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A. Wave tapes modeling irregulsr sees were produced by feeding white
noise into a filter whose frequency response has been determined from
the Pierson-Moskowitz spectral form, and recording the output.

The tapes were tested and the spectral density of the wave forms made

by the tapes was found to be a very close approximation to the Pierson-

Moskowitz spectral form.

B. The model of & fast cargo ship was tested in different sea states.
Long date was accumulated from the results of several runs. The apparent
heights of the wave form, the pitching and heaving motions, and the longi-
tudinal wave bending moment were examined for their statistical distribu-
tion. The velues of L4f3{17;m5?°r° found to follow approximately the
Rayleigh probability density distribution for values ofj‘lup to 1/50

and then depart and level off as en expected natural cut-off occurs.
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A METHOD OF PRODUCING TOWING TANK MODEL OF IRREGULAR SEAS CONTAINING
A CONTINUOUS DISTRIBUTION OF FREQUENCIES
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1. INTRODUCTION

Seakeeping tests in a ship model towing tank require an exact
representation of the actual sea.

The major problem for aémodel of a sea state is to have an accurate
representation of the elevation of the water surface in both its statisti-
cal distribution and energy spectrum.

For the elevation of the sea surface above the calm water level
there is general agreement aﬁong the oceanographers that it is dis-
tributed according to the Geaussian probability density distribution.

For the wave energy spectra, the surface oceanography has not
produced up to now enough data to reliably define a typical, at léast
for a region of the oceans, wave energy spectrum. Therefore one has
ﬁo choose among the different formulations to find the one he feels
conforms better with reality.

The current practice in the Department of Naval Architecture and
Marine Engineering of Massachusetts Institute of Technology is to use
the spectral form for fully developed wind seas proposed by W. J.'Pierson
and L. Moskowitz [I]iand based on the similarity theory of S. A. Kitai-
gorodskii.

The method of producing waves at the model towing tank which con-
forms with the above two requirements is described below. Although the

Pierson-Moscowitz spectrum was used for the production of the tapes,

.1t is very easy to produce wave tapes with any desirable wave energy

spectrum which possess the Gaussian probability density distribution.

*
Numbers in square brackets denote references.
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2. DESCRIPTION OF THE METHOD

2.1 White Neise

The bawzic concept in the method is the one of the white noise [2].
By definition, ideal white noise is a process that has uniform spectral

density for all frequencies Fig. (1) .

3,
t -

Fig. 1  VWhite Noise Spectrum

A mathematical model of white noise is a Poisson wave of equally
. likely positive and negative unit impulses [3] .

The .concept of ideal white noise is a physically unrealizable one
siﬁce-the.mean square value of such a process would be infinite because
of the infinite area under the spectrum. Nevertheless the band-liwmited
white noise Fig. (2) is & model that is a close approximation to many
physically realizable random processes. For example, an electromagnetic
random shaker can be adjusted to provide acceleration. processes with
white noise type spectra and a gas tube is a source of white noise.

The time history of a sample function of white noise can be seen
in Fig. (12). -

For our analysis & band-limited nominally white noise was supplied

T N N T R S A B R S A T T N i




by & noise source generator* that was assumed to have a uniform spectral
density over the range 0-20 KC.
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Fig. 2 BSpectral Density of Band Limited White Noise

)

* Nbif‘s’e Source Model UPN by Philbrick Researches, Boston, Massachusetts
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-2 Response +to White. Noise

vy

I6t's have an excitation x(t) and a linear time invariant system
Fig. (3) . The response of the system to the excitetion x(t) is given

by the superposition or convolution integral:

%(t) /t(t ) I’I(T)JZ‘ (2.2)

where h(%®) is the 1mpulse-response function; that is, the response of

the system to the excitation g('t’) , the Dirac-deltm: function.

Limear, tinee J«vl:;'mq'/' -
| Vibroto Sys
gz:ﬁ oo with B 'ld(t)
S 'Reppauae. H@u) | Teonporese
R Fig. 3

:complex frequency response H(w) of the system (transfer function of

System) is defined as the Fourrier transform of Wt ) or

A
H(w)=/lz(ﬁe c/t (2.2)

‘The :'“'oove relations hold for the input-output relation for linear time

""'f,_.."'ré."nt systems in terms of particuler responses to particular oxcita-
t10ms.

' ...'v’j-v'%,Whenthe excitation is & random process we know that:
a. When the excitation‘};:i.‘s%godic random process then the

response is also.an ergodic random process and eq. 2:1

holds for any individual sample excitation and response

4= -
Y :

I
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b. For ergodic random processes, the input-output relation
for spectral densities is:

P P ] ‘

Fiw)= | Hl " 2 st

-g(OJ)": Hw)| Tz)
where H(W) is the complex frequency response (or transfer function) of
the sjstem. We note that only the magnitude of the transfer funcvion is
needed and therefore we do not have to know the phadse relation of the
input and output. ’

When the input is white noise with constant spectral density

over the range of frequencies we are interested in, eq.2.3 becomes:

<E@UF | Heal ijo (2.2)

For the white noise we know that it is an ergodic process and therefore

thé@output is going to be an ergodic process, too. Furthermore, we know
thainthe vhite noise is & normal or Ggyssian*process and this means that
the output is going to be a normal process.

-iﬂMesabove two properties that the dutput is going to possess are in
accordance with the assumptions and measurements made for sea elevations

in ‘both theoretical and experimental work.

Note:- In reality the statistical distribution of the white noise pr.oduced
by the generator used is the sum of two Rayleigh distributions such
that their sum is- r ‘% & close appromimation of normal distribution.

©
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3. The Frequency Response of the Filter

The idea of the method used is to build a filter with such a transfer
function that when excited by white noise the spectral density of the output
is the one given by the Pierson-Moskowitz spectral form. The spectral

density of the Pierson-Moskowitz spectrum is given by the relation:

2 g E—oﬁ4é%h)ﬁ]

CP( y=2412 3 ¢ (3.1)

where : ﬁ:(Jw)= the spectral density

W = the circular frequency

%
1%

This relation is valid for any set of consistent units. In Fig. (4) appear

the acceleration of gravity

the wind velocity

several energy spectra with spectral density given by (3.1). From relations

"(2.4) and (3.1) we see that we can determine the required transfer function

of the fil'ber (to be exact, the modulus of the transfer function) as:

Zw) )/2

| Heal = (32>

Since I, = constant the above relation suffices to determine the modulus

(3.2)

of transfer function of the filter (within a constant).
At first sight, it appears that we have to build one filter for every
wind speed. This is not the case as the Pierson-Moskowitz spectrum can

be plotted in non-dlmensinnal form as in Fig.(5) where:

7F = the dimensionless frequency (3.3)
L ) 1
g B8
and = the dimensionless spectral density (3.4)
:rp 2.t1 = the frequency

7.
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Therefore we see that by ﬁE}fting the frequency of the max response and
changing the magnitude of??é'we can have as output any spectrum of the
famiiy for which the filter is designed.

The above is true when the comstruction of the filter permits the
versatility of shifting the frequencies. This is the case when the filter
is "built" in the analog computer with operational amplifiers.

When the filter is constructed from components,.it is valid only for
one particular spectrum, unless the possibility of changing components is
provided (For a computerized method of determining the necessary components
of a filter when we know the modulus of the frequency response see [h] ).

By comparing the two methods of constructing the filter, we can say
that the second one gives more accurate results and it is probably the only

practical approach when we are dealing with spectra of different form than-

the one in Fig. (4), e.g. the spectrum of fully developed seas containing

a swell. But each filter is valid only for one wind speed and the actual

construction is much more time consuming and expensive than the second one.
The analog computer solution is much simpler, is less expensive and

one can, in a single day, produce several tapes of various wind speeds. The

accuracy of the method is quite satisfactory if we have in mind that thc

analytical expression for the spectral density is nothing else than curve

fitting of experimental data and-even the frequency of the maximum response-

is subjected to further experimentation.

10




4. Construction of the Filter in the Analog Computer

A filter with a ir&nsfer function very close to the ideal was
achieved by cascading several second order systems.

In fact three high pass and one low pass filters were used.

The required transfer function is found by converting the particular

wave spectrum in model scale and taking the square root of the ordinates

)

Fig. (6) according to  3.2. By erecting a vertical at the mqm‘cy of
- the maximum ordinate Wpwe divide the spectrum into two parts. (We ;ar: |
find exactly Wy-from 3.3 by setting:
:F = 0.1336 (4.1).)

The rigth part )including the tail of the spectrum,is going to be
given by the low pass filter.

The natural frequency of the low pass filter is going to be approxi-
mately (;),.7 The other characteristic of the filter that is needed is S )

the damping ratio of the filter. We select a filter*™*that has the same
w

ratio Gy, 25 Our required transfer function, where Wpp Fig. (6) is the

freguencyf the half-power point of the right part of the spectrum defined by the

the relation “Hﬁ"!’l’-l’ =_i_-
He | e V& (4.2)

The left pa.\rt of the filter is going to be given by a cascade of high pass
filters and this is a trial and error process.
For a cascade of four filters Fig. (7)
e gy T/ T e e s —1
&aci kﬁﬁ’* Hiw) H.(w) Hy(w) H4(W> _'_'R_Wﬂwce
L —=——_ — = —
Figure 7

* All the numerical values of the paragraph apply to LO knots wind wave spectrum.
*¥% In Ref. (5) there is a logarithmic plot of le for several values of 'S .

14.
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the transfer function of ‘the system is given by:

THeol = | Hiw). Hye. oy . Hae)  @3)

We are using one )ow: pass filter and three identical Mg pdss filters.

By taking the logarithm of both parts of eq. (4.3) we get:

'eo%‘ Heo|= “ngl H@)"!Vr-" +3£Dg‘ H@)&,}.rm

We normalize the desired transfer function to have a maximum value equal

(b.k)

to the maximum value of the transfer function of the*'lﬁfé’f‘-‘pgss filter

which is given by:

(4.5)

H‘W)ya \: Z 15 21

IWpacs - X 26w Iz

¥ {D (u&!-)}‘"[ w«] g

and we transform all the other ordinates by the same ratio.
We plot the transfer function of the low pass filter in logarithmic

CL)M. " o

paper and we measure the ratio COm .

Since we want to have peak response at CWpwe put Camax.ord. =@y

and we plot the transfer function accordingly.

The left part of the transfer function can be approximate-d by the'
cascade of the high pass filters. The choice of natural frequency and
damping ratio of the high pass filters is achieved by trial and error.

The natural frequency that corresponds to cylwﬁiof the plot is the r;one
of the low pass filter and the transfer function off-‘ﬁl; high pass filters i.‘;

| iven by:
g Y o

(“ioe)
l”“""*“f"“‘ e T BT T -

where G, and G are the ones corresponding to the high pass filter.

From Fig. (€) we see that the approximate transfer function is very

close to the desired one.

1

.
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The fact thet the slope of the tail is smaller than the slope of the
desired transfer function is not important because this divergence occurs
at ‘t}{L;¢=44 and from the wave spectrum we find that the spectral
density at this range is negligible compared with the maximum value
(0.3%')
' After the characteristics of tﬁé filters have been determined we
siﬁulate the cascade of filter in the analog computer.

-Three K5-U Universal Linear Operators made by Philbrick Researches,
Boston, Massachusetts were used for each filter.

The analog computer diegram of the cascade appears in Fig. (9).

The transfer function of the filter was tested by means of an oscilla-
tor with sine waves at several points. The analog computer diagram of the
oscallator appears in Fig. (10). Two K5-U operatiomal amplifiers ere needed
for the oscillator.

The desired transfer function is plotted in Fig. (11) against the

results of the oscillator test.

16
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- 5. Calibration of the Output

The output of the white noise generator is fed into the cascade of
filters and the output of the filters is the desired wave form. A.long
sample of the wave form, adequate for seakeeping experiments, is recorded
on tape.

In Fig. (12) appear both:. the white noise input and the wave form
output.

The white noise is spectroanalyzed by & combination of dynawif
analyzer and sweep oscillator™ and the value ofrgzectral density‘%i is
found.

The tape with the wave form is used to excite the servo-controlled

hydraulic valve of the towing tank paddle-type wavemaker. The transfer

function of the hydraulic valve-paddle system is & constant.

Hence, since we know the spectral density of the white noise, the
transfer function of the filter and the fact that the transfer function
of the hydraulic valve- paddle system is a constant, we can calibrate
the record, by a sine wave recorded on it, so that we get the spectral

density we need for the actual waves that are produced in the tank.

% Dynamic Analyzer SD -1017 . '
Sweep Oscillator SD104-5_Jby Spectral Dynamics Corporation, San Diego,
California

18
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6. Discussion of the Results

The tapes made by the new method were tested in the towing tank a8t
Massachusetts Institute of Technology.

The waves produced by these tepes were recorded on tape and tken
digitized at M.I.T.'s Computation Center. The digital deta was spectro-
analyzed and the results appear in Figs. (13) and (14).

The results are in close agreement with the Pierson-Moskowitz spectra.
The slight shift of the peak frequency is in eccordance with the frequency
response characteristics of the filter network Fig. (11) and is caused
by the high pass filters.

Overall, the results are quite satisfactory for seakeeping tests with
random seas.

Spectral analysis was done vith 60 and 180 lags with satisfactorily
comparable results. Also, the command signal was spectroanalyzed and the
spectrum was found to be practically the same with the wave spectrum thus
proving that the hydraulic valve-paddle system has a constant transfer
function.

As a‘final note we can add the comparison of the wave form recorded
in the towing tenk to actual wave recordé from [6], where we note the

apparent similarity of the two records Fig. (15) -
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1. INTRODUCTION

1.1 Scope of the Thesis

The maxima of the wﬁve system and the ship responses are random
phenomena not following any law from first sight. But in recent years
the fields of Oceanography and Seakeeping have experienced considerable
progress and several investigators have both theoretically postulated
and experimentally proved that the seaway and the ship responses
(including their maxima) do follow probabilistic laws in all aspects.

The scope of the sequel is to compare the experimental results
of the statistical distributien of the maxime of the wave system and
some ship responses (namely: pitch, heave and longitudinal wave bending
moment) to results obtained by theoretical tools.

One of the expected results is the determination of the threshold
where nature stops folloﬁing the formélly derived statistical expressions
and to connect the information so obtaiﬁed with practical aspects of the

maxima of the wave system of the ship responses.
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1.2 Definitions

In this paragraph we are going to clarify all the notions and terms
used in what follows.

a) The one-dimensional autocorrelation function P(’C‘)of a continuous
!

random function of time f(t) is defined as:

?D@:)'—‘ Lvm /;"p(i),f(twt)cﬁ (1.1)

T >0 S
wvhere C is the time shift and ©O& ¥ .< oD
Py

b) The spectral density function ?wpf £(t) is defined as:

Ci’(w): E)\ﬁ—/?)(’t) Cb&@o‘t)c]'t (1.2)

o
i.e. the Fourrier transform of the autocorrelation function.

From (1.1) and (1 2) follows that

?(9)= -f(tz) =—r_,’,w /:FG:)clt /#C‘U)o‘w (1.3)

and if f(t) is assurmed to be a ZTO mean process we get:

M = ;{)(é) /%CW) e (1.1)

where GZ is the variance of f(t) and m_ is defined as:

c) The zero moment of ﬁ%ﬂabout the origin, or more generally, we

write:
/%w) o c:lOJ

for the nth moment of %w)about the origin.

(1.5)

d) Specification of & random time series f(t).

In the following self-explanatory figure appears the terminology used in

connection with £(t).
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Figure (1)
Specification of a random time series

. According to Fig. (1) the apparent height H is defined as the sum of
a -¢rest and the average of the preceding and following troughs. The reason
for this novel definition (In the literature H is defined, usually, as the
sum of & crest and a trough) is explained in-the sequel.

e) Narrow and wide ban processes

A random process is considered to be of the narrow band type when the

"area under its spectral density function is concentrated in the vicinity of
a-dominant frequency and its spectral density possesses only one peak.
" The time history of a narrow band process is of the nature of a sinu-

soid -with slowly varying amplitude.

A random process is considered to be of the wide band type either if
its ‘spectral density function possesses more than one peak or if the area
under its spectral density is distributed over & relatively broad range of
frequencies. e

As a characteristic of its time history we can say that it possesses a
large number of ripples.

‘The rigorous distinction between a narrow and a wide band process.
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is not very well defined. The only analytical tools in our hands are the

broadness factor &)[3]} defined as:
— Moy (1.6)
6 1 Mo M4
and the propor t:.on of negative maxima t"[3] ydefined as:

’ _/2(4~ YA ) (1.7)

vhere: N, the average density of zero up crossings and N the total

density of maxima.
The broadness factor and I~ are connected by the relation:
V=1 [4- -] (1-8)
When & assumes the limiting value of ( the process is characterized

as an ideal narrow band process and when .assumes the limiting value of

1 the process is characterized as an ideal wide band process.

£

The probability density function of a random variable/vhich is Rayleigh

f) Rayleigh probability density distribution

distributed is given by: [8] /_pf:

2 o o
5@): [ /K € for M7

. ‘gm- Y Lo
The -~mbén: s of £ is given by:

) ﬂ;—F;___ ({% ) K‘/a (1.10)

The variance of f is given by:

G';= (4- "4 )=

From (1.9) and (1.10) it follows that K is the mean squared value of f.

1.9)

(1.11)

The cumulative proba.blllty dlstrlbutlon function of £ is given by:
— —_— K '
- Q)= 4 = (1.12)
vhere Q¥€1) ﬁé[/ ’7 (1. 13)




2. THE STATISTICAL DISTRIBUTION OF THE MAXTMA OF A RANDOM FUNCTION

2.1 The- probability density function of the envelope of an ideally narrow
bamd process

A random process f(t) can be said to represent & narrow band process if

f(t) is represented in the form [1] ,

,f)(i') = Et)coswt + Fabdsivw T (2.1)
in which @ is a known frequency, whereas 'I':(t) and -E(t) are indepehdent
normally distributed random variables with mean=0 and equal variances G

From the above definition we see that f_(t) is also normally dj.stributed

with zero mean and variance .

The envelope of £(t) is then defined as:

Vo |

EG;) [_E.(t)'l" FE® ] | (2.2)
According to a result of the probability laws of a function of random
variables [2] , if Fe(t) and Fs(t) are independent random variables each

A
norma.]_‘l.y distributed with mean = o and variance G , then the probability

S

densﬂ:y function of E'-&)'H?.G‘)j is given by:
VI
1?@ 1= e (2.3)

ﬁ'.'dt)

and therefore is Rayleigh distributed. In the light of the above and
- eqg. (1.9) it turns out that the envelope, Fig. (2) , of £(t) is Rayleigh

distributed and its mean squared value is given by:

—_t z
Eor =26 =24 (2.4)

1




- /E(t)

UU‘

Figure (2)
Narrow Band Process and Envelope

1)

t_

For an alternative derivation of the same result see [5] .

2.2 -"Calculation of the 1/n highest values of a Rayleigh distributed random
variable E(t)

Iet E(t) have a Rayleigh probaability density distribution given by:
| e 5
)= e OLM & @2 (2.5)

i
vhere A| denotes the mean square value of E(t).

The cumulative probability distribution function of E(t) is by

T

eq. (1.12): ﬂlz_
"QE&?)z 1- e

(2.6)

The average value of the 1/,4_ higher values of E(t) denoted by :7“““1’5

U) J/Fé‘/)"i‘:l"/ -
/796‘1) GJ,,7 (2.7)

wherezlf is defined by the relation:

%= _ E@,]«) | (2.8)

—(¥)

given by:

. *The relation (2.7) gives the values 0f47 for al}pro'ba.'bility density function .




Geometrically, Fig. (3), the value

=)

~(for |
o 41’ 47 —> a2
Figure (3)

of/__q:]wr:)an be conceived as the distance of the centroid) of the shaded area}A

from the axis of ﬁ@)

By (1.12) and (1.13) the relation (2.7) vecomes:

_ /7(./%)_, —jrfz-— -N]M"),ﬂ CIA?
or ya -~ - "74;7.
.-j/‘/?'-l—(%‘_) = - Cl e

After J.ntegratlng the right ha.nd by parts and dividing the relation by

44 % e- ﬂl/f we get , smce "1 [‘V] ‘90341,] (2..3)/

A;M (o ‘3% 1 Hilep ) o

—9
wWhere = — cl@ the error function.
The above result can be found in [3] and the values of = are
™

tabulated for values of n up to 100.

Since the error function is a tabulated one we proceed the tabulating

for values of n up to 109”,[9],a1'1d the results appear in Table 1.




Table 1

,—,7-('/.;)

Representatlve values of = foreRayleigh distributed random veriable
i 2%
1 0.886 20 1.986
2 1.256 10° 2.359
3 1.416 - 103 2.795
L 1.517 101l 3.041
5 0.591 106 _ 3.722
10 1.800 10° | .4-553

From eq. (2.9) we see that s:.nce H(e) —= 1 for values of € larger

than 3, i.e. n ® 1000, the ratio /"’" o0 logarlthmically as
M—> o0,

2.3 The general case of the statistical dlstrlbutlon of the ma.xlma. of a
random process

In ref. [h] we find that the probability density fu.nction of the maxima

3-&Y
of a. random process is g:wen bx 1(__.—-—

é"1

g2 "‘E’éx
P f@ \’___ \‘ +(1_ )/vle " o (2.10)

-2
where £ = the broadness factor and'ﬂ ,,_ (2.11)

In (2.11) g denotes the maximum values of the departures of £(t) from the
mean level and can be bo1;h positive aﬁd negative; m.o is the zero moment of
the spectrum of f(t).

The limiting forms of the above expression are 1) the Gaussian distribu-
tion as &>1 with probabllltéy density function

A o
2 = 2 -S/ , —eL§4 o0 (2.12)
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and 2) the Rayleigh distribution as £+»0 with probability density function

- s/ZMa
s © £,,0
(%)= o ‘ <40 (2.13)
Q
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3. APPLICATION OF THE STATISTICAL RESULTS TO THE SEA WAVE FCRM AND TO
SHIP:RESPONSES

3.1 . The Statisticel distribution of the maxima of the eea waves and ship

‘Fesponses

The Rayleigh distribution function has been extensively used by oceano-

graphers and naval architects to describe the distribution of the maxima

of the wave system and of the ship responses and relatively good agreement

was found between theory and, both full scale and model scale, experiment.

Nevertheless, the application of the Rayleigh distribution for the

maxima of a random process as defined in the literature of the conducted

experiments, see [6] and[7) for example, is an approximation for several

reasons as explained in the following.

3.2 The approximation of the Rayleigh distribution

Thé Rayleigh distribution hold for the envelope of a narrow bana process.
This envelope is symmetrical about the mean level line and therefore the
Qistributioé holds for the half width of the envelope, too. Buththe
apparent heights of process as usually defiﬁed (the distance between a -
crest of the preceeding or follbwing trough).do not coincide with thé
width of the envelope nor do the amplitudes coincide with the half width
of the envelope (see Fig. (&) ).

y
W

) H-wf




Even if we assume that the maxima of the process occur.. very ngarly on
the énvelope, we have to assume additionally that \ KCL \= \:&TL‘
or that the envelope of the process is very slowly changing with time.

From records of fhe seaway and ship responses_(see Fig. (5) ), we see
that the above assumption is not justified for most of the cases.

An additional statistical reason that the Reyleigh distribution is only an
approximatdon is that the sampling from the population of the envelope .
values is not random but pas to be taken from the population of the maxima
of the process which coincides with the envelope at some instances only.

The above limitations apply to the case of an ideally narroﬁmband
process. The sea wave form and the.ship responses are not ideal narrow
band processes, can be of the wide band type (e.g. the wave form) and
.therefore the Rayleigh distribution is for another reason not scientifically
justified for the maxima of the wave form and ship responses (defined as the
distance between a crest and a trough).

Nevertheless, analysis of both full scale and model scale data to a
moderate extent (see [6] and [7] ) has shown considerable agreement with
the Rayleigh distribution. This can be justified as follows:

a) Pitching and Hbaving'Motions - The pitch and heave response of the

filter are very nearly narrow band processes. This can be shown from
Fig. (5) which is a typical part of a model scale record of pitching and
heaving motions. The almost total absence of ripples suggeét that according
to the relation 1.7, &=>0 . Also a symmetricé.l envelope can be plotted
for these processes. .-

Moreover, several invéstigations have shown that the departﬁre from the
zero mean level of the wave form is a Gaussian distributed random procesé.

Thus, assumlng that the ship acts like a linear time invariant filter, the
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.wéélof'theuheavé and pitch records are not taken from the-

| Tiprocess is satisfied.

 *3,LﬂGiven the above conditions the only discrepency that remains, so that
‘.utﬁeﬁgpplication of the Rayleigh distribution to the distance between a ’
;LﬁféSt.and.a trough for the pitching and heaving motions:is scientifically

‘,5ustified, is the distinction between apparent height and envelope width.

7The'results seen to prove that the above approximation does not lead to

- serious differences.

‘b) ‘Wave form - Examination of actual and model scale wave records shows

where between O and 1. The upper dimitrdccording to the relation 1.7 -

dﬁ;ggfby=the;definition of apparent heights), we tranatorm‘thg_u;veaf3

'40.-a mArrov band process.




the statistical distribution of its apparent heights.

Typical records of the process (see Fig. (5) ) show that 1) it is
not e :3§de’ band process if we Jjudge from the number of ripples, 2)
its mean departs u great deal from the still water level and 3) the
process possesses uppurent irregulmrities csused by slamming.

Therefore, the maxims of the process can be examined for Ruyleigh
distribution only if we neglect ripples, if we take the actual mean level
to measure departure to satisfy the Gaussian distribution of process
re;;.ﬁirements, and if we neglect the slamming effects. The lmst condition
is difficult to satisfy becamuse of the uncertainty:of where the effects

of slamming start and the process stops.
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4. EXPERIMENTAL PROCEDURE AND RESULTS

4.1 Ship and Sea Models

The ship tested in irregular seas was a 1/96 scale ratio of a high

speed cargo ship of the Racer type with full scale hull particulars as

in Table 2.
Table 2 ’
Full Scale Hull Particulars
Length between perpendiculars 507 ft.
Breadth | 75 ft.
Depth k2.5 ft.
Draf+ 27 ft.

- Gy ) . 0.578 ft.
LCB (aft & ) 6.15 ft.
ICF (aft ¥ ) 1.2 ft.
Radius of gyration (0.25 LBP) 127 ft.
Displacement 16,925 L.T.

The full scale spectral densities of the see state in which the model
wvas tested appear in Fig. (6).

Wave 2 and Wave 3 are white noise generated models (see Part A),
vhereas Wave 1 is a siné wave components model.

The ship speed was 19.7 knots for wvaves 1 and 2 and 14.7 knots for wave

42
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4.2 Measurements and Process of the Data

The experiments were performed at the Ship Model Towing Tank at
Massachusetts Institute of Technology.

Wave form, pitch, heave and longitudinal wave bending moment were
recorded on tape and paper (see Figures (5a) and (5b)).

The .weve form was measured with a sonic wave probe at point 1 ft.

3 in. in front and 1 ft. 6 in. sideways of the model.

The ship responses we.;re measured amidships with differential trans-
ducers.

ﬁe data tape was digitized with the analog to digital conversion
computer program of the Department of Naval Architecture and Marine
Engineering, and the digitized data wes processed for results with a
special written computer program.

Both of the above processes were performed at the Computation Center
at Massachusetts Institute of Technology. Since the length of the towing
tank was not adequate to give enough data in one run, the results of
several consecutive runs were used, provided that the wave command
signal tape was long enough to cover all the runs without being repeated.

" The number of full cycles recorded was of the order of 500 for wave 1,
1000 for wave 2 and 750 for wave 3; by '"full cycle"we denote the distance
between two zero up crossings.

Tne digitizing rate for all cases was 10 points per second.

4.3 Description of the Computer Program

In order to improve the approximation of the Rayleigh distribution of
the eapparent heights of the different processes a new definition of the'

wave height was used (see Fig. 7).
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Definition of the Apparent Height

As we see the apparent height is defined as:

Hi = Z}ci t %. (Kz;-, 4/&‘!&) (4.1)

The reason for the above definition is that in so doing we are more
close to the width of the envelope than if we use the common definition
- which defines:
~ ~ ~ ~ ~ ~
H; = Ay + Ariy 2 Hi=Aci+ Az (k.2)
As we have seen before, the Rayleigh distribution holds for the
width of the envelope of & narrow ban process and this is different

~N
than H: as defined in L.2.

l

Strictly speaking (41)is also an approximation of the width of the
width of the envelope but much more accurate than (k.2), especially if
the width of the envelope is relatively rapidly changing.

The computer program accepts as input dgﬁﬁ the digital representation
of the process measured, in integer form, with values from O - 1000, from
O as a base line. “

The progrem celcuimtes the mean of the process and by subtracting the

mean from the input data calculates the departures - positive or negative -

from the mean level.
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Then the progrem seerches for and spots the crests and troughs of the
p;ocess as defined in Fig. (1) (one crest and one trough between two
zero up crossings. The ripples are neglected.)

The next step is the calculation of the apparent beights as defined.in
(4.1) end their ordering in decreasing order.

Assuming that we have N + 1/2 full cycles and, therefore, N + 1 crests,
N troughs and N epparent heights, (the program neglects the data before
the first and after the last crest) the root meen square velue of the
wave heights Ef given by: % N oé

H s, = (7\7 Z Hi (4.3)
The average of theﬂan>highest-appnrent heights is calculated (the apperent
heights beingvin decreasinﬁvorder) by:
H(P)z v fH., | - } (4.b)

The final output of thew;rogrmu rrethe ratios "'FP%’J R.M.S .
The velues of p are in the range 1 - 0.002 for this program but the renge
can be changed according to the length of the data.

All four processes were anslyzed by the same progrem and in the case
of bending moment the slamming effects were included in the analysis.

The results appear in Figs. (8), (9), (10), and (11) where the ratios

G;/ilgMg,arn plotted egninst the theoretical relation given by 2.9 for

pitch, heave, wvave form and longitudinal wave bending moment.

L.k Discussion of the Results

As hes been mentioned before the mein scope of this investigation was
the detection of the reange where nature imposes & cut-off to the velues of
the 1/n highest apparent hejghts of the wave form and the ship responses

which, naturelly, do not ¢tend to infinity es %& bends to zero, as the
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theoretical relation 2.9 suggests. In fact, nature, i.e. the instebility
of the crests of the waves, restricts the heights of the wave form and
since this is the input to the ship system a cut-off of the ship responses
follows.

The f@ct that the appﬁrent heights of the wave form and the ship
responses follow the Rayleigh distribution up to & certein limit would
be a "by product” of the investigation.

In fact, from Figs. (8), (9), (10), eand (11), we see that, up to the
1/20 higher apparent heights, all the cases examined do follow very
closely the theoretical distribution es many other experimental results

did in the past. From the above figures we note that the egreement is

really astonishing for values of 1/n up to 1/3 (the significant apparent

heights) if we keep in mind the many epproximations that separate the theoretical
distribution of the width of the envelope of an ideal narrow band process

from the distribution of the epparent heights of our processes.

For velues of 1/n smaller than 1/20 we heve to examine eeach case
separately. Unfortunetely, the length of the experiments required to obtain
long enough date, which suits the needs of this investigation, is such that
only three cases have been studied. Furthermore, we have to distinguish the
three ceses from eech other beceause wave 2 and wave 3 are both of the |
white noise type, but with different speeds,nnd wave 1 1s of the sine wave
components type.

The conclusions that cen be derived from the examination of Figs. (8), (9),

(10) end (11) are the following:
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a) VWaves 2 and 3. Both are waves generated with the white noise

procedure. From Fig. (6) we see that wave 2 corresponds to higher seas,
but both do not include apparently breaking crests (whitecaps).

al) Pitch and Heave - From figs. (8) and (9) we see that

the responses to wave 2 are more close to the Rayleigh distribution.

A possible explanation to the above difference is that although the 1ess-sev-
ere seas with less wave crest instabilities should follow better the Rayleigh-
distribution, the effect of the higher speed is sﬁch that reverses the

trend.

The heaving and pitching motions are the more close spproximations to '
the ideal narrow band model. With the low speed both responses do follow
very closely the theoretical distribution up to 1/n - 1/200 end then
tend to level off with values of //tiamsvery close to 2.5. With the
higher speed the responses follow the theoretical distrlbutlon up to
l/n -~ 1/100 and then depart reaching a limiting value of $44?hasclose
to 2.05.

a2) Wave Form - From Fig. (10) we see that, similarly as
for pitch and heave, the apparerit heights of the wave that corresponds
to the lower ship speed and higher sees follow more closely the theoreti-
cal distribution.

Here the aforementioned explanation of the speed effect does not hold
since the wave heighte are independent of the ship speed. The only pbssible
explenation of this difference is thet, the wave form being & rather wide
band process, the digitizing rate of 10 points per second was not adequate
for the higher speed ' that causesii . larger fregyencies of encounter.

HE)
From Fig. (10) we elso see that the values of ”g f;ollow the theoretical
M.
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distribution for values of 1/n up to 1/100 and then tend to & limiting

value of 2.6. For wave 3 the corresponding velues are 1/n - 1/50 and
HEL
L]RJLS

1, we see that the wave form follows more closely the theoreticel curve

= 2.2. For all cases, including the corresponding to wave

and levels off for smaller vslues of l/n, with lmrger limiting values
) ~
of H //Fl?yts.’ than the pitch and heave responses.

a3) Longitudinal Wave Bending Moment - As was mentioned

before the due to slamming peaks were included in the analysis.

From Fig. (11) we see thet there is a striking difference in the ship
response to waves 2 and 3.

For wave 3 the lower seas and higher speed with the low digitizing
rate made the process behave like & narrow band process that_levels off

- o/
for values of 1/n € 1/100 with limiting value / Hepe = 2-1-

This is not the cese for the ship response to wave 1. Here the effect
of s},mming is apparent and we cannot say anything about limiting value
of \4¢3/t1?}t5. Nevertheless, for values of 1/n up to 1/10 we see that
the effects of slsmming are diminished by averaging and that the process
follows very closely the theoretical distribution.

In any case, the analysis of the wave bending moment process is the
more difficult and cen leed to erroneous results as far as the smaller
values of 1/n are concerned. In fact, from Figures (5) and (5e) we see
that any precticel digitizing rate can miss some of the impulse-like
mexime due to slamming.

b) Weve 1. From Figs.(5a) and (5b) we cen distinguish the difference
in the weve form of the sine wave components type and the white noise

type, although both are assumed to possess spectral densities of the
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Pierson-Moskowitz form.
From Fig. (6) we see that wave 1 corresponds to higher seas thsn
wave 2 and breaking crests were present during the experiments.

From Figs. (8), (9), (10), and (11) we see that the wave form and

200 e 4 (Y M4 Bt NS TR L i P 5 St & R T 17 112w

ship responses for wave 1 lie below the corresponding curves for wave 2.

This can be explained since the ship speed was the same by the

LD LAV AR AT S B30

expected effect of the breaking crests of wave 1. Also, from Figs. (5a)

Jrow

end (Jb) we see that’fhe point of view of number of ripples the sine

4
Vi
K

wave components wave form is more of the narrow band type than the white
noise wvave. When examining the white noise wave form and whip responses
we had noticed that, under the present analysis, the more wide bended
wave form did follow ﬁore closely the theoretical curve. This trend is
repeated here for the two wave forms. ~

From Fig. (8) and (9) we see that the heave, pitch curves of \szf
follow the Rayleigh distribution for values of 1/n up to 1/100 and e
then level off with limiting value 2.1. ~

The corresponding values for the wave form sre 1/n=1/100 and H%e::s
2.25 (Fig. 10 ). The bending moment curve seems to follow the theoreti;.
cal curve as far as the length of the dete permits "the anelysis to be
extended. The dissimilarity of the bending moment curves for wave 1l and
wave 2 is strange et first sight aﬁd since wave 1 cof}esponda to higher
gseas at the same speed the trend should be the opposite.

The explanation of this phenomenon is apparent when one examines the
bending moment processes in Figs. (5e) and (5b). We gee thnt-fhe level of
the peeks due to slamming in the case of the white noise wave form is much
greater than the level of the ordinary peaks. This difference is much
reduced in the case of the sine wave components wave and thus the behavior

@) .
of the ratios B/qﬁ;,vgn Fig. 11 agrees with the time history of the processes.
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From the abcve results we see that the expected cut-off of the
apparent heights for wave form, pitch and heave occurs for valuEP of
1/n smaller than 1/50 to 1/100 and that the limiting values of %m_s
are affected by the ship speed and the type of thng;ve form. The
higher speed tends to lower the limiting velue of yt;%ianﬁfor the
pitch anéd heave responses.

For the bending moment case we can say that although the process
seems to follow the Rayléigh distribution for values of 1/n up to 1/10,
for smaller values of l/n the effects of slamming make the digitized date
unrelieble and the notion of & cut-off meaningless for the cases where

enough slamming is present.

4. Possible extensions of the present investigation

It has been stressed many times during the development of this thesis
that the Rayleigh distribution of the probability density function of the
apparent héights of the wave form and the various ship responses is only
an approximation.

Therefore one can argue thet itwuld be better to apply rigorously
the probability density function given by the reMion 2.10 to the stationary
points of a randon process.

The opinion of the author is that the application of the relation 2.10
is not practical for seakeeping application for the following reasons:

a) The probability distribution function of 2.10 refers to the
variable 47==j;;£3@ . Therefore, to obtain the varidble'q one needs,
on the one hand,the spectral density fﬁnction of the process and on the
other hand the mean level of the process from which point the maxima of

elevetions are megsured.
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For seakeeping applications the spectral density function of a process
and its mean level are not always easily obtained. Furthermore, the
values ofg are restricted éo maxima or minima and they can be positive
or negetive corresponding for example to above or below the mean level
maxima. The intuition of the seafarer is not and cannot be correlated to
such & veriable as % and the notion of, for example, the maximum possible
heave maximum above the mean level is irrelevant if we do not know what

is the value of the preceeding or following heave minimum.

We have to add to the mbove that the experimental determination ofg
is very difficult. Whenever long date is required, as it is usually
the case in statistical applications, processing of the data by any other
means than anslog to digital machine conversion becomes impractical. But
if we have to detect the ripples of a process, any small and otherwise
negligible oscillation of any of the electronic instruments used to
record, reproduce, amplify and digitize the data would add ripples =nd
thus values of to process and thus leading .to erroneous results.

.b. The attempt of determining a correction factor based on 2.10

~>

&/
with which one can multiply the values o,? %ﬁ that appear in Table{ 1)
MS

in case of E#0does not lead to meaningful results. In Ref. [13]) we
| 2\Ve
find a definition of the correction factor as ({-—8 ) . But even if
~ )~
the ordinates of the graph of F.75 that gives m%'ln.s as a function of &
.o JE :
will be divided by a fsctor \|z- 85 appears correct (see Ref.[lé_l) the

results do not agree. For example, for 1/n = 1/10 and £=O from Teble

~

YY) 2.6

~ - - 2.080
H Rrm.S £

The above disagreement occurs despite the fact that relation 2.1C.tends

110/
1 we have /H/\z e 1.800 end from the above figure:
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.to the limit as &>0 to the proper Rayleigh distribution (see (2.5) and
(2.12)).
~

For values of &*O, if }% is defined as defined as usual in seakeeping
work or as in the present thesis, it is misleading to take into account
a correction factor based on the broadness factor £ and thus on the
higher frequencies of the spectral density when by the définition of
the higher frequencies have been neglected.

Therefore, it seems much more safe and practical to continue working
with apparent heights, especially if they are defined as in the present
thesis. The analysis of.experimental date Justifies the approximation
made and the date is much more easily proceeded.

The above discussion holds mainly for the wave form and weve bending
moment processes. The pitch and heave processes are of thé narrow band

_ type and therefore the Rayleigh distribution can be applied with confidence.

The results of the pregsnt investigation did not show a clear-cut
cutfoff in the values of ‘fj%ignsfor small values of}ét. It is apparent
that more data is required, possibly up to 3000 - 4000 full cycles.

The above number of cycles corresponds to several hours of full scale
‘trials. Since the meteorological conditions and hence the sea spectrum
are not likely to remain constant for such & long period, the only place
at which these experiments can be conducted is the model ship towing
tank.

Since, as it is shown in Part A of this thesis, the sea state model
can be a very accurate representation of the real sea. At least with the
model of the real sea that the st;te of the art of Oceanography can provide

the results are expected to give a real image of the full scale situation.
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When the cut-off of the values of /ﬂ 1ms:ls found experimentally

with the effects of speed, see condition and hull dimensions and form
in;:‘orpora.ted in the final result, the practical importance becomes
evident.

The Naval Architect will be able to predict the prorable maximum
expected apparent heights of the weve form and the ship responses as a
4 function of the ship, the ship's speed and the possible sea states the

ship is going to encounter. The above can be predicted by tank tests

long enough to give the H Rmso-f the process or by the use of the ship
response operators (frequency responses) as follows:
From e,cg:a.tion (2.4) we see that:
Hime= 2 o (.5)
From relations (2.5) and (L4.5) we see that the Rayleigh probebility

_ density distribution for the case of ap;ent heights can be written as:

SMo

Em)z Qm,, = )os\n_éao (4.6)
) ~
Where ’n,the experimental value of H and W= 2
The gbove result holds for ideal narrow band processes only and can

be applied, subject to experimentel verification, to the pitching end

i
3
z
i
1
{
i
i
i
{
?
!
f
§

heaving motions.
Therefore, for pitching and heaving motions, if we assume the sea
state and the ship response-operators given, we can find the pitching

and heaving spectre. Hence, having wiowe cen predict the limiting

He) N
values of _.,.H/' = 2o without specific experiments.
TIRMs

For wave form and wave bending moment, equation (4.5) must be verified
experimentally and & correction, if any, be made to the constant. Then

the same procedure as above can be followed.
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APPENDIX A. Computer Program

The computer program, as described in Section L, Part B, calculates
&)/,
the ratios H /Hl?ms' The program is divided into two parts, MAIN
Program and subroutine ORDER. The FORTRAN Listing of MAIN and the

FAP Listing of ORDER appear in the following.

A X i O T R N b L 35 5 KON Y SR P ATl b ST LT B
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Progrem Symbol

LIST OF COMPUTER PROGRAM

AP

DEV

DELT

HSUM

HVAR
IDENT

K(N)

KMAX(N)
KMIN(N)

KTMAX(N)

NMIN
SCALE

SCALT

VARTABLES AND CONSTANTS

Text Synbol

i107>/£1 R.M.q

-
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Megning

Values of the 4/»1,':[9 highest
apperent heights over the root
mean squaere gpparent height
Root mean square apparent height
Calibration for digitizing rate
Apparent height

Values of the %'F highest
apparent heights

Variance of the process
Identification of the process
Values of digitized dete.
Departures from mean level of the
process

Apperent amplitude of a crest
Apparent amplitude of a trough

Order of a crest among the data
points ’

Mean level of the process

Number of data points

Number of crests

Number of troughs

Celibration for apparent heights
Calibration for apparent periods

Apperent period




MTMAX 41

3 SCALESDELTSMT .1

ALEsDELT®SCALT. .. __.

s i e a o s e At i o e m e WA P e

] 'O,LL’;H;S;_.‘ILN-«»'J"iquyg :




G.FOR FIRST COMPLETE CREST

Y9 ..1:9285. ...
CN=29NT

o N=NUaNT




KIM) 1S THE FIRST POINT OF THE FIRST. COMPLETE CREST

1013918 . .

()3~ 1791B+18 .




PRINT 303 » NSTOP __. ...

303 FORMAT(1H »14). .. e
¢ K(NSTOP) IS THE LAST POINT. OF. THE.LAST COMPLETE CREST
C . .. _NUMBER OF POINTS REMAI NING _IN_RECORD=NSIOR=M..
~NMAX=0 TR
__NMIN=0
C__LOOKING FOR A CREST e .
32 . NA=M#1 . .
L MAX=K (M) ;
o MTIMAX=M e e e

_M_"‘_I"J.f,F_{NA-NSTOP) 24924999
24 DO 20 N=NA sNSTOP . .

=N S _ . .

CTF(KINYY 21921522 ]
22 TF(K(N)-MAX)  20520,23
._23.,._'._....,'_;aZMA:XE_K_(.N,). . - . -

L MTMAX=M s
20 JCONTINUE. ... - .
21 UNMAXNMAX#1. . e [

w;:KBAX1NMAX)=MAx R , .
“;QKTMAXﬁNMAX)=MTMAx ; . }
- B CE: F -




e

2T MANEKAMY . e _-é

D028 . NENAGNSTOP. o o e ‘ ‘ ) m“«g
o MEN e e e e e e i et S e e

CIFI(KINY) 290230430 , A K‘wé

29 TF(K(N)=MIMN)  21,28,28 .

28 CONTINUE

C ..

33

. GD TO 99

30 NMINSNMIN®L e o e = e

. KMIN(NMIN)=MIN L e
..G0.T0 32
_ALL CRESTS AND TROUGHS LOCATED.. .COMPUTc .WAVE_HEIGHTS AND PERIODS. .

25 __PRINT 103, NMAX, NMIN L o

103 _FORMAT(17H NO OF CRESTS IS »14318H.NO.OF TROUGHS IS »14//)

L UHVAR=00. .WAHWHM%
_n:bpﬁsa. . UNSTeNMIN. 0 f
_BUGSKMAX (N)+KMAX (N+1)=2¥KMIN(N) = B | e
MUN)S0.S¥BUGKSCALE .
 HVAREHVAR+H(N)#%2 il

| BUGEKTMAX(N#1)=KTMAX (N) o L ik




REMYAR/ANT

ORTF(HVARY ____

_PRINT 104,HVARsDEV

A

e ot e s Py

“*fﬁ@?ﬁéliﬁﬁﬂHyABf;EJQJ3,9ﬁ,EszBH“mumDEyEJEﬁjangFT//J. e

>
Be
L0
P>
iz
(]
'‘m
=
>
<<
‘m
T
m
Tt
()
'
—
N
)
=
o
m
o
m
>
'\n
e
=
(]
i
O
e
o
m
0
1]

i

i

A

ALL ORDER(H,ToNMIN)

i

_PRINT 105, H

105 FORMAT(16H WAVE HEIGTS FTS/(1H s20F6e1)). . ..

CPRINT 1106 o T

110 FORMAT(17H WAVF PERTODS SEC/(1H 512F1064)). . .

CH(1) 1S NOW THE LARGEST WAVE

CGHMAX=RCLY

_PRINT 106y HMAX

- 106 FORMAT(21H THE LARGEST WAVE IS sF6e41//) .

_ COMPUTE AVERAGE OF P-TH HIGHEST. WAVES=FROM_1/500.T0.1/1
_ ANMIN=NMIN
_NP(1)=500
NP (2)=1C0 o e
JNP(3)=50

NP (4)=20

e MPASY=1C : , . : o B

2
¥
,1
%
Lt




KXY ENX KXY e e e e

P(KX)=Q(KX)/s .NMIN - e
 KX=KX+1

34 CONTINUE e .
DRINT 107 e

S

109 FORMAT(5H AP=s9FT44).

107 FORMAT(89H AVERAGES OF THE 1/NP(L) HIGHEST WAVES OVER.RMS WAVE HEL.
___1GHT ENDING BY THE RATIO AP(L)/BMS//) o i

L KX=KX=1

_ HSUM=C.0
_...P0 36 _J=250KX e ; ,

L NASNX(J-1)+1

. NB=NX(J)

b0 37 ... . ..N=NASNB. . e e e e . e e e

. HSUM=HSUM+H(N)

37... COMTINMUE

4;;ﬁEW15MTHEqu£RAGE.OF.THE P—TH .HIGHEST WAVES-OVER. RMS _WAVE..HEIGHT- - -
u,;JAPJJsl);HSUM/JQJJJ%DEVL.“ _ S e e

36 ... CONTINUE. . ... L o o e e

D INT 1090 AP o o e e e e e e
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_SUBROUTINE ORDER LN F AP e = s e i
COUNT 35 . SRS L

ENTRY  ORDER . . e e

.. REM REORDERS X IN INCREASING _ORDER_FOR_FORIRAN. .. ..

REM  AND DUPLICATES SHIFTS IN.K. .. ... L

ORDER SXA XRs2 S - o
L .SXA AP+1,1 .. A . e s e . . W%

. CLA* 394  N=NUMBER. IN LIST . o
STA A9 . L e L é
CLA 194 HIGH END.OF X .. . '
ADD =) o L .W.N;

__STA. A5 - o
STA A2 . o O

_STA
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X+N

e L XA LESS THAN XA2). ...
e o XL1) GREATER.OR.= .X’J;‘ZE)... ;

XR1_PARKED IN DEC REM_EE‘T

e XEN .
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