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ABSTRACT
The results of extensive laboratory investigations
on the oscillatory
flow over ripple
models
were
presented.
The ripple models were installed in an
oscillatory
flow flume.
A two-dimensional lasser
doppler velocimeter was utilized
to measure the fine
structure of flows in the vicinity of the whole length
of a ripple model which was induced by various types of
oscillatory flow.
The results of measurements were
displayed in the form of distributions of mean fluid
velocity,
stationary
velocity,
fluid
turbulence
intensity and Reynolds stress.
By using these data the
characteristics of oscillatory flow,
such
as
the
formation and decay of vortices,
the generation of
stationary velocity and the variation of kinematic eddy
viscosity were discussed.
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During the last decade the laser doppler velocimeters
(LDV)
have been adopted
together
with
the
data
acquisition system to display precisely the fields of
mean velocity and turbulence intensity within the domain
which was set for the measurement (Du Toit et al.,1980 ;
Sawamoto et al.,1981 ; Sato, 1987 ; Sleath, 1987).
Therefor our knowledge on the fine
structure of
oscillatory boundary layer flow has been deepend during
the
last decade.
The most remarkable
phenomenon
observed around
sand ripples is the generation of
vortices separated from a cert ain location near the
ripple crest.
It has been reali zed
that the life
of
vortices from generation to decay is an important
element for determining the st ructure of flow field
which has strong influence on th e suspension of sediment
near the sand ripple and on the decay of wave energy
(Ikeda, et al.,1989).
In order to clarify more
the
detailed structures of the osci llatory boundary layer
flow, we have continued
to c arry out a series of
laboratory investigations in an oscillatory flume in
which sand ripple model was ins tailed.
The model of
sand ripples has a characterized shape with a sharpened
crest as shown in Figure 1.
The reason why we adopted
such a peculia sharp-crested r ipple,
which is quite
different from the actual sand r ipples with a rounded
crest, is, for the
sake of s implicity,
to fix the
separation point of flow at a de finite point; that is at
its crest (Longuet-Higgins, 1981 ).

Fig.l Profile of the ripple model,

(unitrmm)

EXPERIMENTAL FACILITIES AND PROCEDURES
An oscillatory flow flume with 13 m in length and 0.3
m x 0.3 m in cross-section was used for the laboratory
experiment, the observation section of which was 2 m
long and was made of glass except the flume bottom
(Figure 2).
The oscillatory fluid motion was produced
by a piston driven by a DC-motor,
and the maximum
amplitude of the fluid motion was 70 cm.
The period
of
fluid oscillation was variable between 1 s and 20 s.
The height and
length of the ripple model were
selected to be 5 cm and 30 cm, respectively (Figure 1).
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Seven
The su rf ac e of the ripp le w as finis Red smooth ly.
among
of mod el r ippl e.s we re p lace d at the test secti on,
which the reg ion b etwe en t he 3 rd an d th e 4th crests was
We took
select ed f or t he pr ecis e ve loci ty me asur ement.
four c ases as exper imen tal runs as s hown in Ta ble 1. The
The
period s of tes t run s va ried fro m 3 s
to
9 s.
measur ing poin ts we re d ecid ed t o be 316 points in total
as ind icat ed i n Fig ur e 3.
one wave
That is to say,
length of ripp le wa s di vide d in to 12 sec tions,
and the
vertic al s paci ng we re t aken to be 5 mm, 10 mm and 20 mm
from t he b otto m to a cert ain elev atio n as shown in
Figure 3.

Fig.2 Exprimental apparatus.
Table 1 Experimental conditions.
Run

12

T(s)
U(cm/s)

4

9.0

6.0

3.0

6.0

13.9

20.9

20.9

10.5

2.7xl04

Re

3

4.2xl04

2.1xl04

l.lxlO4

U : amplitude of the oscillatory flow velocity
Re

Ua
V

UZT
2.HV

Reynolds number

a : amplitude of the oscillatory flow motion
V : kinematic viscosity of fluid
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Fig.3 Data sampling points.
At each measuring point t he velocity measurement was
made for 30 cycles of waves by using a 2-D LDV.
The
lens of the, velocimeter was moved
by a 3-D traverse
facility controlled by a mini -computer with a minimum
displacement of 0.5 mm.
Thus horizontal and vertical
velocity components were meas ured.
The commencement of
data sampling was controlle d by an electric
signal
generated at the piston.
The phase 0 was selected at
the instant when the movemen t of the
piston became
stationary, i.e. the cross-se ctionally
averaged
fluid
velocity became zero.
The s ampling time was selected
to be 0.0195 s,
during whic h 5 data were obtained.
Therefore, 150 data were acqu ired for one phase at a
measuring point.
The interva 1 of the sampling phases
was W8. The local mean fluid velocity, the intensity of
fluid turbulence, the Reynol ds stress,
the kinematic
eddy viscosity and the stati onary velocity components
were calculated by using 150 data at one phase and at
one point and displayed in a graphical form.
RESULTS OF LABORATORY INVESTIGATION AND DISCUSSION
Mean Fluid Velocity
The boundary layer developed along a ripple surface
can be divided into two parts.
The first one is the
inner boundary layer or the Stokes layer existing very
close to the bottom boundary, where the fluid flow is
strongly controlled by fluid viscosity.
The second one
is the outer boundary layer where the flow structure is
characterized by the behavior of organized vortices
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separated from the crest of the ripples.
The thickness
of the inner boundary layer is very thin with the order
of Jv T, where V is the kinematic viscosity of fluid and
T is the oscillation period.
Variation of the mean velocity
fields during the
phases 0 to 7^/8 for Run 3 was illustrated in Figure 4
with a time interval of TC/8.
Through the careful
observation of time variation
of
velocity
field
illustrated in Figure 4, the behavior of an organized
vortex covering its growing and then decaying processes
can be realized.
This phenomenon is a remarkable
feature of the outer boundary layer of the oscillatory
flow.
In ord er t o cl arif y th e ch aract ens tic beh avior of
the fl ow i n t he inne r b ound ary laye r,
the velo city
distri buti on a t th e se ctio n ju st ab ove a r ipp le c rest
was me asur ed.
The r ea son is t hat t he t hickness of the
bounda ry lay e r a t t he cres t mu st be
spec if ied in
predic ting the cir cula tion of the vort ices .
Based on
the r esul t o f v eloc ity mea surem ent,
the
temp oral
variat ion of
the bo unda ry layer th ickness for two
select ed c ases wer e pi otte d as show n in Figure 5.
I t is
clear 1 y no tice d th at t he t hick ness redu ces con sider ably
at flo w a ccel erat ing phas es , while the thickne ss t ends
to inc r eas e at dec eler atin g P hases
Even th ough the
bounda ry 1 ay er thi ckne ss s hows such a t emporal varia tion
as sta ted abov e , t he t empo raly ave
d value of the
by TvT
thickn ess is r easo nabl y we 11 d escr i
as seen
in thi s fi gur e
It ha s bee n pred icted theoret ical ly t hat s tati onary
cell s are gene rated in the outer boun dary layer of the
osci llato ry fl ows ov er a w avy bou ndar y •
In o ur
study
the stat ionar y vel ocity
compon ent was
der ived
by
aver aging the flui d vel ocity
for
on e
pe riod
of
osci llato ry fl ow at each m easurin g P oint
Th e r esult
for Runs 2 and 3 wer e drow n in Fi gure 6,
from whic h it
can be cl early obser ved th at two stat iona ry ce 11s were
gene rated .
Th e maxi mum st eady fl ow v eloc ity
s eeme s to
occu r nea r th e bot torn c lose t o t he ripple cr ests .
The ratio of t he max imum s teady v el^c ity to the vel ocity
ampl itude of t he und isturb ed flow , U, was calcu late d and
F rom th is tabl e it is found that the
show n in Table 2.
stat ed r atio was affect ed by the pe r iod of
fluid
For T = 3 s , the r atio wa s abo ut 0.76,
osci llati on
whil e it was a bout 0 .58 fo r T = 9
s.
These re suits
indi cate that the ma gnitud e of
s tati onar y vel ocit y is
very larg e nea r the bottom . This fact sug gests that the
stat ionar y eel 1 has an imp ortant role in ampli f yin g the
heig ht o f rip pies .
It c an also be obs erved tha t the
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Table 2

Maximum speed of stationary current,

T (s)

3

6

U (cm/s)

20.9

20.9

V

15.8

13.3

max (cm/s)

V max

T

0.76

0.64

Vmax,

9
13.9
8.02
0.58

stationary cells are significantly correlated with the
vortices which seem to strengthen
the
stationary
velocity component compared with that predicted for
rolling grain ripples.
The laboratory data at the
University of Tokyo (Hamamoto, et al.,1982)
obtained by
using a sinusoidal shape bottom boundary indicated that
the questioned ratio was about 0.3, considerably smaller
than the present results.
Therefore the circulation of
the vortices generated over the round-crested ripples is
expected to be smaller than that over
sharp-crossted
ripples.
The second series of our experiment using a
round-crested ripple model, which is now going on,
is
expected to give more definte conclusions on this
subject.
Fluid Turbulence Intensity
The intensity of fluid turbulence was calculated by
using 150 data for each velocity component obtained for
each phase at each measuring point.
Figure 7 shows the
variation of the vertical distribution of turbulence
intensity expressed in the form of RMS value during a
half-cycle of fluid oscillation.
The intensity of fluid
turbulence was slightly large in the area where the
vortex separated from the right hand side crest in the
preceding period was still existing at the phase of
( 0/8 )'C and gradually attenuated in due course.
On the
contrary to this, the turbulence intensity in the right
hand side area of the left crest increased and the area
with large turbulence intensity increased its size.
The
turbulence intensity reached the maximum at the phase
4U/8 near the center of the vortex, the value of which
became as large as 80 % of the^velocity amplitude of the
undisturbed oscillatory flow, U.
The fluid turbulence
was convectively transported toward the down stream, and
prevailed in almost all over the boundary layer between
the two neighbouring crests at the phase 67L-/8.
The
turbulence intensity became to decrease its magnitude at
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the phase 7TC-/8,
but the intensity still kept the
of 60 % of the velocity amplitude.

level

The Reynolds Stress
The kinematic Reynolds
stress,
-u v ,
was also
obtained as depicted in Figure 8.
The distributions of
the Reynolds stress show more clearly the effect of the
vortices on the turbulent fluid.
At the phase (0/8)TL,
the Reynolds stress was almost zero everywhere except
the limited region on the right hand side where a weak
negative Reynolds stress was observed corresponding to
the vortex shed from the right hand side ripple crest.
At the phase TT/8 a weak positive Reynolds
stress began
to appear in the downstream of
the
left
crest
corresponding to the release of vorticity from the
crest.
The Reynolds stress increased very rapidly at
the phase 2K/8, where the value was positive below the
prescribed streamline with the maximum fluid velocity
and negative above the streamline.
The region of large
Reynolds stress moved downstream, and the absolute value
of the Reyolds stress reduced considerably at the phase
371/8.
This reduction corresponds to the fact that the
vertical distribution of mean fluid velocity became more
uniform near the crest.
The Reynolds stress took
positive value almost everywhere,
and reached
its
maximum at the phase 4TC/8 in the vortex region.
The Reynolds stress begans to appear in the region
above the ripple trough, and was probably induced by a
large fluid velocity transported convectively from the
left hand side ripple crest.
The maximum fluid velocity
at the trough located at about y = 70 mm,
below and
above which the Reynolds stress was positive
and
negative respectively.
The overall Reynolds
stress
gradually decreased toward the phase 71^/8.
These observations reveal that the Reynolds
stress
is significantly correlated with the release of the
vorticity from the ripple crest and is essentially zero
in the area where the vorticity is not supplied from the
ripple crest even if the turbulence intensity has nonzero value there.
Kinematic Eddy Viscosity
The kinematic eddy viscosity, Eu , was calculated at
a few fixed points as well as
at the center of the
organized vortex.
Because
the generation
of
the
Reynolds stress is significantly correlated with the
vortex formation as revealed previously,
the temporal
variation of the kinematic eddy viscosity at the vortex
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center will be described here.
The results were given
in Figure 9, in which the kinematic eddy viscosity was
calculated from the raw data, without smoothing, of the
distribution of the fluid velocity and the Reynolds
stress.
A large variety of the kinematic eddy viscosity
with time is almost in accordance with the undisturbed
oscillatory flow for each case.
It is clearly seen that
the kinematic eddy viscosity increased linearly
with
phase until the phases 4TC/8 and
1271/8,
at which the
fluid velocity reached its maximum.
The kinematic eddy
viscosity,
then,
decreased
rather
gradually,
and
therefore
it
indicated a slightly
unsymmetrical
distribution with respect to the phase.
The above
feature was common for each run.
The distribution of
the kinematic eddy viscosity non-dimensionalized by the
velocity amplitude of the undisturbed oscillatory flow
and the ripple height,
, becomes nearly identical as
shown in Figure 10.
The results obtained here suggests
that the assumption of constant kinematic eddy viscosity
does not hold in the present type of flow,
and a
turbulent model such as two equation model must be
employed to predict the flow field.

Fig.9 Temporal variations of kinematic eddy viscosity at
the vortex center.
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Fig.10 Temporal variation of the
kinematic eddy viscosity.
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CONCLUSIONS
A detailed measurement was performed
for
the
oscillatory boundary
layer flow over a shap-crested
ripple model by using a 2-D LDV cotrolled by a computer.
The conclusions are summarized as follows:
(1) The oscillatory boundary layer over a ripple model
is separated into two parts
;
the inner and the
outer boundary layers.
The thickness of the inner
boundary layer is well expressed byJvT. The feature
of the outer boundary layer is characterised by the
organized vortices, and the growth of the vortices
has a phase-lag against the undisturbed main flow.
nstitutes
co
^.^^^
^^ ^v_- two
(2) The stationary velocity component
compom
r
-•between
• •
•
• -,ie crests,
cells
two
ripple
crests the distribution of
~4conditions.
which is similar regardless off the test
and the
cres_~,
The flow is moving toward the crests,
the bottom boundary
velocity is very
large near
ne
close to the ripple crests.
(3) The fluid turbulence is
found to be
closely
correlated with the vortices.
The generation of the
Reynolds stress is limited
essentially within the
vortex region.
Some minor part of the vortices is
convectively transported downstream, and yields weak
Reynolds stress there.
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(4) The kinematic eddy viscosity obtained at the nearcenter of the organized vortices reveals that it
varies
sinusoidally
in
accordance
with
the
oscillatory flow.
The variation of the kinematic
eddy viscosity with respect to the phase is similar
to the other regardless of the test conditions
reported herein.
(5) The three-dimensional structure of the oscillatory
boundary layer is still left as a future subject.
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