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PRESSURE MEASUREMENTS ABOVE MECHANICALLY 
GENERATED WATER WAVES (I) 

By Shinjiro MIZUNO* 

Simultaneous measurements of surface pressure and water surface eleva­
tion were made under an adverse wind speed of 7. 5 m/sec for waves with 
periods of 0. 8, 1. 0, 1. 2, and 1. 6 sec in a wind-wave tunnel, using a servo-me­
chanical wave following device on which a disk-shaped pressure probe is 
mounted. Pressure measurements show that wave-induced pressure is much 
influenced by the disturbances generated at the air outlet which fluctuate 
with wave period independently of the location. In order to avoid the dis­
turbances due to the air outlet, it is necessary to make simultaneous meas­
urements of pressure and waves over one wave length in the direction of 
wave propagation, and then it is possible to obtain the net energy flux 
between the air flow and waves. The experimental results show that the 
attenuation rates in an adverse wind are of the same order of magnitude 
as the growth rates obtained by Shemdin in a favorable wind. 

1. Introduction 

Pressure measurements above mechanically generated waves are conducted 
under an adverse wind using a wave following device. Shemdinu made detail­
ed measurements of surface pressure and air velocity above mechanically ge­
nerated waves under a favorable wind in a wind-water tunnel, and found the 
growth rates to be of the same order of magnitude as the theoretical predictions 
of the Miles 2

J invicid theory. As pointed out by Phillips3), however, when the 
wind and the waves are in opposition, there is no critical layer where the 
wind and waves speeds are equal, so that Miles's mechanism for wave genera­
tion cannot operate in reverse. It is thus interesting to examine whether or 
not the wave attenuation in an adverse wind is comparable to the wave growth 
in a favorable wind. 

Field studies of surface pressure on wind-generated waves were made by 
Dobson4

), Elliott5
), and Snyder6

). As summarized by Snyder, three independent 
field experiments yield different growth rates, i.e. the growth rates observed by 
Snyder, which are comparable with the predictions of the Miles 2J invicid theory, 
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are about one-tenth as large as those observed by Dobson and one-half as large 
as those obtained by Elliott. 

The purpose of the present study is to obtain the energy flux extracted from 
waves by normal pressure under an adverse wind, and to compare it with the 
rates of wave attenuation obtained directly from wave height distribution, by 
means of simultaneous measurements of surface pressure and surface elevation. 

2. Experimental apparatus and procedures 

Experiments were made in a wind wave tunnel 80 cm high, 60 cm wide and 
with an effective length of the test section, 850 cm. The depth of air and water 
was 46 cm and 34 cm respectively. The detailes of the facility were described 
in a previous paper7 >. Monochromatic waves were generated mechanically, and 
at the same time a steady adverse wind blew over the water surface. The air 
leaving the working section of the tunnel was discharged into atmosphere 
through the outlet just upwind of the wave generator, as shown in Fig. 1. 

Simultaneous measurements of waves and pressure were made using a com­
mercially manufactured servo-type wave following device (Keisoku Giken K. K.). 
A pressure probe, which consisted of a circular disk of 8 mm diameter with a 
pressure hole of 1 mm at the center, was mounted on the wave following device 
by spacing at in the spanwise direction 2 cm apart from the sensing element 
of the device to measure the pressure fluctuations at a fixed height 1.5 cm above 
the moving water surface. A difference between the pressure above the water 
surface and the pressure at still atmosphere outside the tunnel was sensed by a 
commercially manufactured differential pressure transducer with 0.01 kg/cm2 

full scale (Toyo Sokki K. K.). 
The length of vinyl tubing connecting the disk-shaped probe to the transducer 

was changed to make a correction for the pressure phase shift introduced by 
acoustic delay. The effect of the length of vinyl tubing on the pressure phase 
shift is considerably remarkable as shown in Fig. 2, so that the tube length 
must be as short as possible. We used vinyl tubing of 1.0 m in length and 
made the correction for the phase shift, i.e. 0.5, 1.0, 1.5, and 2.0 degrees for 
the waves of periods 1.6, 1.2, 1.0 and 0.8 sec, respectively, in the calculation of 
wave attenuation. 

The motion of the wave following device produced the pressure disturbances 
by tube deformation, which were negligibly small in comparison with wave­
induced pressure components for an air speed higher than 2.5 m/sec. For air 
speed higher than 10.0 m/sec, however, the pressure measurements became 
impossible because the wave following device could not follow the instantaneous 
water surface on account of the rapid growth of wind waves. Therefore most 
of the present experiments were made only for a reference air speed of 7.5 m/ 
sec. 

After passing through low pass filters with cutoff frequency le = 11.2 Hz, 
wave and pressure signals were digitized with 2 channels A-D converter, and 
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Fig. 1 A schematic diagram of the working section of the wind-wave tunnel, 
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Fig. 2 The acoustic phase lag due to the length of vinyl tubing at 
Ur= 7. 5 m/sec. 

the calculation of cross-spectral analysis was done immediately using a YHP-
2100-A mini-computer, and the power spectra, cross-spectra, coherence, phase 
and so on were typed out only for the fundamental harmonic of the mechanically 
generated waves. The flow chart of the experimental procedure is shown in 
Fig. 3. 

3. Experimental results and discussions 

3. 1 Simultaneous wave and pressure data 

When the fundamental harmonic of mechanically generated waves is given by 

(1) 

the wave-induced pressure at the surface is defined as follows: 

P = (a+ib) Paf0 (2) 

where a and b are the normalized in-phase and out-of-phase pressure compo­
nents, Pa is air density, and g is the acceleration of gravity. The above defi­
nition is the same as used by Shemdin2

l. The energy flux, F, from wind to 
waves is directly related to b 

(3) 

where the over bar indicates time average over many cycles of waves, and 
since the phase, 0( = tan- 1b/a), is a key parameter in energy transfer, we first 
examine how the phase changes with the periods of mechanically generated 
waves under an adverse wind. Fig. 4 shows a typical result of the phase 
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Fig. 4 Phase variation against wave frequencies at a fixed station, 
X= 656 cm. 

variation which was measured at station X =656 cm from the wave generator 
as a function of frequencies for several reference air speeds. A striking feature 
of the phase variation is that the phase is never a slowly changing function of 
wave frequencies contrary to our expectations, but that it changes rapidly with 
wave frequencies and takes both positive and negative signs. This means that 
the direction of energy and momentum transfer from wind to waves alters 
with wave frequencies. This is contradictory to our previous results that me­
chanically generated waves attenuated slowly in the direction of wave propa­
gation under an adverse wind7

). Therefore it is unreasonable to consider that 
the phase variation such as shown in Fig. 4 has a direct connection with wave 
growth ( or damping). 

While trying several experiments to examine its causes, we immediately found 
the primary cause of the phase variation, that is, an alteration of the air outlet 
position brought about a marked change of the phase shift. In order to examine 
how the outlet position are related to the wave-induced pressure on the water 
surface, detailed distributions of wave height and pressure were measured in 
the direction of wave propagation for two different outlet positions: one is the 
usual boundary condition, which was set by removing one of the roof plates 
of the test section (see Fig. 1), and the other was set by removing furthermore 
another roof plate (roof plate 1 in Fig. 1). For the wind speed of 7.5 m/sec 
and wave period of 1.2 sec, the streamwise distributions of wave amplitude H, 
normalized pressure intensity P1/ PoVlo, and phase shift {} were obtained as a fun­
ction of a distance from the wave generator, X(Fig. 5-(1)), and as a function 
of a distance from the downwind end of the working section, X-X* (Fig. 5-
(2)) for the above two outlet boundary conditions, respectively. 

Comparison of both figures indicates the following: 
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Streamwise distributions of (a) wave height, (b) normalized pressure intensity 

2 4 6 8 

at the water surface, and (c) the phase angles between waves and pressure; 
Ur= 7. 5 m/sec, T=l. 2 sec, where open circles indicate the experimental data for 
the usual outlet condition, and solid circles those for another outlet condition. 
X indicates a distance measured from the wave generator. 

(1) An alteration of the outlet positions produced very little effect on the 
distribution of wave height, but had a marked effect on the distribution of pre­
ssure intensity and phase. 

(2) The wave height varies periodically every half wave length, while the 
envelope of wave height attenuates gradually in the positive x direction. It is 
clear that the periodicity of wave amplitude is due to a small amount of a 
reflection of the mechanically generated waves taking place at the sloping beach. 

(3) Both the normalized pressure intensity and phase vary periodically every 
wave length. Their periodicity can not be explained by the partial reflection of 
the waves, as will be discussed in detail later. 

(4) When they are plotted against the distance from the downwind end of 
the working section, two sets of streamwise distributions of pressure intensity 
and phase overlap each other for two different outlet conditions (Fig. 5-(2)). 

We assume from the above results that the surface pressure consists of two 
components : 

(4) 
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Fig, 5-(2) The experimental data are the same as those of Fig. 5-(1) except that (X-X*) 
indicates a distance measured from the downwind end of the working section. 

where (} is the phase shift between the surface pressure and surface elevation, 
the first term of the right hand side indicates the wave-induced pressure com­
ponent at station x, where x is measured from the downwind end of the 
working section, and the second term the pressure disturbances which might 
generate at the outlet, x = 0. If Eq. (2) is transformed into the following 
expression 

P/PaPlo = C cos (wt-kx-0) (5) 

then we obtain 

(6) 

and 

t (j 
-Ci sin kx+C2 sin y.r an =-~--~-~------'--
Ci cos kx+C2 cos y.r (7) 

We may roughly estimate the values of the parameter Ci, C2, and y.r in Eq. (4) 
from the experimental data (Fig. 5-(2)). The maximum and minimum of C 
are obtained from Eq. (6) by Cmax = C 1 +C2 and Cmin = C1-C2, where C1>C2 
>O because the first term of Eq. (4) is considered to be greater than the se-



PRESSURE MEASUREMENTS ABOVE WATER WAVES 

cond. Since Cmax = 38 and Cmin = 18 from the experimental data, we obtain 
C1 = 28 and C2 = 10. Furthermore, we obtain "fr = -177° from the mean phase 
of the experimental data. On substituting these values into Eqs. (6) and (7) 
we can determine the spacial variations of the pressure amplitude C and its 
phase (), which are drawn in Fig. 5-(2) by two broken curves. It is seen that 
both of them agree quite well with the experimental data. Thus we confirm 
that Eq. (4) is a satisfactory expression for the present pressure data. We also 
note that for the wave number k, we have taken a somewhat smaller value 
than the wave number k 0 , based on the linear wave theory, to match so well 
with the experimental data. This is because mechanically generated waves are 
slightly compressed when propagating against the adverse wind. The compre­
ssion rate of wave length is approximately 0.03 and agrees well with that ob­
tained by a different method of measurement7

). 

We now consider why the second term of Eq. (4) should appear in the present 
experiments. The air leaving the worki'ng section of the tunnel is discharged 
through the removed roof plate (or plates) into atmosphere without recovering 
its kinetic energy in the form of pressure energy. The pressure loss at the 
outlet will depend not only on the air speed but also on the cross-sectional area 
of the tunnel, which contracts or enlarges with the water surface by the prese­
nce of waves. Therefore a possibility is suggested that just at the outlet will 
the pressure disturbances generate in the form of sound waves whose frequency 
is the same as that of the mechanically generated waves, and that they will 
propagate along the tunnel with sound speed. The pressure of infinitesimal 
sound waves propagating in the positive x direction, of course, is given by 

(8) 

where ks is the wave-number of sound waves. 
As compared with the second term in Eq. (4), Ps includes an additional 

term, ksx, in the argument. It may, however, be neglected in the present 
experimental conditions because x, a distance from the sound source, is much 
less than the wave length of sound waves whose frequency is equal to that of 
mechanically generated waves. Thus the second term in Eq. (4) may be consi­
dered to represent a contribution from the sound source at the air outlet. Yet, 
there is also a possibility of the contribution from the vertical motion of the 
wave following device, because it is proportional to cos wt. Its contribution, 
however, is negligibly small since the second term in Eq. (4) is about ten times 
as large as the static pressure term due to the vertical motion of the device 
for the experimental data of Fig. 5. 

On substituting Eq. (4) into Eq. (3), we now obtain 

(9) 

If Eq. (9) is averaged over a wave length in the x direction, the second term 
disappears and does not contribute to the net energy flux, i.e. to the energy 
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flux directly related to wave growth. Therefore we conclude that in order to 
obtain the net energy flux, it is necessary to make simultaneous measurements 
of pressure and waves over more than one wave length in the x direction, and 
to integrate the product of the out-of-phase components of pressure and the 
surface elevation over the integral multiple of wave length. 

Finally pressure measurements of the present experiments show that since 
the surface pressure fluctuations above waves are very sensitive to external 
disturbances propagating from some sources, it is particularly desirable carefully 
to examine the effects of external disturbances on the wave-induced pressure 
fluctuations. The same would be also true for atmospheric pressure fluctuations. 
For example, Snyder6

) suggests from the analysis of directional wave spectra 
that atmospheric fluctuations above wind waves are often dominated by the up­
wind travelling pressure fluctuations, which are primarily due to reflection from 
a laboratory vessel or shore. 

3. 2 The rates of wave attenuation 

Simultaneous measurements of surface pressure and wave height such as 
shown in Fig. 5 were also made for wave periods of 0.8, 1.0, and 1.6 sec at 
the adverse wind speed of 7.5 m/sec. The detailes of the experimental results 
are summarized in the appendix, together with those of T = 1.2 sec. The rates 
of wave attenuation were calculated using those experimental results obtained 
by two different methods; one is from the energy flux into waves by normal 
pressure, and the other is from wave height distribution in the x-direction. 
The growth rates f P due to the energy flux method are defined by 

fp = F/0E = ___/!_.£._<b> 
Pw 

(10) 

where, E is the wave energy per unit area, Pw water density, and < > indi­
cates averaging over one wave length in the x-direction. On the other hand, 
for a stationary wind and wave system the spatial growth rates e are obtained 
from wave height distribution as follows: 

(11) 

where L0 indicates the wave length based on the linear wave theory. In a 
wave tank, however, waves also damp due to viscous friction at the side wall 
and bottom and by wave motions. Since the wave damping due to friction is 
given by the growth rate ea obtained when there is no wind blowing over the 
waves, the net growth rate ew becomes (e-c: 0). Then, the growth rates with 
respect to time, fw, are related to ew by 

1 dE cg oE 1 cg 
~w= 0E <ft= 0E ax=n Coc:w, (12) 

where Cg is the group velocity of waves. 
The measured data such as the mean wave heights, the net normalized pressure 
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Table 1 The experimental results of normalized pressure averaged over x, and the 
growth rates obtained from the energy flux due to surface pressure and 
from wave height distribution. 

CASE! T I H I I I I (} 1-f pXI No. (sec) (cm) H/ Lo 
1

-<a> --<b> (degree) 103 

1 0. 8 2.2 0. 023 34. 5 4.0 -172 4. 7 0. 08,....,_.,0, 11 0. 004
1

14,....,_.,19 24,....,_.,33 

2 1.0 6. 7 0. 047 26.0 3. 3 -171 3. 0 0. 063 0. 005 11 28 

3 1. 2 5. 1 0. 028 26. 8 0. 9 -177 1.0 0. 025 0. 10 3. 5 28 

4 1. 2 5. 1 0. 028 28.0 0. 9 -177 1.0 0. 026 0. 10 3. 7 27 

5 1. 6 6. 3 0. 025 20. 5 2. 1 -174 2. 5 0. 093 0. 12 25 10 

components, and the growth rates fp and fw, were calculated, and summarized 
in Table 1, where the growth rates fw were calculated graphically from the 
gradient of the envelope of wave heights by plotting the experimental values 
shown in the appendix on log-linear graph paper. The wave height distribution 
for the waves of T = 0.8 sec does not decrease monotonously, so that the fw 

was calculated by using only the experimental values within the range of wave 
height distribution which shows a monotonous decrease. 

The rerults shown in Table 1 indicates the following: 
(1) The in-phase pressure components <a> are an order of magnitude 

larger than the out-of-phase one <h>, indicating that the phase angles (} are 
near 180°. 

(2) <h> are negative for all the waves measured, indicating wae attention. 
(3) The attenuation rates f P are about 30 % of fw, those obtained from 

wave height distribution, except the waves of T = 1.6 sec. We note that the 
coherence between pressure and waves was very high, i.e. nearly 1, for the 
fundamental harmonic. 

The out-of-phase pressure components <h> of the present data are compared 
in Fig. 6 with those obtained by Shemdin1

> as a function of C0/U* where U* 
is friction velocity and approximately 40 cm/sec for the present data7), and 
absolute values of <h> are plotted. Although Shemdin made the pressure measu­
rements in the frequency range of 0.4 Hz to 0.78 Hz in a favorable wind for 
simple waves and non-simple waves which were consisted of two simple waves, 
only the simple waves of frequencies of 0.6 and 0.78 Hz were selected for the 
comparison because the measurement conditions are almost the same as the 
present ones. It is evident that both data agree well with each other, in parti­
cular, for the waves of the same frequencies. Accordingly, although the expe­
rimental data are very few, we can draw an interesting conclusion that the 
attenuation rates under an adverse wind are of the same order of magnitude 
as the growth rates under a favorable wind. 

Phillips3
> proposed an attenuation mechanism, which arises from the undula­

tory flow of the turbulence over the water surface. This mechanism does not 
seem to operate in the present case because the experimental values are one 
order of magnitude larger than predicted by the Phillips's theory, and C0/U* is 
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Fig. 6 Comparison between the out-of-phase pressure components in a favorable wind 
· and those in an adverse wind, for which absolute values of (b) are plotted. 

beyond the limits required by the theory. 

4. Conclusions 

(1) The wave-induced pressure fluctuations above mechanically generated 
waves seem to be caused also by the contraction and enlargement of the cross 
sectional area at the downwind end of the working section produced when 
mechanically generated waves pass through the air outlet. 

(2) On account of the presence of the pressure disturbances the energy flux 
from waves toward wind at one station obtained from simultaneous measure­
ments of surface pressure and surface displacement of water could not be 
directly related to the wave attenuation. 

(3) The energy flux directly related to the wave attenuation is given by the 
one averaged over one wave length in the direction of wave propagation. 

(4) The attenuation rates obtained from pressure measurements are roughly 
30 96 of those obtained from wave height distributions. 

(5) The attenuation rates estimatedfrom pressure measurements in an adverse 
wind condition seem to be of the same order of magnitude as the wave growth 
rates obtained by Shemdin in a favorable wind condition. 
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Appendix 

Note The experimental values of H, P2, a, b, phase, and P1 are given as a function 
of the distance from the wave generator, X, where PLATE indicates the number of the 

roof plate in Fig. 1, and P1 and P2 were obtained from P1 =l1JPI/Pag-;j2 and P2 =✓pi 
/ Pag✓=:(z, respectively. a, b, and phase are not corrected for the acoustic delay due 
to the length of vinyl tubing. They must be corrected for the vinyl tubing of 1 m 
length using Fig. 2, when the energy flux is calculated. 
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CASE NO. 1 T= 0.85EC U= 7.5M/SEC 

PLATE ORDER X H P2 A B PH.A.SE Pl 
(CM) (CM) (DE:GREE) 

3 1 435.0 2130 33.33 -32.90 -4.97 -171 .4 .33•27 
.3 2 445.0 2,24 32,28 -.31.69 -5181 -169,6 32.22 
3 .3 455•0 2,19 34176 -33184 -7 145 -167,6 34,65 
.3 4 465•0 2.24 34154 -3.3.88 -6 .27 -169.5 34•46 
3 5 475,0 2,20 36,10 -35.16 -7.92 -16713 36,04 
3 6 485.o 2.19 .37.07 -36.42 -6.73 -169.5 37 • ().3 
3 7 495,0 2.14 36.60 -36.l.7 -5.21 -171,8 36•54 
.3 8 50510 2.13 36-42 -36.0l -4 • .3.3 -173.2 36127 
.3 9 515,0 2•09 .36,32 -35.98 -4.58 -112.8 36127 
3 10 525•0 2112 33.31 -32.81 -5.36 -110.1 33125 
4 1 559,5 2117 36.41 -35.82 -5.9.3 -170, 6 36.31 
4 2 569,5 2120 36.23 -35180 -5.07 -171,9 36,15 
4 3 57915 2.20 .36.34 -36105 -3.74 -174,1 36.24 
4 4 589.5 2,15 35139 -35~22 -3.02 -175.1 35.35 
4 5 599.5 2.15 35.82 -35,63 -1.91 -176.9 35.68 
4 6 609,5 2,09 32156 -32127 -3.94 -173.0 .32.51 
4 7 619 15 2120 31149 -.31.15 -4,18 -172.4 31.43 
4 8 629.5 2.09 .31.29 -.30163 -5.94 -169i0 31.20 
4 9 6.39,5 2108 32, 61 -31.63 -7153 -16616 32.51 
4 10 64915 2107 36,38 -.35160 -7.26 -16815 36133 

CASE NO• 2 r= l•OSEC u= 7.5M/SEC 

PLATE ORDER X H P2 A B PHASE Pl 
(CM) (CM) (DEGREE) 

3 1 4.35.0 7 136 21.52 -21.43 -1164 -175.6 21.,49 
3 2 445,0 7.04 21159 -21.14 -4.21 -168 • 7 21. 56 
3 3 455.o 7.04 23,4.3 -22168 -5182 -165.6 23.42 
3 4 465,0 6193 26.38 -25.16 -7,89 -162.6 26.,36 
3 5 475,0 6.84 27, 77 -26.42 -8.44 -162.3 27.74 
3 6 485,0 7109 29.91 -29,08 -6,95 -166.6 29,90 
3 7 495,0 1.01 31.oo -30,22 -6.78 -167,4 30197 
3 8 50510 7102 31.34 -30.91 -5.02 -110.s 31.32 
3 9 515,0 1.06 32.25 -.32, 20 -1.52 -177.3 32,23 
3 10 525.o 6,78 30194 -30,93 -0,51 -17911 30193 
4 1 559,5 6. 6.3 22,46 -22.Li.2 -0,40 -179,0 22,42 
4 2 569.5 6,84 21.89 -21.71 -2.56 -17310 21.86 
4 3 57915 6.77 21. 51 -20. 92 -4.85 -167,0 21. 48 
4 4 589.5 6166 22,90 -21.93 -6146 -16.3.6 22-86 
4 5 599,5 616l 25,85 -?4,46 -8,28 -161,3 25,82 
4 6 60915 6.47 27 ,.32 -26,04 -8.22 -162,5 27,31 
4 7 619,5 6.59 28194 -28.00 -7.27 -16515 28.93 
4 8 629,5 6, 72 31.06 -30.55 -5.47 -16919 31.04 
4 9 63915 6164 30, 77 -30.51 -3,81 -172,9 .30,75 
4 10 649.5 6,73 31,06 -30199 -1.46 -17713 .31.03 
5 1 67815 6147 27,52 -27141 2,36 175,1 27.51 
5 2 68815 6.51 25,31 -25.26 1.40 176.8 25°29 
5 3 698.5 6151 23111 -2.3107 0.84 177,9 23,08 
5 4 708,5 6,57 21187 -21.85 -0,61 -178,4 21,86 
5 5 718 15 6,47 21,54 -21.28 -3.25 -171,3 21, 5.3 
5 6 72815 6,33 22,22 -21.54 -5.36 -166.0 22.20 
5 7 7.38 1 5 6,25 23,21 -22135 -6,21 -164.5 23.20 
5 8 748.5 6128 26.04 -24,86 -7,74 -162.7 26,03 
5 9 758,5 6.33 27,97 -26192 -7,56 -164,3 27 ,96 
5 10 76815 6.37 28,0l -27.24 -6.45 -166.7 27,99 



PRESSURE MEASUREMENTS ABOVE WATER WAVES 127 

CASE NO. 3 T= 1,2SEC u= 7,5M/SEC 

PLATE ORDER X H P2 A B PHASE Pl 
(CM) (CM) (DEGREE) 

1 1 194,0 5,16 22,10 -21.20 -.5.80 -164.7 21,98 
1 2 204,0 5,26 24-22 -22.96 -7,49 -161,9 24,15 
1 3 214,0 5,47 27,04 -25.70 -8,05 -162.6 26,94 
1 4 224•0 5,47 29-27 -27,90 -8,56 -163,0 29,19 
1 5 234,0 5,57 30,16 -29,05 -7.57 -165,4 30,02 
1 6 244,0 5,49 32,68 -31.65 - 7, 89 -166.0 32,62 
1 7 254,0 5,40 3 1+ • 09 -33.59 -5,24 -171. 1 34,00 
1 8 264,0 5,09 35. 96 -35,86 -1.58 -1 77, 5 35,89 
1 9 274. 0 5,10 35,36 -35.'30 0,28 179,6 35.30 
1 1() 284,0 5.06 33,15 -32,82 4,24 172,6 33,09 
2 1 313,0 5,44 27. 28 -26,56 5,76 167,8 27,18 
2 2 323,0 5.22 24. '+5 -2£+.10 3,79 171, 1 2'~•4U 
2 3 333,0 4,98 22,86 -22,62 2.87 172, 8 22. 80 
2 4 343.0 4,81 22, 10 -21.87 2.36 173,9 21,99 
2 5 353,0 4.94 21.22 -20,93 1,70 175,3 21. 00 
2 6 363,0 5.05 20d8 -20 . .17 -1..50 -175,7 20,23 
2 7 373,0 5.24 20,42 -19, 96 -3,70 -169.5 20,30 
2 8 383•0 5.32 21.37 -20,62 -5,41 -165•3 21,32 
2 9 393.o 5.33 23,72 -22.70 -6.69 -163,6 23,66 
2 10 403.0 5,21 25,67 -24, ?l -8,19 -161,3 25,56 
3 l 435.0 5,29 31. 03 -30,57 -5 .11 -170,5 30,99 
3 2 445.o 5,03 32,76 -32,61 -2, 1+1 -175. 7 32,70 
3 3 455,0 4,86 33, 30 -33,2Li 0,17 179,7 33.24 
3 4 465,0 4, 82 32•18 -31.95 ?,87 174,9 32,08 
.3 5 475,0 4,88 30,15 -29, 77 L~, 44 171.5 30,10 
3 6 485,0 5,06 26,51 -25,92 5,37 168.J 26,47 
.3 7 495,0 5,19 26, 71 -26,04 5,48 168,1 26-61 
.3 8 505,0 5.29 23, 27 -22,81 4,44 169,8 2.3,18 
3 9 515, 0 5,22 21,51 -21.37 1.55 175,9 21.43 
.3 10 525,0 5,09 20,24 -20, 17 -0.40 -178,9 20,18 
4 1 559,5 5,20 24.95 -24,01 -6.62 -164,6 24,91 
4 2 569•5 5.17 28•00 -26,78 -7,95 -163 1 5 27•94 
4 3 579,5 5,22 .30, 7 3 -29.78 -7.12 -166,6 .30,62 
4 4 589,5 5,39 30,04 -29.45 -5.52 -169.4 29,97 
4 5 599,5 5,35 .30. 2 5 -29,90 -4,30 -171.8 30,20 
4 6 609,5 5,42 31,45 -31.30 -2,82 -174,9 31 • 43 
4 7 619,5 5,21 .31, 55 -31.42 -2,27 -175,9 31, 50 
4 8 629,5 4,95 3.l,49 -Jl.41 -0,35 -179,4 31,41 
4 9 639,5 4,79 31,65 -31.54 2,19 176. 0 31.61 
4 10 649,5 4. 84 30.62 -.30,35 3,67 173,1 30.57 
5 1 678,5 5.31 25,37 -24,98 4,06 170,8 2.5-31 
5 2 688,5 5,28 22,70 -22,38 3,37 171,4 22,64 
5 3 698,5 5 .17 22,58 -22,49 0,89 177,7 22,50 
5 4 708,5 5.00 21. 28 -21,19 -1, '~9 -176,0 21. 25 
5 5 718,5 4,80 23,00 -22,82 -2,35 -174, 1 2 2, 94 
5 6 728•5 4,73 22•18 -21,131 -3,70 -170, 4 2 2., 12 
5 7 738, 5 4,79 24,42 -23. 96 -4,09 -170,3 24, 3o 
5 8 748,5 4,89 26,67 -25,88 -5,94 -167,1 26,55 
5 9 758,5 5,10 27.52 -26,97 -5,20 -169,1 27,47 
5 10 768,5 5.16 28,64 -28,07 -5,47 -169,0 28,60 
6 1 800,0 4.92 32,83 -32.59 -3,69 -17 3, 5 32,80 
6 2 810,0 4,72 33,54 -33,46 -1,18 -177. 9 33 • 48 
6 3 820,0 4,70 33,62 -33.55 0,84 178,6 33,56 
6 4 830,0 4,69 32,29 -32,03 3 • 68 173,4 .32,25 
6 5 840,0 4, 74 31. 08 -30,61 4,56 171.5 30,95 
6 6 850,0 4,95 27,16 -26,70 4,63 170, 2 27,10 
6 7 860,0 5,09 26,49 -26,05 4,37 170,5 26,41 
6 8 870,0 5.08 24,24 -24 ~ 10 1.47 176 .5 24,14 
6 9 880,0 4,94 22,87 -22,75 1.14 177,l 22,78 
6 10 890,0 4.83 23,16 -23.02 -1.27 -176.8 2.3,06 



128 s. MIZUNO 

CASE NO. 4 T= 1.2SEC u= 7,5M/SEC 

PLATE ORDER X H P2 A B PHASE Pl 
(CM) (CM) (DEGREE) 

2 1 313,0 5-35 25,71 -25.17 -4, 89 -169,0 25,64 
2 2 323,0 5,56 28,01 -21.22 -6,27 -167,0 27,93 
2 3 333,0 '),58 28,21 -27,28 -6,59 -166,4 28,07 
2 4 343.0 5,50 31,52 -30,30 -8,21 -164,8 31.39 
2 5 353,0 5,36 32,48 -31,37 -8,05 -165•6 32,39 
2 6 363,0 5,29 35,84 -35,28 -6,01 -170,3 35.79 
2 7 373, 0 5,12 37,67 -37,31 -lf, 66 -172,9 37,60 
2 8 383.o 5,07 36,48 -36, 37 -1,08 -178,3 36, 38 
2 9 393,0 5, 21 3 1+, 49 -34,38 2, 17 176,4 34, 1+5 
2 10 403,0 5 ,.36 33,77 -33,44 4,24 172,8 33,70 
3 1 435,0 5, 18 26,09 -25,74 3, 89 171.4 26,03 
3 2 1+45, 0 5,15 23, 5 7 -23,27 3, 15 172, 3 23,48 
3 3 455,0 4,85 23,70 -23,59 1. 83 175,6 23,66 
3 4 465.o if. 82 n.19 -22,67 0,96 177. 6 22,69 
3 5 tq5, 0 4,93 22,67 -22,54 -l,62 -175,9 22,60 
3 6 485,0 5,04 22,87 -22,49 -3,63 -170,8 22,78 
3 7 495,0 '5,27 23,40 -22,91 - 1+, 38 -169,2 23,32 
3 8 505,0 5.32 25,68 -25,l)2 -5.46 -167,7 25.61 
3 9 515,0 5,24 27,90 -26.97 -6,92 -165,6 27,85 
3 10 525,0 5,17 29, 11 -~8.08 -7. 43 -165,2 29,05 
4 1 559,5 4,88 34, 32 -34, 25 -1. 57 -1 77, 4 34, 28 
4 2 569,5 4,94 32,73 -.32.64 1. 65 177, 1 32, 68 
4 3 579,5 5,12 31, 9l~ -31,76 2.13~ 174,8 31,89 
Lr Lr 589,5 5,14 29,40 -29, 12 3,56 17.3,0 29,33 
4 5 599,5 5,25 28,70 -28,38 4,02 1 71, 9 28,67 
4 6 609,5 5,23 26,68 -26, 1+(:; 2,99 173, 6 26,63 
4 7 619,5 5, 0 7 25,39 -25,2(; 2,84 173,6 25,36 
4 8 629,5 4,89 24,03 -23,91 1.52 1 76, '+ 23,96 
4 9 639,5 4,76 ·2 3, 53 -23,42 0,62 178, 5 23,42 
4 lO 649,5 Lr, 74 22,51 -22,45 -0,81 -177,9 22,47 
5 1 678,5 5,32 24,48 -23,87 -5,24 -167,6 24,44 
5 2 688,5 5,25 25,83 -24,84 -6,60 -165,1 25,70 
5 3 698,5 5,15 27,22 -26,07 -7,67 -163,6 27, 17 
5 '+ 708,5 4,99 29,90 -29,()0 -6.98 -166,5 29,83 
5 5 718,5 4,80 32,85 -32,00 -7,08 -167,5 32,77 
5 6 728,5 4,74 34,-33 -33,98 -4,22 -172,9 34,24 
5 7 738,5 4,82 3'+, 13 -J4,02 -2,24 -176,2 .3'+,10 
5 8 748, 5 4,97 34,43 -34, .36 0,38 179, 4 34,36 
5 9 758,5 5,09 32,47 -32,34 2,30 175,9 J 2 , 1+3 
5 10 768,5 5,19 31,60 -31.43 2,86 174,8 31,56 
6 1 800,0 4,93 26,49 -26,33 2,24 175,1 26,43 
6 2 810,0 Li,, 7 6 24, 8Lr -24, 72 1,65 176,2 24,78 
6 3 820,0 4,72 24,50 -24,46 0,66 178,5 24,46 
6 4 830,0 4,68 24,39 -24,34 -0.40 -179,0 24,34 
6 5 840,0 4,86 23,44 -23,28 -2,18 -174,7 23,38 
6 6 850,0 4,97 24,94 -24,70 -2,84 -173,4 24,86 
6 7 860,0 5 ,11 26,86 -26,36 -4,80 -169,7 26,79 
6 8 870,0 5,08 27,21 -26,68 -4,98 -169,4 27,15 
6 9 880,0 5,03 27,86 -27.18 -5, 9·1 -167,6 2 7, 82 
6 10 890,0 4.84 30,65 -29,68 -7,43 -166,0 30,59 



PRESSURE MEASUREMENTS ABOVE WATER WAVES 129 

CASE NO• 5 T= 1,65EC u= 7,5M/SEC 

PLATE ORDER X H P2 A B PHASE Pl 
(CM) (CM) (DEGREE) 

3 1 4.35,0 6,81 12,48 -12.45 -0,03 -179,8 12.45 
3 2 445•0 6,50 12,35 -12.15 -1.86 -171. 3 12.29 
.3 3 455,0 6,44 12,80 -12,'36 -3,25 -165•3 12,78 
.3 4 465,0 6,58 14•08 -13 • .33 -4,48 -161.4 14,06 
3 5 475,0 6,66 16,09 -14,78 -6,33 -156,8 16,08 
.3 6 485•0 6,82 17,06 -15.38 -7.30 -154,6 17,02 
.3 7 495,Q 6,93 18,12 -16,39 -7,69 -154,9 18,10 
3 8 505•0 6,93 20,06 -17.82 -9.16 -152.8 20,0.3 
3 9 515,0 6,87 21,50 -19.35 -9,33 -154,3 21,48 
3 10 525,0 6,75 23,05 -20,81 -9,87 -154.6 23,04 
4 1 559,5 6,06 28,44 -27,19 -8,26 -163,1 28•42 
4 2 569,5 6,00 29,10 -28,35 -6,45 -167,2 29,08 
4 3 579,5 6,00 29,75 -29,43 -4,20 -171,9 29,74 
4 4 589,5 6,03 29,57 -29,48 -2.12 -175,9 29,55 
4 5 599,5 6,18 29,15 -29,14 -0.03 -179,9 29,14 
4 6 609,5 6,30 28,07 -27,98 2,15 175,6 2a.01 
4 7 619•5 6•46 26•72 -26,54 2•96 173•6 26•71 
4 8 629,5 6,54 26.12 -25.84 3,64 172,0 26.10 
4 9 6.39,5 6,53 24,64 -24,24 4.39 169,7 24,63 
4 10 649,5 6,51 23,54 -22,99 4,99 167,7 23,52 
5 1 678.5 6,11 19.45 -18.90 4,55 166,5 19.44 
5 2 688,5 5,94 17,74 -17,18 4,37 165,7 17,73 
5 3 698,5 5,82 16.46 -16,01 .3,64 167,2 16,'+2 
5 4 1oa.s 5,85 15,04 -14,85 2.34 171.0 15.o.3 
5 5 718.5 5.76 13,88 -13.81 1,25 174,8 13,86 
5 6 728,5 5,92 13,13 -13.10 -0.45 -178,0 13.12 
5 7 738,5 6.05 13,28 -13,13 -1.84 -112.0 13.26 
5 8 748,5 6,16 14.16 -13.64 -3,75 -164,6 14,15 
5 9 758.5 6,32 14,73 -14,05 -4,38 -162,7 14,71 
5 10 768,5 6,37 16,31 -15.07 -6.21 -157.6 16,30 




