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A NOTE ON THE DEVELOPMENT OF WIND
WAYVES IN AN EXPERIMENT

Tokuichi Hamada,* Akihiko Shibayama* * and Hajime Kato* * *

Abstract

This is a note paper of experiment in an air-water experimetal waterway.
Two cases of the uniform depth of water 50cm and of the uniform
depth of water 15c¢m are examined. The boundary condition for air flow is not
changed. In a condition of almost the same discharge of air flow on the
water surface the development of wind waves is investigated. The properties of
wind waves are slightly different in each case, but the analysis of physical
mechanism of the development suggests that almost the same mechanism is
active throughout both cases. Stillmore the portion of tangential stress, which
is apparently transfered to wave momentum, is numerically obtained, and it is
not so different_ in both cases of depth of water,

§1. Infroduction

We have already reported the experimental results of development of wind
waves in the case of deep water(T. Hamada et al. (1963)), and the mechanism of
wave development has been discussed using the similar analysis with the papers
of J. W. Miles(1957, 1860). Because the actual distributions of the appeared non-
negative damping factor in this case has not been so simple as predicted by the
linear theory, the accumulation of experimental data in various cases is
desirable to obtain the reliable conclusions. This note, in which two different
cases of depth of water are pursued, is concerned with the above-mentioned
versiomn.

In the case of depth of water 15cm, the low frequency part of wind waves
should be treated as the case of finite depth of water,

The case of depth of water 50cm, of course can be treated as in deep water.
Properties of waves are surnmarized using the same method of adjustment, and
their common features are analysed. The results clarify the fundamental
characteristics of wind waves in the case when the velocity of wind is far

greater than the celerity of generated waves.

* Chief, Hydraulics Laboratory, Hydraulics Division,

* # (Chief Researcher, Hydraulics Division,

# % #* Chief, Storm Surge and Tsunami Laboratory, Hydraulics Division,
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§ 2. Experiments

The waterway used in this experiment is'already explained(T. Hamada etal.

(1963)). The length of its uniform part is 2850cm, ‘and this part is used for the
measurement. Its width is 150cm. The depth of water to the bottom is taken to
50cm and 15c¢m uniformly at each experiment. The height of air flow on water
surface is always 80cm. The revolution number of air blower can be regulated,
and is kept to r. p. m. 400 in the present cases. Therefore the maximum velocity
at the middle of wind tunnel is almost same in each case. All measurements
"of wind and waves were executed at the precisely stationary states. The velocity
_' of air flow was measured at Ba (965cm leeward the section where the air flow
initially touches the surface of water), Ca(1865cm leeward the same section)
and Da (2765cm leeward the same section). The properties of waves were measured
at Bw, Cw and Dw each 10cm leeward of Ba, Ca and Da, respectively.

The velocity of air flow was measured by the method of pitot tube. The
shearing stress of air flow on water surface(r, U# =+ to/0) and the parameter
z, are numerically computed by the logarithmic law of air flow using the
measured wind velocty. Here we assumed that the water surface is completely
rough, because the pertinent separation of viscous shear was not possible at the
present state.

The velocity of the lowest layer of air flow cannot be accurately measured,
because the water surface is covered by the succession of steep waves. Stillmore
the direct application of logarithmic profile law to this lowest layer contains
some doubt. Therefore we applied the logarithmic profile law to a little higher
layer, and », and z in this case may be a little greater than their appropriate values.
Table-1 (for the depth of water 50cm) and Table-2(for the depth of water 15cm)
show the measured results. In both tables Usem is almost same, indicating that
‘the discharge of air flow does not vary in both cases. But = anb z;, have some
peculiar tendencies. They are generally smaller in the case of depth of water
15cm. The corresponding values of 72iyem also show the same tendency.

Concerned to the property of waves, we made the frequency specirum of
surface wave profile by the analogue method of heterodyne detection (W. J.
Pierson Jr. (1954)). X2 -freedom of each obtained spectrum is adjusted to 36. In
the case of depth of water 50cm the average of three specira at the stationary
condition of each section is used. In the case of depth of water 15cm the average
of nine spectra,which are obtdined equally at the middle and its both sides of
each section, is used. By this way the intensity of spectrum considered in the
following analysis is considered sufficiently reliable. The main characteristics
of averaged spectrum are shown in Table-3 (for the depth of water 50cm) anb in
Table-4 (for the depth )
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Table—1 Characteristics of wind
depth of water 50cm, r. p, m. of blower 400
(ea =0,00122~0, 00123)

Station rodyne/eff Uy cm/sec zpem Ujggpcm/sec Ugcu/sec zo/Hyps  Hin 721000

B, 11,13 95,53 0,179 2076 1168 0.0446 4.01 2 11x10-3
C, 12,66 101.3 0,248 2115 1284 0,0397 6,24 2 29x10-
D, L= 35 9.65 89 45 0,104 2046 1250 ‘ 1,91x10-3
75 12,84 103.35 0. 182 2218 1367 0. 0236' 7,70 2,17x1073

115 12,07 100,18 0, 200 2162 1292 2,14 %10

Table—2 Characteristics of wind
depth of water 15c¢m, r.p.m. of blower 400
{£s =0.00117~0.00118)

Station rodyne/cd Uy cm/sec zgcm Ujgpe ci/sec U am/sec  zo/Hys  Hip 25000

B, L= 3 1087 9.0 022 2010 1195 \ 2,28x10-3
75 11.76 100, 2 0,24 2080 1199 0.0432 4,32 2 31x10-3

115 8 82 87.0 0.10 2000 908 1.89x%10-2

C. L=3b 9,13 88,0 0,22 1853 1156 2.25%x10-2
75 8,18 83.3 0.13 1860 1219 0.0251 5.77 2.00x10-3

115 7.76 81,0 0,087 1895 1215 1,82x10-3

D, L= 35 6, 60 75.0 0. 047 1870 1229 1,60x103
75 7.56 80,4 0,074 1907 1296 00072 6,37 1,77x103

115 513 66,3 0,017 1815 1238 1,23%x103

of water 15¢m). The effect of weak drift current, which appears at the case of
water depth 15cm, is neglected. E

The remarkable point is that the increase rate of 72 of both cases is different
and the increase of 7? and of Hy; along the fetch distance is relatively small in
the case of water depth 15cm. fzero up-cross is a little larger in the case of
depth of wath 15cm. As the influence of weak drift current is not explicit, the
meaning of this increase is not conclusive. ¢, which is the parameter for the

band width of spectrum, is not so different in both cases,
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Averaged frequency spectra at Bw, Cw and Dw are shown in Fig-1 (for
the depth of water 50cm) and in Fig-2 (for the depth of water 15cm). The
general tendency is in good agreement at both cases. The slope of high frequency
part is very steep, and the value of n at the expression E(f)~f™" is shown in

Table-3 anb in Table-4. it is far greater than 5,

Table—3 Characteristics of waves
depth of water 50 c¢m, r,p,m. of blower 400
Lyech of spestrom g\ Iy 12t QP f

Station ol Hysem J 5% Fyes Treohos
7 Cﬂi /3¢ up—cross fM specirun fﬂro up-cross up-crass
. 1
Bw 1,00 4,01 2,58 3.12 230 0,562 0,891 S5 16,0 .
1
Cw 2,43 6,24 1,95 2,27 1,8 0512 0,948 557 13,1
Dy 3,71 7.70 1771 2,26 1,55 0, 653 0. 906 TIQT 10,9
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Fig—1 Spectra of Wave Profile
depth of water 50 cm, r, p.m. of blower 400




Table—4 Characteristics of waves
depth of water 15cm, r.p.m. of blower 400

Station 7Z¢ff Hy/acm J oro f Mos Jrearor MHUJ/ZHM RIL zero nat

np-tress speetrim S zero up-cross up-cross Hp-Eross Elf)~f
B 1,17 4,32 272 3,19 245 0,521 0.90 1 1 10,8
i d - A . - N 5 . B 4 86 1 41 .
2,09 5 2,12 2,40 1,95 0 0.9 L ! 10
Cw 200 577 212 240 1,95 0,464 0,92 % T 0
255 6,37 1,84 2,16 1,65 0,525 0,90 L L 7.7
DIP N . . . . f . 704 2 08 .

§3. Analysis

The analysis of experimental data accords with following three aspects of
physical process, They are (i) the determination of non-negative damping factor

numerically computed from wind and wave data, (ii) the determination of the
portion of
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Fig—2 | Spectra of Wave Profile
depth of water 15¢m, r.p.m, of blower 400
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tangential surface stress of wind, which is apparently transfered to the momentum
of waves, anb (iii) the determination of the ratio of the attenuation of high
frequency part of the spectrum in the case where n is sufficiently greater than
5 at the expression E(f)~f—=,

(I) In the present treatment we consider that the development of wind waves
is mainly controlled by the mechanism suggested by H. Jeffreys (1925, 1926) and
J. W. Miles (1957, 1860). The brief explanation of the mathematical treatment
was already reported in the case of deep water (T.Hamada(1963)).1In the case of the

finite depth of water, the following relations are obtained in the two-dimensional

treatment.
T
E ()= S‘z ' J v 2Feseca _ Buk2 Feseca
" x exp.s —k2N Dpc. “sinkkh coshkh+kh Co 14 kh
sinhkh coshkh

Fe
Eh X4 ¢{w, &) Fe=0
sinhkh coshkh

da @

-I-%;’LUI Zeosa k2 (m! p(K) +n'11(K)cothkh)

1+

ko
gtanhkh -+ khgsech? kh

k4

2 ko
E(@)re=o _S z 49(0, @) Feo gtanhkh+khgsechz kh da @
T2
Y L
co ={£t-gitankkh}7, U = UK* (Ke=0.4), 0=2nf @)
In the above relations we used

~_f0

kh )
e == (1 T Sinhkh coshkh
as the velocity of the energy transmission of wave. Strictly
. =60 ( kh _) co Tk
€772 sinhkh coshkh g+T' k2
should be used. But the difference is quite negligible in the present case. The
relation (1) indicates the change of spectrum intensity caused by both the

viscous effect and the amplification mechanism from wind. The first term

in exponent means the viscous attenuation by bottom friction. The second term
means the viscous attenuation by intermal friction, and this effect concentrates
near water surface. The third term indicates the amplification mechanism,
The expression is given in the same way of J. W.Miles(1957). m/j; (K) is the
non-negative damping factor by the normal stress of air flow, and therefore it
has the same meaning with ¢ of J.W . Miles. #';; (K) coth kh is-due to the
oscillatory tangential stress of air flow, and is considered to be far smalier
than m’;;(K) in general.
(In this paper we simply put m’13( K) 20’1 (K) cothkh==m'1; (k) 4+n'1 (k) cothkh.)
The above relations are strictly deduced from the linear theory of wave
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Fig—3 Values of {m'yz+#n'1} Fetch between By and Cy,

r.p.m, of blower 400, depth of water 50 cm

development, but actually the experimental data contain more complicated factors.
Especially, in the high frequency part of the spectrum, the relation (1) is not
pertinent to explain the change of the spectrum intensity. In this experiment
m’;3(k) +#n'11(R)coth kR Dbecomes negative in the above-mentioned region, and
this means that the non-negative damping factor from wind is replaced by the
more influential attenuation factor, which does not appear in the linear relation
(1). Accordingly we should consider that negative m’ 1,5’y coth khin this case
is a converted value from the actual mechanism of the attenuation,

In the relations (1) and (2) we should assume the directional spreading of
waves, The used assumption is that in the case of depth of water 50cm the
directional spreading can be neglected, and that in the case of depth of water
15cm the directional spectrum has the same intensity in |« |<50° and otherwise
zero. But a trea{ment of no directional spreading is also used for the comparison
in the case of depth of water 15cm. '

The results of numerical computations are shown in Fig-3, -4(for the depth of
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Fig—4 Values of {m';2+#n'y1} Fetch between Cy and Dy,
r.p.m, of blower 400, depth of water 50 cm

water 50cm) and in Fig-5,-6 (for the depth of water 15c¢m). In these figures the
distribution of m';2(R) +n'1 (k) coth kk around the peak of the spectrum is in
good agreement for the case of the same distance from the air inlet in spite of
the change of the depth of water, At the low jrequency part obtained values of
m’1o(R) +n'y (k)coth kh are the same order as the computed values of J, W.
Miles (1960), but the distribution is quite different. In every case the value of m’y;
(B)+n'y((k)coth khk gradually decreases in that region from the lowest frequency to
the peak of spectrum, and at the high frequency part it always becomes negative,
At the highest freguency it approaches to zero. By this way we have obtained
the similar value and the similar distribution of #’),(®) +n'y (B)coth Eh through
both cases of depth of water. This shows that almost the same mechanism of
wave development is active in both cases. The analysis of distribution of m'|,
(BY+n'11(k) coth Rk seems to be one of the future problem,

(ii) The contribution rsw means originally the portion of 75, which is

— 923 —
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Fig—5 Values of {m';2+#'y; coth kii}
Fetch between By and Cw,
r,p.m, of blower 400, depth of water 15cm

transfered to wave momentum through the interaction of water surface. Tow
may be computed by

T
o T
tow=pa Ul So (" maycos? a b2 Sk, @)k db da @
: Fin
-7
x
__ o 2
7 S_S@ ak={ (" st ok dr da ()
2 0 -

2

Because #'y;(k)coth kh seems far smaller than m’;;(k), we use m’ 12(R) +0' 11 (B)
coth kh given by (1) for m/;3(#) in (4). There is still a fundamental problem that
at the high frequency part the appeared non-negative damping factor is negative,
and does not indicate the true meaning of physical process, Accordingly the
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Fig—6 Values of {m'1>+n'y; coth bk}
Fetch between Cw and Dy,
r,p,m. of blower 400, depth of water 15cm

true value of row in the present experiment can not be measured -in anyway,
But, if we apply the relation (4) to the low frequency part from the peak of
the spectrum (where m/13(k) 40/ (B)coth kh is positive and its value seems
appropriate),the computed result will show the increase of the actual momentum
of progressive waves in the concerned part of the spectrum, and it will be
approxima;ely attributed to the action of normal stress from wind,

Tow fOr the low frequency part of the spectrum is thus obtained, Table-5
shows the result. The ratio tow/re anb 7ow/0.87, are given in it. It may be
probable that the true value of row/7o situates between these two values,
Generally speaking it lies between (0,15 and 0,20, anb is a little smaller in the
case of depth of water 15cm.

The above-mentioned method of deduction is very different from the paper
of R.W, Stewart (1961), which is concerned with the wind wave in actual ocean.
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Nevertheless the result seems comparable, As the method is not found to
estimate the true m/;(#) at the high frequency part, the true value of row/ra
cannot be accurately pursued at the present situation. (At the high frequency
part of the spectrum very small m’'1,(R) (>>0) seems effective to increase row.)
{I1) The rapid attenuation of the high frequency pari of spectrum, which
occurs with the increase of the travelling distance of wave, is perceived in Fig-
1 anb Fig-2. On the other hand T, Hamada(1964)has already shown that the rapid
attenuation of the same part of the spectrum of wind-generated waves may be
possible even at the calm air condition, if n is gresater than 5 at the expression
E(f)~f-», The discussion in the above-mentioned paper has been in a
condition that the breaking of waves did not appear and the generation of
surface capillary waves was very weak, In the present case waves are directly
influenced by air flow, and the breaking of wave surface and the generation of
surface capillary waves are explicitly noticed. By this way the physical
condition of water surface is very different in these two cases. DBut the value
of n at E(f)~f-" in each case situates between 7 and 10, and it is
sufficiently greater than 5. To clear up the condition of the attenuation, the
rate of attenuation of the spectrum intensity at the depth of water 15cm
is examined in connection with the travelling distance of wave energy. We
use the spectra of Fig-2 of this paper and Fig-4, -5 of the previous paper
(T.Iamada(1964)).
. The following coefficient is used. Its application is of course confined within
the high frequency part which attenuates with the progress of waves,

E(f)u—E( e ~
ECf e ©®

x means the direct distance of two stations for measurement, and the effect of
the angular spreading is neglected, Putting E(f)w as E(f)at x=0, E(/ D
means the actually attenuated spectrum at x=x. E(f)g is for the assumed

specirum attenuated by molecular viscosity only. Accordingly,

—dy (WX—dy X

E(fHu=E(fHwe N
— (V)x

E(fH = E(f)pe

anb so,

E(u—E(Sw . _
E(Par @ ©

Therefore this coefficient means the attenuation rate caused by physical
effect except the molecular viscosity. The numerical results are showh in Fig-7.
In this figure the maximum of the absolute value of the coefficient (6) has
similar values in both cases of direct wind effect and of no wind effect. The

value is 7% 104 ~10x 104 in cm™ . The form of distribution of the coefficient
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(6) in concern with the frequency f is also similar in both cases, As the effect
of angular spreading of waves is not so large, this result can be reliable in
connection with the travelling distence of wave energy.

The result suggests us to consider that this attenuation of the high frequency
part of the spectrum is primarily correlated with the slope of the spectrum at
the concerned part, The instability of wave surface and the generation of capillary
waves are not the main controlling factors on this part of the spectrum. Stillmore
the strong influence of the non-negative damping factor seems doubtful in this
part of the spectrum, though it is a main controlling factor on thé low frequency
part, (The tertiary and higher order interactiéns fo'r the energy transport in
different two-dimensional frequency components of waves do not seem to
have strict experimental verification in the present stage, and so it contains
some uncertainty in its amounts,)

TabIE'—-S ‘:.'gw/l'o

depth 6f water situation 1o dyne/cgd row dyne/cif ow/Ta Tow/0, Brg
50 cm B«—C 11,9 1.85 0.156 0,195
50 cm Ce——D 12,1 1,93 0159 0.199
15 cm BeC 9,42 1,31 0,139 0,174
15 cm Ce——D 7.39 1.09 0,148 0,185

§4. Conclusions

(D In this experiment the distribution of non-negative damping factor m'y,
(k) +#n’;1(RB)coth kh shows very similar tendencies and values in both cases of
depth of water 50cm and 15cm, and at the low frequency part its values are
comparable to those obtained by J. W, Miles _(1960) 'theoretically, This result
means that almost the same mechanism of wave development is active in both
cases of deep water and of relatively shallow water, But the distribution of
m’12(k) +n’ (k) coth kk indicates that in every case the values are controlled
by the form of the spectrum, Because this is not explained by the instability
theory of J, W, Miles (1960), some comprehensive theory seems necessary to
clarify this phenomenon,

(I) The appeared non-negative damping factor is always negative in the
high flequency part of wave spectra, and the energy of this part of spectra
attenuates, In this experiment n is about 10 at the expression of spectrum E(f)
~f-n and the rapid attenuation is expective at this part of spectrum, At the
same time the actual (positive) non-negative damping factor given by wind
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seems very small in the high frequeney region of the spectrum.

() The portion of the shearing stress zow which gives actually. the wave.
momentum at the low frequency part of wave spectra, amounts to about 20% -
of the total shearing stress ro, which is determined by the velocity. profile. of
air flow. The contribution from the high frequency part of the spectrum cannot
be determined in the present experiment. The above-mentioned ratio-becomesa.: :
little smaller at the case of the depth of water 15cm,: and it is comparable to
the ‘value estimated by R, W, Stewart (1961),. who used -the observed. data.in
actual ocean,

(IV) In the cas of depth of water 15¢m the rate of attenuation of the high - .
frequency part of ‘the spectrum in connection with the travelling distance of
wave energy has almost similar tendencies in both cases of wind-generated-
waves at the calm condition and wind waves at the direct wind action. - (In
these cases n is 7.7~11.1 at E(f)~f -*.) The maximum value of this rate in
each case concentrates to 7x10-4~10x10-4 in c¢cm-1, This means that the same
mechanism of attenuntion (T.Hamada (1964)) is active in both cases and it
seems that the supply of energy from wind to this part of the wave spectrum,
the breaking of wave surface and the generation of surface capillary waves
are relatively weak factors for the control of high frequency part of thé
spectrum, ' '

The authors are grateful to members of our laboratory for their helps
in experiment and in numerical.computations, .
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