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ABSTRACT

This paper firstly describes two methods to measure vertical distribution
and time varaation of horizontal water particle velocity induced by surface
waves 1n a wave tank These two methods consist of tracing hydrogen bubbles
and using hot film anemometers, respectively

Secondly, the experimental results by the two methods are presented with
the theoretical curves derived from the small amplitude wave theory, Stokes
wave theory of 3rd order, and the hyperbolic wave theory as an approximate
expression of the cnoidal wave theory

Finally, based on the comparison of the experimental data with the
theoretical curves, the applicability of the finite amplitude wave theories,
which has been studied for the wave profile, wave velocity, wave length and
wave crest height, 1s discussed from view point of the water particle velo-
city

INTRODUCTION

The water particle velocity i1nduced by surface waves 1S one of the most
important factors to solve the wave bresking mechanism, wave forces acting on
submerged structures, mechanism of suspension and diffusion of materials by
waves, and so on However, there have been very little experimental datals2,3,

» because of difficulty of the measurement Among the laboratory experiments
of the water particle velocity, the data taken by Le Méhauté and others™ using
tracers of neutrally buoyant particles show by the comparison with the
predicted values from the various small amplitude and finite amplitude wave
theories that no theory is uniformly valid This conclusion makes us confused
1n applying finite amplitude wave theories to practical problems It 1s
necessary, therefore, to check the validity of the conclusion
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Recently, a new method to measure the water particle velocity was
proposed, which i1s by using hydrogen bubbles as tracers, that i1s, tracing
motions of hydrogen bubbles generated in water by electrolysis every very
short period, to measure the water particle velocity induced by wavesSs
This method 1s a very useful tool to measure vertical distriburions of the
water particle velocity at a particular phase of waves On the other hand, in
order to measure time variation of the water particle velocity, the hydrogen
bubbles method 1s not so useful, but the use of a hot film anemometer 1is
suitable, which was primarily developed for turbulence measurements 1in water’
These two methods were applied in this study to measure the water particle
velocity induced by waves in a wave tank As mentioned above, vertical
distribution of the horizontal water particle velocity under the wave crest
was measured by the method of tracing hydrogen bubbles, and time variation
during one wave period at a definite height from the tank bottom was measured
by a hot film anemometer

Thais paper presents the experimental results of the horizontal water
particle velocity obtained by these two methods, and comparison with
theoretical values calculated from the small amplitude wave theory, Stokes
wave theory of 3rd orders, and the hyperbolic wave theory9 as an approximate
expression of the cnoidal wave theory of 2nd approximationl® Based on the
comparison between the theories and the experiments, the applicability of the
finite amplitude wave theories for the water particle velocity is discussed

EXPERIMENTAL APPARATUS AND PROCEDURE
EXPERIMENTAL APPARATUS

The wave tank at Department of Civil Engineering, Kyoto University which
has & wave generator of piston type was used in the experiments

Method of tracing hydrogen bubbles The experimental apparatus to
measure the water particle velocity by this method i1s shown in Fig 1 A
platinum wire of 0 05mm in diameter was used as a negative pole to generate
hydrogen bubbles in water One end of the wire was attachedto the tank bottom
and stretched vertically, and the other end was connected with the pointgsuge
set a few centimeters high above the wave crest height Four pieces of copper
plates(15cm x 3Tem), which were put on both side wall glasses of the wave tank
arround the negative pole, were used as positive terminals One wave gauge was
mounted side by side with the negative pole in the transverse direction of the
wave tank, while the other wave gauge was mounted as far as about 2mfrom 1t
Two wave gauges were connected to the recorder The equipment to load pulse
voltages on the terminal can supply output voltages of 400V, with the pulse
period of 4 ~ TOOms and the pulse width of 0 4 ~ TOms Photographs of hydrogen
bubbles generated along the platinum wire and moving with flow were taken with
a camera through the side wall glass

Method, of using hot film anemometer Two hot film anemometers of type
55D05 and their probes of type 55D85 made by DISA were used The anemometer
amplifies electrically heat convected from the probe which 1s one of bridge
resistances The probe, as shown in Fig 2, consists of a thin metal film as
electraically heated resistance and i1ts support This anemometer 1s of
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constant-temperature type designed for measuring energy required to keep
always probe resistance(therefore probe temperature) constant(operating
resistance)

When fluid flows as shown in Fig 2, the probe can detect 1ts current
velocity, but not i1ts opposite current velocity Therefore, 1f the probe 1is
mounted contronting waves as shown in Fig 3(1), the record of the anemometer
1s relisble when the water level 1s higher than the still water level(full
line), but not reliable when the water level 1s lower than the still water
level and the flow direction becomes opposite In addition, the probe can not
detect opposite change of the flow direction On the other hand, 1f the probe
1S mounted following waves as shown in Fig 3(2), the record 1s reliable even
when water level 1s lower than the still water level(full llne), but the
other part of the record is not reliable

In the experiments, two probes and one wave gauge were mounted side by
si1de i1n the transverse direction Especially, two probes of the hot film were
set at the same height, confronting each other(see Fig 4) The other wave
gauge was mounted as far as about 2m from the probes All of two hot film
anemometers and two wave gauges were connected to the recorder

EXPERIMENTAL PROCEDURE

Method of tracing hydrogen bubbles Among the waves generated by the
wave generator, one wave which became fully stable and was not influenced by
the reflected waves from another end of the tank was selected Just before the
crest of this wave passed over the negative pole, pulse voltage of a proper
period At began to be loaded Laines of hydrogen bubbles generated along the
platinum wire are transported by the flow in the direction of wave propagation
under the wave crest The photogreph in this state was taken by a 35mm camera
At the same time, the records of waves at the wire position and as far as
about 2m from the wire were teken When pulse voltage 1s loaded on the
terminal, the wave gauge can detect 1t and the disturbance appears in the
record Therefore, the time ty when the first pulse was loaded can be detected
(1f the time when the crest of a selected wave passes over the wire 1s put as
t=0, t¢<0

The m th and (m+l1) th hydrogen bubble lines were selected on the film, so
that the arithmetic average to+{m-(1/2)} At of to+(m-1) At and tp+m At becomes
the smallest(see Photo 1) Reading the distance between these m th and (m+1)
th lines and dividing 1t by At, the horizontal water particle velocity u at
the phase of t/T=[tg+{m~(1/2)} At]/T was obtained approximately(T the wave
period) This process was repeated at different heights above the tank bottom,
and the vertical distribution of the horizontal water particle velocity was
obtained

Test conditions are shown in Table 1, Where h 1s the water depth, H the
wave height, and p the pulse width The opening and shutter speed of the
camera were always 1 b and 1/125sec

Method of using hot film anemometer After the value of operating
resistance of two hot film anemometers was set to be 1 00 ~ 1 15 time of cold
resistance value, the calibration curves of two anemometers were determined by
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moving two probes with the carrier The records of two confronting anemometers
were read out using two calibration curves The full lines in Fig 3(1) and (2)
were selected, which are the part of the record of the anemometer confronting
waves and that of the other anemometer following waves These two curves were
drawn up side down each other on the same figure, matching the phases of the
waves, as shown in Fig 5 In general, as mentioned above, two records do not
represent zero values but overlap where the real values of the velocity are
zero In order to obtain the time variation of the horizontal water particle
velocity during one wave period, the records were modified assuming that the
phase of u=0 was located where the absolute value of the upper record was
equal to that of lower one, as shown in Fig 5

In the experiments, the water depth h was constant, and the wave period T
and the wave height H were variable Test conditions are shown in Table 2,
where z 1s the ordinate taken upwards from the still water level, and zp 1s
the depth of the probe, so that zp+h(zp<o) means the height of the probe above
the tank bottom As shown in Table 2, the value of (zp+h)/h was always O 05

EXPERIMENTAL RESULTS

Fig 6(1)v(12) show the experimental results of the horizontal water
particle velocity at the phase of the wave crest measured by the method of
tracing hydrogen bubbles under the conditions of Table 1 u//gﬁ as
dimensionless expression of u(g the gravity accerelation) 1s taken as an
abscissa, and (z+h)/h as dimensionless expression of the height from the
bottom taken as an ordinate, with parameters of TvVg/h, H/h and the wave phase
%/T In this figure, the experimental data are denoted by circles, and, for
the same values of TVg/h, H/h and t/T, the vertical distributions based on the
small amplitude wave theory, Stokes wave theory of 3rd order® and the
hyperbolic wave theory proposed by Iwagaki” as an approximate expression of
the cnoidal wave theory of 2nd approximation 0 are shown for comparison with
full, broken and chain lines, respectively

The thick full lines in Fig T(1)v(12) show the profiles of the waves
measured simultaneouly with the vertical distribution of the velocity As in
Fig 6, the wave profiles based on the three theories are also shown for
comparison in the figure

The thick full lines in Fig 8(1)v(10) show the continuous records of time
variation of the horizontal water particle velocity during one wave period at
(zp+h)/h=0 05 measured by the hot film anemometers under the condition of
Table 2 and the wave profiles recorded simultaneouly Other three thin lines
show the theoretical curves as in Fig T

DISCUSSION

The error of the velocity measured by the method of tracing hydrogen
bubbles, which results mainly from the error of reading films and the error of
pulse period, will be approximately 3% Also, the error of the velocity
measured by the hot film anemometer occurs 1n the stage of determining the
calibration curve, which will be approximately 3% too



316 COASTAL ENGINEERING

u
\!
a \\ t
A 0 N
A
Fig 5 Schematic diagram for modification of record of water particle
velocity by hot film anemometer
Table 2 Conditions of experiments by using hot film anemometer
h (cm) T (sec) H (cm) zgth (cm) TVg/h H/h (zp+h)/n
160 103 6 72 0 80 81 0 k2o 0 05
16 0 1 30 6 86 0 80 10 2 0 429 0 05
16 0 158 6 Oh 0 80 12 4 0 378 0 05
160 183 721 0 8o 1k 3 0 448 0 05
16 0 2 08 T 05 0 80 16 3 0 41 0 05
16 0 2 39 4 89 0 80 18 7 0 306 0 05
16 0 2 63 5 06 0 8o 20 6 0 316 0 05
16 0 2 8h 4 13 0 80 22 2 0 258 0 05
16 0 3 07 b1 0 80 2k o 0 257 0 05
16 0 3 4o 3 66 0 80 26 6 0 229 0 05
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Fig 6(1)0v(6) Vertical distribution of horizontel water particle velocity at
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Fig 7(1)v(8) Time variation of water surface corresponding to Fig 6(thick full
line experiment, thin full line small amplitude waves, thin
broken line Stokes waves, thin chain line hyperbolic waves)
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Fig 8(1),(2) Time veriation of horizontal water particle velocity and

corresponding water surface(thick full line experiment, thin
full line small amplitude waves, thin broken line Stokes waves,
thin chain line hyperbolic waves)
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Fig 8(3)u(6) Time variation of horizontal water particle velocity and
corresponding water surface(thick full line experiment, thin
full line small amplitude waves, thin broken line Stokes waves,
thin chain line hyperbolic waves)
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corresponding water surface(thick full line experiment thin

full line small amplitude waves, thin broken line Stokes waves,
thin chain line hyperbolic waves )



PARTICLE VELOCITY 323

In Fig 6, the ralues of wave phase t/T are not always zero, but the
absolute values exist between O and O 01, which means that the data taken are
regarded as at the phase of the wave crest Generally speaking, among the
theoretical curves of vertical distributions of the horizontal velocity, those
of the small amplitude wave theory are steepest and the curves of the
hyperbolic wave theory are most gentle The value of the velocity based on the
small amplitude wave theory 1s smaller all over the depth than that of Stokes
wave theory, and the difference between them becomes largest at the water
surface On the other hand, the value based on the hyperbolic wave theory, in
most cases, 1s smaller than that of the small amplitude wave theory near the
bottom, but larger than that of Stokes wave theory near the water surface

The experimental data were obtalned generally at every height of 5% of
the water depth from the bottom However, in the region where (z+h)/h<0 1, the
velocity field induced by waves was disturbed by the obstacle of 5mm high to
attach the platinum wire to the bottom, and in the region where (z+h)/h>1 0
the velocity could not be meagsured because of insufficient generation of
bubbles In the case when TvVg/h =5 3, the experimental values have the same
trend as two theoretical distributions based on the small amplitude wave and
Stokes wave theories In the cases when TVg/h =6 6 and 7 L, the experimental
values agree fairly with those of Stokes waves In the case when TVg/h 28 3,
the vertical distributions of the velocity based on the hyperbolic wave theory
are also presented TIn cases when TVg?h ?8 6, the experimental data are
plotted between the theoretical curves of Stokes and hyperbolic waves In
general, when Tvg/h 210, the vertical distribution of the velocity under the
wave crest can be explained well by the hyperbolic wave theory as an
approximate expression of the cnoidal wave theory rather than Stokes wave
theory

Fig 7(1)~(12) show the comparisons between theories and experiments of
the wave profile corresponding to each case of Fig 6 as mentioned above It 1s
evident that the experimental results of the wave profile are close to those
of two finite amplitude wave theories rather than that of the small amplitude
wave theory However, 1t 1s very difficult to decide which finite amplitude
wave theory 1s fit to the experiment on the wave profile from the figures In
other words, the difference hetween two finite amplitude wave theories is not
clear 1in the case of the wave profile, but very clear for the vertical
distribution of the velocity It should be noticed that this fact 1s very
significant when the wave force acting on submerged structures 1s estimated by
the theory Especially remarkable differences of the velocity between Stokes
wave and hyperbolic wave theories appear near the bottom and above the still
water level

The probes of the hot film anemometer were mounted as high as 5% of the
water depth above the bottom rather than near the water surface, because of
avoiding risk of damage by exposing the probe in air Tendencies of three
theoretical curves of time variation of the velocity shown in Fag 8 are that
the theoretical curves of Stokes and hyperbolic waves are sharper near the
phase of the wave crest snd flatter near the phase of the wave trough than
that of the small amplitude wave theor in the same manner as i1n the wave
profile However, in the cases when TVg/h =8 1 and 10 2, the velocity of
hyperbolic waves at the trough 1s greater than that at the crest This trend,
shich 1s of the cnoidal wave theory 1tself, occurs near the bottom only when
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T™/g/h <12 0 and the value of H/h 1s large Under the wave crest, the
theoretical value of u//gﬁ of Stokes waves 1s largest and that of hyperbolic
waves 18 smallest near the bottom when TVg/h £16 3, and the value of
hyperbolic waves shifts in the middle of small amplitude waves and Stokes
waves when TVg/h 218 7T

The experimental results of time variastion of the horizontal velocity
during one wave period show that, 1n general, the wave crest 1s sharper and
the wave trough 1s flatter than those of small amplitude waves, in the same
manner as the theoretical curves of finite amplitude waves It 1s seemed that
the experimental curves near the crest are close to the theoretical values of
Stokes waves when Tvg/h £12 L and to those of hyperbolic waves when TVg/h Z
16 3, although secondary waves appear at the wave trough In the vertical
distributions of the velocity shown in Faig 6, as mentioned above, the
experimental values agree fairly with the hyperbolic wave theory when Tvg/h 2
10 However, in the experimental results of time variation of the velocity,
the experimental values agree roughly with the theoretical curves of Stokes
waves at least when TVg/h £12 4 One of reasons of the discrepancy may be the
difference of the values of H/h as shown in Table 1 and 2, that 1s, when Tvg/h
216 3 1n Fig 8, values of H/h are greater than 0 4 in most cases, and
considerably large compared with those in Fig 6

In Fig 8, measured wave profiles are close to theoretical profiles of
finite amplitude waves rather than those of small amplitude waves However,
differences between measured profiles and computed profiles based on two
finite amplitude wave theories are not so clear as in the horizontal velocity

In all cases of the experiments by the hot film anemometer, Reynolds
numbers defined as

Ng=/n/VT H/sinh(2mh/L)

were calculated(v the kinematic viscosity) The maxamum value among them 1s
smaller than the critical Reynolds number NR=16O for transition from laminar
to turbulent boundary layer by waves!! Also, 1t was confirmed that the
calculated thickness of the laminar boundary layer in this case, which 1s
assumed to be the height from the bottom where the velocity becomes 99% of the
velocity at the outside of the boundary layer, was 4 8mm at maximum and
smaller than the height of the probes from the bottom, Smm

CONCLUSION

The authors described two methods to measure the horizontal water
particle velocity induced by waves in the wave tank, the method of tracing
hydrogen bubbles and the method of using a hot film anemometer Experimental
results of the vertical distribution of the velocity under the wave crest
measured by the former method and time variation of the velocity during one
wave period at a definite height from the bottom by the latter method were
presented Discuccions were made compared with the theoretical values based
on the small amplitude wave theory, Stokes wave theory of 3rd order and the
hyperbolic wave theory as an approximate expression of the cnoidal wave theory
of 2nd approximation
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After all, the following conclusions were obtained The region, where the
hyperbolic wave theory should be applied to the horizontal water particle
velocity rather than Stokes wave theory, 1s T g/h 210, which was found for i1ts
vertical distribution under the wave crest, and Tvg/h 21L for 1ts time
variation during one wave period It should be noted that, in computing the
wave force acting on submerged structures, Stokes wave theory may give too
small values of the horizontal water particle velocity at the water surface in
the region TVg/h 210
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