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ABSTRACT

Oscillatory flow over a sediment bed produces
characteristic bed configurations over a range of
flow conditions. The characterizing variables of the flow,
if properly grouped into dimensionless parameters,
can be represented in a three-dimensional space that reveals
the range of flow conditions necessary for a particular bed
phase. The parameters used here are linear in terms of
grain size D, maximum orbital velocity Uy, and oscillation
period T. Seven bed phases exist in distinct but not
necessarily unique regions of the parametric space. The
seven bed phases are: no movement, rolling-grain ripples,
two-dimensional (2D) vortex ripples, three-dimensional (3D)
vortex ripples, reversing-crest ripples, vortex ripples and
reversing-crest ripples, and planar bed.

Two series of experimental runs were made with
different sand sizes in an oscillatory-flow duct that was
tilted about a central pivot by an eccentrically driven
connecting rod. The closed duct, 5.88 m long, produced pure
oscillatory flow over a 2.44 m long x 0.25 m high x 0.10 m
wide test section. Water ran up into overhead storage tanks
at either end of the duct where it was heated to 60° C for
scaling of the results. External measurements were made of
temperature, oscillation period, and orbital diameter. The
data show good fit with an empirically derived curve for the
threshold of sediment motion in oscillatory flow.
Rolling-grain ripples are a transitory bed form for most
flow conditions but have their own distinct and unique
stability field at small Uy and T for fine sands. 2D vortex
ripples, the most common bed form in the range of natural
flow conditions, develop in flow with moderate Uy and small
to large T. 3D vortex ripples develop at larger Uy and
lower T relative to 2D vortex ripples and are stable up to
the conditions of planar beds. Reversing-crest ripples
occur in higher energy flows than vortex ripples;
dimensionless T appears to be the dominant parameter in
their formation with a lower boundary value of approximately
7 s. The overlap region between vortex ripples and



reversing-crest ripples is only within the realm of natural
flow conditions for very fine sand at large Uy and moderate
T. Planar beds occur at a combination of large Up and large

T.
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INTRODUCTION

Bed configurations under oscillatory flows have been
studied for over a century but understanding is still
imperfect. The complexity of the physics involved in
theoretical consideration of oscillatory flow has limited
experimental studies to empirical equations for observed
results. The first laboratory studies of oscillatory flow
in the 19th century by Hunt (1882) and Darwin (1883) related
the bed forms at the fluid-solid interface to the action of
surface waves. Later studies by Bagnold (1946), Komar
(1974), and Lofquist (1978) attempted to correlate flow
parameters to observed bed features using theoretical
considerations and empirical observations. In his classic
paper, Bagnold (1946) produced oscillatory-flow ripples by
moving a sediment tray in a tank of still water.
Unfortunately this technique does not produce the same
velocity field as a fluid moving over a stationary bed, but
Bagnold's theoretical relationship between the orbital
excursion of a fluid particle and the spacing of the bed
forms remains tenable. Komar and Miller (1973) modified
Bagnold's relationship to make it a dimensionless grouping
of flow variables. They then found that it had a very good
fit with existing laboratory data for which boundary
roughness was less than the thickness of the oscillatory
boundary layer. Several investigators have produced their

own data sets: Manohar (1955), Kennedy and Falcon (1965),



Carstens et al. (1969), and Mogridge and Kamphuis (1972).
The results of each are similar but none is a complete data
set. The data sets show scatter when plotted together on a
single graph; this probably results from differences in
experimental arrangement rather than in flow conditions (see
Southard, 1982).

The analytical work based on these data sets yielded an
agreement in principle amongst the different investigators
as to the mechanics controlling certain observed phenomena.
In the vortex-ripple stability field a ratio of length
scales, the orbital excursion of the fluid divided by the
sediment grain size, is observed to bear a linear
relationship to the spacing of bed forms. This relationship
is function of the size of the vortex cells in oscillatory
flow over an unconsolidated boundary. Kennedy and Falcon
(1965) recognized from theoretical considerations that in
the absence of a drift velocity the relationship between
ripple spacing and orbital excursion of the fluid is a
function of the period of oscillation. Thus the same
orbital excursion at different periods of oscillation will
produce distinct and different bed forms with their own
characteristic spacing.

Lofquist (1978) divided the range of oscillatory-flow
conditions into regions in which different flow parameters
control the bed configuration. The higher-energy flows
depend on a term in which viscosity is an important variable

controlling the dissipation of flow energy during a half



cycle. The lower-energy flows depend on the orbital
excursion of a fluid particle. The analysis is sound but
the relationships obtained provide little insight into the
phenomena of oscillatory-flow bed forms.

Theoretical work on oscillatory-flow bed forms has been
more extensive in recent decades. Bagnold (1946) derived
the first theoretical relationship for the initiation of
sediment movement under an oscillatory boundary layer.

Yalin and Russell (1963) developed arguments for considering
oscillatory-flow environments in terms of a few
dimensionless groupings instead of numerous flow variables
by applying Buckingham's Theorem. They then developed a
model in which only three dimensionless groupings are
important to characterize the flow regime for any particular
set o% conditions. Komar and Miller (1974) developed an
empirical relationship for initiation of sediment movement
from theoretical work on the boundary shear stress at the
sediment bed. Clifton (1976) presented the first model for
determining bed-form stability from the flow parameters he
devised. Clifton's conceptual model attempts to predict the
general nature of ancient sedimentary conditions that
produced observed bed-form sequences.

The purpose of the present study was threefold. The
first objective was to produce a self-consistent set of data
spanning a wide range of sedimentological conditions,
eliminating the problem of differing experimental

arrangements. The second was to address certain questions



on bed-form stability. Lastly the study applies a synthesis
technique to a large collection of existing oscillatory-flow
data and interprets the result. Some of the questions
addressed in the second phase of this study are: (1) Do
rolling-grain ripples grow into vortex ripples even at the
smallest velocities for which ripples develop? (2) Are
stable vortex ripples possible at maximum orbital velocities
Up below the threshold of movement? (3) What is the
nature of the transition from vortex ripples to nonvortex
ripples with increasing Up and period T? (4) What is the
relationship between two-dimensional (2D) and
three-dimensional (3D) vortex ripples?

The synthesis of data from other experiments relies on
a dimensional analysis in which dynamic similitude is used,
scalihg all properties of the flow and bed according to a
Reynolds-Froude model. The result is a viscosity scaling of
all the data to a parametric space. For the purpose of this
study a set temperature of 10°C was taken and all data
scaled to the appropriate viscosity and density. Southard,
Boguchwal, and Romea (1980) first established the validity
of scaling data for open-channel flume experiments by
performing dynamically similar runs with fluids of different
viscosity. Since no data exist to support this type of
argument for oscillatory-flow experiments, two experimental
runs were made in which experimental conditions were matched
as closely as possible to those of a previous

run. This produced two pairs of runs in which flow



parameters were matched. The resulting correlation of bed
forms is very good and arguably validates the use of the

data synthesis in the subsequent analysis.



10

EXPERIMENTS
General

The task of producing a good analogy to the bottom
oscillatory flow produced by propagation of shallow-water
gravity waves in a laboratory tank is not a simple one.
Different techniques have been used in the various studies
done on oscillatory-flow phenomena. Darwin (1883) used a
novel experimental method in which a cylindrical vessel
filled with sand and water was oscillated back and forth
around a vertical axis to produce bed forms. Bagnold (1946)
and Manohar (1955) both used submerged sediment trays
shifting back and forth in simple harmonic motion. There
are at least three problems with this: the velocity profile
above the bed is inverted, accelerations of particles are
not taken into account, and the pressure surge associated
with a passing wave is absent. The most commonly used
experimental method for producing oscillatory flow is a long
tank with a sloping model beach at one end and a wave
generator driven by an eccentric drive wheel at the other.
This makes waves of a given amplitude and period that travel
the length of the tank and expend themselves on the beach.
The resulting near-bottom flow field is a very good analogy
to that produced by surface gravity waves in an open water
natural environment. Observations are made in the middle of
the tank away from both the generator and the beach. There
are two major limitations to this arrangement. First, the

range in oscillation period is small because inciting longer
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period oscillations requires a large excursion of the
generator and a very long tank to accommodate the wavelength
of oscillation. Second, the reflection of waves off the
beach sets up standing waves. This is avoidable by tuning
the apparatus to eliminate standing waves but it further
limits the available experimental conditions to be tested.

Carstens et al. (1969) first oscillated water in a
U-tube oscillatory-flow duct. The oscillation was induced
by a harmonic variation in the pressure gradient over each
end of the system. The water oscillated at a more or less
constant resonant period of 3.5 s while the magnitude of
oscillation was varied. The limitation to a single resonant
period seriously restricts the usefulness of this
arrandement. Variation in resonant period could be achieved
by making the duct length adjustable.

The experimental arrangement used in the present study
is similar in principle to that of Carstens et al. (1969).
The variables important in a sedimentological study of bed
forms, along with the principal objective of collecting a
large uniform data set, dictated the choice of apparatus. A
closed oscillatory-flow duct produces a linear water motion
over a sand bed. Oscillatory flow was produced in a tilting
duct driven by an eccentrically driven connecting rod and
gearmotor. By tilting the duct see-saw fashion a pressure
head is developed at one end equal to twice the amplitude of
the motion of the duct. This produces a velocity surge

toward one end which is slowed to a stop by the subsequent
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increase in pressure head from tilting of the duct. A
distinct phase lag then exists between the motion of the
fluid and that of the duct. The motion of the fluid is
symmetrical with respect to any point on the sediment bed.
The driving of the fluid means that a wide range of periods
and velocities can be tested. The natural resonance of the
apparatus produces larger velocities at the resonant period
but does not upset the experimental analog. A
variable-speed gearmotor in combination with an eccentric
drive disk with a range of orbital radii allows a full range
of flow conditions to be created.

Consideration of two important flow variables, maximum
orbital velocity Uy and oscillation period T, led to the
construction of a device in which velocity was measurable in
two different ways. The orbital diameter 2a of the water
motion was measured and taken to represent Up through the

relation

(1)

The second method was to measure the variation in water
level in the overhead tanks and determine the average
velocity U and calculate Up from the sinusoidal

relationship:

(2)

The experimental program was worked out with ease of
measurement in mind for the most important variables in the

problem.
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From previous work a distinct range of velocities and
periods appeared most appropriate in terms of accessibility
and simulation of a real flow environment. Ocean waves
range in period from 1-3 s to above 20 s under severe storm
conditions. The bottom velocities associated with these
periods have a large range from below 0.1 m/s to above 2
m/s. A realistic laboratory apparatus could not produce the
highest periods and/or velocities. Since much data exist
for the smallest periods (T< 2.5 s) and little above 7 s the
equipment used was designed to produce oscillations with
long period as well as short and intermediate period. The
size of the duct was limited by weight considerations. The
limit in ripple spacing was eliminated by using a duct that
was long relative to ripple spacing. Lofquist (1978) noted
that an integral number of ripple spacings always appeared
in his experiments; the end effects responsible for this
phenomenon were reduced by increasing the length of the test
section. The anticipated vortex ripples required a height
clearance of 10-15 cm. Thus the height was kept as small as
possible and scaling was exploited as far as reason and
rigour would allow.

Once all the above were defined a mathematical analysis
of the stresses, energy, work-load, heat loss, etc. was
performed. The resulting figures demonstrated that an
experimental apparatus could be constructed that was
reasonable in cost and size but most importantly could

produce a good analogy to an oscillatory-flow environment
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without producing a significant gravity slope.

Apparatus

The experiments were made in a simple U-tube
oscillatory-flow duct. See-saw tilting of the duct incited
oscillatory motion of the fluid over the sediment bed by
driving water between two overhead storage tanks connected
to the ends of the duct. The duct was 4.88 m long, 0.10 m
wide, and 0.25 m high in inside dimensions. A section of
clear Plexiglas 2.44 m long allowed viewing of experimental
results in the sediment bed. The duct rested upon a rigid
oeam constructed of plywood and steel. A series of
cross-ties provided the top surface for the duct to rest
upon. These cross-ties were held on threaded rods with nuts
allowing for levelling of the duct after placement (Figure
1l). The central pivot was a sturdy triangular base with
bearing blocks on the top. The underside of the beam was
fitted with similar bearing blocks, and a steel shaft served
as the axle.

An eccentric connecting rod powered by a variable-speed
gearmotor tilted the duct and beam assembly about the
central pivot. Two reduction shafts external to the motor
provided a further reduction in the speed of the drive disk.
The 1/2 hp gearmotor had a speed range at the output shaft
of 18-108 rpm. The eccentric connecting rod was a piece of
2x4 lumber 0.46 m long with two solid bronze bearings press

fitted into holes at either end. The angle of tilt of the
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duct was varied by repositioning a hand-machined connecting
pin on the drive disk. The drive disk was made of a 1"(2.54
cm) thick piece of aluminum plate cut to a circle 35 cm in
diameter. A spiraling array of holes was drilled in the
aluminum plate at 1.25 cm intervals beginning at a radius of
2.5 cm and ending at 16.5 cm. The change in orbital radius
altered the amplitude of motion of the duct. The connecting
pin was inserted into one of the bronze bearings and acted
as a bearing surface itself. The other bronze bearing
fitted on a piece of shafting connected to the underside of
the beam. The drive assembly produced periods of
oscillation from 2.3 s up to 14.6 s (unscaled).

The overhead storage tanks at either end of the duct
were made of plywood and fastened to the top of the duct
using a neoprene rubber gasket with grease for a seal. The
tanks were rectangular boxes 61 cm x 61 cm x 46 cm. The
passage between duct and tank was a rectangular opening 5 cm
x 40 cm with curved edges to reduce turbulence in the flow.
The cross-sectional area of the passage was approximately
equal to the cross-section of the duct through which water
passed (10 cm wide x 20 cm high). At either end
flow-control pieces were inserted to smoothly turn the flow
from horizontal to vertical into the tank and vice versa
(Figure 1). False bottoms 5 cm high were installed to
stabilize the flow and develop the boundary layer before the
flow reached the test section. The false bottoms

effectively extended to the edges of the Plexiglas windows,
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leaving a section 2.44 m long for experimentation. The ends
of the duct were designed to be removable, allowing access
to the sediment bed when needed. These end pieces were held
to a large wooden flange at the ends of the duct by bolts,
and a watertight seal was made with neoprene rubber for a

gasket and a heavy application of lubricating grease.

Photography

Photographic records were made both during and after
runs. A 35 mm SLR camera was used to record the bed
configuration at the conclusion of a run. Run data were
posted on the wall and included in each frame. Time-lapse
sequences were produced using a Bolex H16 Reflex camera.

The camera was triggered by a mounted solenoid connected to
a movie timer set to trip every 5 s. Bed growth could then
be observed at leisure, and long-term events or details were
recorded. The camera rested on a long metal bar connected
to the moving duct. This arrangement eliminated any
relative motion between the duct and the camera. A scale
was kept in the field of view along with a chart of relevant
run data. Backlighting with an array of tungsten lamps
allowed a reasonable depth of field in the filming.

Attempts were made to measure the velocity profile by
taking closely spaced exposures of a half-cycle of the fluid
motion, but with only partial success. This can be done
either with high-speed photography or with an open camera

shutter and a high-speed strobe. The latter was employed to
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illuminate neutrally buoyant particles in the flow. A
Polaroid Instamatic camera with a Buschnell lens was used to
obtain open shutter exposures in a dark room with only the
strobe for light. The strobe used was a Type 1538A General
Radio Strobotac. Back light was restricted in the
laboratory by using black opaque shower curtains on the
windows. Photos were taken at night to increase the chances
of success. Unfortunately the particles were two small to
appear on the film without overexposing it. A second method
using the strobe light on water-filled ping-pong balls was
also unsuccessful because they continually bounced off the
top and side walls of the tank, distorting their motion and
reducing their visibility. A third technique using the
Bolex camera for high-speed filming of suspended material in
the flow did capture the velocity pattern over the flow
cycle but requires a good 16 mm film projector in order to
obtain the actual velocity profile. Such a frame-by-frame
projector was not available in time for inclusion of the
data in this report.

Small neutrally buoyant particles provided flow
visualization for both photography and velocity
measurements. The particles were simple to make and
extremely reflective. A mixture of candle wax and TiOj was
melted and homogenized. The mix was then placed in an
old-fashioned garden bug sprayer and reheated to liquid
form. Pumping the mix through the sprayer atomized the

fluid into small beads with varying TiOj content. A bucket
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of water served as the catchment for the atomizing process.
The floating portion was removed and the neutrally buoyant

fraction decanted. This provided small white particles for
the strobe technique. Measurements of the orbital diameter

2a were made using these same neutrally buoyant particles.

Experimental Techniques

Runs were made with hot water to reduce the viscosity
and provide scale modelling of the flow environment
reproduced in the laboratory. Hot water was pumped into the
duct through the overhead tanks at an average temperature of
45° C. Two self-contained 1150 W immersion heaters placed
in over the side of the storage tanks heated the water to
above 60° C. Once the water temperature reached 60° C one
heater was switched off and the system allowed to thermally
equilibrate. 1In addition to the heaters, closed-cell
polystyrene foam insulation was fixed to all sides of the
flume and tanks except for the endplates and underside of
the duct. Also the Plexiglas sections in the center of the
duct were left clear for viewing and filming of events in
the duct. The open surface in the storage tanks was fitted
with pieces of foam insulation that floated on the water
surface. The calculated heat loss for the system with 1"
(2.54 cm) foam insulation was roughly 1300 W at 60° C. The
conservative estimate of the insulation rating on the wood
surfaces explains the higher temperatures obtained (Table

1). The effects of turbulence on heat conduction were also
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clearly observed in the variation of temperature with flow
energy. Temperature measurements were easily obtained by
inserting a long mercury thermometer down through the
storage tanks into the flow in the duct and reading to #0.1°
C.

Two different sand sizes were used. These size
fractions were odotained by wet-sieving between two closely
spaced sieve sizes. The modal size of each fraction was
regarded as the characteristic sediment size of that
fraction. The coarser sand had a modal size of 0.15 mm and
the finer sand had a modal size of 0.09 mm. Both were
derived from quartz sand from the Ottawa Silica Co. and
small amounts of remnant sediments in the Center for
Experimental Sedimentology at MIT. The sediment-bed
thickness was designed to be 5 cm in average, but for some
runs this was increased to prevent scouring to the floor of
the duct. Access to the bed after each run was restricted
by the experimental configuration. Therefore to flatten the
bed, the duct was drained and a shallow depth of water left
behind to flow back and forth at supercritical velocities to
flatten the bed. This was not done in all runs since in
some runs hysteresis was to be studied between different
flow conditions and their associated bed forms. When
necessary both ends of the duct were removed along with the
flow-control pieces to allow removal of the sediment.

Runs were usually initiated with a planar sediment bed.

Once the water reached its equilibrium temperature, Uy and T
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were measured. T could be measured externally from the
motion of a fluid particle or a notch on the drive wheel;
agreement between the two was universal. At this point the
nature of the initial bed configuration was noted, and in
some cases the bed forms were measured and recorded.
Time-lapse photography began at this point if it was to be
done (only ten runs were filmed). The run was then left to
reach equilibrium; this took 4-6 hr in high-velocity flows
and up to 48 hr at the lowest velocities for which sediment
actually moved. At the end of a run Uy and T were checked
and recorded again. The duct was stopped and the bed forms
were photographed. If regular in size and spacing the bed
forms were measured, but otherwise they were left to
qualitative descriptions. Qualitative observations of
bed-form development were made during runs. Stratification
in the sand was largely ignored since it was not part of the
experimental program. However, some interesting features of
the stratification were noted during runs and are presented
in the next section.

Between runs the water was removed using siphon hoses.
The oscillation period was adjusted both by changing the
internal gearing of the gearmotor and by rearranging the
external gear ratio of the two reduction shafts. The
orbital path of the connecting rod together with the
oscillation period directly controlled Uy of a run. The
tilt of the duct was changed from run to run to produce

different values of Up. Runs were usually made in a
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sequence of steadily increasing or decreasing Uy at constant
T. The apparatus was cleaned between runs; in exceptional

cases the end plates were removed to do this.
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RESULTS

Series of Runs

The 34 runs with the coarser sand yielded relatively
uniform results. The variables D, Uy, and T appear in Table
1 along with ripple spacing A, ripple height h, and water
temperature. The bed configuration at the end of each run
is also listed in Table 1. The geometry of the bed and
nature of the flow over the bed served as criteria for
classifying the bed phase. If flow over the bed contained
distinct vortex cells, then the bed-phase name contains the
word vortex or some such desriptor.

The classification used for both sands is taken from
terminology and descriptions of bed forms in previous
investigations. The following is a compilation of the names
used in describing oscillatory-flow features. The term no
movement (NM) refers to conditions below that of incipient

grain movement. Rolling-grain ripples (RGR), first

described by Bagnold (1946), appear after the movement of
the first few grains, and align themselves roughly
perpendicular to the flow. The most frequently observed bed

form was two-dimensional (2D) vortex ripples . In such

cases the bed forms have a distinct and uniform spacing and
height, with horizontal ripple crests that are perpendicular
to the flow direction. The shoulders of 2D vortex ripples
are typically concave upwards. At higher velocities the
ripples become less regular. The bed configuration in these

higher energy flows had ripple crests that bifurcate and
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anastomose into other ripple crests across the flow
direction. The flow contains distinct vortex cells that
have no regular pattern but are constantly changing the bed
geometry and being altered by the bed surface. These

irregular-vortex bed forms are called three-dimensional (3D)

vortex ripples. Near the transition from a 2D to a 3D bed

configuration a characteristic ripple spacing and height for
the bed forms existed and was recorded.

At combinations of high velocities and long periods the
bed forms had no short-term stability. During each half
cycle of the flow the bed forms suffered erosion and the
sediment was transported as both bed load and suspended load
and then redeposited during flow deceleration. Therefore
the ripples had instantaneous unidirectional character with
a lee and a stoss side. The name assigned to these ripples

by Inman (1957), reversing-crest ripples (RC), will be used

in this report. The ripple spacing relative to the 2a of
the flow was small and the ripple height was 2 cm at most.
In the coarser sand reversing-crest ripples were often
superimposed on large vortex ripples of both 2D and 3D
character.

The last commonly observed bed form in the first series
of runs was a sequence of regular and asymmetrical
unidirectional-current ripples that appeared on the
shoulders of large 2D vortex ripples. The lee side lies
crestward of the stoss side and they are usually present on

both sides of a vortex-ripple trough. The size of the
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ripples increased to a maximum near the 2D vortex-ripple

crest. Upper-planar-bed conditions (PB) at high Um and T

produce no ripples, only planar laminae.

The 36 runs in the second series, with the very fine
sand (D= 0.09 mm), yielded a greater diversity of bed forms
and a larger number of bed phases. The variables measured
are listed in dimensional form in Table 2 along with the bed
phase. The seven kinds of bed phases described in the
following (no movement, rolling-grain ripples, 2D vortex
ripples, 3D vortex ripples, reversing-crest ripples,
reversing-crest ripples plus vortex ripples, and upper
planar) were all seen in different runs using the finer
sediment size. There were no differences in experimental
procedure between the two series of runs, but more extreme
conditions of Up and T were modelled with the finer
sediment. The high-velocity conditions for the coarse
sediment produced bed forms with a spacing and height that
the apparatus could not model. Such runs were not recorded
in the data set, excepting two whose bed phase seemed 2D
vortex in style. Sediment movement occurred at lower values
of Uy and T. Only one run was made in which no movement
occurred. This was at scaled Uy, Um*=0.098 m/s and scaled
T, T= 4.1 s. The slightest sediment movement resulted in
development of 2D vortex ripples from an initial bed of
rolling-grain ripples. Rolling-grain ripples were not seen
on the sediment bed at the end of any run.

The transition between 2D and 3D vortex ripples was
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observed at several different periods in order to determine
the combination of conditions that define the boundary
between the two bed phases. Runs 20 through 26 in the
coarser sand, made to test the stability of 2D vortex
ripples down through the no-movement boundary, showed 2D
vortex ripples present below the no-movement threshold.
Preferential erosion of the 2D vortex ripple crests occurred
at slower flows, but the ripple shape did not degenerate
before sediment motion ceased. Growth of rolling-grain
ripples into vortex ripples from a plane bed at these
low-energy conditions took from 24 to 48 hr (unscaled).
Reversing-crest ripples were first seen at high
velocities in the finer sand at Um*= 0.5 m/s
and T= 8.5 s. Reversing-crest ripples formed in flows up
to 20 s in period in the finer sand.

In general the two series of experiments produced
similar results. There were fewer kinds of stable bed form
in the coarser-sand runs. The style of bed-form development
was similar in the two series. Finite elements in the
sediment surface topography disturbed the flow over the bed
for both series. With this similarity in flow kinematics

one would expect to dbserve similar bed configurations.

Observations of Bed Forms

The few no-movement runs made were not completely
straightforward. In the coarser sand, several runs

produced no significant bed forms and yet a very small
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percentage of grains were set in motion at the start of
these runs. By the time these runs were terminated all
sediment motion had ceased. In two of the three runs small
bed forms resembling rolling-grain ripples appeared and then
ceased to move or to gain any new sediment. The minor grain
movement at the start of these runs ceased by the time the
whole system reached its equilibrium temperature of roughly
60° C. The lack of growth and movement in these runs placed
them in the region of no-movement flow conditions.
Rolling-grain ripples were seen at the start of many of
the runs. In most runs they were transitory, disappearing
soon after the run began. Usually they gave way to vortex
ripples, but in some cases they grew into reversing-crest
ripples. In the runs in which rolling-grain ripples were
only a transitory bed form, the style of flow circulation
changed drastically as the ripples grew and moved on the
sediment bed. No runs in the finer sand produced
rolling-grain ripples as the stable bed form. 1In all runs
with the finer sand in which rolling-grain ripples appeared,
they grew into some other bed form. The threshold of
sediment motion in the finer sand was reached suddenly when
increasing the velocity of the flow from run to run. The
two runs that produced rolling-grain ripples in the coarser
sand were at lower flow velocities than two of those which
produced no eventual bed forms. This result appears
anomalous at first glance and will be discussed later.

The rolling-grain ripples observed were like those
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described by Bagnold. They aligned themselves roughly
perpendicular to the flow but were not straight-crested.
Each half cycle of motion moved a high percentage of the
sediment in a particular ripple. Sediment transport
diminished with time. However, rolling-grain ripples grew
with time, and in most runs they moved relative to one
another and merged to form larger vortex ripples.

Two-dimensional vortex ripples were the most common bed
form. The development of 2D vortex ripples was always
preceded by rolling-grain ripples. Rolling-grain ripples
appeared after the first few oscillation cycles; the spacing
and height were a few centimeters and a few millimeters,
respectively. Ripple spacing and height grew with time,
disturbing the flow. A symmetrical ripple profile was
characteristic of 2D vortex ripples. The spacing-to-height
ratio A/h was roughly 6 (Tables 1 and 2). Spacing of 2D
vortex ripples ranged from 6.6 to 110 cm (unscaled). The
vortex cells in the flow associated with 2D vortex ripples
have horizontal rotational axes and are highly symmetrical.
The concave shoulders of the vortex ripples were typically
smooth and curviplanar. A scour pocket occasionally
developed in the center of the ripple shoulder about halfway
from trough to crest. Trough profiles also grew, with some
showing very steep sides and a well at the lowest point.
Alternatively some troughs were relatively long and flat
with little scour.

In several runs, bed forms with a vortex-ripple
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geometry formed in the center of the vortex-ripple troughs.
These trough ripples are denoted as TR in the tables. Their
height was less than that of the 2D vortex ripples and the
internal laminae were different in style. The 2D vortex
ripples contained laminae on both shoulders. The center
point of the ripple under the crest resembled a shuffled
deck of playing cards before sorting. Interfingering layers
from either side crossed the center point under the crest.

In certain runs the laminae in the 2D vortex ripples
showed the history of ripple growth. The laminae in the
vortex ripples showed progressive aggradation away from a
neutral point in the sediment bed. The ripple under the
neutral point showed laminae as previously described, but to
either side the vortex ripples contained uniformly sloping
laminae with opposite slopes.

In most runs with 2D vortex ripples, both bed load and
suspended load were abundant. In runs with bed load
predominant, size fractionation developed between crest and
trough; the coarser grains were deposited near the crest and
the finer grains settled in the troughs. This was easily
observed because of dark grains that formed lines on the bed
surface a well-defined distance from the ripple crest
demarcating the two regions.

3D vortex ripples were produced by vortex-dominated
flow, as the name implies. As with 2D vortex ripples, the
bed forms first produced from a plane bed were rolling-grain

ripples with no regular spacing. Once ripples had
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developed, the vortex cells continued to transport sediment
to them in a positive-feedback loop. But unlike the 2D
vortex ripples, the 3D vortex ripples did not stabilize with
a particular geometry; instead the bed forms continually
changed position and shape. Ripple crests were irregular in
height and plan pattern, and showed no preferential
orientation with respect to the flow. Pockets appeared on
either side of transverse ripple crests. There was a dgreat
deal of variability in 3D bed shape, but no quantitative
measurement were made.

Three different styles of bed geometry were clearly
seen in the 3D vortex ripples. The first was a simple
breakdown of stable 2D vortex ripples to a bed consisting of
semi-regular ripples with nonhorizontal crests but definable
spacing and height. The second was a pattern of continuous
ripple crests that curved across the flow direction; they
too had a definable spacing and height. The third and most
common style was a random pattern of local highs and lows
with discontinuous crests. This last style was associated
with flows in which vortex eddies with both horizontal and
vertical axes appeared. This produced local scours in the
bed and vertical vortex-eddies in the flow. No
characteristic stratification pattern was seen in any of the
3D vortex ripple types; their mobility precluded such
observation in this investigation.

The next most common bed form in this study after

vortex ripples was reversing-crest (RC) ripples.
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Reversing-crest ripples, formed at larger T and Um, are
different from vortex ripples in that the flow contains no
observable circulation cells. The flow appears to be
laminar or smooth turbulent and more or less linear
throughout an oscillatory cycle. Reversing-crest ripples
were opserved only in the finer sand, even though the same
flow conditions were used in the runs with the coarser sand.
The development of reversing-crest ripples preceded any
other ripple type that developed in the same run. They
appeared immediately on the sediment bed. However, they
grew in height and spacing with time. The orientation of
lee and stoss sides reversed during each half cycle of the
flow. Thus the sedimentary record produced by the flow
environment for reversing-crest ripples shows planar
laminae.

Reversing-crest ripples accompanied vortex ripples in
five of the eight runs in which they formed. 1In these runs
the reversing-crest ripples always developed first. In some
of these runs reversing-crest ripples were seen only on the
shoulders of the ripples and not in the troughs.
Reversing-crest ripples were more asymmetrical when
developed on vortex-ripple shoulders but still changed
orientation during each cycle. The highest energy flow
conditions which produced reversing-crest ripples were Up=
0.575 m/s and T= 19.4 s. No other bed forms could be
modelled at this large a period. Higher velocities yielded

planar beds or enormous bed forms.
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Reversing-crest ripples formed when suspended load
appeared all throughout the dbserved near-bottom boundary
layer of the fluid. This boundary layer extended 5-10 cm
above the sediment surface and was virtually opague due to
the suspended load.

Unidirectional-current ripples were an interseting bed
feature of longer period runs. These ripples formed in the
troughs and on the shoulders of 2D and 3D vortex ripples.
The side profile of these bed forms was asymmetrical with a
clear-cut lee and stoss slope. The lee slope was always
toward the ripple crest. Spacing and height of these
ripples increased from the lowest point in the trough toward
the crest of a vortex ripple, producing a unique pattern of
sediment laminae. The foreset laminae varied from 0° to 10°
dip in either direction due to the combination of vortex and
unidirectional-ripple geometries.

The term unidirectional applied to these bed forms is
clearly genetic but the observed flow conditions warrant its
use. The sediment bed experiences different flow conditions
spatially under oscillatory flow. Vortex cells are
geometrically confined by local topography. The flow
separation near the crest of a vortex ripple creates a
velocity shadow on the downcurrent side. The resultant
recirculation eddy impinges on the sediment bed with an
upcurrent velocity before the flow reverses. Thus the
resultant velocity vector is stop-start unidirectional

rather than oscillatory. This mechanical scheme produces an
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inherent timing relation between vortex ripples and
unidirectional ripples. The vortex ripples grow from an
initially planar bed, and after reaching relatively large
size they begin to shadow the downcurrent side during each
half cycle. This promotes growth of unidirectional ripples
on the shoulders. The unidirectional ripples perturb the
vortex cells of the 2D/3D vortex ripples as well as
producing their own small lee-side vortices. The observed
effect on the vortex ripples was steepening of the flanks
and an increase in A. Ripple laminae showed three distinct
growth phases as a result: symmetrical-oscillatory,
pseudo-horizontal foreset growth, and
asymmetrical-oscillatory plus foreset laminae. The
unidirectional features described were seen in conditions of
Um*= 0.5 m/s and T*Z 7.5 s.

The last observed bed phase is that of upper-planar-bed
flow (PB). Clearly, from the name, no bed forms were
produced under the highest velocities and periods tested. A
large quantity of sediment moved during each half cycle of
oscillation but was deposited rapidly, leaving no
flow-controlled bed features. Much sediment remained in
suspension while the flow decelerated and stopped. Bed load
shifted from one end of the tank to the other, and the
resultant strata are thin laminae. The smallest period at
which planar laminae were seen was T = 8.0 s and Um*= 0.975
m/s. Although they moved a great deal of sediment, lower

velocities at longer periods produced no bed forms. The flow
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above the bed was like that of reversing-crest environments,
with no small-scale or large-scale vortex cells visible.
Small-scale turbulence predominated in the flow, making
velocity measurements based on 2a less certain than the
method using mean fluid-level change in the head tanks.

The results of the time-lapse photography highlighted
several notable features of the observed bed forms. Filming
of runs showed that vortex ripples do not migrate once they
have fully developed. They migrate only while they are
growing and altering the flow. They did not travel any
distance; they moved relative to one another to form a new
ripple spacing and geometry. The lack of migration seen in
footage of 3 to 4 hour time spans confirmed the symmetry of
the flow environment induced by the experimental equipment.

The results of Run 18 in the finer sand appear on film
in two short segments--one at the beginning, which shows
reversing-crest ripples, and one after twelve hours, which
shows vortex ripples. The RC sequence shows no distinct
growth of ripples on the bed or vortex cells in the flow.
The reversing-crest ripples switch back and forth, leaving a
linear set of laminae. The latter film sequence shows a
trough-to-crest migration and growth of unidirectional
ripples on the back of the vortex ripples.

The 3D vortex ripples filmed showed no systematic
development or stable geometry. The growth of flow eddies
visibly altgred the bed forms, and the change in bed

configuration was recorded in the time-lapse sequences.
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Material was deposited at the edges of visible flow eddies,
and material was eroded by the strong linear currents of the
oscillatory flow. Both mechanisms eroded and deposited
material, but the former showed a less spatially regular
pattern of sediment deposition, as seen in the time-lapse
sequences. 3D vortex ripples migrate, split in two, grow,
and disappear in response to flow above the bed.

Suspended load was universal in flow over 3D vortex
ripples. This simplified identification of vortices.
Vertical cells developed that locally increased the height
of the layer containing suspended load. Troughs or pockets
in the bed formed under such cells. The mechanics of
vertical cells are not seen in the time-lapse sequences--
only khe gradual change in the pattern of sediment
transport caused by their presence. 3D vortex ripples show
no distinctive stratification pattern in time-lapse photos.
In summary, 3D vortex ripples migrate, never reach dynamic
equilibrium with the flow, and show no regular behavior or

stratification.

Test of Scale Modelling

Two sets of flow conditions were used to test the
validity of scale modelling of the experimental results.
The conditions were fixed by matching the two sediment grain
sizes used, via the viscosity dependence of the parameters
for oscillatory flow. Once grain sizes were matched, the Up

and T conditions for each run were calculated to fall within



36

the range of accessible conditions for the duct. The first
runs were made with cold (room-temperature) water using the
0.15 mm sand. The velocities and periods are listed in
Table 1. Two runs were made with cold water at the
different flow conditions. The next runs were made using
the 0.09 mm sand. Two runs with 65° C water were made at
the flow conditions given in Table 2. The matching was
calculated prior to the runs to assure that the values
listed in Tables 3 and 4 were as close to each other as
possible.

Both hot-water and cold-water test runs resulted in
similar bed forms. The first run in cold water produced 2D
vortex ripples with small ripples in the troughs. These
smallér trough ripples were stable in time and space.
Likewise, the hot run produced 2D vortex ripples with
smaller trough ripples. The dimensionless spacings A* and
heights h* are tabulated in Tables 3 and 4. The values of
A* are 36.40 cm and 32.2 cm for hot and cold runs,
respectively. For the first scale test, the corresponding
values of h* are 4.9 cm and 4.3 cm.

For the second pair of runs, a lower velocity and
smaller period were used. The anticipated result was 2D
vortex ripples. This is precisely what was seen. An
interesting observation was that ripple-crest height varied
laterally across the flow in both cold and hot runs at the
same hydrodynamic conditions. The values of A* are 21.3 cm

and 21.6 cm for cold-water and hot-water runs, respectively,
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and the corresponding values of h* are 3.4 cm and 3.7 cm.
Thus, with flow variables matched through the scale
modelling, we see that the bed variables and bed

configuration also match.

Velocity Measurements

The two methods for velocity measurement agree in
result. The measurement of 2a was extremely simple. After
neutrally buoyant particles were inserted into the flow,
their path above the sediment bed could be measured.
Measurements made over many oscillations, up to 20 or 30
cycles, showed very good agreement in both low-velocity and
high-velocity flows. The position of a particle in
suspension was marked on the Plexiglas window at either end
of its oscillation path. These marks were then measured and
recorded. Averaging over many oscillation cycles improved
accuracy.

A machined metal rule, permanently emplaced on the
inside edge of one storage tank, allowed measurement of the
amplitude of rise and fall of water level in the head tanks.
Its position near the inside edge avoided the surface
disruption caused by the flow jetting up at the outside edge
of the tanks. The volume rate of flow was calculated from
the cross-—-sectional area of the storage tank. The tabulated
bed-form height at each 2 cm interval was summed and

averaged,

A= 2 Anp (3)
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Then the cross-sectional area of the duct was obtained from
Area= (Duct height -A) x width. 2a was then calculated from

the equations:

(Headtank excursion - 2Lsin®) x W x L

0= 1/2 T(sec) (5)
2a= Q x T(sec) - (6)
2 (Duct height - A) x width
The average velocity for the flow is then:
= 22________
U= 173777saq) (7)

The orbital excursion for two runs in the coarser sand
showed nearly perfect agreement between the two measurement
techniques. In Run 8, 2a measured directly from flow
visualization was 38.5 cm, and 2a calculated from the water
level in the head tank was 38.3 cm. For a longer period

run, Run 30, 2a was 168.1 cm and 170.7 cm, respectively.
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DISCUSSION

Data Synthesis

Given a knowledge of the important variables, the
number of dimensionless parameters needed to describe the
two-phase motion at the sediment-fluid interface can be
established by dimensional analysis. Sufficiently strong
motion of fluid above a cohesionless bed of sediment
produces characteristic topographic patterns in the sediment
bed, and any variable associated with these bed forms, like
the spacing, depends on the important variables in the
problem. If P is such a variable then it may be described
as a function of seven independent characterizing variables
in the system: fluid density p, fluid viscosity u,
orbital velocity maximum U, period T, grain size D,
sediment ﬁensity pg, and specific weight y'. The first six
variables in the analysis are understandably present since
they are properties of the system. Specific weight relateé
the relative forces on the particle to its resistance to
movement. It should be noted that gravity is an important
variable in the problem of oscillatory flow under
free-surface gravity waves due to free-surface effects and
would have to explicitly stated for analysis of such an
environment. Thus:

p= fp (pr u, Une Ty D, pPgy Y') (8)

Dimensional analysis yields:

- 1 1 Z 1 )
oy'V\= D, (p2\Z Uy, [¥y'\= T, S
Tp= op , (ﬁ)3 (ﬁ) 3 m (FE) 3 ‘p— (9)
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where y'= (pg-p)g

It should be noted that the orbital excursion of a fluid
particle, 2a, bears a linear relationship to Uy and T as
seen in equation (1). Therefore only two of these three

variables are needed in the analysis.

The first three dimensionless parameters listed are
extremely useful because of their linearity with respect to
D, Up, and T. These are three of the most important and
easily measured variables in oscillatory-flow environments.
The ratio pg/p 1is considered in the data synthesis to be a
fixed parameter since natural sediment density is close to
the density of quartz in all but a few cases and the density
of water varies little over an enormous temperature range.
In the runs made in this study, quartz sand was used to fix
this parameter. All the data from other investigations that
have been analyzed in this study were obtained from runs
using quartz sand.

The assumptions made in this analysis are few and
involve only simple functions. The form of the waves is
assumed to have a certain definite form and the resultant Uy
is in the x-direction along the bed surface. Two
assumptions about the bed material simplify the analysis:
the shape of the sediment particles and the shape of the
particle-size distribution curve are assumed known and
fixed. These assumptions greatly simplify the analysis to
only seven variables.

The three-dimensional space presented for the data
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synthesis has dimensions of length, velocity, and time.
Each data point tabulated has been normalized to the 10°C
model using a ratio of experimental conditions to those of

10° C water. For instance,

(BMlL)
2

onyL' 3
HT, 2

where the the subscript M represents the laboratory and the

w|

subscript 1, the 10° C water. The dimensional variables
plotted are those values that would be seen in 10° C water.
Thus the dimensions allow the reader to grasp the relative
size of bed forms and conditions of experimental runs, while
still allowing normalization of parameters. Yalin and
Russell (1965) explicitly state p = constant and u =
constant for water experiments on oscillatory-flow regimes.
Unfortunately this is reasonable only for p. The variablity
of u for water is too large to ignore over the temperature
range of experimentation. The value of u at 10°C is 1.3077
cp and p at 60°C is 0.4688 cp(CRC Handbook of Chemistry and
Physics, 59 ed.,1979.).

The difference in the exponent of u in the three
parameters is important to note since it results in a
non-uniform scaling of the three variables of interest.
Length variables (D, 2a, etc.) scale as the 2/3 power of the
viscosity while T and Uy scale as the 1/3 power of the

viscosity. For a 60°C experiment this yields a scaling



41

ratio of approximately 2:1 for length scales (see Southard,
Boguchwal, and Romea, 1980). Of course all other variables
scale accordingly at the same time. This procedure reduces
scatter in the data but more importantly provides an
accurate view of the stability regions of sediment bed
phases.

The technique applied in the analysis is both
appropriate and useful to the study of sediment bed
configurations. By scaling all the forces, dimensions,
velocities, etc. and equating them using these dimensionless
relationships one obtains a scale model of an oceanic or
lacustrine environmert. This enables the production of bed
forms much larger than would otherwise be possible without
building an unrealistically large apparatus. As a result a
large range of flow conditions are reproducible by changing
the viscosity of the fluid or any other easily changed
variable in the dimensionless parameters. 1In any
sedimentological analysis the observed variables must have a
simple relationship to a natural flow regime.

The application of this dimensional analysis to the
work of other investigators is possible only with those that
record temperature. Temperature data from the work of
Kennedy and Falcon (1965), Carstens et al. (1969), Mogridge
and Kamphuis (1972), and Lofquist (1978) were either
recorded in the published work or obtained by the writer.
The application of the data synthesis brings a change in the

relative position of data points for Carstens et al. (1969)
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and Mogridge and Kamphuis (1972) in which temperature was
varied from one experimental run to another. For the other
two investigations it serves only to scale up the results
uniformly, but it is relevant when compiling a complete list
of data sets. Tables 5 through 8 in the appendix show only
the dimensionless parameters for each run; raw data are not

included.
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Equation of Motion

For this study it is assumed that the temporal velocity
pattern is sinusoidal. Mogridge and Kamphuis (1972) note
that oscillatory flow is rarely sinusoidal due to mass
transport. The mass transport distance g, the net distance
moved by the fluid outside the boundary layer, is a
nonlinear unpredictable term in the equation of fluid
motion. 1Its relative effect on fluid motion is small.
Mogridge and Kamphuis (1972) define an effective orbital
length A as

A= 2a + |&] (11)
A 1s then used in dimensionless parameters to
characterize the flow. For the sake of simplicity A, as
defined by Mogridge and XKamphuis, is assumed to be equal to
the observed excursion of a fluid particle. The effect on
Uyp is negligible.

The other important factor on the shape of the temporal
velocity profile is the time-varying flow resistance.

Within the boundary layer the flow is affected nonlinearly
by 1y, since 1y grows approximately as the square of Up in
the range of flow encoutered in this study. The anticipated
velocity pattern is one with lower acceleration and
deceleration on either side of the velocity maximum.
Attempts in the experimental program to measure the temporal
velocity pattern failed. Thus in the following analysis it
has been assumed to be sinusoidal and similar to that
produced under free-surface gravity waves.

The equation of motion for the fluid can be written
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5t - ot T VT5z2” 5z t U (12)

where u and w are velocity fluctuations in the x and z
directions, respectively. For laminar flow the
velocity-fluctuation terms go to zero and a solution can be
obtained. No solution has been found yet in the case of
turbulent flow (Jonsson, 1966). For oscillatory flow the
acceleration terms in the x-direction dominate the equation
of motion. The equation of motion is affected by the
presence of bed forms in that the term for U(3U/3x) becomes
significant. IWith a plane bed U(3U/3x) can be ignored, but
for a wavy surface, the equation of motion becomes difficult
to solve because of this nonlinear term.

In oscillatory flows due to waves the bottom boundary
experiences a flow effect known as streaming. Streaming is
a circulation pattern in the flow that results from mass and
momentum conservation in a spatially and temporally varying
velocity field. As a free-surface gravity wave passes over
the pbottom at some point X;, a point in front of X,
experiences a different velocity field than X; at the same
instant. Two such points spaced sufficiently far apart,
|Xo-X7|> 2a, will at different times have convergent and
divergent velocity vectors (Figure 2). This fact is
responsible for wave-induced streaming over a sediment bed.

Streaming in the flow can also occur in response to the
local bed configuration. If surface elements on the bed are

sufficiently tall, flow separation around them produces the
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same sort of convergent and divergent velocity field as that
of a free-surface gravity wave. In two important papers on
theoretical flow-recirculation patterns over a wavy surface,
Lyne (1971) and Sleath (1975) consider different flow
conditions and bed configurations and their resultant flow
fields. Lyne (1971) considers a flow parameter kR which
represents the ratio of 2a and \. The streaming term in the
flow, denoted F1(S), is

F1(s)(n)= £1(S)(m+ £1(8)(n) (13)

where n= ¢(m/2v}/%i.e. the velocity potential divided by the
boundary-layer thickness). Three possible cases for the
flow are then mathematically solved using conformal mapping.
The first is for kR<<1l but k>>1. Steady streaming is
confined to the boundary layer, whose thickness is of the
order of a wavelength (Lyne, 1971). For the next case Lyne
takes kR<<1l but now k<<l (i.e., wavelength of the

wall is much smaller than the thickness of the boundary
layer). The streaming term then contains two terms: one
that decays to zero over the length scale of the boundary
layer and one that decays over a much larger length scale,
of the order of a wavelength. Two recirculation cells form
which match across n=1 (Figure 3b). The final case
considered is for kR>>1 (i.e. 2a>X) while the
viscous-sublayer thickness is of the order of 1/(kR) &. The
steady streaming associated with this flow consists of
multiple recirculation cells all of equal thickness and

confined to the boundary layer. The relative magnitude of
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Figure 3a: Sketch
k>>l.
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Figure 3b: Sketch of steady streaming when kR>» 1 and
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Figure 3c: Sketch of steady streaming when kR¥<1 and
k (kR)~ o(1) after Lyne (1971)



48

recirculation decreases exponentially away from the wall
(Figure 3c). All three cases produce recirculation cells
that transport material or impinge on the bed with velocity
vectors directed toward ripple crests.

Sleath (1975) made a similar study of the velocity
field under oscillatory flow. Like Lyne he solved for
laminar flow, in which fluid movement is mathematically
predictable. The result of the study is a mathematical
prediction of the velocity at a point on the bed. The
velocity vector is always toward ripple crests and is
independent of time.

The apparatus used in the present study did not produce
the streaming induced by free-surface gravity waves. The
second type of streaming, that produced by ripples on the
sediment surface, was present in the laboratory experiments
of this study. The limit of such streaming was the top
surface of the duct. TIf bed-form height was sufficient the
flow felt the top of the duct and was squeezed over the
ripple crests. This enhanced recirculation and led to
unrealistic bed forms. The rule of thumb employed was a
height clearance over the ripple forms of 1/2 A. Below this
the recirculation cells were spatially restricted and the
U(3U/93x) term was too large for accurate reproduction of the

flow environment.

Boundary Laver Theory

The boundary layer in an oscillatory flow is limited

in thickness because of the short time in which it grows and
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decays. Conversely, in unidirectional flow the boundary
layer grows until it reaches a free surface. It has long
been assumed that unidirectional-flow boundary layers have a
logarithmic velocity profile that is steep near the boundary
and nearly constant up in the flow. However, an oscillatory
boundary layer develops and decays within a half-period of
oscillation, making its velocity structure irregular. Yet,
it is clearly a function of frequency. The boundary-layer

thickness 6§ for laminar oscillatory flows is

1
s=(4z>% (s1)2 (14)

Sleath (1974) uses the roughly equivalent expression

5=<9>% (15)
2V
and suggests that flow may remain laminar under conditions
of practical importance. The flow may in fact be turbulent
but the mean-velocity distribution may still be represented
by solutions for the laminar case.

Two important length scales exist for oscillatory-flow
boundary layers: the boundary-layer thickness § and the
orbital diameter 2a. Two unique Reynolds numbers can be

constructed using these variables:

Re= —W (16)
RE= [.J.xgé , (17)

The use of a boundary-roughness Reynolds number (Re) should

be restricted to analysis of the flow in the boundary layer.



50

However, the mean-flow Reynolds number (RE) is useful both
inside and outside the boundary layer; the mean flow
controls the boundary shear stress because of

velocity matching across the transition.

Transfer of momentum between fluid layers is governed
by viscous effects such as vortex formation and decay. The
boundary shear stress, which controls sediment movement, is
governed by the thickness of the boundary layer. Jonsson
(1966) discussing the case of rough turbulent flow, derives
an expression for § using the early work of Nikuradse on bed
roughness kg. The expression relates the boundary-layer
thickness to the bed roughness and the orbital radius, a.
Jonsson uses a value of kg equal to 3 or 4 times the
bed-form height h, but this value