö ..... dK Tr + OA i 

Jä is eiK(z+Zi) -K (w-w) 

-+K+ik 

=iIT d6 I0 K ek(z+zi) -K R- cos 0 

1 _°K +ik 
i 

The second term of (A-50) may be written in the form 

-2Tk l7+6r ek(z+zi) -ý (u w) 
dO 

_3+8. 
I' ik R coos e 

2wik (Z+zi) f 
IL e7 00 de e 

=- 
2 

(A-51) 

(A-52) 

Finally, the third tern of (A-50) may be expressed in the form 

-ij2+e_ d8 f- K e- zi) -K (w W) 

Z° K-ik 
dic 

=-i jE d6 jö Ke 
ix (z+zi) -K% cos 8 

nK-ik 
clK (A-53) 

Hence, 

L +ý -K R cos 8 
J=2I 

Tr 
d6 !oKe (k cos K(z+zi)-ic sin K(z+zi)) dc 

K2 + k2 

-2 7r ike (z+Zi) Ie ik RGO cos 0 dO (A-54) 
2 

Therefore, (A-45) may be given by the form 

G (x, y, z; Xi, Yi, z1) =R- 
R* 

zm l+ao Ke- 
( R. cos8 

+7 12 dA o (k oosK(z+zi)-ic sin K(z+zi)) dc 
-a K2 + k2 
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1 Tr 

Tr 

-21ke(z+z. 
) fIf e- co - 

e 
dO 

-2 (A-55) 

The first and second tens of (A-55) denote the standing wave 

and the third term of (A-55) is the diverging wave. 

(c) Asymptotic expression of the velocity potential at a large 

distance 

By making use of Kelvin's mettod of stationary phase, the 

integration of the third term of (A-55) may be written in the form 

fie - ik R c0S0 d8 
Z 
2 - 

2ý 
ei 

{-kRo+ 
4} R -*+ý kR 

cm CO 

Therefore, 

G (x, Y, z; xi, Yip zi) 

_ 
21k 

e 
k(z+zi) +i (- kR+ ý) (A-56) 

Rw 
jUli 

Furthermore, the elevation of water c (x, y; t) may be obtained in 

the form 

gRei+i (Wt -k%+ 
4) (A-57) 

Ti (x, y; t) = 2k N 
00 

The formula (A-57) show that the regular waves diverge at a large 

distance. 
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A. III. 2. Doublet 

'When a doublet, whose mcment is elWt, is at the point 

(xi, yi, zi), the velocity potential may be given by the form 

a 
an G (x, y, z; Xi, y1, z i) 

(nx axi +n y azi +n zT)G (A-58) 

where X, ny and aZ are the directional cosines of the axes. 
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APPENDIX IV 

GThHIAL REMARKS CH TIC SCALAR DUThAGTICt PIU u! (Bouwkamp (1954) ) 

Scalar wave problems, particularly of non-water waves such as those of 

sound and light, are studied. Therefore, the problems of electrcmgnetic 

waves are not included in this section, since the effects of polarization 

should not be ignored for the case of electrcmagnetic waves. However, in 

many cases, the results of scalar theory are interpreted in terns of 

electrar gnetic theory (e. g. two-dimensional diffraction problens). 

Only steady-state problems will be considered. It is tacitly under- 

stood that the time factor is exp (- iwt), where i is the imaginary unit, 

w the angular frequency, and t the time. The wave number is denoted by 

k- j7r/X =w /c, where c is the phase velocity in free space of plane waves, 

and A the wavelength. Outside the sources of radiation and the diffracting 

obstacles, space is assumed to be homogeneous, isotropic, and non-absorbing 

(k > o). However, in connection with conditions at infinity, k is usually 

assumed to be complex, with the imaginary part sma11 and positive. 

Consider the diffraction of an arbitrary incident'wave qo (x, y, z) 

through an aperture A in the infinite plane screen S of vanishing thickness. 

Throughout the Appendix IV it will be assumed that the plane A+S coincides 

with the plane x-0, and that the primary field 0o, which is a solution 

of the wave equation, is incident fran the left (x < o) 

Ztw different problems are distinguished according to whether the 

wave function or its not al derivative vanishes on S. In the first case, 

that is, for a perfectly soft screen, the total field is given by 
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ýo(x, Y, z) - ýo (x, y, z) + ýi (-x, Y, z), 
ý'Tl(x'y'z) for x: o, (A-59) 

t ýl (x, p, z, ), for x20, 

where 4l, to be defined for x _> o only, has the following properties: 

(a) $1 is a solution of the wave equation, A01 + k2o1 = 0, 

when x>o. 

(b) 01 =0 on S. 

(c) 01 satisfies Sannerfeld's radiation condition at infinity. 

(See Appendix A. V. 10. for Su merfeld's radiation condition) 

(d) 3 "l/ax =a 00/ax in A. 

(e) $i is everywhere finite. 

(f) V ý1 is quadratically integrable over any dana. in of three- 

dimensional space, including the edge of the screen. 

The second boundary-value problan, in which the normal derivative 

of the wave f mcticn vanishes on the screen, applies to acoustic diff- 

racti, on through an aperture in a perfectly rigid screen. In this case 

the total field is given by 

2 
(X, Y, Z) 

14o (x, y, z) + ýo (- x, y, z) - 42 (- x, y, z), 

a for xo (A-60) 

ý2 (x, y, z), for x o, 

where 42, also defined for x >_ o aily, has similar properties to 4)1 except 

that (b) and (d) should be replaced by 

(b)' a 42/aX -0 on S. 

(d)am ýi ° ýo in A. 
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APPENDIXV 
SUPPLE 'ARY AN ATIONS 

A. V. 1. Kirchhoff's Scalar Theory of Diffraction 

Many theories of diffraction, except for the case of very 

long waves, are based on the basic part of Kirchhoff Is theory 

which was first given in the paper "Zur Theories der 

Lichtststrahlen, Berl. Ber. 1882". 

The same symbols as the ones in the Appendix IV are used. 

itrthei re, S' is defined to be a screen of vanishing thick- 

ness covering a finite part of the plane x=0, and a system 

of sources in the left half-space (x < o) is considered. If 

the screen were absent in the left half-space (x < o). If the 

screen were absent these sources would produce a wave field 

"o (P), say, at the point P. The actual field ý (P) is the sum 

of 40 (P) and ýd(P), the diffracted field due to the secondary 

sources on S. By Green's theorem 

1I {ý a 
eikr - eik r 

d's.. Od (p) a 
4ý rr av 

} 

where the integration is over both faces of s' and r is the 

distance form P to ds'. Further, 8/8v denotes differentiation 

with respect to the integration - point co-ordinates in the 

direction of the normal to S' drawn into free space. 

The total field h was obtained, by Kirchhoff, in the form 

il-a 
ý'T (P) - 0o (P) + 

47 
fs{erav-0 dv ( er )} ds' 

(A-61) 
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where n refers to the normal of S drawn into the shadow region 

(x > o). In order to find the formula (A-61), Kirchhoff 

assumed that on the illuminated face of s' (in the sense of 

geanetrical optics) the values of ý and 8ý/8v may be replaced by 

the corresponding unperturbed values, 4o and 3+ 
0 

/Dv, as if the 

screen were absent. Furthermore, he also assumed that on the 

dark face of s' both ý and aý/av may be ecgaal to zero. The 

formula (A-61) is sometimes referred to as the Kirchhoff approx- 

imation (See, e. g. Morse and Fesbach (1953)). Moreover, since 

the Kirchhoff method is obtained by modifying the Fresnel's 

method (see, A. V. 2 for Fresnel diffraction), the Kirchhoff's 

method is sometimes called the Fresnel-Kirchhoff's method (see, 

e. g., Jones and Whitham (1957)). 

A. V. 2. Fresnel Integral 

The integral 

(x)= J"X eit 
2 

dt (A-62) 

is called the Fresnel integral (or, rather, the real and imaginary 

parts of 0 are the Fresnel integrals). 

lö sin t? dt 

and 

oX cos t2 dt 

Sanetimes, the integrals 

are called the Fresnel sine and the Fresnel cosine integrals. 

These are equal, respectively, to (James (1976)) 

X3 X7 X11 

3 7. lß 11ý5ý 
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and 
XS X9 

S. Z. y-41 

which converge for all values of x. Furthemore the integrals. 

fxcost 
x )s dt - (Ucosx - Vsinx) 

and 

f sin x dt - (U sin x+V cos x), 

where 

X3 X5 

and 
V=X ýý 

- 

XT 
+-... ). 

With (A-62), Fresnel extended Huygens' principle (see, 

A. V. 3. ) and explained same diffraction pnenomena in a plane near 

the aperture which is appropriately called Fresnel diffraction 

(Morse - Feshbach (1953)). 

A. V. 3. Huygens' Principle (Freiberger (1960)) 

Hadamard has analysed Huygens' principle in the syllogism: 

(Major premise). To determine the effect at time tl of a 

luminous phenomenon caused by a given disturbance at time to < tl 

we may find the state at time t', to < t' < ti, and from that 

deduce the state at ti. 

(Minor premise). If during t0- E<t< to a luminous 

disturbance is localized in the ixnediate neighbourhood of a 

point 0, the effect at the subsequent time t' is localized in a 
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very thin spherical shell with centre 0 and radius c(t' - t0), 

where c is the velocity of light. 

(Conclusion). The effect at time tl due to a luminous 

disturbance localized-at 0 at time to is determined when the 

initial disturbance is replaced by a suitable system of luminous 

disturbance taking place at time t', to < t' < t1, and 

distributed over the surface of the sphere with centre 0 and 

radius c(t' - t0). 

Huygens' principle gives a satisfactory account of the 

laws of reflection* and of refraction* but is not sufficient for 

the explanation of diffraction* phenomena through it provides a 

good approximation in some cases (See Helmholtz formulation and 

Kirchhoff 's fornnrulation). 

*Reflection :A deviation of the direction of radiant 

flux taking place entirely within or at the 

surface of a single optical medium. In some 

cases the teen is restricted by the require- 

ment that the wavelength of the monochromatic 

canponents of the radiation be invariant under 

reflection. 

The laws of reflection in the case of 

specular reflection at a smooth surface may 

be stated as : 

The incident and reflected rays are: (1) 

in a normal plane to the surface, (2) on the 

same side of the surface, and (3) at equal 

angles with the normal. 
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If the surface is not smooth the 

reflection is diffuse. 

*Refract ion : The change in the direction of propagation 

of radiation determined by change in the 

velocity of propagation in passing through a 

non-halDgeneous medium, or in passing from one 

medium to another. 

Both Snell and Descartes must be given 

credit for discovering the laws of refraction 

(for specular refracticai) which may be stated 

as: 

The incident and refracted rays (1) are 

in the same plane with the normal to the 

surface, (2) they lie on opposite sides of the 

surface, and (3) the sines of their inclinations 

to the normal bear a constant ratio to one 

another, the ratio depending only on the two 

media involved, not on the angles. Condition 

(3) is usually referred to as Snell's law. 

*Diffraction: The deviation of the direction of propa- 

gation of a wave, determined by its undulatory 

character, and occurring when the wave passes 

the edge of an obstacle, or through a restricted 

aperture. Diffraction phenanena are character- 

istic of all wave system. They are found in 

water waves, matter waves (e. g., wave phenomena 

exhibited by electrons, neutrons, etc. ), sound 
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waves and electromagnetic waves of all 

frequencies. They produce patterns which are 

geanetrically similar whenever the relation of 

the wave-length to the geanetry of the obstacle 

or aperture is the same. 

A. V. 4. Helmholtz's Fbrmxla (Lamb (1932) : Preiberger (1960)) 

Solutions of the wave equation 

v2ý =Qä 

of the form c_ y'e met 
where f is independent of t and solutions 

of 

(V2 + k2) =0 (A-63) 

are called nuiochramatic waves. Helmholtz is responsible for, the 

theorem ("Theorie der Luftschwingungen in Röhren mit offenen Enden", 

Grelle, lvii. 1,1859) 

Suppose ' is a solution of (A-63) with first and second 

partial derivatives continuous outside and on a closed surface S, 

and such that Ir 5I is bounded and 

Let 

rC 
är-ikýý-ºo, 

as r -p- co 

ikr 
I (P) = tts f e'kr 

Z 8n 
( er )} c1s, 

8n 

where r is the distance. fran a fixed point P and 8/3n denotes 

differentiation along the outward normal to S. The value of 

I (P) is - 47r_? (P) or zero according to whether P is outside or 

inside S. 



The equation (A-63) has many points of analogy with that of 

Laplace's equation V2 1=0, which is, indeed, a particular case. 

The solution of (A-63) may be given by the form 

cp_ e-ikr 
.l kirr 

which corresponds to a unit source, where r denotes distance from 

the source. 

It appears from Green's theoran (See, A. V. 5 for Green's 

theorem) that if f, 5" be any two functions which, together with 

their first and second derivatives, are finite and single-valued 

throughput any finite region, we have 

tt ( 'So' 
"-Yj as = ttt( q'v2y v2cxc dy dz Tn an 

(A-64) 

If, in addition, ' and f'- both satisfy (A-63), the right-hand 

n rber vanishes, and we have 

tt a S' ds = tt ý, Lf ds 
. '5n an 

A. V. S. Green's Theorem (Iyanaga and Kawada (1977); Lamb (1932)) 

(a) In the Plane : 

Let R be a bounded open set in the plane whose boundary C 

is a rectifiable simple closed curve. Then Green's theoxm is any 

theor® which states that, with certain specific conditions on L 

and M, the line integral of Li + Mj around C in the positive 

direction is equal to the integral over R of (8M/8x) - (8L/8y) 
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(the positive direction for C is the direction for which the 

winding number of C is +1 with respect to each point of R; 

intuitively, R is to be on the left as one moves around C). 

Sufficient conditions on L and M are that L and M be continuous 

on the union of R and C and BL/8y and 8M/8x be bounded and 

continuous on R. Green's theorem is the'special case of 

Stokes' theorem when the surface lies in the (x, y) - plane. 

If Cis piece-wise smooth, Green's theorem can be written as 

f4Ldx+Mdy)= fR äX 
- 

äy)ds. 

(b) In Space : 

Green's theorem in space is sanetimes referred to as the 

divergence theorem. 

Let U, V, W be any three functions which are finite, 

single-valued and differentiable at all points of a connected 

region canpletely bounded by one or more closed surfaces S; let 

öS be an element of any one of these surfaces and 1, m, n the 

direction-cosines of the no orals to it drawn inwards. The 

divergence theorem is given by the form 

Il (1 U+ mV +n W) dS 

=-tlt ( 
aU+ý +az )dxdydz, (A-65) 

where the triple-integral is taken throughout the region, and 

the double-integral wer its boundary. 

Now let 4), 4)' be any two functions which, together with 

their first and second derivatives, are finite and single- 

valued throughout the region considered; and let us put 
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U, V, w= ax 8y '5z8 

respectively, so that 

kU +mV+nWY = 
an 

Sunstituting in (A-65) we find 

! tý an, as =-f!! f ax 
a+ 

ay 
a+ 

ýz 'oz ) ax ay dz 

- III ý V2 ý' dx dy dz (A-66) 

By interchanging 4 and ý' we obtain 

ttý' as =- ttt ( a-ý +3-+a -ý dx dy dz 

- fff c' V2 0 dx dy dz (A-67) 

Equations (A-66) and (A-67) together constitute Green's theorem. 

Green's theorem is first given in the following papers : 

G. Green, "Essay cn Electricity and Magnetism", Nottingham, 

1828, Art. 3 (Mathematical Papers (ed. Ferrers), Cambridge, 1871, 

p. 3). 

A. V. 6. Green's Finction (Iyanaga and Kawada (1977)) 

For a regim R with boundary surface S, and for a point Q 

interior to R, the Green's functions G (P, Q) is a function of 

the form 

G (P, Q) =41+V (P), (A-68) 

where r is the distance PQ, V (P) is harmonic, and G vanishes 

on S. 

The solution 4(Q) of the Dirichlet problem (See, A. V. 7) is 

represented in the form 
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(Q) _- II f (p) aG ä) dSp. 

Green's function, Neumann Is functiais*, and Robin's 

functions* are sanetimes called Green's functions of the first, 

second, and thirds kinds, respectively. 

* Neumann's function in potential theory 

The Neunann's function N is also taken'^the same form 

as (A -68), i. e. 

N (P, Q) = 
4W 

+V (P)" 

However, the conditims are: 

1) aN/an is constant on S, and 

2) Its Nd Sp = 0. 

The solution ýN (Q) of the Nei n . nn problem (see 

A. V. 7) is represented in the form 

ON (Q) = ff f(p)_N (P, Q) d Sp. 

* Robin's function 

: The Robin's function R(p, Q) is also take4nthe same 

form as the right-hand side of (A-68). 

However, the condition is different, i. e. 

K ; R(ý H+HR (K, H) = 0, on S, 

where K and H are prescribed functions that are continuous 

on S. 

The solution OR (Q) of the third boundary-value problem 

of potential theory, i. e., the Robin problem (see, A. V. 7), 

is represented in the form 
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ýR (@) = !I f(P) R (p, Q; k, H) d Si,. 

A. V. 7 Boundary-value Probt n (Differential Equations) (James (1976)) 

The problan of finding a solution to a given differential 

equation or set of equations which will meet certain specified 

requirements for a given set of values of the independent 

variables - the boundary points. Many of the problans of 

mathematical physics are as follows: 

(a) First - baundary-value problan of potential theory (the 

Dirichlet problan) 

Given a region R, its boundary surface S, and a function F 

defined and continuous over S, to determine a solution ý of 

Laplace's equation V2 ý=0 which is regular in R, is ccntinuous 

in R+S, and satisfies the equation c=F on the boundary. This 

problem occurs in electrostatics and heat flow. It has at tost 

one solution. 

(b) Second boundary-value problem of potential theory (the 

Neumann problan) 

Given a regicn R, its boundary surface S, and a function 

F defined and continuous over S and such that ff FdS over S 

vanishes, to find a solution of Laplace's equation, which together 

with its normal derivative is continuous in R+S, and which has a 

normal derivative equal to F on the boundary S. This problem 

occurs in fluid dynamics. Any two of its solutions differ at most 

by a constant. 
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(c) Third boundary-value problem of potential theory (the 

Robin problan) 

As in the two above problems, except the ßuncticii ý is 

required to satisfy the equation 

K 21 + Hý =F on the boundary, 

where K, H, and F are prescribed functions that are continuous 

on S. This problem includes the other two and is of importance 

in heat flow and fluid mechanics. If H/K > o, it has at most 

one solution. 

A. V. 8. Maxwell's Equations (Torando Di Francia (1955); Batana. n (1955)) 

The equations are usually given in the forms: 

Qzrl +, (A-69) 

curl =-4 (A-? 0) 

Div = 0, (A-71) 

Div 5= p'. # 
(A-72) 

where t and I are respectively the electric and magnetic 

intensities, is the electric displacement and 9 the magnetic 

induction. 1 and p' are the densities of current and charge 

respectively. 

The equations (A-71) and (A-73) are also known as the Gauss 

law. 

The equations and the expressions of charge conservation 

are often stated in the following integral form: 
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Is aA+3) 

o "ds=-Isä"ds, 

ds=0, 

dSalvp' dv. 

If there are no impressed currents in regions of a dielectric 

and, hence, the current density 3 can be taken to be zero, it is 

known from (A-69) and (A-70) that all canponents of P and A 

satisfy the equation 
i 

°2 = Il- 
at2 

. 

Therefore, it is shown that the field vectors can propagate as waves 

of velocity vw = 1/ '. 

Electromagnetic potentials 

Considering the equation (A-71), ý may be expressed in the 

form 

t=curl 1, 
where A is the vector potential. 

(A-73) 

Substituting the equation (A-73) in (A-70), the electric 

intensities ý may be taken the form 

grad w- 
ätß 

(A-74) 

where w is a scalar potential. 

In stationary fields ý may be given by the form 

-- grad w 

and w is then called the electrostatic potential. 

The potentials 
I and w are referred to as electroanagnetic 

potentials, by analogy with hydrodynamics. 
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A. V. 9. Shell 's Law 

The sines of the angles of refraction and incidence are in 

the same ratio as the refractive indices of the media on either 

side of the boundary and this ratio is constant for a given wave- 

length. The law can be taken by the form 

sin e2 n2 
M -- 

sin 91 nl, (A-75) 

Where 81 and e2 are the angles of incidence and of refraction, 

respectively, and nj and nz are the refractive indices. This is 

the law of refraction or Snell's law in optics (Crawford (1968)). 

Morse and Feshbach (1953) has found the relations between 

the angle of transmission and the angle of incidence (and reflect- 

ion) for the case of vector wave, by using the formula (A-75) 

For a sound wave travelling across the boundary between 

two fluids which are non-dissipative media, the relationship is 

identical with the Snell's law in optics. In this case nj and n2 

are the velocities of sound in the incident medium and in the 

refracting medium, respectively. Where the boundary is between 

a solid and a fluid, or between two solid media, the situation is 

more complex, in that both longitudinal and transverse waves can 

travel through solids. The law can still be applied, however, in 

an extended form; thus, when a longitudinal wave is reflected at 

the boundary between two elastic solids, two waves (a longitudinal 

and a transverse) are refracted into the second medium, and two 

waves (a longitudinal and a transverse) are reflected back. The 

3 aw now states that the value of (Sin e)/c is the same for the 
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incident wave and for each of the four waves generated at the 

surface. e is the angle that the direction of propagation of 

the wave makes with the normal to the boundary, and c is the 

velocity of propagation of that wave (Freiberger (1960)). 

For the case of oblique standing waves, Newman (1977) 

showed that the reflected wave is consistent with Snell's law. 

A. V. 10. Sommerfeld Radiation Condition 

The Sommerfeld radiation condition requires that (Stoker 

(1957)) 

"MRC8R+ iý )+ 
o (A-76) 

The condition states that the scattered waves behave like a 

cylindrical outgoing progressing wave at large distance. 

Frcm the condition (A-76), the radiation condition in the 

problems of ref lecticn and diffraction was obtained in the form 

(Courant and Hilbert (1962)): 

lim 
rºoo 

ffR=1 
x-xo1=r 

where 

Ta 
fts 

-ik ýS 2 
CIS =o 

ds : the surface element of a large sphere or cylinder S 

of radius r about a fixed point x0 , 

ýs : outward scattered wave. 
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A. V. 11. Chebyshev Polyncinials (Srivastav (1976)) 

Two kinds of polynomials are generally described as 

Chebyshev polynomials. 

Chebyshev polynanials of the first kind are defined by the 

relation 

n(x) = cos (n cos` x)' -1<x<1, 

which, on putting x= cosO, o<0< ii, is seen to be equivalent 

to the relation 

Tn (cos e) = cos nO 
Since cos ne is expressible as a polyncmial of degree n in 

cosh, Tn(x) is also of degree n in x. 

Chebyshev polynomials of the second kind are defined by the 

equation 

sin (n+I)6 Un(cas9)ý 
sine cos8=x, -1<x<1. 

Written as polynomials in x, the restriction IxI<1 may be 

dropped. A useful collection of the properties of Qiebyshev 

polynomials is given by Erdelyi ("Higher Transcendental 

Functions, vol. 2, McGraw-Hill, 1953). 

A. V. 12. Minimax Approximation (Freiberger (1960)) 

The representation of a function f(x) by an approximation 

P (fix) selected from a class of functions in such a way that 

if R=f-P, then the maxi mm of I RI over all points x of sane 

assigned set is minimized over all functions of the class. 
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Often called Chebyshev approximation. There is no simple 

algorithm for form ng the Chebyshev approximation to an 

arbitrary continuous function, but there are techniques of 

successive approximation to it. 

In the case the class of functions is the class of linear 

combinations of functions 4 (x), 41 (x), ..., c (x) on an 

interval fr® a to b, then the basic theorem is the following: 

If the functions ýi form a Chebyshev system of order n for the 

interval fr® a to b, and if f is continuous on this interval, 

then the minimax approximation Pn(x) is unique; moreover 

ýf(x) - Pn(x) I achieves its maximum at least n+2 times at 

points xo, x j, """,, xn +1 on the interval and at these points 

ß- Pn alternates in sign. 

The Chebyshev polynanial Tn(x) is that polynomial of degree n 

with leading coefficient unity that gives the minimax approxi- 

mation to zero on the interval from -1 to +1; hence x- Tn 

is that polynomial of degree n-1 that gives the minimax 

approximation to xn. Stieffel (1959) explained the numerical 

methods of Chebyshev approximation. 

A. V. 13. F perimental Methods for the Added Wave Resistance 

The methods of measuring added wave resistance are divided 

into two main classes, i. e., the constant-thrust method and the 

constant-velocity method. 
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(a) Constant-Thrust Method: 

The model is towed by a constant weight and the resultant 

speed of the model measured. This method can be used in either 

two ways : 

(al) The model is attached to the subcarriage which can 

move relative to the main carriage. The subcarriage is 

towed by a constant weight, and the resultant speed of the 

model is measured (Sibul (1967)). The schematic diagram 

of this method is shown in Fig. Al 

main carri 
subcärr ä 

@1 
weight 

Fig. Al 

(a2) The weight is suspended fron the end of the model 

tank, and the model is drawn along with the aid of a 

light suspended fron a wire. This method is often 

called 'Wellenkampf-method' or'Gravitational method'. 

The schematic diagram is shav in Fig. A2. 
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Fig. A2 

Only in the method (aD is the model entirely free to 

perform the surging generated by the waves. For this reason, 

this method is to be preferred by far in carrying out resistance 

tests (Vossers (1962)). The prevention of surging of the model 

or the provision of a spring between model and towing carriage 

will result in other motions and in the resistance augument, 

being affected as well (Sibul (1957)). This drawback is also 

encountered in following the method (a2), where the long wire 

between the model and the weight likewise brings about an elastic 

effect (Vossers (1962)). Strom-Tejsen et. al. (1973) have also 

pointed out that the inertia of the model, subcarriage, and weight 

is much different fron the ship and would result in different 

surge motion. Moreover, several researchers, e. g., Sibul (1971a, 

1971b), Wahab (1971), and Gerritsrrra and Beukelman (1972t) , have 

examined both the constant-thrust method and the constant- 

velocity method, and have found the difference to be either 

negligible or well within measuring accuracy. 
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In order to measure the added wave resistance by the method 

of constant-thrust, the method (al) is ccnmnly used (See, e. g., 

Sibul (1967); Stran-Tejsen et. al. (1973)). In this method, the 

problem is to match the velocity of the main carriage to the 

average velocity of the subcarriage or to change the weight to 

match the chosen speed. In order to match, several runs are 

necessary, great care has to be taken to minimize the friction 

between the subcarriage and the main carriage. The model can be 

free to heave, pitch and surge. The model, however, is usually 

restricted against yaw, roll and sway. This method would be 

applicable in determining the speed loss associated with a constant 

towing force. Strorrn-Tejsen et. al. (1973), however, have pointed 

out that measurement of speed loss rather than added resistance is 

is less attractive because speed loss 'w uld be Reynolds number 

dependent and could not be scaled directly from model to ship as 

it could with added resistance. 

(b) Ccnstant-Velocity Method: 

In this method, the model is firmly attached to the ordinary 

still water resistance dynamometer and no speed variations 

relative to the carriage are possible (See, Fig. A3). In this 

condition the resistance of the model is measured. The model is 

free to heave, pitch and surge. It is usually restricted against 

yaw, roll and sway. 
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Carriage 
DynamD- 
meter 

Fig. A3 

Sanetimes, the nadel is connected by means of a spring on 

the resistance dynai: xometer to the towing carriage, which moves 

at a given speed and the resistance is measured (See, Fig. A4). 

Carriage 
Lter 

Fig. A4 

In the constant-velocity method, the most difficult problem 

is to separate the two horizontal forces acting on the ship. 

The first of these forces is the force caused by the periodic 

velocities in waves and the second canponent is a net horizontal 

force that usually increases the average ship resistance in waves. 

Integration method is generally used to separate the two forces. 

When the output of the dynannmeter is integrated over a relatively 

long time period, then the average slope of the output curve 

represents the net horizontal force (See, e. g., Sibul (1971a)). 
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Since the added resistance obtained is the difference 

between the resistance measured in calm water and waves at 

exactly the sane average speed, it appears that the constant- 

velocity method would be a more direct technique because speed 

can be controlled directly (Strcm-Tejsen et. al. (1973)). 

Furthermore, in order to use the linear superposition technique 

for the added resistance of irregular waves, it is necessary 

that the added resistance response curves be determined at a 

constant velocity. 
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APP IDIX VI 

MEUKD OF PREDICTING rRAti9R' FfM XIMt 

Added resistance in oblique sea has been investigated by Hosoda. 

(1973) by applying Maruo's method. Comparing the calculated data with 

his measured added resistance in regular oblique waves, he has concluded 

that the contribution of lateral motions to added resistance in oblique 

waves is almrst negligible. According to_Hosoda's conclusion, the 

added resistance in oblique waves could easily be evaluated 'on the basis 
the the extension of. 
prediction 

method for head sea waves. Disregarding 

the effect of sideways-drift force and yawing moment, the carponent 

Rw " cos 0 is usually regarded as the added wave resistance in oblique 

regular waves (See, e. g., Salvessen (1974)); i. e., 

RAS = Rw " cos ß, 

where 

RAW : added wave resistance in oblique regular waves, 

RW : wave resistance due to oblique waves in the 

direction of wave propagation, 

0: angle between incident wave and ship's heading . 
although, there may be difference between the direction of ship heading 

and ship's movement in oblique waves, because of the effects of sideways 

drift force, R. " sin ß, and of yawing nui nt as show Fig. A5. 
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Y 

Ship heading in oblique waves; 
direction of ship's thrust force in waves. 

direction of ship's i vernent; 
ship's heading in calm grater. 

Fig. AS 

In the Author's method, it is assumed that the added resistance due 

to oblique wave reflection can be regarded as the direct resistance due 

to the wave reflection. F\irthernwre, the direct resistance due to the 

regular wave reflection is obtained in the same way as the usual one 

for wind resistance (See, e. g., van Berlekan (1981)). A force vector 

diagram instead of a velocity vector diagram, however, is used to 

evaluate it. Namely, the added resistance due to wave reflection, 

RAjy. R, in oblique, regular waves is determined in the form 

IRAWR Ft4RS - IR 
0 

= (ffta +%" cosa)2 +C 9R - sina)2 - JR0 (A-?? ) 

where, 

IRAVR : added resistance due to wave reflection of the ship, in 

vector form 

Il : sun of the vectors R0 and-R (See, Fig. A6); Il ti. corresponds 

to the relative wind speed for the case of wind resistance, 

Il, R . the vector of resistance due to wave reflection in the 

direction of wave-propagation (See, Fig. A6); l corresponds 

to the true wind speed for wind resistance, 
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ö. still water resistance in vector form (See, Fig. A6); 

R corresponds to the ship speed for the case of wind 

resistance, 

a. angle between directions of wave and ship's movemnt; 

a=o for head sea. 

t 
a 
1 
t 

direction of 
ship's movement 

Fig. A6 
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APPENDIX VII. FLOW CHWS OF (D PROGRAMS 

(A) For determining CAWR, CfiAW and AW/ý2 
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5 

canpute 
(c AAVR) 0 

ccmpute 
CrAN, RTAWV 

L 

set 

We 

caute . 
; TAW 

r2(we) 

print : 
A1 'A /L' CAAVR 

print : 
A/''AAl 'RTAW'V 

ALV 
ý2 

stop 
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(B) Subroutine "NVP 0 
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(C) For determining RAW : 

Start 

read : No. of input and output 
data, control No. for unit, 
L, B, d, V, A, 0, BTAWV/ý2 

print : 
input data 

f. p. s. confute 
writ 8(we) in 

f. p. s. 

C. G. S. 

cccrpute 
S(we) in 
C. G. S. 

compute 
CAIW, RAN 

print : 
H, CAN 

, 
RAIW 

stop 



332 

The above ca pater programs are available in the Department of 

Naval Architecture and Shipbuilding of the University of Newcastle- 

upon-Tyne. 


