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SUMMARY

Wind-wave flumes have been added to the laboratory facilities
gince a long time, in order to simulate natural wind waves. Most
wind-wave flumes have been equipped in addition with mechanical
(regular) wave generators %o avoid extreme small model scales. For
some time past a programmed (irregular) wave generator has been
ingtalled in one of the existing wind flumes of the Delft Hydraulics
Laboratory.

After a historical review of the development of wave generating
facilities a comparison has been made of the various Kinds of wave
generation. Moreover, some records of North Sea wave conditions have
been added to the comparison.

INTRODUCTION

Wind-wave flumes have been applied since a long time in model
experiments for several purposes. Regarding the investigations,
three subjects of pariticular interest with respect to problems in
marine engineering can be digtinguished:

1. Properties of wind profiles.

2. Wave generation by wind.

3. Wave attack on maritime structures exposed to irregular

Wwaves.

Originally small flumes were used in which waves were generated
by wind blowing over the water surface. The investigations mentioned
sub 1 and to a less extent those sub 2 did not require a substantial
development of the model facilities.

Fetch and depth in these flumes limit wave heights to a few centi-
metres and wave periods to far less than 1 sec. However, valuable
investigations have been and still are being produced in these
relatively short and shallow flumes, which have grown in number only.




2.

For investigations of the third type, waves of considerably
greater height and period are indispensable to perform the investi-
gations on suitable scales with respect to Reynolds and Weber number.

This study deals mainly with wave generation for the purpose of
investigations of the third type, though the same considerations are
of importance to investigations into the the wind-wave interactior.

Three methods of generating irregular waves, namely,
wind,
wind + monochromatic-wave generator, and
wind + programmed wave generator
have been subjected to a critical analysig and results have been
compared with prototype data in Section 4 of this study, while the
methods of analysis are discusszd in Section 3.

"HISTORICAL REVIEW

The first experiments with irregular waves in the Netherlands
date back as far as 1920 when in a wind-tunnel a provisional
arrangement was made to study wave run-up. After similar investi-
gations in 1933, the construction of a special wind-wave flume was
started at the Delft Hydraulics Laboratory and put into use in 1936.

The dimensions of this flume (length 25 m; width 4 m; maximum
water depth 0.45 m) were unique at that time. However, as the length
wag not sufficient to meet the regquirements of wave height and
period, it was extended to a length of 50 m in 1941 and eguipped with
a monochromatic~wave generaior.

Investigations into wave run-up, wave overtopping, stability of
rubble-mound breakwaters, wave impact forces and stability of floating
structures have been successfully performed in this flume (Ref. 1, 2
and 3). Similar investigations in other Institutes confirmed the
importance of the application of irregular waves (Ref. 4, 5 and 6).

It ig interesting %o notice that model investigations intc wave
generation, carried out during World War II, yielded good agreement with
rrototype data collected by Sverdrup and Munk (Ref. 7 and 8).

The interest in model experiments applying irregular waves was
growing go fast that the Delft Hydraulics Laboratory decided to establish
another wind flume in 1957 at "De Voorgt". The length of this flume
was 100 m, the width 4 m, and the maximum water depth 0.8 m.

This flume was also equipped with facilities to generate waves, either
by wind only or by a combination of wind and a mechanical (regular) wavc
generator.

The growing interest in irregular wave phenomena also resulted in
an increasing number of observations in nature, and simultaniously
forced the evaluation of elaborate statistical analysis conceiving the
wave motion as a stochastical process. Application of the mathematical
techniques to both model waves and prototype data have shown unacceptable
discrepancies. Since 1962, therefore, the Delft Hydraulics Laboratory
has been working on a gystem of wave generation which yields still
more realistic reproduction of natural wave conditions. A prototype of
the installation has been installed in the existing wind flume at
Delft. The installation compriges a wave Dboard driven by a hydraulic
servo system and generating waves according to an arbitrary programme.

A gimilar installation, based upon this concept, has been realized at
the River and Harbour Research Laboratory at Trondheim (Norway).
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The new wind flumes, recently completed at Delft have also been equipped
with programmed wave generators

STATISTICAL ANALYSIS OF THE WAVE RECORDS

Descriptions and definitions will now be given of the different
wave charactericvics involded in the analysis of protoiype as well as
model records.

The characteristics applied in this study have by no means
the pretension of giving a complete and satisfactory description.
Moreover, the import of several of them ig not clear in all respects.
Their actual choice, however, is considered to be justified by the
present state of research.

The individual wave heights and wave periods have been defined by
the "zero-crogsing method", in which each crossing of the surface
elevation record A (t) by the mean water level ig termed a zero -
crossing. Accordingly, the wave crest and wave trough are respectively
the maximum (positive) and minimum (negative) valu: of h(t) between
two successive smero-crossings. The wave height H ig termed the diffe-
rence between the elevaltion of a wave trough and the next wave crest,
and the wave period T: the time-~lag between two zero - down crossings.

The zero - crogsings method neglects the existence cof posgitive
minima or negative maxima. Also the Rayleigh distribution of wave
heights (1) (pr @suming an energy spectrum with an infinitive small
band width), similarly excludes the existence of negative maxima or
positive minima (Ref. 9

) 2
p(H) = B/465.e 1 /80" (1)

g is the standard deviation of the wave record, and by definition also
equal to the square root of the total (imaginary and real) area of
the energy spectrum. From the cumulative frequency distributionsof H
and T the values have been determined, exceeded by 2,15 and 50 percent
of the waves regpectively. They have been demoted by the subscript
2, 15 or 50. Also the significant wave height Hs (average of the highest
one-third wavesof the record) has been calculated.

Apart from the statistical distributions of H and T, statistical

distributions of the extreme values of AN, separately for the 1ee—
side and the windward-side of each wave?ﬁthave been determined. %% hag

been approximated by « Cumulative frequency distributions

At
of 4% + separately for the lee-gide, (dt) and the windward-side <dt >+,
of the waves, give somg information about the asymmetry. Accordingiy
the ratio of absolute ajc_.Vfalues at 15 % of exceedance

has been adopted as a "ratio of asymmetry" A of the waves.

Though very small, the correlation between H and T seems to be
not always zero and consequently wave heights and wave periods may
not be considered as stochastical uncorrelated variables.




The relation between wave heights and wave periods has been expressed
in H - T correlation curves, indicating the mean height and the
standard deviation of waves having periods within a distinct period
interval.

Begides the statistical characteristics just described, the energy
gpectrum of the waves has been computed for all cases. In accordance
with the more or less standardized procedure asg propesed, for instance,
by Blackman and Tukey (Ref. 10), the auto-correlation function R(T)
of the wave record and subsequently the Fourier transform of the
correlation function have been computed, and conform to the expressions

(2) and (3),

L
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S(f) is the spectral density at the frequency f (cps).
The width of the spectrum is expressed by the parameter =

m m m2
2 o4 2
£ = ——— (4)
oy
+ o9
in which m = [/s(f) . €% . dr (5)
(6]

For n = O one obtainsg the total(imaginary and reaD area of the sgpectrum
me which follows by definition also from (2) for = = O.

(Though the real area of the spectrum is only 4 Mo, as can be derived
from (2) and (3), this factor 4+ is usually neglected in practice).

Though in principle not a statistical parameter, in practical
computations the wave spectrum has a statistical nature too, because
under the agsumption of stationarity and ergodicity a finite record
of the wave motion is taken, which yields an estimate of the spectiral
denzity distribution only.

A1l computations have been performed on a digital computer, for
which the continuous wave records have been converted to digitized
punch - tape records. The sampling frequency of the prototype records
was 5 cps and of the model records 32 cps (in conformity with the
adapted length scale 1 : 45 and time scale 1 : Vr15>. The length of
each "time series" was at least 15.000 samples for the records of the
model wind waves, and at least 30.000 samples for all other records.
The statistical distributions of wave heights, periocds and slopes
) as well ag the H - T correlations have been determined directly
m the obtained time series. Regarding the spectral analysis, only

of every six samples in the series has been taken in order to get
sufficiea?ly high frequency rescolution. As a result the Nyquist
requency (—) became 2.666 cps and the frequency lag between two
C2At (1
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) 0.0444 ~ps. In order to "smooth"




the spectrum, the correlation function has been filtered by a
triangular—-screen filter.

He e Inherent to the definition of &, the higher frequencies have an
disproportionately large influence on the calculated value of e,
whereas both the accuracy and the practical interest of the spectrum m
this frequency range is small. Therefore, the part of the spectrum
at the high frequency side, which contributes 2% to the total area
of the spectrum, has been discarded in the calculation of &, and ¢
calculated in this way has been denoted €5

4. METHODS OF GENERATION

Three methods of wave generation have been compared on the basis
of the parameters indicated in Section 3, and the results for each
of the methods will be discussed separately. They have been compared
with actually measured North Sea records and theoretical work of
Cartwright and Longuet — Higgens (Ref. 9) as a reference.

4.1 Prototype records

Prototype records from the North Sea have been made availably by
the Rijkswaterstaat. They have been recorded at the platform Triton, situvated
approximately 4 km off the Netherlands coast near Kijkduin, at a depth
of 18 metres below M.S.L.

The wave height distributions, spectra and H - T correlations are
shown in Fig. 6. Other parameters have been compiled in Table 1,
together with data based upon Ref. 9.

4.2 Model records, wind only

Special measurements have been made in the wind-wave flume of the
Delft Hydraulics Laboratory at "De Voorst". The fetch during these
tegts was 100 m, and water depths were 0.4 and 0.67 m. The average
wind speeds w ranged from 6.6 to 22.5 m/sec. Wind profiles have been
measured and related to the average wind speed (Figs.l a and b).

Note: w = wp,3 %0 wp. 4. (Wind speed measured at a height of 0.3 to 0.4 m
above M.S.L.). Additionally, measuremenis of Colonell and Prins have
been used. (Ref. 3 and 11}.

It appears that the significant wave height Hs ig increasing only
slowly with the fetch for fetches greater than circa 100 m (Fig. 2).

The same holds for the wave period (Fig. 3).

Apart from the absolute magnitude of height and period, the sgtatis—
tical distributions of thesge quantities show a rather limited variation,
especially for higher wind speeds (See Table 2). Hence the spectra
(Fig. 4 a) are very narrow, which ig also illusirated by the small
values of ¢ (e,=~ 0.5) and of T peak/T 50 in Table 2.

As the wind spéeds in these tests have been exaggerated-in this sense
that &g is very small-to attain reasonable wave heights, the asymmetry
of WS the waves can be expected to be high. This is confirmed by

the tests, where A igs found to be 1.15 to 1.77, whereas the prototype
valueg varied from 0.99 to 1.15.

The H - T relation is given in Fig. 4 c, which shows both the average
H - T relation of the gix test runs and the average standard deviation
with respect to the mean values.




4.3 MWNodel records, wind strengthened swell

Measurements have been made in the same wind-wave flume as the
tests mentioned in 4.2. The regular swell has been generated by a
wave board situated at the beginning of the flume, and the period
and height of the swell has been kept constant during each test run.
Water depths were 0.4 and 0.67 m, and the periods of the swell 1.5
and 1.8 sec. respectively. Wave heights of the swell ranged from 5
to 15 cm. The average wind speeds varied between 6.6 and 12.8 m/sec.
Wind profiles have not been measured separately.

The results of the tests have been summarized in Table 3 and
Figure 5. It 1g evident that the spectra show a sharp and dominating
peak at the Trequency of the swell. The e—~values, however, do not
indicate the narrow band width of the main part of the spectrum due
to the second (wind) peak. Wave height distribution and period
distribution are still less satisfactory then those of wind-generated
waves., 1t 13 interesting to notice that also in this case the ratio
of agymmeiry A, for the higher wind speeds, is considerably larger
than the average value of the prototype waves.

The H — T relation shown in Fig. 5 ¢ again presents the average
wave height and average siandard deviation in the corresponding
period intervals, of all five tests. The regular character of this
type of wave motion is accentuated by the very small standard
deviation for periods exceeding 0.8 Tqg .

4.4 Programmed wave generator

e

The purpose of the wave generator is to reproduce wide spectirum
ocean waves as closely as possible. To achieve this, the wave board
ig driven by two separate hydraulic actuators so as to permit both
translatory and rotational movements. Each actuator is controlled
by two servo valves. The most attractive way to simulate ccean waves
ig to have an actual prototype record reproduced. The surface elevation
record, however, has to be transferred into a command signal for
the actuators, i.e., the horizontal movement of the wave board.

Such a transfer function has been calculated by Biesel (Ref. 12) for
monochromatic waves. The transfer function is shown in Figure 11, and
presents the required siroke of fthe wave board at the water surface
and near the bottom ag a function of wave height, wave periocd and
water depth. Though the theory of Biesel has been derived for
monochromatic waves only, fest results show that the method is als
applicable for irregular waves.

Actual wave records can be used as an input signal 1o thie programmed
wave generator by means of a punch-tape. An slectric network reproduces
the trangfer funciion of Fig. 11 and sunrplies separate command signals
for both actuators.

If no prototype record ig available,awave record is simulated by
using a random-noise generator, the random noise being filtered by a
set of analogue gecond order filters. As both the resonance frequency
and the damping of these {ilters are variable, the noige can be
transformed into a signal having any arbitrary spectrum.

The output signal of the filter unit is fed into the transfer network
in the same way as the puch-tape record. An outline of this system is
presented in Fig. 12.

The tests referred to in tLl
the old wind flume of the Labor
flume is 50 m and the water depth was 0.4 m. The prototype
mentioned in 4.1 have been revroduced on a langth gcale of 1 ¢ 45.

agraoh have been carried out in
at Delft. The length of this
scords
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The time and velocity scales were oonsequently];VﬁB: Average wind
gpeeds during the tests ranged from O to 5.2 m/s; Wind profiles were
not measured separately.

The results of the tests have been tabulated in Table 4 and are
presented in Pigs. 7, 8, 9 and 10.

It ig clear that wave height and period digtributions ag well as
the A-values are in very good agreement with the corresgponding
prototype data, both for the "punch-tape method" and the '"random—
noise method". The wave energy spectra also show satisfactory agree—
ment with prototype data, though the energy density in the model is
slightly lower in the high frequency range. In the meantime, this
has been corrected by a modification of the electronic design.

The influence of wind speeds has been inveatigated extensively
for run ST III. From Table 4 it appears that a variation of the
average wind gpeed from O05.2 m/sec has no perceptible consequences
for the statistical characteristics determined. As a result a small
over— or underestimation of the wind speed in the model seems 1o
have no consequences Tor the reproduction of the natural wave
conditionsg. However, still insufficient information is available
regarding the mechanism of the wind stress on the water surface and
the shape of waves in excepiional conditions as to draw definite
conclusions in respect to this.

The question might arise whether the application of programmed
waves is worthwhile. In this respect attention is called to Refs 6
and 13 where congiderable influence of wave irregularity has been
shown for wave run-up on smooth slopes and the stability of rubble-
mound breakwaters.

SUMMARY AND CONCLUSIONS

Three methods of wave generation have been compared with proto-
type data on the bagis of a number of statistical characteristics.

It has been shown that generating irregular waves by wind only
hag a serious drawback as flume lengths have to be very long. To
limit the flume length, either wind speeds are increased and thus
exaggerated with respect to the model scale, or swell is generated
mechanically in addition.

Both methods affect the desired freguency distribution of wave
heights and periods, and lead to relatively narrow energy specira.
The steepness of the wave fronts seems also to be rather high in
comparigon with prototype data.

An alternative method is found in the application of a hydraulic
serve system, the programmed wave genrator. With this system it
appears to be possible to reproduce actual prototype records or to
simulate these records on the basis of their energy spectrum.

Also in the latter case it has been found that the frequency
distributiong of wave heights and periods are in good agreement with
data obtained from prototype or theory. As to the shape of the wave,
an attempt has been made to evaluate a parameter describing the asym-
metry of the wave, and it appears that the application of wind is
important in this respect.

During the evaluation of statistical parameters for the comparison
of wave records it became clear that hardly any data are available on
the detailed shape of prototype waves. PFurther research on this
subject seems to be necessary as, for instance, the steepness of wave
fronts is congidered to be of great importance for the occurrence of
impact forces. The use of the spectral width parameter & has proved
to be hazardous in some case, egpecially when double-peaked spectra cccun

—
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TABLE 1. Prototype Records.

No. of record ST I1T 165 224 Ref,
Date of record 30 XI 65 4 XIT 64 14 11 65

s (m) 3.85 3.95 3.15 -
H15/H5O 1.64 1.68 1.57 1.62
HE/HBO 2. 30 2.34 2.23 2,37
TlS (sec) 10.3 10.7 9.1 -
TlS/T5O 1.46 1.49 1.48 -
TE/T5O 1.67 1.94 1.98 -
Tpeak/T5O 1.31 1.50 1.39 -
m (mg) 1.03 1.06 0.73 -
Hs/\fﬁ; 3.89 3.91 3.80 4.0
£, 0.4 0.65 0. 64 -

A 1.135 0.99 1.15 -

TABLE 2. Wind-generated Waves, Fetch 100 m.

Test Run T2 w T3 w TS5 w T6 w T7 w 78 w

w (m/gec) 6.6 12.8 16.5 16.3 6.6 22.5

a (m) 0.4 0.4 0.67 0. 67 0. 67 0. 67
H15<cm) 4.6 13.4 18.1 1644 6.2 20.6

H15/H5O 1.64 1.36 1.35 1.35 1.44 1.35
HQ/H50 2.13 1. 65 1.59 1.79 1.80 1.65
T15(sec) 0.86 1.30 1.28 1.27 1.13 1.45
Tl5/T5O 1.16 1.12 1.13 1.14 1.11 1.13
T2/TSO 1.32 1.31 1.24 1.30 1.29 1.28
Tpeak/T5O 1.05 1.01 0.98 1.03 0.99 1.00
m (Cm2> 1.39 12.9 22.8 19.6 2.5 30.0

Hs/\/mé 4.01 3.79 3.80 3.83 3.90 3.81
€5 0. 50 51 0.49 0. 50 0.43 0.56
A 1.15 22 1.38 1.28 1.23 1.77




TABLE 3. Wind-girengthened Swell, Fetch 100 m.

Test run T. 4 7.8 T.12 T.14 7,18

H, o011 (cm) 5.0 10.0 7.5 7.5 15.0

gswell (sec) 1.5 1.5 1.8 1.8 1.8

w (m/sec) 12.8 6.5 6.6 11.4 11.4

a (m) 0.4 0.4 0.67 0.67 0.67

H15(0m> 13.4 13.4 10.2 17.3 21.2

HlS/H50 1.31 1.08  1.16 1.34 1.10

HZ/HBO 1.67 1.16 1.27 1.61 1.22

T15 (sec) 1.78 1.70 1.94 1.89 1.96

T15/T50 1.25 1.07 1.04 1.66 1.04

TZ/T5O 1.37 1.10 1.08 1.80 1.11

Tpeak/T5O 1.06 0.95 0.97 1.70 0.96

m_ (cm®) 12.2 17.5 8.1 19.8 37.5

Hs/ VT, 3.92 3.24  3.58 3.95 3.55

£, 0.61 0.56 0.75 0.62 0. 60

A 1.11 1.00 1.01 1.19 1.28

TABLE 4. Programmed Wave Generator.

Test run SPIIT A ST ITI B ST IITI C ST III R 224 P 165 P 165R
Origin punch- punch-— punch— random- purch- punch— random-
Input signal tape tape tape noise tape tape noige
w (m/sec) 3.0 0 5.2 3.0 3.0 3.0 3.0
HlB (cm) 8.6 8.4 8.9 8.5 7.3 8.3 8.5
H15/H5O 1.62 1.64 1.59 1.63 .62 1.57  1.54
HE/HBO 2.17 2.18 2.14 2.30 2.16  2.15  2.00
TlS (sec) 1.57 1.56 1.52 1.60 1.47 1.76 1.81
T]5/T50 1.27 1.27 1.32 1.28 1.36  1.46  1.39
TQ/TBO 1.52 1.55 1.56 1.61 1.80  1.87 1.78
Tpeak/T5o 1.16 1.17 1.25 1.17 1.18  1.81  1.27
n_(en”) 4.9 4.7 5.6 5.0 327 5.1 4.9
Hs/\/a; 3.92 3.91 3.88 3.89 3.86  3.80  3.90
€, 0.52 0.52 0.54 0.54 0.54 0.59 0.61
A 1.04 1.015 1.04 1.10 1.05  1.075% 1.09
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LIST OF SYMBOLS

d water depth

A ratio of asymmetry of the waves

€ gspecstral width parameter

T Crequency in cps

H wave height

Hs significant wave height

H, wave height with arn percentage of exceedance n

m number of points 2T the auto-correlation function
m n th moment of the energy specirum

p?H) probability density fu:ction of wave heights

s(f) spectral density at freguency f

T wave period

Th wave period with an percentage of exceedancen

U peak ?griod of the wave spectirum with maximum energy densgitly
g time

n(t) surface elevation record

At time~lag between two samples in the time series

[ time - shift

R (T) auto - correlation function

W og wind speed measured at z meires above the mean still-water level
w average wind speed
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