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ABSTRACT

The characteristics of oscillatory boundary layer flow have
been treated with keen 1interest during the last decade from the
various aspects., Among the previous results the theoretical
treatment by K. Kajiura must be the most important and fruitful
one to advance 1n our knowledge on the present phenomena. On the
other hand the senior author has had a real interest 1in the
behaviour of sediment particles due to oscillatory fluid motion,
and has conducted his systematic i1nvestigations on the sediment
movement 1n nearshore area.

The aim of this paper 1s to introduce some results of the
recent investigations conducted at the Coastal Engineering
Laboratory, Universaity of Tokyo, with the aintention of investi-
gating the applicability of Kajiura's theory to the oscillatory
flow 1n the vicinity of bottom with sand ripples.

In order to accomplish the above purpose, the authors appli-
ed the hydrogen bubble technique to measure accurately as much
as possible the time history of velocity distribution especially
in the very thin layer above the bottom boundary associated with
the progressive waves. The above measuring technique was verifi-
ed to be enormously powerful even in the case of unsteady flow.
The bottom conditions tested 1n the present investigation were
of 1) hydrodynamically smooth bottom, and 2) rough bottom
with artificial ripples., The pictures of hydrogen bubble lines
released successively from a fine platinum wire were taken by
using a l6émm cinecamera specially equiped, and were analyzed
flame by flame to take the digitalized data of horizontal velocity
of fluid. The data were analyzed in Fourier series and the
first mode of the series was only taken to compare with the
numerical curves obtained through the Kajiura's theory. The
horizontal velocity amplitude and 1ts phase, the eddy viscosity
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468 COASTAL ENGINEERING

and the shear stress at each elevation above bottom were calcu-
lated by using not only the experimental data of present investi-
gation, but also the laboratory data obtained by I. G. Jonsson.

The agreement between the analysed data and the theoretical
curves 1s basically consistant; this fact verifies the usefulness
of the Kajiura's theory. Even though, there are some questions
1n the theoretical treatment which are arising out of the
present investigations. The accumulation of more accurate data
1s basically requested to clarify these problems. Lastly the
comparative study on eddy viscosity averaged over wave cycles 1n
the neighbourhood of sand ripples was established by using the
laboratory data of suspended sediment concentration,

INTRODUCTION

The characteristics of oscillatory boundary layer flow
induced by surface waves seem to take a primarily important role
on the generation, growth and decay of shallow water waves and
on the behaviour of coastal sediment in nearshore area. Up to
now some prominent treatments on this subject have been made
mainly from the theoretical point of view by M. S. Longuet-
Higgins,l)K. Kajiura2?)and others, while from the experimental
point of view by I. G. Jonsson,3)getting a great deal of advanced
insight into the characteristics of oscillatory boundary layer
flow., But still numerous questions have been remained unsolved
due to mainly the profound difficulty in observation and measure-
ment of actual state as well as to the complexity of questioned
phenomena.

The aim of this paper 1s to introduce the main results of
the laboratory studies on the above subject carried out at the
Coastal Engineering Laboratory, University of Tokyo, during the
last few years. The authors have been applying the hydrogen
bubble techniques to measure the time history of vertical dis-
tribution of horizontal velocity component, especially in the
vicinity of bottom, associated with the propagation of surface
waves, The laboratory measurements have been repeated under the
various conditions of wave and bottom surface., After the
laborious 1mprovement of measuring procedures, 1t was finally
successful to visualize the instantaneous velocity distribution
and/or™ the intensity of turbulent fluctuation and to measure
the velocity within a really thin boundary layer developed along
the flume bottom. In this paper will be presented the data of
horaizontal velocity distribution in the oscillatory boundary
layer which were measured under the conditions of 1) hydrodynami-
cally smooth bottom and 2) roughened bottom with artificial
ripples. In the following the comparison of the Kajiura's theory
for the bottom boundary layer in water waves with the laboratory
data will be conducted by use of the present data mentioned
above and the one reported by I. G. Jonsson in 1963, Finally
the values of eddy viscosity evaluated by using the measuring
data of vertical distribution of suspended sediment concentration
wlll be given and compared with the calculated ones on the basis
of the Kajiura's assumption.
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BASIC THEORIES ON OSCILLATORY
BOUNDARY LAYER FLOW

Equation (1) was introduced by M. S. Longuet-Higginsl)as an
expression for the horizontal velocity component # in a laminar
boundary layer induced by progressive waves:

u =l}[cos(o-t—kz)-e_z/6Lcos (ot—kx— z/51_)] (1)

A
where U =#»H/(T swh kh), k= 27/, o = 28/T, & = (Qv/a)" v
kinematic viscosity of fluid, H:wave height, T:wave period,
L:wave length, h:water depth, f:time, z:horizontal axis, and
z:vertical axls taking upward positive from channel bottom.

On the other hand, K. KaJluraZ)presented a model of the
bottom boundary layer in water waves and obtained quite important
results, He introduced and/or defined such relationships as
shown 1n the following:

T . & __ a_“
Bu— [P (2)

2

o =Amp | (U—u)ds /0 (3)

where ri:friction stress, pidensity of fluid, u :friction velocity,
uptfriction velocity at bottom, #thorizontal velocity component

in a boundary layer, [Uthorizontal velocity component at the
outeredge of frictional layer, K,ivertical eddy viscosity,

J*:wave displacement thickness, and ~ denotes the amplitude of
physical property.

Following the hypothetical concept of the wall and the defect
layers established for the case of a steady turbulent boundary
layer, K. Kajiura assumed the fractional layer of the oscillatory
flow to consist of three layers: the inner layer, the overlap
layer, and the outer layer, He also introduced three numbers
such as N(=12), %(=0.4) and K(=0.02) corresponding to the above
three layers, and defined the value of K, as follows:

For the case of hydrodynamically smooth bottom:

v, 0=:=D, (1nner layer) (ha)
K,={ xii, 2 D, <z25d (overlap layer) (4p)
xild d<z {(outer layer) (be)

where DL, the thickness of laminar sublayer {or inner layer), is
determined by §,D,/v=N, while 4, the upper 1limit height of the
overlap layer above bottom, 1s byzu;ﬁ=KU6'.

For the case of hydrodynamically rough bottom:

“"ﬁ:;Dn 0=25D, {(inner layer) (5a)
K.,=1{ xi;z D, <z2=d {overlap layer) {5b)
xatd d<z {outer layer) (5¢)
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where #%o:roughness length, D:Nikuradse's equivalent roughness,
and Di:thickness of inner layer, The following relations are
also assumed:

D=30 z,
D ,=(1/2)D=15z, (6)

a= In(D,/ 2,)=2 708

If the total thickness of the bottom fraictional layer ais
assumed to be very small compared with the wave length, and the
nonlinear effect 1s also assumed to be negligible (except tur-
bulence), the equation of oscillatory motion in the boundary
layer 1s given by

2}

U= 5 (7)
Combination of Egs. {2) and (7) gives the followlng basic equation:

Ay * ;0

E= R eLidal (8)

where 7/p 1s replaced by u” with the aid of Eq. (2). Substi-
tuting the hypothetical expression of K,, Eq. (&) or Eq. (5)
corresponding to the bottom condition, into Eq. (8), K. Kajiura
solved the basic equation to obtain the generalized equations

for u and u*. He also defined the friction coefficient C by

T, /P= CUUand found that the amplitude C and phase § of friction
coefflclent were expressed as functions of R= lit) /v {(where & _(v/a)

=0, /fz ) for smooth bottom or U/(O’z) for rough bottom.

He took tentatively the following criterions to classify
the bottom conditions i1in the hydraulic sense and the flow regimes.

For the transitional region from smooth to rough:
0.4<D/D, <5 (9)
For the transitional region from laminar to turbulent:
0.4<3§/D.<5 (10)

Rewriting Eqs. (9) and (10), the transitional region from laminar
to turbulent for smooth bottom 1s expressed by

25<R=<650 (11)
while that rough bottom 1s given by

10°sSMs10° (12)
where M=ﬁD/v .

The description mentioned above 1s the outline of Kajiura's
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theory, i1n which thereare several questions to be claraified.
These are:

(1) Whether the assumption for K, 1s appropriate to the
present problem or not?

(2) Whether the basic equation (7) is adequate to express
the flow characteristics 1n the vicinity of bottom with ripples
or not? The question of this kind arises from the fact that a
relatively large vortex exists behind a ripple.

(3) How should we determine the origin of % axls when the
bottom 1s rough?

(4) Is the assumption for the estimate of D, and %, as shown
in Eq. (6) reasonable?

In order to clarify the above questions the systematic and care-
ful measurements of the flow characteristics 1in a boundary layer
are basically required.

In addition to the above discussion we wi1ll consider the
critical condition for the disappearance of overlap layer. For
the smooth bottom the criterion 1s given byDL:>d. According to
K. Kajiura, the height of the outeredge of overlap layer 1s
expressed by

d=0 05 C*U/o (13)

Consldering the relations of DL=VN/§; and R=(U&L/v)*=0?/(av) ,
we will obtain the following 1lnequality as the critical condition
for the disappearance of overlap layer:

C< 240/R (14)

Taking 1nto consideration the giaven relationship between 6 and
R, the criterion of Eq. (1l4) 1s rewritten as

R<217 (15)

Comparing Eq. (15) with Eq. (11), we may conclude that the over~
lap layer for the smooth bottom exists always in the range of
turbulent flow, but not in the range of laminar flow,

On the other hand, the criterion for rough bottom 1s expressed
by De>d, which 1s equivalent to Eq. (16) or Eq. (17).

<9 0x10* U/ aze)? (16)
0/(az,) <3 5X10° (17)
The above criterion 1s agaln rewrltten as follows by using the

total excursion distance of horizontal particle motion Just out-
side of boundary layer d, :

d,/D<230 (18)
As a result of the above discussion 1t 1s known that when the

roughness elements with relatively large size exist along the
bottom, the overlap layer may always disappear.
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LABORATORY APPARATUS AND MEASURING TECHNIQUES

The present authors have recognized that the hydrogen bubble
technique 1s quite powerful to visualize the stream line and
velocity distribution in a laboratory flume even in the case of
oscillatory flow.%4)The principle of this instrument 1s to take
moving pictures of hydrogen bubble line which 1s generated from
a cathode of a fine platinum wire (50u4 in diameter). The schematic
diagram of the i1nstrumentation system 1s shown in Fig, 1. The
voltage charged between the cathode and anode 1s as high as about
1 KV, and the 1input pulse 1s discharged at intervals of about
50 cps. An 1odine lamp (200 V and 1 KW) 1s used as a light source
for 1lluminating the hydrogen bubble lines, and a 16mm camera
{Canon Scoopic-16) 1s used for taking clear and accurate pictures
with negligible aberration of camera lens.

The wave flume used for the present investigation 1s 50m
long, 60cm wide and 90cm high. The bottom conditions tested
are twoj one 1s smooth bottom made of hard vinyl plate and the
other 1s rough bottom made of plastic wavy board as shown 1in
Fig. 2. The rise and pitch of the artificial ripple are 0.,8cm
and 3.2cm respectively. The test waves for the rough bottom
are adjusted as much as possible to have the combination of wave
height and period which sults to the size of the ripple. In
order to adjust the wave conditions the generalized diagrams
among wave characteristics, water depth, ripple size and grain
diameter are applied under the assumption of M, =200y, where M,
1s the medium grain diameter of sediment.

The test waves are generated by a flap type wave generator
which 1s 1nstalled at the end of wave flume. The 5th to 7th
waves are selected for the measurement of velocity by the reason
that these waves are almost 1n a steady state and that the waves
reflected from the other end of flume have not arrived at the
measuring section yet. The hydraulic conditions of the present
investigations are given 1n Table 1 together with that of Jonsson's
experiment,

In order to compare the laboratory data with the theory,
the time histories of surface profile and of velocity at each
elevation are analyzed in Fourier series and the first mode of
corresponding data 1s only, in general, taken 1into consideration,
Therefore 1n Table 1, H 1s_the wave height corresponding to the
fundamental per10d7', and [J 1s calculated by the relation of
U-—-7tH/(T sinh k) . The Reynolds number R= Ut?L/v or M= UD/u 1s also
given in Table 1 as an index of flow regions such as laminar,
transitional and turbulent, The computation of M 1s based on the
assumption of D=4%, where 7 1s the rise of raipple.

The close-up of hydrogen bubble rows 1s taken by the 16mm
cilne camera with the speed of 48 flames per second. Analysis of
each flame of film gives the time history of horizontal velocity
component at each elevation. In the case of rough bottom with
artificial ripples, the measuring section 1s fixed at the trough
of a certain ripple,
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Fig. 1. Instrumentation system.

Fig, 2. Artificial ripple.

Table 1. Experimental conditions.

~
imvestroators | EXPETIMeNtal | Bottom " T b H Vv U R M
Vi or.
9 Method Condition 0 [ (sec) [ tem) | (cm) [(cmfsech|(cm sect{=Us/v [=O0/w
Smooth — |1 50 {41 0| 371 |92300 s82| 35 —
Progressive -
Authors Artifrcally 11107 394 | 816 |100x6 109 | — Jass10
Waves Roughened
w,'?‘l"')mes 2160|346 |118 |1376% 256 | — [60x10
Oscillatory Artif tH N
Jonsson rtificiatly _ . — 3 _ 4
Tank Roughened 8 39 93300°| 213 1 3 4 %10
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ANALYSIS OF DATA AND DISCUSSION
SMOOTH BOTTOM

1) Velocity Distribution

The horizontal velocity at each elevation read from failm
as well as the surface profile recorded by a parallel wire resis-
tance gauge 1s, as mentioned in the previous chapter, analyzed in
Fourier series, and the data corresponding to the fundamental
period T are plotted as shown 1in Flg. 3. Faigure 3(a) 1s for the
amplitude ratio between u and U’u/U" and Fig. 3(b) 1s for the
phase difference € between # and [J. The reader should notice
that the velocity at the elevation of 2=0,018cm 1s measurable.
In the same figures the theoretical curves calculated through the
Kajiura's theory are also shown by solid line for the comparison
between the theory and the experimental results. In this par-
ticular case the Reynolds number R 1s equal to 353 this fact
indicates that the flow 1s 1n the transition between laminar and
turbulent (see Eq, (11)). Under such condition the rate of
discrepancy in g/lJ and € between Eq. (1) for laminar flow and the
Kajiura's theory 1s at the most 1% respectively.

The comparison of the experimental data waith the theoretical
curves indicates that:

(1) The rate of discrepancy in velocity amplitude between
them is 1n the order of 1 to 5%, but increases up to about 10%
in the very vicinity of bottom (2=0.018cm).

(2) The agreement of velocity phase difference 1s very good
in the region of 220.09cm, but 1s not satisfactory at the
elevation of 2z=0,018cm. The phase of experimental data at the
latter elevation is about 12° smaller than the theoretical one.
It 18 sti1ll uncertain whether such systematic differences men-
tioned above are caused by the nonlinear effect of higher harmonics
or by the 1naccuracy of the measuring techniques and of the data
analysis.

2) Eddy Viascosity

Combining Eqs. (2) and (7), we obtain the following ex-
pression for the vertical eddy viscosity K,:

K——S =) dz/ 5y (19)
where § 18 the thackness of frictional layer.

By using the analygzed data of velocity distrabution, the
value of K, at each elevation for each phase 1s calculated
numerically on the basis of Eq. (19) and plotted in Fig. 4., 1In
the same figure the vertical distribution of K, assumed by
K. Kajiura 1s also shown by solid lines., The reader should be
mentioned that the overlap layer disappears 1in this case because
of R=35 (see Eq. (15)). The data of K, estimated from the ex-
perimental values are distributed in the vicinity of solad lines
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with great scattering especially at the level of z=20.,05cm. As an
example the variation of K, at z=0,09lcm with the wave phase ¢
1s shown in Fig. 5. The origin of abscissa ¥ 1n this figure 1s
taken at the moment when the corresponding crest of surface wave
arrives at the measuring station, According to the assumption
taken 1n the Kajiura's theory,K,=v in the 1inner layer (2<D.),
and K,==xﬁ;d in the outer layer (2>D,), therefore there 1s a dis-
continuity of K, at the boundary between the inner and outer
layers 1n the present case. On the other hand, the estimated
values of K, at each elevation indicate a periodic fluctuation
and also the mean of K, averaged over one wave cycle seems to be
expressed quite naturally by a certain continuous function of 2,

3) Shear Stress

Figure 6 gives the value of 7/p estimated through Eq. (7) by
using the analyzed data of velocity distribution., Figure 6(a) 1s
for the amplitude of t/p and Fig. 6(b) 1s for the phase difference
Y between t/p and UU. In these figures the solid circle 1ndicates
the data calculated from the fundamental mode of velocity u,,
while the open circle indicates the first mode data of T7/p
calculated from the combined velocity #i~s . Where %i~¢ 1s the
combined velocity which includes lst to 6th modes. The mode
higher than 6th 1s practically negligible. The good agreement
between the open circle and closed circle suggests us the
applicability of superposition of shear stresses as a simple
approximation. In Fig. 6 the theoretical curves of T/p and 7 are
also shown for the comparison, The agreement between the esti-
mated values and the theory 1s satisfactory.

ROUGH BOTTOM

1) Velocity Distribution

A
Figures 7 and 8 give the amplitude #/U and phase € of u/U

corresponding to the fundamental mode of different waves. As

stated 1n the previous chapter the velocity was measured at the

section of ripple trough. The flow characteristics in both cases

are 1n a fully turbulent region judging from the values of M

given 1n Table 1 (see Eq. (12)). The overlap layer 1s also dis-

appeared in both cases, In order to compare the above data with

the Kajiura's theory, we have to consider the following two

questions: One 1s how to determine the origin of z axis (apparent

bottom level) and the other 1s how to assume the thickness of

inner layer D, {=15z,). H. Motzfeld5’conducted his laboratory experi-

ments by using a ripple model, which had the shape of crest

angle being 120° and of the trough with circular arc, under the

condition of steady turbulent flow, and determined the Nikuradse's

equivalent roughness D as 4 times the rise of ripple 7. Suppos-

1ng that the Motzfeld's result 1s applicable to the present

unsteady flow also, we determined the thickness DR as follows:

D#r=D/2=27=1 6cm

In Figs. 7 and 8 are shown the theoretical curves calculated on
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the basis of the above assumption and also by taking the zero
level of 2 at the trough of artificial ripple. The agreement
between the laboratory data of 3/ and the theoretical curve 1s
fairly good 1n general. But the data at the elevation a little
higher than the ripple crest (2=0,8cm) have a consistent tenden-
cy of taking smaller values compared with the theoretical ones,
This tendency may be caused by the influence of vortex appeared
behind a ripple. On the other hand the laboratory data of € are
about 10° to 20° smaller than the theoretical ones.

It 1s well known that I. G. Jonsson conducted his valuable
experiment on oscillatory flow by using the 1ngenious apparatus
of oscillatory tank. He installed artificial roughness elements
as shown 1n Fig, 9 on the bottom of oscillatory tank and measure-
ed the velocity distribution by means of a miniature current
meter of propeller type. Figures 10(a) and 10(b) were taken
from the figures appeared i1n the Kajiura's paper. In this case
K. Kajiura took 2=0 at the height of 0,35cm above the trough
of roughness elements and also assumed as 2,=0.05cm , which was
equivalent to the condition of D=30z,=2 57,7 being the height
of artificial roughness., In this experiment the total excursion
length d, was fairly large compared with the scale of roughness
elements, hence the value of (,/D=380 was large enough to main-
tain the overlap layer, The agreement between the theoretical
curves and the experimental data for the first mode 1s quite
satisfactory,

The agreement i1n the authors' cases (T=1.,07sec and 1l.60sec)
1s not so good as 1n Jonsson's case (T=8.39sec). The above fact
may be explained by the following reason: The artificial
roughness elements of the authors' experiment are relatively
large compared with the scale of oscillatory motion, hence the
turbulence induced by vortex 1s predominate. As a result of
this situation Eg. (17), 1n which the vertical component of
velocity 1s neglected, 1s 1ncomplete to represent the flow
characteristics of the present case.

3) Eddy Viscosity

Figure 11 gives the distribution of K, determined through
Eqg. (19) as for the case of smooth bottom by using the velocity
distribution of the first mode oscillation., The scattering of data
indicates the time variation of K, as i1n the case of smooth bottom,
There happens a curious result such as negative value of K,.
This may be caused partly by the error of numerical computation
for K,, but mainly by the following fundamental reason. That 1s,
Eq. (7) 1s 1nadequate to express the present phenomena due to the
existance of vortex with relatively large scale., The vortex
induces the vertical velocity component which 1s comparative to
the horizontal one.

Figure 12 shows the vertical distribution of K, estimated
from the Jonsson's data. The fluctuation of K, in the vicinity
of bottom 1s small compared with that in Fig, 11, but 1t seems
relatively large 1n the range of 2<2cm. The agreement between
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the theoretical assumption (Eq. (5)) and the estimated value 1s
fairly well, but the expression of K,=xu,z forD,<z<d and 0=<:<D,
too seems better than that of Eq. (5) at least in the questioned
case,

4) Roughness Length

The horigontal velocity distraibution in the overlap layer
1s well approximated by the logarithmic distribution curve.
From this point of view in Fig, 13 the analyzed data of Jonsson
are plotted in each phase., The roughness length 2z, 1s determined
as an 1ntersection between the axis of #=0 and the extended
straight line of velocity distribution curve 1n the overlap layer
on a semllog paper. The value of 2, thus determined fluctuates
with the phase of surface wave motion as shown in Faig. 14, But
1t can not be determined at the phases near 75°and 255, where
shear stress becomes zero.

5) Shear Stress

Similar to the case of smooth bottom, the vertical dis-
tribution of shear stress t/p 1s calculated numerically by using
the Jonsson's data and 1s shown in Fig., 15. Figure 15(a) 1s for
t/p and Fig. 15(b) is for the phase difference 7 between r/p and
U. The defainition of open and closed circles 1s the same as 1n
the smooth bottom case, The agreement between the two results
1s fairly well for @? s but 18 not well for ¥. The discrepancy
of ¥ 1s about 5°~6 between the two cases. At any rate the
superposition of shear stress seems to be a good approximation
1n the rough bottom case as well as 1n the smooth bottom case.

SUSPENDED SEDIMENT CONCENTRATION

During the last decade the senior author has devoted his
continuous efforts to study the suspended sediment concentration
and reported a part elsewhere.®)In the following a further study
wlill be described briefly.

The suspended particle 1s actually heavier than the fluiad,
hence the following will be given as the gundamental equation
of the suspended sediment concentration,?

d dc de __

2 Kig) + (Buw,)5==0 (20)
where ¢ :sediment concentration averaged over one wave cycle,
Wo:fall velocity of sediment particle, and pia coefficient
usually taken as unity,

The senior author has analyzed the suspended sediment
rhenomena due to surface waves and proposed a method to determ%?e
the vertical daistribution of suspended sediment concentration.

The basic assumption of the above treatment was that the diffusion
process was governed by the turbulence associated with the

orbital motion of water particle, and that the potential theory

of surface waves was applicable as a farst approximation to
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estimate the eddy viscosity K,. Therefore the above treatment
may be applicable only to the suspended sediment phenomena 1n the
upper layer of water beyond the outer layer.

While Kishi et a1.8)app11ed the expression of eddy viscosity
such as K, =& xu_(z+2,) to the suspended sediment problem, where
a 1s a coefficient, The above ex?resslon of eddy viscosity was
originally proposed by K. KaJlura9 in his early paper. Consider-
1ng the assumption of K,, we may recognize that their result on
the vertical distribution of suspended sediment concentration 1is
applicable to a certain limited layer near the bottom, Here the
authors will concentrate their attention on the effect of ripples
on the sediment motion,

According to Eq., (5a) the eddy viscosity for the inner
layer 1s expressed by K,—axy,D,, hence the integration of Eq. (20)
gives the following solution:

c=ceexp((Bwo/K,)z) (21)

where ¢, 1s the concentration at the level of 2=0, Under the
assumption of f8=1,0 the value of K, for each run of experiment
reported previously was estlmated,io)whlle the theoretical one
was calculated under the assumption of DR=07, 7 being the rise of
sand ripple. Figure 16 shows the comparison between K, (estimat-
ed) and K,(calculated), where the laboratory data are grouped
into twoj one 1s the data measured above ripple crest and the
other above ripple trough. Even a large scattering of data,

the majority of them falls near the 45° straight line. From the
above fact, the dimensionless number #, which was introduced to
express the i1nfluence of relative scale between grain siZze and
the scale of turbulence, may be taken as unity at least in the
very vicinity of sand bottom.

CONCLUSIONS

The characteristics of oscillatory boundary layer flow

have been 1nvestigated from many aspects on the basis of labo-
ratory data of velocity distribution in a boundary layer. The
hydrogen bubble technique 1s surprisingly powerful to measure the
velocity in the very vicinity of bottom or in the space behind
ripple. In order to increase the accuracy of measurement and of
data processing, 1t 1s still required to improve more the present
instrumentation system.

The Kajiura's theory 1s a very important treatment to clari-
fy the characteristics of oscillatory boundary layer flow, but
involves some qQuestionaries to be solved in future., These are
as follows:

1) According to the present investigation, the eddy viscosi-
ty seems to be a time dependent function with the same period as
the surface wave, and also a continuous function of z. Based on
the above fact, the Kajiura's assumption 1s not always satis-
factory to the present phenomena.

2) There 1s no rule how to determine the zero level of 2z axis
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in the case of rough bottom.

3) It 1s still uncertain whether the estimation of l%, D
and 2z, introduced into the Kajiura's theory 1s appropriate to the
present phenomena,

More accurate data are required to make the above problems
clear, Besides, 1t is necessary to introduce another basic
equation which 1s applicable to the phenomena 1n the very
vicainity of sand ripple. The flow 1s very complicative owing to
the existence of a large vortex. Further studies are truely
needed to advance our knowledge on the osclllatory flow phenomena.
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