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SU:MM.ARY 

Wind-wave flumes have been added to the laboratory facilities 
since a long time, in order to simulate natural wind lv-aves. Most 
wind-wave flui'nes have been equipped in addition with mechanical 
(regular) wave generators -':;0 avoid extreme small model scales. For 
some time past a programmed (irregular) wave generator has been 
installed 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. 

1. INTRODUCTION 

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

1. Properties of wind profiles. 
2. 1rJave generation l?y wind. 
3. Wave attack on maritime structures exposed to irregular 

TrJaves. 

Originally small flumes were used in which TrJaves were generated 
by wind bloTrJing over the water surface. 'l'he investigations mentioned 
sub I 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 I sec. However, valuable 
investigations have been and still are being produced in these 
relatively short and shallow flumes, which have groTrm in number only. 
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For investigations of the third type, vlaves of considerably 
greater height and period are indispensable to perform the investi
gations on sui table scales \~i th respect to Reynolds and Heber 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 interaction. 

Three methods of generating irregular ,~aves, namely, 
vlind, 
wind + monochromatic-wave generator, and 
l~ind + programmed wave generator 

have been subjected to a critical analysis and results have been 
compared with prototype data in Section 4 of this study, while the 
methods of analysis are discussad in Section 3. 

2. HISTORICAL REVIEW 

The first experiments with irregular waves in the Netherlands 
date back as far a,s 1920 \~hen in a wind-tunnel a provisional 
arrangement vms made to study wave run-up. After similar investi
gations in 1933, the construction of a ~;pec;ial wind-l,~ave flume was 
started at the Delft Hydraulics Laboratory and put into use in 1 

The dimensions of this flume (length 25 m; width 4 m; maximUIll 
water depth 0.45 m) t~ere unique at that time. However, as the length 
~Tas not sufficient to meet the requirements of wave height and 
period, it was extended to a length of 50 m in 1941 and equipped l,~i th 
a monochromatic-wave generator. 

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 irre~Qlar waves (Ref. 4, 5 and ~. 

It is interesting to notice that model investigations into ,'\lave 
generation, carried out during World War II, yielded good agreement with 
r;rototype data collected by Sverdrup and Munk (Ref. 7 amI 8). 

The interest in model experiments applying irregular l,'IIaves was 
growing so fast that the Delft Hydraulics Laboratory decided to establish 
another wind flume in 1957 at "De Voorst". The length of this flume 
was 100 m, the v'llidth 4 m, and the maXimtlJIl ~Vi1ter 0.8 m. 
This flume was also equipped with facilities to generate v'llaves, either 
by wind only or by a combination of vlind and a mechanical ( wav:: 
generator. 

The grm'll"ing interest in irregular wave phenomena also resulted in 
an increasing number of observatiom::; in nature, and simul tani 
forced the evaluation of elaborate statistical analysis conceiving the 
lrJave motion as a stochastical process. Application of the mathematical 
techniques to both model 1,raves and prototype data have shotN:.r1 unacceptable 
discrepancies. Since 1962, therefore, the Delft Hydraulics Laboratory 
has been working on a system of l~ave generation which yields still 
more realistic reproduction of natural v'llave conditions. A prototype of 
the installation has been installed in the existing ,~ind flume at 
Delft. The installation comprises a wave board driven by a hydraulic 
servo system and generating lrJaves according to an arbitrary programme. 
A similar installation, based upon this concept, has been realized at 
the River and Harbour Research Laboratory at Trondheim (Nor1tJaY). 
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The new l,oJind flumes, recently completed at Delft have also been equipped 
wi th programmed l,~ave generators. 

3. STATISTICAL ANALYSIS OF THE lrJAVE RECORDS 

** 

Descriptions and definitions will now be given of the different 
wave charac terisljics involded in the analysis of prototype as vJell as 
model records. 

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

'1'he individual wave he and 1AJaVe periods have been defined 
the "zero-c method", in 1rJhich each crossing of the surface 
elevation record f1 ( by the mean water level is termed a zero -
crossing. Accordingly, the vJave crest and wave t:rough an, respectively 
the maximum (positive) and minimum ( valu of n (t) behveen 
two succe~~sive zero-cro • The vvave height II is termed the diffe
rence beGvJ8en the elevation of a wave and the next wave cre::3t, 
and the wave period '1': the time bettveen t1AJO zero - down crossings. 

The zero - crossings method ts the existence cf po:c:;i ti ve 
minima or negati V2 maxima. Also the Rayleigh distribution of \vave 
heights (1) ( an energy spectrum with an infinitive small 
lland width), similarly excludes the existence of negative maxima or 
positi, minima (Ref. 

p(H) ( 1) 

() is the deviation of the wave record, and by definition also 
to the square root of the total ( and real) area of 

the energy spectruril. From the cumulative distributions of H 
and r1' the values have been determined, exceede~ 2,15 and percent 
of the vlEwes respectively. They have been demoted the subscript 
2, 15 or 50. Also the l,1/aVe he Hs (average of the highest 
one-third wavesof the record) has been calculated. 

Apart from the statistica~L diGt:cibutio'lf; of Hand T, statistical 
distributions of the extreme values of dn , separately for the lee-

side and the windward-side of each "rave ~ t have been determined. ~~ heNS 

, • -l- d n(t) -tz(t+L1t) C .... d' t 'b " OAARhapp roXlmau8 L1 t . ;umul.a-Clve lS :Cl utlons 

of cr:r-. separately for the lee-side, (~)-,and the vJindvJard-Side,(~~ ) + , 
of the waves, give somJl ~nformation about the asymmetry. Accordingly 
the ratio of absolute _l.U_i values at 15 % of exceedance 

dt 

has been adopted as a "ratio of asymmetry" L1 of the waves. 
Though very small, the correlation between Hand T seems to be 

not always zero and consequently wave heights and 1rJave periods may 
not be considered as stochastical uncorrelated variables. 
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** 

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

Besides the statistical characteristics just described, the energy 
spectrum of the waves has been computed for all cases. In accordance 
with the more or less standardized procedure as proposed, for instance, 
by Blackman and Tukey (Ref. 10), the auto-correlation function R( T) 
of the ltJave record and subsequently the Fourier transform of the 
correlation function have been computed, and conform to the expressions 
(2) and (3), 

lim 
T ...... "'" 

-00 

s( is the spectral 
The width of the 

2 
2 mo ffi4 -m2 

s 
m m 

0 4 

.. 0<) 

in ,.,hich == fs( 
0 

( t) • t( ( t+T ).d t 

-i-CO 

2 ~R(').COS 2,f,.d, 

o 

density at the frequeruJy f ( 
spectrum is expressed the parameter c 

• d f ( 5) 

filor n == 0 one obtains the total (imaginary and real) area of the spec trum 
rna 1tJhich follo,,]s definition also from (2) for T =0 O. 
( the real area of the spec trum is only "~ .110) as can be de ri ved 

2) and (3), this factor i is usually neglec0ed in prac4T~e). 
'I'hough in principle not a stati;3tical parameter, in practica:'. 

c the WEne spectrum has a statistical nature too, because 
under the assumption of stationarity and ergodici a finite record 
of the ,.rave motion is taken, "hich yields an estimate of the spectral 
density distribution 

All computations have been performed on a tal computer, for 
"hich the con tinuouo 'tJcrJe records have been converted to digitized 

records. The ing frequency of the proto records 
\,as 5 cps and of the model records 32 cps (in conformi wi th the 
adapted length scale 1: and time c~cale 1 : \f45). The of 
each "time series" 1das at leas ' 15.000 samples for the records of the 
model wind waves, and at least 30.000 samples for all other records. 

_A The statistical distributions of 1:,ave heights, periods and slopes 
(~i) as well as the H - T correlations have been cletermined directly 
from the obtained time series. Regarding the spectral is, 
one of every six samples in the series has been taken in order to 
a sufficiently high frequency resolution. As a result the st 

(1 became 2.666 CDS and the frequency lag between t,vo 
'26t . 

~a"'1seY't sDestrcd estimates (.2 r~ 6t) 0.0444 cps. In order to "smooth" 
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the spectrum, the correlation function has been filtered by a 
triangular-screen filter. ** Inherent to the definition of E, 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 ID 
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 discardedin the calculation of E, and E 

calculated in this way has been denoted E2• 

4. METHODS OF GENERATION 

Three methods of ,~ave 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 
CartltTright 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 beer recorded at ite nlatform Triton. si-bated 
approximately 4 km off the Netherlands coast near Kijkduin, at a depth 
of metres below M.S.L. 

The wave height distributions, spectra and H - T correlations are 
shotm in Fig. 6. Other parameters have been compiled in 'fable 1, 
together IiJi th data based upon Ref. 9. 

Special measurements have been made in the wind-wave flume of the 
Delft Hydraulics Laboratory at "De Voorst". The fetch during these 
tests was 100 m, and water depths ltIere 0.4 and 0.67 m. The average 
wind speeds; ranged from 6.6 to 22.5 m/sec. Wind profiles have been 
measured and related to the average wind speed (Figs. 1 a and b). 
Note:; '" wO.3tO\\T0.4' (Wind sneed measured at a height of 0.3 to 0.4 m 
above M.S.L.). Additionally, measurements of Colonell and Prins have 
been used. (Ref. 3 and 11). 

It appears that the significant wave height Hs is 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 statis
tical distributions of these quantities show a rather limited variation, 
especially for higher wind speeds (See Table 2). Hence the spectra 
(Fig. 4 a) are very narrow, which is also illustrated by the small 
values of E (E2~ 0.5) and of T peak/T 50 in 'rable 2. 
As the wind speeds in these tests have been exaggerated-in this sense 
that ~ is very small-to attain reasonable wave heights, the asymmetry 
of w the waves can be expected to be high. This is confirmed by 
the tests, where t:" is found to be 1.15 to L 77, whereas the prototype 
values varied from 0.99 to L 1.5. 

The H - Trela tion is given in Fig. 4 c! which shows both the average 
II - 'r relation of the six test runs and the average standard deviation 
with respect to the mean values. 
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4.3 Model records, 1iJind strengthened 81,,,ell 

Measurements have been made in the same wind-wave flume as the 
tests mentioned in 4.2. 'T'he 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 1rJere 0.4 and 0.67 m, and the periods of the slfJell 1. 5 
and 1.8 sec. respectively. loJave he of the sv-Jell ranged from 5 
to 15 cm. 'rhe average wind speeds variedbet",Jeen 6.6 and 12.8 m/ sec. 
ljI!ind profiles have not been measured separately. 

The results of the tests have been summarized in Table 3 and 
Figure 5. It is evident that the spectra show a sharp and dominating 
peak at the frequency of the swell. The c-values, however, do not 
indicate the narrOloJ band width of the main part of the spec trum clue 
to the second (1rJind) peak. Wave height distribution and period 
distribution are still less satisfactory then those of wind-generated 
~'Javes. It is interesting to notice that also in this case the ratio 
of asymmetry 6, for the r wind speeds, is considerably larger 
than the average value :)f the ",laves. 

The H - T relation shovm in Fig. 5 c again presents the average 
wave height and average standard deviation in the corresponding 

intervals, of all five tests. The regular character of this 
of ,,,ave motion is accentuated by the very small standard 

devi'ltion for periods exc 0.8 T 15' 

4.4 Prograrmned wave generator 

The purpose of the ,,,ave l to reproduce wide spectrum 
ocean ,'<Taves as close as possible. 'T'o achieve this, the 1"rave board 
is driven by 1,'.0[0 separate hydraulic actuators so as to perini t both 
translatory and rotational movements. Each actuator is controllecl 
by h"o servo valves. The most attractive way to simulate ocean waves 
is to have an actual pro record reproduced. The surface elevation 
record, h01J"ever, has to be transferred into a command signal for 
the actuators, i.e., the horizontal movement of the 1fJave boarcl. 
Such a transfer function has been calculated by Biesel (Ref. 12) for 
monochromatic lrJaves. 'rhe transfer function is shown in Figure 11, and 
presents the required stroke of the ""ave board at the water surface 
and near the bottom as a function of Have height, ,,,ave period and 
water depth. the theory of Biese1 has been derived for 
monochromatic waves 011 ,test results sho,,, that the method. is also 
applicable for irregular "Javes. 

Actual "lave records can be used as an input signal to tlee 
wave generator by means of a 
the transfer function of Fig. 
for both actuators. 

• An electric network 
ies separate command signals 

If no pro record .. lS available,awave record is simulated by 
using a random-noise generator, the random noise being filtered by a 
set of second ordc~ filters. As both the resonance 
and the damping of these filters are variable, the noise can be 
transformed into a signal having any arbitrary spectrur.J. 
'11he of the fil ter unit is fed into the transfer net,,,ork 
in the same way as the record. An outline of this syst"'mis 
presented in Fig. 12. 

The tests referred to in this paragraph have been carried out in 
the old wind flume of the Laboratory at Delft. The ,f this 
flu.me is m and the water 0.4 m. The prototype ['ecords 
mentioned in 4.1 have been ed OIl a 1 :3cale of' 1 : LI~. 



The time and velocity scales were consequently 1: \/45'. Average wind 
speeds during the tests ranged from 0 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 Figs. 7, 8, 9 and 10. 

It is clear that wave height and period distributions as well as 
the 6-values are in very good agreement with the corresponding 
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 inve3tigated extensively 
for run ST III. From Table 4 it appears that a variation of the 
average wind speed from Oto5.2 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 to 
have no consequences for the reproduction of the natural wave 
conditions. However, still insufficient information is available 
regarding the mechanism of the wind stress on the water surface and 
the shape of waves in exceptional conditions as to draw definite 
conclusions in respect to this. 

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

5. SUMMARY AND CONCLUSIONS 

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

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

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

An alternative method is found in the application of a hydraulic 
servo 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 
distributions 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. Further research on this 
subject seems to be necessary as, for instance, the steepness of wave 
fronts is considered to be of great importance for the occurrence of 
impact forces. The use of the spectral width parameter E has proved 
to be hazardous in some case, especially when double-peaked spectra oocur. 
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'l'ABLE 1. Prototype Records. 

No. of record ST III 165 224 Ref. 

Date of record 30 XI 65 4 XII 64 14 II 65 

H15 (m) 3.85 3·95 3.15 

H15/H50 1. 64 1. 68 1. 57 1.62 

KjH,O 
L J 

2.30 2.34 2.23 2.37 

TIS (sec) 10.3 10·7 9·1 
m /m L15 1.50 1.46 1.49 1·48 

T2/T50 1. 67 1. 94 1. 98 

T ~ I'l' flec"k 50 1. 31 1. 50 1. 39 

2 (m ) 1.03 1.06 0·73 

Hs/ViTI:"' a 3.89 3. 3.80 4·0 

E2 0.64 0.65 0.64 

IJ 1.135 0·99 1.15 

'rABLE 2. Wind-generated Waves, Fetch 100 m. 

Test Run T2 Ttl 113 ~~! tv T6 ~v lV T8 lV 

W (m/sec) 6.6 12.8 16.5 16.3 6.6 22·5 

d (m) 0·4 0.4 o. 0.67 0.67 0.67 

H15( em) 4·6 13·4 18.1 16.4 6.2 20.6 

H15/H50 1. 64 1. 36 1. 35 1. 35 1.44 1.35 

H2/II50 2.13 1. 1. 59 1.79 1.80 1. 

T15(sec) 0.86 1.30 1.28 1.27 1.13 1.45 

T15/T50 1. 16 1.12 1.13 1.14 1.11 1.13 

T/T50 1. 32 1. 31 1. 24 1. 30 1.29 1. 

m /T '-peak 50 LOS 1.01 0.98 1.03 0·99 1.00 

m (cm2) 1. 12·9 22.8 .6 2.5 30.0 
0 

HS/ViTi: 
0 

4·01 3·79 3.80 3.83 3·90 3. 

E2 0·50 0·51 0·49 0.50 0·43 0.56 

IJ 1.15 1. 22 1.38 1.28 1. 23 1.77 
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TABLE 3. Wind-strengthened Swell, Fetch 100 m. 

Test run T·4 '1'.8 '1'.12 '1'.14 T. 

H 11 (em) swe 5.0 10.0 7·5 7·5 15·0 

T -, 1 (sec) 1.5 1.5 1.8 1.8 1.8 swel. 
W (m/sec) 12.8 6.5 6.6 11.4 11.4 

d (m) 0·4 0·4 0.67 0.67 0.67 

H1S(cm) 13·4 13·4 10.2 17·3 21. 2 

HlS/H50 1. 31 1.08 1.16 1. 34 1.10 

H/HSO 1. 67 1.16 1. 27 1. 61 1. 22 

TIS (sec) 1. 78 1. 70 1.94 1.89 1.96 

T15/TSO 1. 25 1.07 1.04 1. 66 1.04 

T/TSO 1. 37 1.10 1.08 1. 80 loll 

T /'1' peak 50 1.06 0·95 0·97 1. 70 0.96 

m (cm2) 
0 

12.2 17·5 8.1 19.8 37·5 
HS/ \!ill 

0 3·92 3.24 3.58 3.95 3·55 

22 0.61 0.56 0.75 0.62 0.60 f;; 

[:., 1.11 1.00 1.01 1.19 1. 28 

TABLE 4. Programmed I'Jave Generator. 

Test run ST III A ST III B ST III C ST III R 224 P 165 p 165 R 

Origin puneh- puneh- puneh- random- puneh- randan-
Input signal tape tape tape noise tape tape noise 

-; (m/see) 3.0 0 .5.2 3.0 3.0 3.0 3.0 

H15 ( em) 8.6 8.4 8.9 8.5 7.3 8.3 8.5 

Hls/H50 1. 62 1. 64 1.59 1. 63 1.62 1.57 1. 54 

H2/H50 2·17 2.18 2.14 2.30 2.16 2.15 2.00 

TIS (sec) 1. 57 1. 56 1. 52 1. 60 1.47 1.76 1. 81 

T15/TSO 1. 27 1. 27 1.32 1. 28 1. 36 1.46 1.39 

T/TSO 1. 52 1. 55 1.56 1. 61 1.80 1. 87 1.78 

'1' /T 1.16 1 1.25 1.17 1.18 1.81 1. 27 peak 50 .L. 

2 m (em) 4·9 4·7 5.6 5.0 3.7 5.1 4·9 
0 

HS/Viil 
0 

3·92 3. 3.88 3.89 3.86 3.80 3·90 

22 0.52 0.52 0.54 0.54 0.54 0.59 0.61 
[:., 1. 04 1. 015 1. 04 1.10 LOS 1. 075 1.09 
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