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Abstract 

This report presents the results of an analysis of data 

obtained from stereophotographs of the wave pattern in the wake 

of a ship model moving at constant speed (V/^T? = 0 367). The 

data were used to compute the wave resistance of the model fcllowi 

a procedure suggested by Eggers. Several methods of carrying 

out this procedure are discussed and the numerical results from 

two of them are compared with the residuary resistance obtained 

from a towing test. The wave resistance obtained by a least- 

squares method of analysis is quite close to the residuarv 

resistance. 
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Introduction 

The work reported here attempts to exploit data taken 

for another purpose by Sorensen [1966] for his dissertation. 

Sorensen was primarily interested in studying the wave pattern 

behind a ship moving along a canal For this purpose he and Moffitt 

[1966] took stereoscopic photcgrapns of the water surface 

behind a ship model in the Ship Towing Tank of the University 

of California, From these photographs Moffitt was able to read 

the wave height accurately to 0.15 mm He prepared tables of 

the wave height at five different stations behind the ship at 

intervals of 0.0117 m. The location of the five stations and 

of the readings along each station are shown in Fig 1, The 

values themselves are reproduced in Table 1 and the wave 

profiles are shown in Figs. 2 to 6. 

The dimensions of the towing tank in which the photographs 

were taken are as follows. 

breadth = 2 b = 8 ft., depth x 6 ft», length * 200 ft 

The still-water depth h at the time of the experiment was 5 ft 

The model speed when the photographs were taken was 

4 7962 ft/sec. This corresponds to a ship Froude number 

v/\/?L * 0-367 and also to a depth Froude number y//^ - 0,378. 

The dimensions of the ship model are as follows: 

Length * 5.333 ft., Beam = 0 667 ft.. 

Draft = 0,333 ft. 

Displacement * 34,87 lbs. 

Wetted surface area * 4.59 ft.. 

Although Sorensen was interested in the wave pattern as 

such, the same data could also be used for an investigation 

of the amount of wave energy being produced by the ship per 

unit time, or equivalently, of the wave resistance of the 
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ship. Such an investigation seemed particularly timely 

inasmuch as there has been widespread interest since about 

1960 in methods of measuring the wave resistance directly from 

wave profiles aft of the ship. The available profile data 

fitted naturally into a recently developed theory (Eggers, 1962) 

of wave-resistance determination from profile measurements. 

The original intention was to make several 'numerical experiments' 

with the data and then, if these worked out successfully, 

to use the computer programs with new data in order to test the 

procedure more thoroughly. This second step has been postponed. 

There is so much research in this problem being carried on 

simultaneously at various places that it seemed wiser to 

postpone further work until we could benefit from the insights 

to be gained from the other work. 

Because of the somewhat tentative character of the 

work reported here, no attempt is made to provide an exhaustive 

bibliography and discussion of other work along the same lines. 

However, we wish to call attention especially to the work of 

Sharma (1963, 1964), Gadd and Hogben (1963) and Kobus (1965). 

There are in addition several papers in the International 

Symposium on Theoretical Wave Resistance, Ann Arbor, 1963 

treating various aspects of the theory. 

In the following sections of this report the results of 

the theory will first be summarized without proof. Thereafter 

the results of using the profile data in the theory and comparison 

with measurements by conventional means will be given. 

Finally some conclusions concerning the practical use of the 

method will be discussed. 
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Eggers' Theory 

Let a ship, or ship model, be moving with constant 

velocity c along a rectangular canal of width 2b and 

still-water depth h . Let the z-axis be taken vertically 

upwards, the (x,z)-plane in the center of the canal, the 

(x,y)-plane in the undisturbed water surface, the positive 

x-direction in the direction of ship motion, and the coordinate 

system moving with the velocity of the ship. It will be 

convenient to suppose the (y,z)-plane to intersect the ship, 

say at its midsection. However, it is not necessary to assume 

the ship to be moving down the center of the canal, although, 

in fact, this is the situation we shall be concerned with later. 

We shall further suppose the water to be inviscid, and of 

densicy ^ , and its motion to be irrotational and steady 

in the coordinate system Oxyz . Hence there exists a velocity 

potential (ß (x,y,z) such that the absolute velocity of the 

water particles (i.e., the velocity relative to a fixed 

coordinate system) is given by 

( U,V,10) = , C{y,(fX > , 

Let the surface of the water be described by 

Now consider some plane x - X0 < 0 behind the ship. 

The wave resistance (there is no other resistance under our 

assumptions) of the ship is then given by the following 

'exact* formula: 

b b T(x0,y) 



The formula is exact in the sense that no further approxima¬ 

tions or assumptions beyond those already made are needed to 

derive it. However, insofar as all effects of viscosity and 

surface tension have been neglected in its derivation, it is 

not really exact. How exact it is, could be estimated by 

comparison of two experimental determinations of R . In 

one, R is determined by direct measurements of the ingredients 

of (1). In the other, it is also determined by the conventional 

method used in towing tanks in which the total resistance is 

measured with a dynamometer on the towing carriage and then 

decreased by an estimated value of the 'viscous' resistance. 

The difficulties attached to the estimation of the 'viscous' 

resistance are well known and will not be further discussed 

here. However, the lack of reliable values for the viscous 

resistance means that one cannot take the second measurement 

as a real standard of comparison. 

Direct measurement of the various quantities entering 

into the integrals in (1) is not an easy task for it requires 

not only measurement of the surface profile at x « xe , but 

also of the velocity components in the section x = x0 at a 

sufficient number of points to allow an accurate determination 

of the second integral in (1), Eggers (1962) has proposed a way 

of avoiding this difficult measurement He assumes that it is 

possible to take the section X =x0 far enough aft of the 

ship so that the exact boundary conditions on the free surface 

may be well approximated by the usual linearized ones. This 

is, of course, a very reasonable assumption under most circum¬ 

stances. However, since the wave energy cannot spread out as 

in the open ocean but must all be channeled down the canal, one 

can conceive of situations where the approximation may not be 

completely satisfactory. On the other hand, it is not likely 

to give misleading results in any practical situation and is 

almost certainly of less importance than the neglect of viscosity 

in (1). In any case, if one makes this assumption, one can 
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show that for X0 one may represent <£?(x;y;z.) and'yc*,/) 

as follows: 

/,2)=51^- (Qy cosk^x -t-bv5ink^x ) cos^Cy-b^cosh A(^hl ^ 
cosh^ h 

CvneU* C0¿Jb ‘y-13' C0SA‘vn(Z+h' » 

= 21 (- k^x + bv cosk^X ) ^/-b) 

+ 2. c. k cosu hekvnX C05ÍX (y-b) 
^ A Vn Vn / vn 2.b ' 

(3) 

V, 

Here , V = 0, 1, 2, 

the equations 

, are the positive solutions of 

îr^h'0%^3 =tûrlh/^ /'/i 

and ^ “0, 1, ... 

positive solutions of 

(4) 

, n - o, i, , are the 

(5) 

If C2/gh> I » fio does not exist, but y^oo does; if 

cVqh < I » /¿cr exists, but not y¿/p . Hence in the summations 

of (2) and (3), if the first one starts with V^ O (\)•= > ) 

the second one starts with ^-| (^so) • In the second 

summation n starts with 0. The constants and k^n are 

defined by 

(6) 
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Eggers has shown that substitution of (2) and (3) into 

(1) yields 

Evidently R is independent of the coefficients C^n and 

depends only upon 0$ and through the combination + 

The practical advantage of (7) is that one can hope to deter¬ 

mine the coefficients Qy and by from (3) by appropriate 

measurements of y) > a quantity much more accessible 

to measurement than the velocity components in the whole 

vertical section X - XQ • 

From an examination of (3) several possibilities suggest 

themselves. An attractive possibility is that one can find 

a value Xo/<.X0<0 such that for X 4 the second summation in 

(3) can be neglected on account of the negative exponential 

factors. Let . Then, using the orthogonality of 

the functions I cos UL (y-b)} in the interval _b ^ y ^ b 

one may derive from (3) the equations 

,, , , w (8) 
— Sin kv + cos KyXi by = J\ ; 2 * 1,2, .,. 

where 

+ b J (y-t) . 
— Jd 

From (8) one finds easily 

_ "Tïi cosktx¿ - ^ cos ky X, 

Sin kv(x¿-x,) 

b — s>n cbs ky X i 
^ sinkyCx^-XJ 

1 (9) 



7 

a¡J + + ^ --217 cosk (x^-x,)] 
pi n pi u v J 

(9) 

The last formula in (9) is equivalent to one given by Eggers 

Hence measurement of the wave profile along two sections 

perpendicular to the path of the ship and sufficiently far 

behind it should allow one to make the numerical quadratures 

indicated in (9) and thence to compute (7), One must be 

careful, however, to select X*-*/ so that (x2-x,) is 

not near mli ,nq*0, 1,2, ... , for although these 

singularities in the denominators are in principle compensated 

for in the numerators, they may, in fact, lead to difficulties 

in the numerical analysis. 

In the present case there were available measurements 

of i*;/) f°r five different values of X(- . According 

to the preceding paragraph, any pair of these should be 

sufficient to determine R . However, to use only two profiles 

when several are available would be to neglect a large amount 

of equally reliable data. In order to make use simultaneously 

of all the information available, the method of least squares 

may be used. This is explained in Appendix II. Suppose that 

profile measurements y) are available for 

Then, according to the method of least squares, the best 

determination of Qy and by is obtained by solving the 

following equations (derived in Appendix II): 

( ^sinkyx; siikvx(')ciy - (^s¡nkvx¿ Cosi<vx¿)Í3y ; 

'i ' i. '¿Vi 

(10) 

The solutions for and can be written as follows: 
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(H) 

by =_L^L X, sin ky y* sin kp ( Xj-Xj ) 
A 

where 

Finally, one can show that 

which can be substituted directly into (7). 

If it is not convenient to measure the surface profile aft 

of Xc/ i one must use the whole expression in (2). Suppose 

one measures the profile at is] + 3 sections 

Xi<X¿< . . *<><N+3 • 0ne may then derive from (3) 

the following equations: 

(13) 

If one terminates the summation in n with n = N , these 

equations will form, for each , +3 linear equations 

in the N unknowns Op, bp, Cpo; Cp| , .... • We n°te 

here that if the velocity is subcritical, i.e., h 

the coefficient of C0o is zero. In this case the matrix of 

the coefficients for ))-0 takes the form 

¡C X * I 
(‘binkjjX; cosk**- o he°' (14) 
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Hence one may reduce the number of equations by one, say, 

+ ½ . On the other hand, if the velocity 

is supercritical, then //0 doesn't exist, and the coefficient 

matrix for ^ - o takes the form 

( O O Vco<^jjgol) .. (15) 

Here one evidently need take only r !. . .} N + \ 

In both cases for ) ^ | one has the coefficient matrix 

(sinl^x; rosir X* k cos/i he'*0*1 • • • k,.cosM h e<c‘v',Xl ) 
v ^ 1 Vo /vo in / vu 

Since, in fact, we have measured only at a 

finite number of values of / , say y( » /2 , , » 

it is also possible to treat (3) directly as a set of linear 

equations with right-hand side 'D'Cxi^yj ) , each value of the 

pair ( -i ;j ) giving one equation. The second summation in 

(3) will in this case be terminated at > I = Mbl-3 for ^ > I 

if /¿* * !>..•> N and j = | , . .. , M . We shall give below 

some formulas which are useful for this approach. 

Let us suppose that the exponential terms are negli¬ 

gible, that "J* can be represented with , » a ( , b, , 

... , Qp , bp , and that MN >2.P-4-2 . Since each 

pair (¿ ,j ) yields an equation in the av and by , there 

are more equations than unknowns. A 'best' solution in the 

sense of least squares, as explained in Appendix II, is given 

by the following set of equations: 

P 
2. C ^ sin x¿ sin L x¡ co?> ( V- - b ) cos ^. ( y. - b)J a, 
V--0 ' v 1 2-b 0 j¿b 'J v 

- CX sin ki^x; cosic.X; cos^íZT (y.- b) cos^l (y-b)] = 
l] ^ 1 ^ ‘ -2b 7J V 
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— Of I ^ ^ . 

We note that in equations (17) all CX^ and by are to be 

found simultaneously, instead of for one value of v) at a 

time as in (9) and (11). This entails solving P equations in P 
unknowns instead of two equations in two unknowns as in (8) and 

(10). 
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Numerical Calculations 

The first use which was made of the wave-prcfile data 

was to calculate R according to formulas (9) and (7), i.e», 

under the assumption that the expnential terms in (3) are 

negligible. For this purpose a preliminary computation ofy^) 

and is necessary. These are shown in Tables 2 and 3 for 

O , 1, , 20. These are dimensional constants with 

dimensions (meter)"*. As is evident from (4) and (6), they are 

functions of the dimensionless variables 

whose values in the present case are 378^ and 625, respectively 

In the computation of (9) one must decide which pair of 

sections to use In order to test the consistency of the 

method, all combinations were tried The results are shown 

in the table below. The value at an intersection X; y X: 

is R X \0Z /^c\\/ . 

X ! X % 

*5 

0 831 

0. 911 

1.162 

0 896 , 

1,063 

0.883 

1 292 

0.795 

0,903 1.070 

By the method of Least Squares ....... 0 878 

The discrepancy among the various values is, of course, 

intolerable if the method is tc have any usefulness as a 

general procecure. It is easy to confirm that none of the 

values ko(Xi-xp are near a value of n 7\ for n > O 

However, the values are quite close to zero, especially when 

\ ¡ _j I - I , and this may account for the large variation 

in this diagonal. If this is the chief cause fcr the 

dispersion in the results, then the accuracy should improve 

as lí-jl increases An error analysis given in Appendix I 

supports this conjecture Unfortunately, the computed values 

h and hy/zb » 
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shown in the table above do not seem to be converging as I i | 

increases, although the variation along the diagonals I -j I 

* const, does seem to decrease, We assume that the value 0.896 

associated with the pair is the most reliable one of 

this set. 

In order not to lose the information available in the 

set of five measured profiles the value of R was also 

computed using the least-squares formulas in (10) - (12). 

This yielded a value 

—-—X io ^.0.378 n V 
It is reasonable to assume that this is the most reliable 

estimate for the resistance coefficient which one can obtain 

from the given data and the underlying assumptions. 

In order to have an independent determination of the 

wave resistance, the model was towed in the same towing tank 

where the photographs were taken and the total resistance 

measured with the towing dynamometer. The result is shown in 

Fig. 7. The frictional resistance was estimated by using 

the ITTC 1957 Line. This is also shown on Fig 7. By subtrac¬ 

ting the estimated frictional resistance from the total 

resistance, the usual "residuary resistance" Rr is obtained. 

This is plotted on Fig. 8 as a dimensionless coefficient 

Cr = Rryç>cjy'• On the same curve are plotted various values 

of the wave resistance coefficient calculated by Eggers' 

method Although one cannot identify the residuary resistance 

with any feeling of great confidence, one would expect the two 

not to be very far apart. The value which we have taken to be 

the mcst reliable value according to Eggers' method, 0.878, does 

not appear to be incompatible with the residuary resistance 

curve . 
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We have assumed up to now that the exponential terms 

in (3) were negligible. An attempt was also made to include 

these terms by solving equations (10) for 

; kp ; 7 j . 

The necessary values of and were computed and are 

also shown in Tables 2 and 3. Table 4 shows the computed 

values of Cty , , and s cosjuÿnU for 

and .^=-0 , 1, , 20. The table below shows + 

for ^ » O , 1, ... , 6 computed by this method and by 

the earlier method in which the exponential terms are neglec¬ 

ted (taking X, and X3 ). 

0 

1 

2 

3 

4 

5 

6 

ext + ^ ^rc,rT| (l3> 

0.485274 

0 194135 X 102 

0.593893 X 10 

0.154821 X 102 

0 121068 X 102 

0,770153 

0..957579 

c^vj * by {.-o™ (9) 

0 259565 X 10‘3 

0 251898 X 10’5 

0 636338 X 10”4 

0 279218 X 10"6 

0.272192 X 10'6 

0 789311 X 10’6 

0 188503 X 10"4 

The values computed from (13) are obviously worthless. 

Although (13) makes use of all the information and (12) 

of only two sections, one must remember that we are also trying 

to extract more information, even though the extra information, 

namely Cv¿ , » C22 * dces not enter into the 

determination of R However, even though the are not 

used later, it is obviously of importance to know whether or 

not the exponential terms can be neglected in the determination 

of Qy and . The peor results in the present case are 

due to numerical error as we shall show below. 
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Table 5 shows the coefficent matrices for v) = O ; 
1, ... , 20, and also the values of 'Júí • An inspection 

^1 |c y 
of these matrices shows that the matrix elements e ^ ¿ 
are indeed negligible compared with sin and 

As a result, slight errors in the Ty)¡ and round-off errors in 

the computation have led to completely misleading results. The 

only which it might be feasible to look for are M0| , M 

Mi| » Mjo > and M¿| • However, any serious attempt to 

evaluate the coefficients of the exponential terms should rely 

upon use of least-squares solutions together with a large 

number of profiles. 

A preliminary attempt to use (17) indicated that quite a 

lot of computer time would be necessary. Consequently, the 

computations were not completed. However, since (17) supplies 

all the , bv at once, this may not, in fact, be an 

extravagant method of computation in comparison with (11). 

The matter will be examined later. 
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Concluding Remarks 

As has been mentioned in the earlier discussion, any 

attempt to assess the usefulness of Eggers' formula is handi¬ 

capped by the lack of any reliable standard of comparison 

However, insofar as the residuary resistance can be considered 

as such, the agreement between the residuary resistance and 

the best value obtainable from Eggers' method is quite good 

for the single Froude number for which profile measurements 

were available. 

Future experiments and their analysis can profitably 

be directed at two targets. For one of these the assumptions 

underlying Eggers' formula should be accented and effort 

should be concentrated on improving the measuring and computing 

techniques. In particular, preliminary computations of the 

numbers and for a useful spread of Froude numbers 

would allow one to predict how far behind the ship one should 

go before starting the profile measurements in order to avoid 

influence of the exponential terms, and how far apart the 

profiles should be in order to minimize the effect of measure¬ 

ment errors. Experiments should then be planned with this 

information in mind. The lack of a reliable standard of 

comparison for the results can in some measure be compensated 

for by tests of the internal consistency of the results 

The other target should be the underlying assumption that 

the motion is irrotational astern cf the ship. This assumption, 

together with linearization, shows up specifically in the 

assumption that can be represented by (2) in a 

region x ^ x0< O . In the wake region of the ship the 

motion is certainly not irrotational Furthermore, even if 

on conjectures, as has been done by several persons, that there 

is a region of irrotational flow outside the wake, as indicated 

on the sketch below, it will net be the case that the velocity 
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X = X, 

IRROM nONM. 

FLOW 

I«ROTATiCIVJ-\L 
~i.owy 

potential (f can be represented in this region by (2). A 

different representation must be used. It has also been 

suggested that ft be extended harmonically from the 'irrotational 

region' into the wake region and that the resistance computed 

from the extended be useu to define a 'wave resistance* 

for the flow that actually occurs. Although the harmonically 

extended will be continuous on the plane y = q > its 

derivative will in general be discontinuous, so that 

the resistance is no longer given by (2). Fortunately, the 

modification is easy, and is similar to one occurring in the 

theory of wings of finite length. It is as follows; 

where is the x-coordinate of the stern of the ship and T(x,y) 
in the wake region is not the measured wave surface, but instead 

that determined from the harmonically extended . The 

last integral o^er the plane y=o should properly be taken 
over the shaded region shown below. 
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With this expression for R and the new representation for 

one must now derive the analogue of (7) and then devise a 

means of deriving the new representation from measurements 

of in the 'irrotational region'. It does not seem 

likely that transverse cuts can be used for this. 

Finally it should be emphasized that this procedure does not 

really 'take account of viscosity' in any fundamental sense. 

It is simply a procedure for exploiting as far as possible 

the theory of irrotational flow of an inviscid fluid. 
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Appendix I. Error Analysis 

We shall place the present problem in a more general 

setting. Suppose we wish to determine unknowns X, , ... ,Xn 

from the set of equations 

n 
(i.l) 

i 

but suppose also that the constants C¡ are determined only 

up to some value e\ . The error may take on any value 

between -Ê and . We wish to find the effect upon the 

of this amount of indeterminacy in the Gj . We consider then 

the equations 

n 
(1.2) 

J=i J J 
In matrix notation we may write (I.l) and (1.2) in the form 

(1.3) 

Ax Ax = C -V £ c ; 

If we assume that an inverse exists, the solutions are 

given, respectively, by 

The error in x evidently depends linearly upon the errors 

in C . However, how much £ is magnified depends upon 

the character of the matrix A"1 • 

let us suppose that we are more interested in the 

error in the length of the vector X, than in the components 

themselves. Consider then the error in the length squared: 
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( X , X ) - ( A“ 'c ; A” c ) = ( A‘lc + A"'é , A~C + A"^ )- (À-!:, A"¿ ) 

= ¿(A-'c;/<-^) + M‘è,,A‘í,) 

-¿(a-'Vc , «) + Of€z) 
xvi> ' XNX 

-< »I 
¿ ar” afk Cj 6^ + 0(61) 

(1.5) 

Here we have used the following standard notation: 

11 

U^) - x¡yi • 
(1.6) 

Evidently the error in(x,x) is still linear in é , but 

how much it is magnified depends upon A-' A"' • super¬ 

script AT denotes the transposed matrix.) 

Let us now apply these considerations to the present 

problem. Our equations are of the form 

(1.7) 

(1.8) 

- «¡i k^a,, + coskvXib* =Tv; ; 

where ! enumerates the measured profile sections, say 

ï = 0 , • • • , m (in the present case m = 5 ) and 

=-g- j T(Xi,y) cos 1!L (y-b) Jy 

— b 
If we consider any two sections, l and j , then the 

matrix A corresponding to the analysis above is 

/-sink^X,* coskvxj 

A - í ' i1*9) 
V^- Sin kÿ Xj COS ky Xj 

It is then easy to compute A =. (¿Xu and A“‘A“s^ 0(-.^0) 
J I J 
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i 

They are as follows 

sín¿ ky(Xi-Xj) 

(cos 

sin kyXj 

-cos, kvx,- \ 

- Cir\ ky) x¡ 
(1.10) 

A-'V* /A /A = 

sin^ ky(x,-“\j ) cos ky(xj^ Xj ) cr. ..2 kyX( 
(I 11) 

It is now evident from (1.10) and (1.11) that the errors 

in determining the will be multiplied by '/sin“2 ky, 

in determining Ci^ and by , and by l/sîn+ky (x;-*j ) in 

determining n'y » L\ • The best choice of sections X; and xj 

will clearly be one which makes | s>tn k>^ (Xi - Xj) | as 

large as possible. In the present situation where ky 

varies from 4.6 to 11 as i) goes from 0 to 20, a value of 

i X ; - Xj ) near 0. 15 m would appear to have been a better 

choice than the value 0 0175 m actually used. Although it is 

not necessary to use the same pair of sections for each value 

of ÿ , it is convenient to do this in order to reduce the number 

of profiles to be measured. 
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Appendix II. Least-Squares Fit 

As in Appendix I, we shall begin by formulating a 

general problem and then specializing it to the problem at 

hand. Let us suppose that we have a set of equations 

n 

OfiXr = C', , i = (II•!) 
j=i J J 

with more equations than unknowns, i.e., m>n . If the 

equations were consistent, we would only need to select 

of them and solve for the X] . However, if the c.\ are 

determined by experiment, they will not be quite consistent 

and each set of n equations will give a different set of 

*¡ 's . If there is no special reason to favor some values 

of the C¡ over others, one would like to find a method 

for using all the available equations in determining the 

The method with the best theoretical justification is the 

method of least squares. In this method one seeks the 

solution which minimizes the quantity 

D - X- f. a¡¡ Xr -C|3 

< = • j = l J 
A straightforward calculation shows that D will be a 

minimum if the X i satisfy 

n m rn 

¿ ( 2! Ojk^ii ^ = aîk É'i i le * !/ n 
I«* J J (ml ' 

In matrix notation, the equation 

(II.2) 

(II.3) 

A X (II.3) 

where X is an n-vector and C an m-vector, has been 
*\J S'*/ 

replaced by 

A' A X, = Atc (II.4) 
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In order to apply this to the set of equations (1.7), 

we must construct the matrix AjA and the vector 

where in this case n = ¿ , but m is the number of profile 

sections. It is easy to confirm that 

,T 

= 

¿E. sin kyXj sm kyX* sintyx,* foskv/X; \ 

' I 
2.. sin ky X; COS kv'X( 

(II.5) 

coskyX; ccs kyX 

and 

ATc =(-X~T, 
ii 

sm ; "T. tosk^) x¡ '/ (II.6) 

Equation (II.4) is then just (10). The application to (3) in 

order to obtain (17) is also straightforward. 
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2Í 
26 
27 
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00 

01 
06 
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00 

in 
11 
12 
11 
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IT 
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60 
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62 
61 
60 
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66 

67 
68 
60 

Tn 
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TABLE 1. THE OF ADI NO VAUlF OF THF WAVF Mfir.MT 

WAVE HEIGHT IN NETFP1 • WH * 1.18 10*3 

1 2 1 0 1 

i.o 
1.0 
O.o 
o.T 
0.0 
1.0 

1.1 
2.8 
2.1 
2.2 
1.1 
l.n 
O.T 
n.i 
0.1 
n.i 
n. i 
l.n 
1.1 
2.2 
2.0 
1.0 
1.6 
3.6 
1.1 
1.1 
1.2 
3.2 
3.2 
i.r 
1. 3 
1.2 
2.1 
2. * 
I.o 
1.1 
o. O 
n.T 
0.6 
0.2 

-n.i 
-n.o 

-1.2 
-1.2 
-1.1 
-n.o 
-o.? 
-n.i 
-n.i 
-n.o 
-l.n 
-l.n 
-l.n 
-l.n 
-1.0 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.1 
-1.1 
-1.2 
-1.2 
-1.2 
-1.1 
-1.1 
-1.1 
-1.1 
-1.1 

0.8 
0.8 
0.6 
0.1 
0.1 
1.6 
1.2 
2.6 
I.o 
1.1 
1.1 
n.T 
n.i 
n.o 
0.1 
n.o 
n.T 
1.2 
’.8 
2.6 
1.2 
1.1 
1 . T 

1.1 
1.2 
1.2 
1.1 
1.1 
1.1 
1.2 
1.1 
l.n 

2.1 

1.3 
O.o 
0.6 
0.1 
0.1 

-0.0 
-0.8 
-1.2 
-1.1 
-1.1 
-1.2 
-0.8 

-0.2 
-0.0 
-1.0 
-1.1 

1.2 
-1.2 
-1.1 
-1.2 
-1.1 
-I.o 
-1.0 
-1.0 
-1.1 
-1.1 
-1.5 
-' .0 
-1.0 
-1.1 
-1.1 
-1.0 
-1.0 
-1.1 
-1.0 
-1.1 
-1.1 

0.1 
0.1 
0.2 
..0 
1.7 
1.1 
2.7 
2.2 
1 .7 
1.2 
n.B 
n.i 
0.1 
0.2 
O.O 
n.T 
1.1 
1.1 
2.1 
2.0 
1.0 
1.6 
1 . T 
1.0 
1.1 
1.1 
1.1 
1.1 
2.0 
2.0 
2.0 
2.1 
1.8 
1 .0 
0.8 
0.1 
0.1 
0.2 

-0.2 
-0.8 
-1 .2 
-1 .6 
-1 .8 
-1 .1 
-1.1 
-n.o 
-0.2 
-n.T 
-1 .0 
-1 .6 
-1.1 
-1.1 
-1.1 
-ï .0 
-1 .0 
-1.6 
-1 .6 
-1 .0 
-1.1 
-1.6 
-!.T 
-1 .6 
• ! • 6 
-1 .6 
-1.6 
-1.6 
-1.1 
-1 .6 
-1.1 
-1 .6 
-1.6 

1.0 3.0 
1.0 1.0 
1.7 1.2 
I.o 2.8 
1.2 2.1 
2.8 2.1 
2.0 1.0 
2.0 1.7 
1.0 1.1 
0.8 n.o 
0.0 ",n 
0.1 n.i 
".1 9.1 
o.o 0.2 
0.1 n.6 
0.8 1.0 
1.0 1.6 
1.0 2.2 
2.6 2.0 
’.I 1.7 
1.T 0.1 
0.2 1.8 
1.1 1.0 
1.2 1.1 
1.1 2.8 
2.8 2.8 
2.0 2.« 
2.0 2.6 
2.0 2.1 
2.7 2.1 
2.1 1.0 
2.1 1.1 
1.1 0.8 
n.o n.i 
O.o -o.o 
9.0 -O.o 

-n.2 -n.i 
-n.o -0.7 
-O.T -1.0 
-1.2 -1.7 
-1.6 -2.0 
-1.0 -2.1 
-1.8 -2.1 
-1.6 -1.0 
-1.4 -1.4 
-0.0 -0.8 

-9.6 -O.T 
-1.1 -1.1 
-1.6 -2.0 
-1.7 -1.8 
-1.6 -l.T 
-1.1 -1.6 
-'.6 -1.7 
-1.1 -1.8 
-1.1 -1.8 
-1.8 -2.0 
-l.T -1.8 
-1.7 .1.8 
-1,8 -1.8 
-2.0 -7.2 
-I.o -2.1 
-1.0 -2.1 
-l.T -2.1 
-l.T -2.0 
-l.T -2.0 
-1.8 -1.0 
-1.0 -I.O 
-2.0 -2.0 
-I.o -2.0 
-1.8 -1.0 
-1.8 -1.0 

ROW 1 2 
column 

72 -1.2 -1.0 
71 -1.1 -1.0 
TO -1.2 -1.0 
71 -1.2 -1.1 
76 -1.1 -1.1 
77 -1.1 -1.1 
78 -1.1 -1.1 
70 -1.1 -1.6 
80 -1.1 -1.6 
81 -1.0 -1.6 
82 -1.1 -1.6 
81 -1.1 -1.6 
80 -1.1 -1.6 
81 -1.2 -1.6 
86 -..2 -1.4 
87 -1.1 -1.1 
88 -1.0 -1.1 
80 -1.0 -1.1 
on .0,7 -o.T 
01 -0.6 -n.o 
02 -1.1 -1.1 
01 -1.4 -1.1 
00 -1.7 -2.0 
01 -I.o -1.0 
06 -1.1 -1.7 
07 -1.1 -1.1 
08 -1.0 -1.3 
oo -0.« -l.n 

100 -0.2 -0.6 
mi 0.7 -«.1 
102 n.6 n.i 
ini 0.6 n.i 
mo n.6 0.1 
mi n.6 «.i 
106 1.0 0,7 
107 1.1 1.1 
108 2.2 1.8 
1 no 7.1 7.1 
i m 2.4 ?.4 
111 2.1 2.7 
112 2.1 1.0 
111 1.8 1.8 
110 1.8 I.o 
111 I.o 7.n 
116 2.2 2.1 
117 2.2 2.0 
118 2.2 2.1 
110 1.7 7.0 
120 1.1 1.7 
121 0.7 1.1 
122 0.2 0.1 
121 -".1 n.i 
120 -0.1 -n.i 
121 -".1 -«.0 
126 -0.1 -n.4 
127 -0.1 -n.i 
128 -0.1 -0.2 
120 .n.7 0.0 
11" 0.« ".7 
111 1.1 I." 
112 1.8 1.« 
Ill 2.1 l.n 
110 2.8 2.6 
111 1.1 1.2 
116 1.0 1.6 
117 0.4 4.1 
118 4.7 4.1 
130 4.0 4.6 
140 1." 4,8 
101 1.0 4.8 

10 1 

-1.7 -1.8 -2.0 
-1.7 -1.7 -1.0 
-1.6 -1.7 -1.8 
-1.6 -1.8 -1.8 
-1.7 -1.7 -7.0 
-1.7 -1.7 -7.9 
-1.6 -1.7 -1.0 
-1.6 -1.0 -7.0 
-1.7 -2.0 -2.1 
-1.7 -1.0 -7.1 
-1.7 -1.0 -7.’ 
-1.7 -7.0 -7.1 
-1.7 -I.o -7.1 
-1.7 -1.0 -7.1 
-1.1 -1.1 -2.1 
-1.1 -1.7 -1.8 
-1.6 -l.T -1.8 
-1.1 -1.8 -2.0 
-1.1 -1.7 -I.o 
-n.B -0.0 -1.1 
-1.2 -1.1 -1.7 
—1.6 —1.1 —1,6 
-7.1 -7.0 -2.1 
-7.2 -7.1 -2.1 
-7.0 -7.7 -2.5 
-1.0 -7.2 -2.1 
-1.6 -I.o -2.? 
-1.1 -1.8 -1.0 
-7.0 -1.1 -1.7 
-1.5 -n.o -1.1 
-n.2 -0.4 -0.8 
0.1 -o.l -0.4 
0.1 -0.1 -".8 
n.i -n.i -n.i 
0,2 -0.1 -«.4 
O. 8 n.<, -n.i 
1.4 1.1 0.4 
1.0 1.A l.n 
7.1 1.0 1,6 
7.7 7.1 1.8 
I.o 7.1 1.8 
1." 1.8 1.7 
1.8 1.8 1.7 
1.8 I.« 1.7 
7. n 1,0 l.n 
.'.I >.7 7.7 
2,0 2.6 2.6 
7.1 7.0 7.6 
1.0 I.o 7.1 
1.7 1.4 1.8 
P. B 1.1 1.1 
n.8 n.T n.T 

0.1 0.8 A,,. 
-o.l -o.l n.o 
-n.i -0.» O.n 
-n.i -0.8 -0.7 

-0.2 -0.2 -0.3 
".1 -0.1 -0.2 
".1 9.2 0.7 
0.8 0.6 n.4 
1.7 n.o n.o 
1.7 1.4 1.1 
7.7 7.n 1.7 
2.7 7.0 1.0 
1.1 :.8 7.3 
1.7 1.7 7.8 
1.0 8.4 7.8 
0.2 1.7 1.2 
4.8 ’.O 8.4 
0.8 8.0 1.4 
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'V 

i 
2.' 
i.' 
4 
i.'- 
4.« 
7. 

î.- 
I J.* 
U.t. 
I’.. 
L <. 
14. 
15. 
IS.. 
I 7.t 
IS.. 
1 K'- 
?u.f 

r • 45Mi3! vLot i‘ 1 
( . 44 / S( J /0(- i,, I 
i . S7434/^ 1(- . i 
• .6788*3491: <•• 1 
‘ .7935 /¿86F J1 
< .91 3? 1 f>5 fk. >.l 
« . 11.3 574 7 74 I»? 
'. IIS«-»"*..* 
i . UH5J23HF V. 7 
' . 14114161F l ¿ 
‘ • 153MU 4 3 Sf .j-¿ 
' .166 5 64(8 J2 
( . 1 74/ 3^./,?»- i.¿ 
V . IF 199347E <,¿ 
1 .?t 4 7t6 11 F v¿ 
^..;i7cs 3 76t 0? 
i .?H 3*3248 v2 
• . ’4 3 It 267 F (, 2 
« . ’564« .238 ( 2 

• .26H0',4 73t o2 
• .28RÎ617F (¡2 

TABLE 2. 

_2Î:!?_ 
C .''r,¡/Oi't0(iE-38 
0.4706360OF po 
U • 74w 98( POE Of) 
0.867 76oOCE I t 
t. 42952CoOF OU 
0 .9626 7ttl.F CO 
1.4821 3l.otF 00 
0.4944' 0(»0F CO 
0.121 26901^ rl 
0.1 tv*8320OF Cl 
l . 101 ¿4700F '.1 
O. 101 56 70CF t 1 
( . loi 795urF (1 
t .MIOHU'UF ( 1 
o. 102 124(.OE Cl 
o.lf'?249nn8 Cl 
0. rV 3480 tE 7 8 
8 . 1 )24 3r0CE rl 
f. I 324980(.8 ul 

u. 192567uCE 01 
O.M26t600E Cl 

yM"Vl 

0.2 3 749800F 01 
0.24 6448O0E 01 
0.261 6C200E 01 
0.275672(OE 01 
0.28554 3C0E ( 
0.2920497 OF 01 
1..296 36 800F 01 
0.299313006 01 
U.3U385C0F 01 
t.302 886COE 01 
1.304(^1 30 OE 01 
L • 3(»4 H 53*. OF 01 
0.37 5 514( OF 01 
t .3(,'6038C0E 0 1 
0.38 6459(.0^ Cl 
l . 30687 20CF Ql 
(•.307085006 01 
C . 3(.i 7 32271OE 01 
t.317621O0E 01 
0.307691006 01 
0.3(7337( 06 01 

TABLE 3 

V 

0. 
1 •• 
2 • • 

3.C 
4.0 
Srv 
6.0 
7.0 
8 . li 
9.. 

10.L 
11.0 

12.0 
13.0 
14.t 
15.9 
16.0 
17.. 
13.( 
1 9. r 
?J.) 

V 
).0 
1.0 
2.0 
3.0 
4.0 
6.0 

6.0 

7.0 
8.0 

9.0 
1 0. o 
11.0 
12.0 
n.o 
14.0 
15.0 
l*.o 
17.0 
18.0 
14.0 
20.0 

_ 
< .45 88(. f.Jt o7 
• .4 7836326t t 1 
• .61 3353926 Ul 
7.. 55 Bu 8 8 3 1E 01 
0.6( 33731 IE Ul 
• .647289556 Cl 
( .*89748276 Ul 
V .7/9520856 ul 
i . 7fc 792 3 5 3* r 1 
.«i4 7,’96«¿ j) 
.84^(.32 3(6 wl 

(.. 874( 316 76 ul 
7.. 9l 6 832 356 01 
(.9385436Tb Ul 
f•96926101E ul 
0.9S9U6785E 01 
C . K2bu374E 02 
0.1(5623406 U2 
l.1(6371466 02 
0. Il IÜ5296F 02 
r . 1 136 72426 02 

-.âvo 
i .01 ; IM ttOE-38 
0.1371612 7F r1 
U.28811 8326 01 
0.796 13 5(46 01 
0.5 2366 76QF 01 
(..651343296 (1 
u. 7 7924 1996 01 
0.937331566 01 
0.1()3556876 C2 
0.1 163917HE 02 
(-. 1292352 16 C2 
0.l42uH52 16 02 
Ü.15494035E 02 
0.167 7995 8E 02 
0•1806621OE 02 
0.19352 73 OE 02 
u . 206 394 72E DP 
0.21926398F 02 
U. ? 32l3480E 02 
0.2450C6946 02 
U.25788(2OE 02 

Avt ___ 

(.237498006 01 
0.27720 74 IE 01 
0.36712425E 01 
C.4 74750596 Ul 
L .589171026 Cl 
0.7(73(0066 01 
0.827892676 01 
0.950237106 01 
0.107386396 02 
0.119844806 02 
7.132376016 02 
(.144963526 02 
O. 157595306 02 
(.170262426 02 
P. 182958096 02 
C . 1956 7714E 02 
0.208415556 02 
0.22117017E 02 
0.23393844E 02 
C.24671838E 02 
0.239 50830E 02 

fl. V 
0.6918866 90 
9.95298 H--91 
0.1219196 01 
0. 389616F 01 

-l), ? 880* 56 01 
0.8*98795-01 

-0.vf)934'96 00 
0.7 72495F 90 

-9.27129 76 90 
9.4*77316—92 

-9. 1.98 1 466-91 
9.9046956-91 
9. 73.79646 -91 

-0.6785446-91 
-0.9518*25-9? 
9.5 7015 36-91 

-9.179)14*-92 
-9.134« J7F-91 
9,3639496-03 
9,9341656-0? 

-0.7694975-92 

¿V 
). 41 03 )46-01 

-0.4405056 01 
9.21182 76 01 
0.1001416 01 
0.1961666 01 

-0.8733*16 00 
-0.23581 86 DO 
0.75*4565-01 
0. 744 406E 00 

-0.*774426-01 
— *',621*486—()1 
0.1434406-01 

-0.49749 >6-91 
9.1708376 00 

-0. l<>1473fc-01 
*1.492941 6-91 
9.*129496-93 
9.1’29446-91 

-0.*444106-9’ 
9. > 309166-41 

-0.736*4 31-0? 

TABLE 4. 

Hvo 
0.00000OF-38 
0.775974F 03 

-0.1845746 0*, 
-0.1068066 07 
0.3034846 08 

-0.24011 8t 04 
'-0.245025E Ï0 

0.1743846 12 
-0.2257236 13 
9.1072846 14 

0.3460646 15 
-0.103^946 17 
-0.266 70 16 18 
0.1’n21E 20 

-0,4 34 13 IE 20 
9.907060E 7? 

-0.1431716 ?? 
-9.*193616 74 

Ó.8*902 16 28 
-0.46398 7E 77 
0.9 740686 77 

riv) 
0.4179106 0’ 

-0.2689966 05 
0.2411646 0* 
0.880889t 07 

-0.190887E 09 
0.1234936 10 
i). 107549t 11 

-0.676976t 12 
0.7965405 13 

-0.346821t 14 
-0.106046F 16 
0.296^526 1 * 
9.72*2056 18 

-0.3424366 20 
0.1093126 21 

-0.7351816 2? 
0.3308526 22 
0.1198856 25 

-9 ". 128 8* 76 76 
0.1024756 78 

-0.2112596 28 

/*"*2 

C .4*42200(6 01 
O.4468C70CF 01 
0.4 732380OF Cl 
0.4808990CF Cl 
0.487922006 01 
0.4936?20(F Cl 
0.4980440(5 01 
9.5* 1 398nrF cj 

0.5i 395000F Cl 
C.5.6908u*'P 01 
0.5(74290(5 ci 

0.5*862*006 01 
0.5C95P700F Cl 
C .5103540(6 01 
C.5109860(6 01 
7).6 11 5060(5 01 
0.51194200F Cl 
0.5123G9005 ci 

0.5126200CE 01 
0.5128B70CF 01 
0.8131170CF 01 

_Â-v2 
0.464 22PP0F 91 
0.48426027F 01 
C . 5 38 842 3 9E Cl 
C • 6 1 6 9740 C F 01 
0 • 7Ú96H694F 01 
0.8115745 8E 01 
0.91957605E 01 
0.1031873?E 0? 
O.11473083E 02 
0.126810106 O? 
9,1 3847?4 7E 02 
C.18057248E 02 
0.15278707F 02 
0.17509229E 02 
0.18747146E 02 
0.19991161E 02 
0.21240263F 02 
0.22493639E 02 
0.23750642E 02 
0.25010748E 02 
0.26273525E 02 

ÏÏV2 
-0.4813625 05 
0.8603086 06 

-9.334862E 07 
-0.649300E 08 
0.B91243E 09 

-0.410365E 10 
-0.2720146 11 
0.138143E 13 

-0.13609 7E 14 
0.509781F 14 
0.13*9715 16 

-0.347326F 17 
-0.777356E 18 
0.337813F 20 

-0.1009136 21 
0.636075F 27 

-0.2780346 22 
-0.9367416 24 
0.9638596 25' 

-0.73502’E 27 
0.146768E 28 
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4.0 

T.O 
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T.O 

T.O 
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4.0 
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4.'» 

4.0 

0.0 

0.0 
o.o 

O.0 

0.0 
10.0 

10.0 

10.0 

10.0 

10.0 

11.0 
11.0 

li.0 

11.0 

11.0 

1/.0 

1/.J» 

1/.0 
1/.0 

1/.0 

n.o 

14.0 

11.0 

11.0 
! 1.0 
14.0 

14.0 

14.0 

14.0 

14.0 
14.0 

14.0 

14.0 

14.0 

14.0 

16.0 

1 6. 0 

16. 0 
16.0 

14.0 

1 T, 0 

1 T , 0 

1 T.O 
1 T , 0 

1 T. 0 

14.0 

14.0 

14.0 

14,0 
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-fl>Sin 
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», oy «J i » »M 
1.4 »1 f •' oo 

0,0/ '1 14' O»' 

»,'• **s I ft- Ml 

1, *S ] 'J,'• (»*• 

),0 1 >»• • 00 

»,'*»/# /')• oo 

JO 

),/ Zs** »'.* OO 

», / 1 4 / Z«»*- 0 0 
),» •»»/* ‘ r )0 

»,* / 14*-4» OO 

),60^'iM* 00 

I. ) ). 1 ^07 zi or 
7,1 ; , j /4ji <«i» mo 
’, ) ). M'*/**4i 00 
4.0 1.4106710 0» 
4. ) I,# > /*• /• 0 ) 
I • o O.o 16^41 • 00 
/.o o,«4j»".4' on 
». I 0,0 40/1M oo 
6 , ) I.OilSf 17»* •»»» 

6.0 '), O0'»c 7« 00 

1 . ) 0,« 4 1 * » 0- 10 
'’.l 0. /*• h 00 

» . ) ),44470 /»* Of» 
4,0 0,«0OfMH» 0 O 

4.0 0,404/0(1 

1.0 »I 

‘’.O -0.040014» -01 

1.0 -), /1410 /r 10 

4. ) -0.1 J07Oftf- on 

4.0 -0.44I4M6» 0») 

1.0 -o.? 76?1/f no 

/. ) -1.^6016 /»■ 10 
’.0 -0.9 10/aif- 00 

4.0 -0,n446H4i 00 

4.0 -0.o4S<4tr 00 

1.0 -0.9aiT7(»»- i)0 

4.0 -0.04736 7» 00 

o.) -0.H04Q116 Of) 

4.0 -O.S*«?)31* on 
4.0 -0, 7461409r OO 

1.0 -0.614^07/ 00 

/.0 -O.190RT9K 00 
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FIG.3 WAVE LENGTH 
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FIG4 WAVE HEIGHT 
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FIG. 5 WAVE HEIGHT 



FIG.6 WAVE HEIGHT 
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FIG. 8 
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