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INNER CONTINENTAL SHELF BENTHIC BOUNDARY LAYER
DYNAMICS AND SUSPENDED SEDIMENT TRANSPORT

ABSTRACT

An experiment conducted over the shoreface at Duck, North
Carolina in 1985 embraced both fair-weather low energy and storm-
related high energy conditions. To differentiate the diffusion and
advection processes of suspended sediments under the high energy
conditions from those under the low energy conditions, numerical
modeling and the analysis of field data are exercised., A simple
two-layer eddy viscosity wave-current combined boundary layer model
is developed. The modeled characteristics of the boundary layer are
incorporated with a diffusion equation to give suspended sediment
concentration profiles. A velocity scale related to factors other
than turbulent diffusion is formulated, representing the diffusion
under varying energy conditions. With increasing bed friction, the
vertical diffusion of sediment is reduced due to stratification,
thus reducing velocity. From the measured suspended sediment
concentration profiles, the resuspension coefficient, +y, shows a
tendency to decrease with inecreased flow intensity, suggesting the
role of the armoring effect. The coefficient, vy, varies between
0.0003 for high-energy conditions and 0.002 for low-energy
conditions. The energetics approach to predicted sediment transport
overestimates the role of wave transport for the low energy
conditions. Cross-correlations between cross-shore velocity and
sediment concentration show that the role of wave for the transport
under low energy conditions is not substantial. The direction of
transport under low energy conditions is governed by the mean
current. Under high energy conditions, tramnsport by waves is
onshore but superseded by offshore transport by the mean current,
resulting in net offshore transport. The energetics model based on
the surfzone dynamics underestimates the transport rate by an order
of magnitude compared to the depth integration of the average
product of mean cross-shore velocity and mean concentration. This
Indicates that the calibration of the efficiency factors € and 2

in an energetics model is essential.

Sung Chan Kim
SCHOOL OF MARINE SGIENCE
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INNER CONTINENTAL SHELF BENTHIC BOUNDARY LAYER

DYNAMICS AND SUSPENDED SEDIMENT TRANSPORT




1. INTRODUCTION

An inner continental shelf occuples the shoreward edge of a
continental shelf and serves as the active zone of on-offshore
sediment transport. Exchange of sediments between inshore and
offshore regions determines the geomorphologies and sediment budgets
of both regions., In order to understand the consequent sedimentary
characteristics, we need to define both the direction and the

magnitude of the exchange processes.

In terms of the direction, across-shore exchange affects the
inshore sediment storage more effectively than an alongshore
exchange (Wright, 1987). Whereas the directions of transport are
estimated by the directions of low frequency flow and the odd
moments of high frequency flows, the magnitudes are determined by
the magnitudes of low frequency flows and the even moments of high
frequency flows (e.g. Green, 1987). In addition to the
hydrodynamical factors, further complications come for the
determination of the magnitudes from sediment characteristics and
bedforms. The quantification of the process thus requires the

comprehension of both sediment dynamics and hydredynamies,

Cross-shore exchange processes over an inner continental shelf
are slow and often episodic (Niedora et al., 1984). The on-offshore
cycling of sediments have periods in the oxrder of a year and are not

perfectly closed (Wright et al., 1985). The incompleteness of the




cycle results in the long-term change in geometry. The storm-
related high energy is believed to be responsible for this long-term
change. Thus, the processes should be understood by the comparison

of high energy conditions with low energy conditions.

The two different transport systems, that is, surf zone and
continental shelf systems encounter transitions over an inner shelf.
Inside a surf zone, a wide spectrum of gravity waves exist. In this
region, the principal source of momentum flux is the radiation
stresses exerted by the waves (Longuet-Higgins and Stewart, 1964,
Chappell and Eliot, 1979). In addition, tidal currents, wave
groupiness, longshore currents, and rip currents induce lower
frequency motions. Seaward of the surf zone, mesoscale motions
dominate the hydrodynamics over a continental shelf. An inner shelf
provides an effective coastal boundary layer to the mesoscale flows

(e.g. Csanady, 1982).

Over an inner continental shelf, wave energies are dissipated by
bottom friction and waves interact with quasi-steady currents of
variable sources such as tidal currents, wind-driven downwelling and
upwelling (Niedora et al., 1984, Wright et al., 1986), lower
frequency flows of amplitude modulated waves (Shl and Larsen, 1984),
and gravity-driven motion (Seymour, 1986). I pose an a priori
assumption that waves accompany currents over an inner continental
shelf regardless of the sources of the forcings. The sediment size
distribution over the inner shelf of the Middle Atlantic Bight is
somewhat simple with well-sorted fine sand (Ds =~ 0.1 mm) to coarse

silt sized sediments.




The study of on-offshore sediment transport over inner
continental shelves has been limited because of the amount and the
quality of the data available. There have been a few attempts to
solve this problem (e.g. Niedora et al., 1984; Swift et al., 1985).
During September and October, 1989, a multi-institutional nearshore
processes experiment (Duck’85) was conducted at the U.S. Army
Engineer Waterways Experiment Station Coastal Engineering Research
Center’'s Field Research Facility in Duck, North Carolina (Figure 1).
Mason et al. (1987) described the overview of the Duck’85
experiment. Virginia Institute of Marine Science participated by
deploying a tripod equipped with a Marsh-McBirney electro-magnetic
current meter, a pressure sensor, and a vertical array of optical
back-scattering sensor’s (0OBS's) on the bottom in a water depth of
about 8 m (Wright et al., 1986). The data set represents both fair
weather and storm conditions. It is believed that the data set not
only provides information on sediment transport processes but also

enables us to deduce the basic physics involved.

The suspended sediment concentration at a distance from the bed
is the consequence of the agitation of bed materials by flow
stresses over the bed and the subsequent diffusion of the sediments
by turbulence. The magnitude of agitation is best described by the
shear stresses exerted on the bed by flows. Thus, the bed shear
stress must be the first variable to be determined. The shear
stress is used to estimate flow structure. The next important
variable is the concentration of suspended sediments. With known
velocity and concentration profiles, the third important quantity,

the direction and the magnitude of transport, is determined.

-4 -




A benthic boundary layer comprises the first place where
transfers of mass, momentum, and energy between fluid parcels and
sediment particles are active. Thus the understanding of the
dynamics of a benthic boundary layer is prerequisite to any model of
sediment transport, Recent advancement in the study of marine
benthic boundary layers, however, still does not give optimistic
prognosis in the sediment transport (e.g. Glenn, 1983). This is
mainly due to the relatively poor ability to define important
parameters in the sediment diffusion process such as reference
concentration, diffusion coefficient, and grading effects (e.g.
Nielsen, 1979; Shi, 1983). There is no best way to reveal all the
above-mentioned parameters. We need to start with an understanding
of the physics involved and then estimate the parameters responsible
for the agitation of bed materials and the diffusion and advection

of suspended sediments.

For the estimation of suspended sediment concentration profiles,
diffusivity and reference concentration should be known. The
diffusion of sediment particles does not conform with the diffusion
of flow momentum (e.g. Dobbins, 1943), Even with the neglected
inertia of sediment particle motion, the complications come from the
wave advection and the burst of vortex developed during oscillation
of flow. Away from the bottom, the role of wave advection
increases. Wang and Liang (1975) elaborate on this problem and
imposed a constant length scale. Kennedy and Locher (1972) solve
for the extreme cases of near bottom and far away from bottom and
give qualitative description of the diffusion. When bedforms exist,

the developed vortex contains sediments and bursts into the flow

-5 -




with the flow reversals (Nielsen, 1979). Correlations between
bottom shear stresses and concentrations are investigated to relate
the sediment diffusion by turbulence to flow momentum diffusion. As
the bottom shear stress increases, the near-bottom suspended |
sediment concentration increases, resulting in the dampening of
turbulence (e.g. Yalin, 1977). To embrace this effect, the velocity
scale is modified. Simple linear coupling of a velocity scale onto
the turbulence velocity scale is agsumed. The modifying velocity
scale is set to be calculated from the suspended sediment

concentration measurements for varying energy conditions.

The calculation of reference concentration starts with the
definition of the reference height and the concentration. Because
the mechanisms involved in the bedload and suspended load transport
are totally different, the reference height should be scaled with
the bedload layer thickness. After defining the reference height,
we need to determine the reference concentration. One approach is
to relate the concentration to the excess shear stress (e.g. Smith
and McLean, 1977). The proportionality varies with the physical
properties of bottom sediments (e.g. Drake and Cacchione, 1985).
The variation of the proportionality between high and low energy
conditions is investigated by using different formulations on the

reference concentration,

The model gives the transport rate as the vertical integration
of the product of the mean cross-shore current and the mean
concentration, To investigate the role of waves for the net

transport of sediments, an energetics approach is applied to




calculate the immersed weight transport rates by the currents,
waves, and gravity-induced transport. Energetics approaches
consider the available fluid power to entrain and advect sediments
via empirical efficiency factors (Bagnold, 1963). Because
energetics models cannot resolve the acceleration of flows, the
correlations between cross-shore velocities and concentrations are

investigated.

The objective of this study is to provide an on-offshore
suspended sediment transport model for a wave-current combined
boundary layer and to distinguish storm-related high energy process
from fair-weather low energy process. In Chapter 2, hydrodynamic
variables are calculated from the analysis of data. The variables
are to be the input variables for the boundary layer model developed
in Chapter 3. The time variations of suspended sediment
concentration profiles are also presented. In Chapter 3, an
oscillatory boundary layer model is developed to test model
sensitivity to assumed eddy viscosity distributions. The results
are extended to building a simple wave-current boundary layer model
in case of substantial mean flow with a monochromatic wave. In
Chapter 4, a model for mean suspended sediment concentration is
built upon the result from the wave-current combined boundary layer
mode).., Focus is on the diffusion and the reference concentration,
by utilizing suspended sediment concentration data, In Chapter 5,
the contributions of currents and waves to the net transports are
studied, based on an energetics model. The applicability and the
limit of the energetics approach is tested by comparing with the

mean transport rate calculated as the depth integration of the




product of the mean concentration and the mean cross-shore velocity.

Chapter 6 summarizes the study and draws conclusions.




2. DATA ACQUISITION AND ANALYSIS

2.1 Introduction

During the period between 1 and 19 September, 1985, VIMS
collected data for both hydrodynamic and sedimentary variables,
participating Duck’B5 experiment (Figure 1). A tripod, equipped
with a Marsh-McBirney electro-magnetic current meter (EMCM), a
pressure gauge, and a vertical array of OBS sensors, was deployed on
the shoreward edge of inner shelf {(depth = 8 m). The first week of
the deployment was subject to low energy condition. The remaining
period was exposed to high energy conditions, induced by strong

northeasterly wind.

Two separate portions of data from the Duck'85 experiment,
representing both fair weather and onset of storm, are processed.
High frequency sampling of hydrodynamic variables and suspended
sediment concentrations enables us to observe the suspended sediment
transport activity and the interactions among the hydrodynamic
forcings in terms of frequency. The data representing fair weather
has been processed and reported by Green at al. (1989). In this
chapter, more emphasis is given to the comparison of high energy

processes to the low energy processes.




Figure 1 Location map. The study area is the shoreface fronting
the Field Research Facility (FRF) of U.S. Army Corps of
Engineering at Duck on the Outer Banks of North Carolina

in the southern Mid-Atlantic Bight.

- 10 -
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2.2 Hydrodynamic variables

In order to compare the storm event and the fair weather
condition, 11 consecutive bursts were selected for each cases to
sample pressure, velocities, and suspended sediment concentrations.
Each burst is comprised of 2048 samples with the sampling rate of 1
Hz. The burst interval 1s 4 hours, so that each portion of selected

data set covers approximately a 2-day period.

The pressure sensor was set at the height of 119.5 cm above the
bottom. The reading of pressure sensor is in the unit of millibar.

The reading is converted into meters by the following formulation:

P (mb) - P
read atm (2.1)
P E

P (m) =

Here, the P is the converted pressure in m, P is the pressure

read

record in mbar. Patm is the atmospheric pressure and set to 1013
mbar. p is the density (1026.97 Kg/m3) and g is the gravitational
acceleration (9.81 m/secz). The water depth, h, is approximated by

the use of mean pressure, P.
h=~P+1.195 (2.2)
To work with elevation instead of pressure, we use the spectral

relationships between pressure and elevation form linear wave

theory.
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S_(£) = (S0P K2 o (4 (2.3)
n cosh kd P

Here, £ = 1/T is frequeney in hertz where T is period in second.
Sﬂ(f) is spectral values of elevation, k is wave number, and d is
the height of the pressure gauge from the bottom (119.5 cm this
case). Figure 2 shows the depth attenuation effect gives the bias
in the estimation of power spectrum for high frequency. We chose
the frequency 0.33 Hz for the upper limit of height spectrum. The
spectral relationship enables us to calculate the significant wave
height.

H =4 (g2 s, () af)1/2 (2.4)

The significant wave height becomes the estimate of the wave height,
H, in this study. The zero-upcrossing period, sz, and the
irregularity, ep, are calculated from the power spectra of pressure,

Sp(f) (WMO, 1976).

(1573 syt8) anyl/? 25

o> £ 5,(E) agyl/2

TZP

Jo® £ s, (6) ap)?
e. =1 - (2.6)

0.5 0.5.4
Jo S,(£) df Jo°f §,(f) df

An EMCM sensor was calibrated before and after the deployment.

For the calibration, steady currents generated in the flume with
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Figure 2 Power spectra of pressure and wave height. The solid line
represents the power spectrum of pressure signal. The

dashed line is the spectrum of transformed wave height.
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approximately 2 m wide and 10 m long. The water depth was about 1
m. To make homogeneous flow, honeycomb-shaped filters with
thickness of about 10 cm were located at the head of the flow. To
suppress the unsteady current, a heavy canvas with 1 m width was
located after the filters. A rod with vertical vane was floated
with the flow and the traveling distance and time was measured. The
sengsor was fixed at the same level as the vane. Dividing the
distance by time, velocity was calculated. The traveling distance
was about 2 m in the mid of the stream. The currents measured were

found to behave reasonably with an rms error of about 2 cm/sec.

The EMCM sensor was set at 20 cm above the bottom. The
velocities are obtained to align with right-hand coordinate, so that
positive u is offshore (East) and positive v is North bound,

Measured velocities are processed in the unit of cm/sec.

Figure 3 shows the hydrodynamics for the fair weather portion:
Surface elevations fluctuate with tidal frequency. Wave height is
as low as 40 cm. The mean flow is very low (= 2 cm/sec). Referring
the rms error of 2 cm/sec, this suggests almost negligible current

during fair weather.

Toward the onset of storm, the wave energy is increased by an
order of magnitude (Figure 4). The peak frequency is shifted toward
high frequency (from 0.1 Hz to 0.13 Hz). Figure 5 shows the
hydrodynamics for the storm portion: The surface elevation still
shows the tidal fluctuation. Wave height is increased to 150 cm

almost by a factor of four. Substantial southeasterly mean
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Figure 3 Hydrodynamic wvariables, failr weather portion. n is the
water surface elevation in cm. H is the wave height in cm
calculated by equation (2.4). u is the cross-shore
velocity in cm/sec in which positive is offshore and
negative is onshore, v is the along-shore velocity in
cm/sec in which positive is north-bound and negative is

south-bound.
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Figure 4 A comparison of power spectra between fair weather and
storm. The solid line is the power spectrum of pressure
signal of a fair weather sample. The dashed line is the

power spectrum of pressure signal of a storm sample.
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Figure 5

Hydrodynamic variables, storm portion. n is the water
surface elevation in em. H is the wave height in cm
calculated by equation (2.4). u is the cross-shore
velocity in em/sec in which positive is offshore and
negative is onshore. v is the along-shore velocity in
cm/sec in which positive is north-bound and negative is

south-bound.

- 17 -



C.T - N-n L W_m I w_F [ ﬂ ﬁonl
l\ /‘\/’I\

e e rm e e e ——— e ——————— 0

- o

- 1=
] e — e = e o e T T e e A e BN S S = e v G = == A 0
/\\\‘ s

wo 098/0 095/m0

uIo




currents, seemingly related to the prevailing northeasterly wind,

were observed (for example, u= 10 cm/sec and v= - 20 cm/sec).
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2.3 Aligning data with new coordinate system

In order to utilize the model developed, we have to rotate the
axes to conform with the x-axis being in the direction of wave
propagation. The direction of wave propagation is set as the

direction of maximum variance in velocity.

Suppose we have a veloeity vector (ui, Vi) in an x-y coordinate,
After rotating the axes by # in the counterclockwise direction, the
vector becomes (u;, v;) in the new x'-y‘ coordinate system (Figure
6). Define the internal angle and the magnitude of the velocity

vector in the old coordinate system.
o, = tan"l(v / ug) (2.7)
i i’ i ’

v, | = (uZ + v31/2 (2.8)

2

S and

Define the averages u and v, the variances sﬁ and s
covariance s . In the new coordinate system, the magnitude of a
velocity vector IVi| remains same but the internal angle becomes
ai-B.

Suppose we have N - velocity vectors (i=1,2,...,N). Then, we
have new statistical parameters in the new coordinate system: New
averages are

i =cos 0 cu+sind .V (2.9)

- 19 -




Figure 6

Transformation of coordinates. (%', y') is the
transformed coordinate from (x,y). Corresponding vector
expression for the wvelocity is (u,v) and (u',v'),
respectively. The transformation is by the angle of # in
counter-clockwise direction. The angle a is the internal
angle of vector (u,v). Thus, the new internal angle of

vector (u’',v') is @ - 4.
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3 =cos f ¢« v-sinf . (2.10)

[
New variance of uy becomes

2 2 2 2 2
su, = cOSE s, t sin“g - s, + sin 26 - S\ (2.11)
In order for this new variance to be the maximum, the angle of

rotation should be
8 =nn + /b - 8 /2 (2.12)

where

! 1.1

f = tan (" (s2
2

2asdy /s, ) (2.13)
Now, we have transformed the velocity vector which is aligned with
the direction of wave propagation. The angle is again given in
degree. All the hydrodynamic variables estimated are tabulated in
Table 1 for the fair weather portion and in Table 2 for the storm
portion; water depth (h), wave height (H), cross-shore velocity
(uc), along-shore velocity (vh), peak period (T), and the angle of

wave propagation counter-clockwise from east (4).
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Table 1. Input data for fair weather portion

Hour h u, Vo H ¢ T

(cm) (cm/sec) (cm/sec) (em) (degree) (sec)
0 872.65 -1.28 -0.04 41.94 196 10.08
4 933.82 -1.29 2.04 40.30 196 10.21
8 921.64 0.23 -0.44 42.94 198 10.75
12 867.17 -3.00 -1.76 36.69 195 10.54
16 905.74 -1.30 -0.52 28.30 198 9.91
20 910.69 0.71 -3.10 30.36 192 10.63
24 868.32 0.68 -0.83 29.72 194 10.67
28 926.55 0.76 1.78 31.51 194 10.91

32 943.02 0.82 -2.20 28.16 194 10.72
36 873.52 -1.32 -2.83 26.50 191 10.81
40 893.78 -1.16 -1.86 23.99 190 11.09

* D=0,1 mm
s
* Current velocity, (uc, vc), is given at the height , z = 20 cm,

away from the bottom.
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Table 2. Input data for storm weather portion

Hour h u, v, H @ T

(cm) (cm/sec) (cm/sec) (cm) (degree) (sec)

0, 925.99 9,93 -16.23 102,28 225 6.59
4 926.20 5.85 -10.99 80.28 219 6.94
8 982.86 6.38 -11.15 77.13 219 6.50
12 917.44 6.90 -13.00 76.07 210 7.09
16 914.90 4.61 -5.80 73.63 210 6.97
20 998.81 3.73 -7.82 85.98 201 8.28
24 935.06 5.27  -1l.44 87.70 203 8.06
28 901.25 4.02 -7.55 86.24 205 7.00
32 989.83 6.39 -14.01 84.26 209 6.81
36 945,12 15.44  -31.38 99.41 223 6.59
40 912.45 10.19 -21.69 125.11 217 6.69

* DS- 0.01 mm
* Current velocity, (uc, vb), is given at the height , z = 20 cm,

away from the bottom.
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2.4 Calibration of optical back-scattering (OBS) sensors

Bottom sediments from the field site (Duck, North Carolina) were
used to calibrate the OBS sensors, Figure 7 is the sketch of the
set-up: The sediments were put into a cylinder of about 50 em
diameter and 30 cm deep. In the center of the cylinder, another
small cylinder of about 10 cm diameter was set about 3 em from the
bottom of the big cylinder. To make the distribution of suspended
sediments homogeneous, many small holes (diameter = 1 cm) were made
in the small cylinder. Each sensor was put into the small cylinder
about 8 cm from the bottom. At the same height as the sensor, a
pipe with 1 cm diameter was inserted to collect suspended sediments.
Two electric drills with propellers were used to agitate bottom
sediments. The output voltages from a sensor were measured. When
the output voltége is stabilized, the water samples through the pipe

were collected into a bottle,

After the measurement of the output voltages and the sampling of
suspended sediments, the amount of bottom sediments was reduced by
almost a half. The calibration for each sensor was done over seven
different suspended sediment concentrations. The water samples with
suspended sediments were filtered on pre-weighed glassfiber filters
with 1 pm of pore sizes. The sediments collected on the filters
were dried in the oven with 350 °F of temperature and weighed. The
difference of the sample weight from the filter weight was divided
by the volume of the water sample to give the suspended sediment
concentration. The concentrations vary between 500 and 10,000 mg/l.

The corresponding output voltages vary between 0.2 and 2,1 Volts.
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Figure 7 Set-up of the calibration of an OBS sensor. Many small
holes of 1 cm diameter are made on the small cylinder
inside the tank to make the distribution of suspended

sediments homogeneous in the tank.

- 25 -




s
lojeliby

U

\V/ =

108Uas g
o)




Before and after the calibration, all the sensors were put into
water without sediments and the output voltages were measured to

assure that no drift had taken place.

Regression analysis was applied: The line fitting through the
origin was adopted because the zero Volt with zero concentration was
applied., For the Ve Volts of output_i}gnal, the corresponding

concentration Ccal is

Ccal =8 Ve + Err (2.14)

Here, E is the slope of the regression line and Err is the random
error. for the estimation of ;, there are three unbiased estimates,
that is, =V C__,/5v2 , 5C__,/5V_ , and 5(Cyaq/V,)/n where n is the
number of points used for the line fitting. the precision of the
estimation depends on the variance of the random error, Err. The
most precise estimate is the first, second, or third above depending
on the variance of Err is constant, proportional to Ve, or
proportional to Vﬁ (Snedecor and Cochran, 1967). Figure 8 is a

sample from the calibration and shows that the third estimation is

suitable. The estimate gives an error of * 10 %.
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Figure 8 A sample calibration of an OBS sensor. The points
represent measurements. The solid line is the regression

line.
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2.5 Suspended sediment concentrations

We use the readings of the optical back-scattering sensors set
at 15, 35, 65, and 105 cm above bottom, respectively. The suspended
sediment concentrations are processed in the unit of Kg/mB. Figure
9 shows the burst averaged concentration profile for fair weather
portion. Figure 10 shows the power spectra variations for the same
portion, Comparing Figure 9 (suspended sediment concentration
profiles) with Figure 10 (power spectra), we can see that the
concentration distribution is closely related with the wave energy
change. For lowered energy, the reversals in the concentration
profile were observed. This may be related with the increased role
of advection from other sources instead of the diffusion of bottom
sediments under fair weather condition. This would decrease the
importance of the fair weather data set. The storm data set,
however, always shows the conventional log-log linear relationships
between the concentration and the height from the bottom (Figure
11). This well-behavior of the storm data, obtained after the fair
weather data set, excludes the possibility of the malfunction of the
particular sensor at the height 65 cm from the bottom. Figure 11
(suspended sediment concentration profile) and Figure 12 (power
spectra) also show the close relations for the storm portion. The
concentration at the bottom sensor for storm portion (= 2 Kg/m3) are
an order higher than the concentration for fair weather portion (=

0.4 Kg/m2).
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Figure 9 Suspended sediment concentration profiles, fair weather

portion,
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Figure 10 Power spectra of pressure, fair weather portion.
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Figure 11 Suspended sediment concentration profiles, storm porrion.







Figure 12 Power spectra of pressure, storm portion.
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3. BOUNDARY LAYER MODEIL
3.1 Introduction

The existence of a solid bed, commonly comprised of sediment
particles, imposes constraints on the flow behavior through the no-
slip boundary conditions at the sediment water interface. Turbulent
flows are associated with multiple length scales such as a
viscosity-dominated characteristic length, a characteristic length
of the roughness element, and the thickness of boundary layer (e.g.
Tennekes and Lumley, 1972): Near the boundary, viscosity dissipates
momentum, so that the viscosity length scale governs the flow near
the solid boundary. Far away from the bottom, velocity of the flow
approaches the free stream velocity, so that the boundary layer
thickness itself becomes the most significant length scale. Between
these two distinctive regions, there exists a transitional layer in
;hich a logarithmic velocity profile is observed. In this inertial
sublayer, the dominant length scale is the distance from the bed.
The structure and the behavior of a steady turbulent boundary layer
is depicted by Clauser (1956) and this becomes the basis for the

further investigation of unsteady boundary layer flows.

An analogy to the steady boundary layer can be drawn for a wave
boundary layer. The efforts to recognize the velocity distribution
and to estimate the bottom stresses are related to variable modeling
schemes on eddy viscosity. Jonsson (1963) assumed a constant
stress logarithmic flow in analogy to a steady flow. He proposed a

semi-empirical model in which maximum bed shear stress is related to
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the square of the maximum veloecity outside the boundary layer
through a wave friction factor. The friction factor is set to be
the function of relatlve roughness length only. Kajiura (1968)
appears to be the first who adopted the steady boundary layer
structure of Clauser (1956) to develop a theory for turbulent
oscillatery boundary layer flows. Other laboratory investigations
have also confirmed the wave boundary layer structure at least
qualitatively (e.g. Jonsson, 1966 and 1980, Kalkanis, 1964, Horikawa
and Watanabe, 1968, Sleath, 1970, Kamphuis, 1975, Jonsson and
Carlsen, 1976, Bakker and van Doorn, 1978). Collins (1963) provided
an insight of wave boundary layer structure in field. Here, we have
to note that all the studies mentioned above are for the case of
large exXcursion amplitude compared to the bed roughness scale. The
reproduction of a near-logarithmic velocity profile in the lower
portion of the wave boundary layer has been successful utilizing a
time-invariant eddy viscosity model (e.g. Kajiura, 1968, Grant,
1977, Smith, 1977, Jonsson, 1980, Brevik, 1981, Long, 1981, and
Myrhaug, 1982).

For the case of a combined wave-current boundary layer, the
modeling effort becomes complicated by the complexity of the
structure and the lack of the availability of quality data for
calibration. In this context, it may be safe to adopt a linear
coupling of boundary layers induced by variable flows in terms of
time scale (e.g. Grant and Madsen, 1979). For the first-order
approximation, we assume two different time-scaled flows, that is, a
steady current and an unsteady oscillatory flow cause two different

boundary layers. To provide insight into the coupling, we must
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first try to model the thinner wave boundary layer. For this, four
different sets of eddy viscosity formulations are tested. We are
mainly concerned with the boundary layer thickness and the magnitude
of bottom shear stress. The result of the numerical experiment
provides a basis for the further application of the time-invariant
eddy viscosity model for the combined wave-current boundary layer
flow. Whereas the obtained bottom shear stress determines the
sediment entrainment, the eddy viscosity controls the diffusion of

both momentum and suspended sediments.
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3.2 Wave boundary layer model
3.2.1 Governing equations
Assume that horizontal pressure gradient and bed friction are

the only relevant driving forces for a wave boundary layer. Assume

homogeneity in the y-direction. Then, the momentum equation becomes

du ap
VL T TwLe (3.1)
at p 8% dz »p

Here u, is periodic velocity in the x-direction, Py is periodic
pressure, and 7 is shear stress. p is the density of water. We set
Z = Z, at bottom boundary. Consider that the shear becomes
negligible far away from the bottom. Then, the free stream

condition is

— (3.2)
ax

where u_ is the free stream velocity. Substituting equation (3.2)

in equation (3.1), we get

=1}

= ) .:__(f_) (3.3)
t Z p

The solution depends on the shear r/p. Decompose the velocity such

that the amplitude is a function of z only:
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uw(z,t) = {X(z) + 1.Y(2)} eiwt (3.4)

Here, w = 2+ is radian frequency where T is a wave period and i =

T
Y-1, Only real part is considered as the solution here.

We impose two boundary conditions: At the bottom, we impose the

no-slip boundary condition.

Re{uw(zo,t)} = X(zp)*cos wt - ¥Y(zg)esin wt = 0 (3.5)
Thus, we have

X(29) = Y(26) = O (3.6)

Far away from the bottom, the velocity is given by linear wave

theory which incorporate the negligible shear.

u (o,£) = (K(®) + ie¥(=)) &X¥F oy .ol¥C (3.7)

Thus, we have

X() = u, (3.8)
Y(o) = 0 (3.9)
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3.2.2 Modeling of eddy viscosity

Now, the nature of shear stress i1s Investigated. Adopting an
eddy viscosity model (e.g. Rodi, 1980), we assume the shear stress

is propoxrtional to the velocity gradient:

auw
Tmve (3.10)
P az

The eddy viscosity v should be modeled in order to have the
solution for the governing equation. Conventionally, v, is regarded
to consist of the combination of a wvelocity scale and a length
scale. The velocity scale is a function of the bottom frietion as
well as the location and the wave frequency. The size of eddy is
comparable to the distance from the bottom and chosen to be a length
scale. In order to approximate the eddy viscosity, it is usually

assumed that

A

v, = KU z-f(z,u*w,m,w) (3.11)

t %y, m

1/2

and r is

where maximum wave friction velocity Yo m™ (wa,m) bw,m

the maximum bottom shear stress exerted by a wave, The von Karman

constant « is approximated by 0.4. The length scale is xz and the

velocity scale is L mf. The modification factor £ is a function

of z, u , and w. We picked four different f values to apply for

*w,m
the time-invariant eddy viscosity model.
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Assume the velocity scale is independent of the distance from

the bottom. Then, we can set
f=1 (3.12)

For this case, Smith (1977) gives the exact solution in terms of
Kelvin functions. From the solution, he depicted that the shear is
apprecilable only within a certain limit from the bottom. This limit

is given as the top of boundary layer,

u,
§ = W.I (3.13)

The disappearance of shear above 6, leads to the inconsistency of
the assumption of a constant velocity scale. The disappearance of
mean shear indicates that the turbulent kinetic energy is balanced
by turbulent diffusion. Because the diffusion is confined only to a
region near the bottom boundary, the turbulent kinetic energy should
be small away from the bottom. The constant velocity scale

confliets with this physical argument,

In order to incorporate the physics of turbulence, we can assume
the velocity scale is modified by an exponentially decaying
function. Assume that velocity scale becomes very small at large
distance compared to 6w and approaches unity at small distance

compared to 6w (= & SW).

Fmexp (- 2 ) (3.14)
n-&w
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Following Businger and Arya (1974), Long (198l) showed that for

small z the shear stress is given by

T A

w,m 2

_ - Yy m (1 - z/h) (3.15)
where h = w2 |/ (weu,) | (3.16)

Assuming a logarithmic velocity profile, they found

Ve = nzu*w’m(l - z/h) (3.17)
To apply this result to the whole boundary layer, we have

£ = exp (-z/h) (3.18)

For small z, turbulent kinetic energy production balances the

viscous dissipation.

Ml (3.19)

where ¢ is viscous dissipation, From dimensional analysis, one can

find
¢ = (1/p)3/%/(x2) (3.20)

Combining equations (3.19) and (3.20), we have
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du _ (r/p)1/?

Since : -V, EE , we have
dz

r/p _ (r/0)Y/?

Vt KZ

Rearrange, then

v, = nzu*w'm(l - z/h)]‘/2

To apply this to the whole boundary layer, we have

f = exp (-2/2h)

3.2.3, Solution and test

(3.21)

(3.22)

(3.23)

(3.24)

Returning to the governing equation, the simple eddy viscosity

model gives

(xu z+f du

8 )
*w,m 3z

i}
_fu -uw ) =_"
ac v @ dz

using equation (3.5), we have

KU A
Y4+ ie(X -uy)-_wmd

) dz dz
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Introduce dimensionless variables,

X-u

X - © (3.27)

u
w

Yy -1 (3.28)
uco

A z (3.29)
nu*w'm/w

The equation (3.26) becomes

~ * *
X aex =4 2 (4 (3.30)
az” az” az*
Comparing the arguments for complex variables, we have
* d *0 dx*

Y =T (2T (3.31)
az” az™

* d *° ay” ’

X =% (@£ (3.32)
az® az*

The boundary conditions become

X" (Zg) = -1 (3.33)

Y*(Zg) = 0 (3.34)
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X' () = 0

Yo

Let

X1

X2

X3

X4

Then the equations (3.31) and (3.32) become a set of four

simultaneous first order ordinary differential equations.

Xl

X2

X3

X4

w) = (

- X3
- X4
At
--tax.d 45
x * =
z'E z¥ £
- oo d b
* o
z AN :
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The boundary conditions become

X1(Zg) = -1 (3.45)
X2(Zg) = 0 . (3.46)
X1(x) =~ O (3.47)
X2(2) =0 (3.48)

Now, we have a two point boundary value problem. 1In this
problem, the boundary conditions at the starting point do not
determine a unique solution to start with, while in initial wvalue
problem we are able to start an acceptable solution at its initial
values and just march it along by numerical integration to final
values. There are two distinct classes of numerical methods for
solving two point boundary value problems; shooting method and
relaxation method (Press et al.,, 1986). We adopt a variation of the
shooting methods, multiple shooting, because finite difference
methods for relaxation seem to be more complicated and expensive.
The maximum friction velocity can be calculated by iteration
procedures.

*% * *
g, o = AU ZoE ¢ (X3(Zg)? + x6(zZg?)t/2 (3.49)

*w,m

The velocity distribution is given by
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*
WZ) | (x1(2%) + 1) cos wt - X2(Z%) sin wt (3.50)

u
<0

The shear stress is calculated by

* A
T(Z)/r o 2¥ez*y (x3(ZF) cos wt - X4(Z¥) sin wt) (3.51)

Ku u
w Ay, m

For the test, we use the same data set used by Smith (1977):
Free stream velocity, u = 1 m/sec and period of T = 10 sec. The
bottom roughness Zg ™ 10'5m. Table 3 summarizes the calculated
maximum friction velocities Usr m for the different eddy viscosity
formulations. We see that the variations in eddy viscosity outside
the wave boundary layer does not affect much the bottom shear stress
which is directly responsible to the calculation of sediment
concentrations. Thus, we may use the simplest assumption of % =1,
that is time and space invariant velocity scale in the application

to sediment transport under the influence of waves.

Figure 13 shows that the velocity shear for % = 1 is appreciable
only within a short distance from bottom. This height is defined as
the top of the wave boundary layer and approximated by Gw‘ From
this result, we are confident that the oscillating flow does not
affect much the distribution of turbulent kinetic energy above the
wave boundary layer. Thus, we can impose a simple model that the
thin wave boundary layer (Swz O(cm)) 1is nested inside the current

boundary layer (SCz O(m)).
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Table 3. Modification factors and the maximum friction velocity
£ u*w,m(cm/sec)
1 5.01
exp(- 2 ) 4.96
4 GW
z
exp(- _A_) 4,41
h
z
exp(- _) 4.74
2h
A u2
* ho= XW.m
wu,
u,
* 5 - AW, m
v w
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Figure 13 Wave boundary layer model run for £ = 1. Input variables

5

are u_ = 1 m/sec, T = 10 sec, and zg = 10 “m (Smith,

1977).
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3.3. Wave current boundary layer model
3.3.1 Governing equations

Models of the combined boundary layer have been built upon our
knowledge of the two different individual flow components, that is,
currents and waves. By analogy to the steady boundary layer, we
relate the velocity scale to the total shear stress which results
from the coupling of shear stresses exerted by mean flow and wave
orbital motion.

7 7

->
Tew ™ e ¥ Tum (3.52)

- -+ -
Here, To is the shear stress of the current and Te.m 1S the maximum

shear stress exerted by the wave.

The numerical experiments of the previous section also depict
that the shear related to oscillatory motion is relevant only within
a wave boundary layer thickness. Because the thickness is very
small compared to the current boundary layer thickness (8w<< Sc), we
can say the total shear stress has the contribution only from the

current away from the bottom (?cws T as z > SW). This enables us

c
to build a two-layer time-invariant eddy viscosity model of boundary
layer (Grant and Madsen, 1979) (Figure 14). We adopt the model

utilizing two different velocity scales.

V. = K'u,~Z (3.53)
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Figure 14 Definition sketch for combined boundary layer (Grant and
Madsen, 1979). Here, Tew is the shear stress induced by the
combined effect of wave and current, T, is the shear stress induced
solely by current, 6c and 6cw represent the thickness of current

boundary layer and the combined boundary layer, respectively.
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where

Uy = Uyg for z <6 (3.54)

Here, the thickness of the wave boundary layer is given by equation
(3.13). Both U and u,, are related to the bottom stress exerted
by the flow field. The velocity scale Uy is directly related to
the maximum bottom shear stress - thus is under the influence of the
combined flow. The velocity scale u,, represents the diffusion of
turbulence produced at the bottom by the mean current shear. When
we apply the law of the wall to the data obtained outside the wave
boundary layer, which is one of the most common practices, we have
to keep in mind that the friction velocity calculated by the least
square is not the real bottom friction velocity but the velocity
scale u,,. By the same reason, we also obtain from the outer flow a
determination of apparent roughness 24 which differs from the actual

bottom roughness length scale Zg-

The advantage of this model is that analytical expression for
both the mean and the oscillating velocity profiles and thus the
shear profile can be obtained. There exist weak assumptions such as
the discontinuous and time-invariant eddy viscosity distribution,
the definition of the wave boundary layer thickness, and the
existence of constant shear stress layer, There have been several
modified versions of the two-layer models (e.g. Lavelle and Mofjeld,
1983). However, as Wiberg and Smith (1983) pointed out, the

ambiguity in the preference of a model, this simple two-layer model
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is quite attractive especially when the main purpose is to study

sediment transport.

We align the x-axis with the direction of wave propagation and

decompose variables by different time scales:

!
u=u, +u +u {3.55)
v =V, + v (3.56)
r
W= L 4+ w (3.57)

r
P =P, + P, +p (3.58)

Here, the subscripts c and w denote current and wave, respectively.

The prime represents turbulent fluctuations.
Adopt Boussinesq approximation, neglect second-order terms, and

average over turbulent time scales. Neglecting Coriolis force and

horizontal advection, the momentum equation becomes

du —_

T

- _1.3__(p0+ P, * 8 (-u'w) (3.59)
at ax dz
0 =- ff_(pc+ p,) + 9 (v (3.60)

p 8y dz
aw
a2 o) - g (3.61)
at p 0z
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Adopt simple eddy viscosity model,

[ 4 [} a
SuwW = __(uc+ uw) (3.62)
dz
T av,
-VW =y (3.63)
dz

Average over several wave periods.

ap du
0o--1 486 9 (3.64)
ax dz oz
ap av
0=-12_"+% 0 _° (3.65)
p 4y az dz
ap
0=-1 "¢_4 (3.66)
dz

Subtract equations (3.64) through (3.66) from equations (3.59)

through (3.61). Then, we have

du ap du
L R (3.67)
at p 9x dz dz

0o =-1 (3.68)

Equations (3.64) through (3.66) are solved for currents whereas

equations (3.67) and (3.68) are solved for waves.
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3.3.3. Solution for current

Assume a constant shear stress for current boundary layer.

Outside wave boundary layer, z = §_, we have

u*2'u*2,x = KULZ (3.69)

Ugp*lsg y = Klyo2 _c (3.70)

Here, subscripts x and y denote the horizontal components in x- and
y-directions, respectively. From the above equations, we get

u
u, = _5* In(z/zy) (3.71)

[,

1
v = 2,y 1n(z/z,) (3.72)
.

Here, we set zero velecity at z = zq because the velocity scale is
valid only above the wave boundary layer. This height z, is defined

as apparent roughness,

Inside wave boundary layer z =< g We have

du

Upp*lig o = WligyZ EEE (3.73)
avc

u*2'u*2,y = KU, 2 o (3.74)
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Thus, we get

U2 Ux2,x

u, = __~ 1n(z/zo) (3.75)
u*l [
u u

v = 2 X n(z/z,) (3.76)
u*l [

Matching velocities at top of wave boundary layer z = 6w' we have

u
In(s /z,) = fo 1n(s_/zp) (3.77)
w1

Here, SW is given again by equation (3.13). Provided we know U
and LI in addition to Zg, we can calculate apparent roughness 2y by

iteration using the equation (3.77).
3.3.3 Solution for wave

Separate the oscillatory component so that the velocity

amplitude U is the function of z only.
u = Uz) e!* (3.78)
Substitute equation (3.78) into equation (3.64).

ap
ol = - 1V 4 ? (euy 2 99 (3.79)

p 8x 3z 9z
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Boundary conditions are

Re[Ulz_zol =0 (3.80)
Re(U|,_o ) = U, (3.81)
w

where U_ is the amplitude of bottom excursion velocity. The
boundary condition given by equation (3.8l) is different from the
boundary condition for the pure wave model. But, the difference
does not have any significance on the predictions. Because shear is

negligible above the wave boundary layer, we set

1 Bpw
r e

iwU = - for z = § (3.82)

Substitute equation (3.81) into equation (3.78). Then, we have an

ordinary differential equation.

—

d du
iw(U -~ U ) = = (ku,.=z ) (3.83)
® dz *1 dz

Define defect velocity amplitude U6'
U, . =-U-1U (3.84)

Then, equation (3.83) becomes

a dUs
iwl, = ~ (ku,.z ") {3.85)
J dz *1 dz
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The boundary conditions become
Re{U8|2_20] -- U

Re{(U.| _.} =0
6z 5w

Define a dimensionless variable for velocity.

U
¥ -
T

2]

Define another dimensionless variable for space.

z* = 2 (2/1)1/?
Here, 1 is a characteristic length scale.

Ku
1= *1

w

Combining equation (3.13) and equation (3.89), we have

¥ a2 g 1/2
W

(3.

(3

(3.

(3.

(3.

(3.

Then, equation (3.85) is non-dimensioned. After manipulation,

have

z9H2 W' 2. W -1 @5 v -0
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with the boundary conditions

Re(U™] , L)} = -1 (3.93)
2 -Zo

Re(U"| , ,) =0 (3.94)
z -Bw

Following Abramowitz and Stegun (1964), we have the solution

U™ = A (ber z* + isbel z°) + B (ker z* + iskei z) (3.95)

where A and B are constants. The constants are obtained from

boundary conditions.

- kei 5:
A - (3.96)

* * * *
ber zp * kel 5w - ker Zg ¢ bei 6w

bei s:
B = (3.97)

* * %
ber zq * kel Sw - ker Zg ° bei 6w

3.3.4 Maximum bottom shear stress

Using simple eddy viscosity model, the maximum bottom shear

stress is given by

du du

T
b, .
(2277 + wuyyzg (3.98)

)
2 3z |Z=%0 Max

Cc
- KU,y 2 -
X *1°0 32| 2"%
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T A A
b,max A
Since . feuggeug » + j'“*l'u*l,y (3.99)
we have
auc auw (3.100)
u Kz, ( -, T+ Max{ ) .
*1,x 0 32| 2=20 35| Z=%
Mo (3.10
= - 1
u*l,y %24 3z | %=%0 )
From equation (3.95), we get
dU* to ' % r % A
— =~ (Aber z +Bker z ) +1 (Abei =z + B kel z )
dz*
- C(z") + 1.D(z") (3.102)
We know
du U
W o ® (G + 1eD) eel®t (3.103)
az (z_l)l/Z
Thus,
du 2 2
Max(_ ) =y, (& *Dy1/2 (3.1064)
daz Zzel

Combining this with equations (3.75) and (3.76) and substitute into

equations (3.100) and (3.101), we get
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Yy * * *
Ye1,x T ——E'u*z, + 0.5%kU_z, (C(zo)2 + D(zo)z)l/2 (3.105)
*]L
Uso
Yxl,y T —"%2,y (3.106)
*]

3.3.5. Bottom roughness

In addition to the maximum bottom frictiom velocity Ugps the
height of zero velocity Zg should be defined to solve the governing
equations for both currents and waves. Nikuradse (1933) relates z

to the roughness height kb (Yalin, 1977).
zg = kb/ 30 (3.107)

He expressed kb in terms of grain diameter D, in case of no
sediment movement, The skin friction is the boundary shear stress
acting on the sediment grains in the bed thus calculated by using

the Nikuradse roughness,

Bedforms increase the roughness height and thereby the bottom
boundary shear stress by form drag (Smith and McLean, 1977; Grant
and Madsen, 1982). Moveable bed extracts momentum from the flow
thus increasing bottom shear stress and the effective roughness
length (Grant and Madsen, 1983). Suspended sediments affect the
boundary layer structure by density stratification which reduces
downward diffusion of momentum from the currents. The result of

stratification effect is the reduced bottom shear stress with the
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increased bottom roughness (Adams and Weatherly, 1981; Cacchione and
Drake, 1982; Glenn and Grant, 1987), Wave-current interaction
increases both Zg and Uy, (Grant and Madsen, 1979; Glenn, 1983;

Nielsen et al., 1982).

We adopt Nielsen et al.'s (1982) method to calculate bottom

roughness height k‘b .

kg, = 2.5D_ for 8 = 0.05 (3.108)
ke, =190 (@ - 0.05%2.p_+8y %/ for0.05se's1l (3.109
k, =190 (8 - 0.05)/2.p_ for 8’z 1 (3.110)

Here, e is skin friction Shields parameter.

’

' T / P
8 = b, max (3.111)

(pg/p - 1)-g*D,

Here, 'rb:max is the maximum bottom shear stress for skin friction,
calculated using the roughness height given by equation (3.108). m
is the height of roughness element and A is the width of roughness
element. Form drag effect is resolved in equation (3.109) through
"b and A. Because the information of bedforms is not available, we
need to estimate " and A from the flow and sedimentary
characteristics. Nielsen (1981) give this formulation through

experimental data from surf zones. Mobility number ¥ is defined as
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2
)
(B © (3.112)
(pg/p - 1) g D

Y =

Here, Aj 1is the bottom excursion amplitude. The ripple steepness

is given as a function of Shields parameter,

my/A = 0.342 - 0.34 (8)1/% (3.113)
The ripple height ny is related to the excursion amplitude Ab by
my/A, = 21 182 (3.114)
3.3.6 Solution and test

The solution requires iterative procedures. At the starting

point, we assume Upr= 0.1-Ub where Uy is the amplitude of bottom
KU,y

W

excursion velocity. Then, we calculate a length scale 1 = and

the thickness of the wave boundary layer Gw = 1/k. Equation (3.108)
gives the roughness height from the grain diameter. Assigning an
initial values as 0.1 Ugqr we find L) by iteration using equations
(3.71) and (3.72). Now, equations (3.105) and (3.106) give u;
which is the friction velocity for the skin friction. Going back to
the calculation of 1 and Bw' new u,, is obtained and then the new
u;l is calculated. The skin friction Shields parameter 8 is also
obtained by equation (3.111). After the iteration procedure gives a
converged value of u;l, another iteration is required to obtain Ugq

L
and u,,: Assume u,, = u,,. Calculate 1 and 6, With the equations
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(3.108) through (3.114), zZq is caleulated via equation (3.107). VWe
find Uyo by iteration using equations (3.71) and (3.72). At this
point, we also have a calculated apparent roughness zZq via equation
(3.77). The iteration goes back to the calculation of Zg- After
obtaining Zqy, We can use equations (3.105) and (3.106) to calculate
new ugq - We return to the calculation of 1 and Gw and repeat the

procedure until the calculated u*l value converges,

To see the effect of the change in angle between current and
wave propagation, we use U = 1 m/sec, T = 10 sec. Diameter of
bottom sediments is assumed to be 0,1 mm. Steady current of 1 m/sec
at the height 100 ¢cm from the bottop is assumed, We can see that
the shear is maximum when the wave propagation and the steady
current are in the same direction (Figure 15). This has been shown
by many researchers (e.g. Glenn, 1983). We also tested the effect
of varying wave velocity. We use four different Uuo values, 1, 0.75,
0.5, and 0.25 m/sec, We can see the increased effect of wave on the
bottom friction. The effect of oscillating component on the mean

flow is to increase Zys Upgo and velocity gradient (Larsen et al.,

1981).
3.3.7 Results and discussion

The input data is tabulated in Table 1 for low energy condition
and in Table 2 for high energy condition. Under low energy
condition, the maximum bottom friction represented by Ugq is around
2 cm/sec. By comparing Figure 16 with Figure 3, the increase in Zq

with decreasing wave height H can be seen. This implies an
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Figure 15 Effect of change in angle between current and wave

propagation.
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Figure 16

Combined boundary layer model run for fair weather. z,
is the roughness length scale in cm. Uy 1is -the maximum
bottom friction velocity in cm/sec. u,, is the velocity
scale related with the shear induced by current in
cm/sec. 6, is the thickness of wave boundary layer in

cm.

- 64 -



Z*n

73

0z

)4

174

ANoH




increased bedform size with decreasing wave energy. The velocity
scale for current boundary layer u., varies with varying mean
current from 0.2 to 0.4 cm/sec. The wave boundary layer thickness

varies between 3 to 3.5 cm.

Under high energy condition, zg 1s reduced, as a result of
decreased size of the wave generated ripples. Maximum bottom
friction velocity Weq is increased upto 10 cm/sec. The velocity
scale Uyn also increases by an order of magnitude. Comparing with
hydrodynamic conditions (Figure 5), we notice Ueqis Zgo and 6w are
sensitive to the variation in the wave height (Figure 17). The
current boundary layer velocity scale u,, varies with mean current.
The calculated model values are tabulated in Table 4 for low energy
condition and in Table 5 for high energy condition. These values
become input parameters for the concentration model developed in

Chapter 4.

The two-layer time-invariant eddy viscosity model is based on
the linearized equation of motion. The non-linear interaction is
modelled through uy,. Still there exist weak assumptions such as
the discontinuous and time-invariant eddy viscosity distribution,
the ambiguity in the definition of the wave boundary layer thickness
GW, and the existence of constant shear stress layer. Wiberg and
Smith (1983) uses a continuous eddy viscosity model and the results
of two models are almost identical. Thus, there is no serious basis

upon which to single out any of the assumption underlying the simple

discontinuous eddy viscosity distribution.
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Figure 17 Combined boundary layer model run for storm. 2z, is the
roughness length scale in cm. u,,; is the maximum bottom
friction velocity in em/sec. u,, is the velocity scale
related with the shear induced by current in cm/sec. § w

is the thickness of wave boundary layer in cm.
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Table 4. Calculated values for fair weather portion

Hour Zg zy Ugq Uy 6w

{cm) (cm) (cm/sec) (cm/sec) (cm)
0 0.0707 2.2171 2.12 0.23 3.40
4 0.2184 1.6511 1.78 0.39 2.90
8 0.0971 2.7974 1.96 0.10 3.35
12 0.1177 1.3847 1.98 0.52 3.33
16 0.4026 2.2882 1.90 0.26 3.00
20 0.1695 1.4158 1.81 0.48 3.06
24 0.1989 2.2459 1.78 0.20 3.03
28 0.2384 1.9085 1.77 0.33 3.07
32 0.2277 1.7381 1.78 0.38 3.04
36 0.2430 1.6057 1.85 0.50 3.19
40 0.3640 2.1578 1.93 0.39 3.40
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Table 5. Calculated values for storm weather portion
Hour zg 2 Ueq Uyo 6w
(cm) (em) (em/sec) (cm/sec) {cm)
0 0.1301 1.7757 8.31 3.14 8.71
4 0.0898 1.5271 5.77 1.94 6.37
8 0.1048 1.8212 6.72 2.14 6.95
12 0,0822 1.1351 5.30 2.05 5.97
16 0.0785 1.9308 5.07 1.27 5.62
20 0.0618 1.2994 4.01 1.27 5.29
24 0.0699 1.0778 4.53 1.72 5.81
28 0.0904 2.1126 5.81 1.52 6.47
32 0.1063 1.6093 6.81 2.44 7.38
36 0.1559 1.2406 9.94 5.03 10.41
40 0.1689 2.1374 10.76 4,29 11.45-..
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We still have many unsolved questions such as the validity of
logarithmic velocity profile. Field evidence shows mixed
interpretations. For example, Soulsby and Dyer (198l) and Lavelle
and Mofjeld (1983) dispute the ambiguity of the logarithmic velocity
profile whereas Gross and Nowell (1983) show the evidences for it.
For the further application to the sediment transport model, we also
need to understand the coupling of form drag and moveable bed
effects on the bottom shear stress and bottom roughness heipght. The
model developed here is believed to be sufficiently accurate to
reproduce the bottom shear stress, at least to the first degree
which is essential for the further application. The magnitude of
the maximum bottom shear stress becomes the most important input

variable for the sediment concentration model.
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4. SUSPENDED SEDIMENT CONCENTRATION MODEL

4,1 Introduction

The most common approach to the prediction of suspended sediment
distribution is based on the assumption that the sediment phase as
well as the £luid phase is a continuum, That is, the largest size
of the sediment particles is small compared with the smallest length
scale of the flow parameter (Monin and Yaglom, 1971). In this
continuum theory, the continuity is applied to both phases (e.g.
GraE, 1971), This becomes the basis for the estimation of

concentration profile.

To improve the suspended sediment concentration model, the
diffusion term which appears in the governing equation should be
defined with a certain level of accuracy. The diffusion of sediment
mass within a flow is related to the multi-phase flow dynamics and
thus complicated by the unknown correlations in terms of time scales
(e.g. Hunt, 1969). Because both the turbulence and the wave
movements contribute to the diffusion processes, this should be
determined in such & way that resolves at least turbulent and
periodic time scales. Moreover, the analogy of sediment mass
diffusion to the fluid momentum diffusion can be questioned (e.g.

Dobbins, 1943).

The determination of diffusion coefficient is complicated by the
bedforms developed. Especially when the magnitude of the quasi-

steady current is much smaller than the amplitude of oscillating
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flow, it is the vortex bursting that dominates the supply of
suspended sediments into the water column (Bhattacharya, 1971).
Nielsen (1979) pointed out that a model for the suspended sediment
should be based on a periodically pulsating input of sand at the

lower boundary.

The concentration model also requires the knowledge of the
concentration at a reference level. Because suspended sediments are
transported under different mechanisms from bedload sediments, the
reference height is related to the thickness of bedload layer which
in turn is related to grain diameter. The boundary conditions
should be expressed in terms of both the flow and the sediment

characteristics (e.g. Einstein, 1950).

In this Chapter, a sediment concentration model is developed and
the estimation of diffusion and reference concentration is

elaborated.
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4.2 Governing equations

The change of mass in a closed system equals the sum of the mass

changes due to convection and diffusion.

ac
+ VeC B = pevic (4.1)
“é‘é‘ s

Here, C is the volume concentration of sediments, ﬁs is the vector
of sediment particle wvelocity, and v is the molecular wvelocity.

Analogous to the flow field analysis, we decompose the particle

velocity into mean, periodic, and turbulent parts,
'
U =u_ +u_ +u (4.2)

Subscripts c and w represent current and wave, respectively.

Analogous decomposition is given to the sediment concentration.
!
C=C +C_+¢C (4.3)
m p

Here, the subscripts m and p represent mean and periodic
concentrations, respectively. Assume negligible horizontal
convection and molecular diffusion compared with vertical turbulent
diffusion. Substitute equations (4.3) and (4.2) into equation (4.1)

and average over turbulent time scale.

ac

p a - a _ l. '
o + _(wsc+wsw)(cm+cp) — (-w C) (4.4)

dz az
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The particle velocity is given by the conservation of momentum
for a single particle (Hinze, 1959). If the length scale and time
scale of particle are smaller than turbulence length and time
scales, then the particle velocity differs from the flow velocity

only by the settling velocity.

Wy = W = We (4.5)
Tooby et al.(1977) argued that particle Reynolds number instead of
flow Reynolds number characterizes the flow in the immediate
vicinity of a suspended particle. Thus, the above equation is
modified by the fluid drag and gravity-induced buoyancy. In
unsteady flows, the discrepancy is interpreted using delay distance
(Hattori, 1969), time lag (Bhattacharya, 1971), and the reduced
settling velocity due to non-linear drag forces (Nielsen, 1983),
However, Nielsen (1983) showed that the approximation of particle
velocity by equation (4.5) is valid for oscillatory flow within a
certain level of accuracy especially for coarse sediments.

Substituting equation (4.5) into equation (4.4), we have

ac

P . , d a . _a ., '
— L __(Cm + Cp) + ___[ww (Cm + Cp)] Z (-w Cs)

dz az dz
(4.6)
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4,3 Diffusivity of suspended sediment concentration

It has been recognized that the turbulent diffusion of fluid
momentum is responsible for the sediment mass transfer in a flow

field (e.g. Rouse, 1939, Kalinske and Pien, 1943). The correlation

—

L

term w ¢ in the above equation reflects the turbulent diffusion of
sediment mass. Analogy to the eddy viscosity for flow, the
turbulent diffusion of sediment mass is assumed to be related to the
gradient of mean concentration by eddy diffusivity Vg (0’Brien,

1933).

’ L} a
-wGC = C +C 4.7
v Utsa—z( m p) ¢ )
The diffusivity is assumed to be related to eddy viscosity of fluid

momentum transfer (Vanoni, 1941).

Yes T %1 Ve (4.8)
Rouse (1939) showed that the coefficient oy is constant for the
sediments with diameter less than 1/16 mm. Vanoni (1941) suggested
oy = 1 for relatively low concentration of small grains. Even
though there is ambiguity (e.g. Dobbins, 1943), we assume a; = 1 for

simplicity. Then, equation (4.6) becomes

- g (C, o+ cp) + " w(C + cp) - _[v, __(C + Cp)] (4.9)

P
at az dz az dz
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Average over wave periods. Then, we have

3y 3 a
- + __<wa > = __(ut-C ) (4.10)

wa.EE_ dz P az n
In the equation, we now have a new unresolved correlation term
<wap>. Kennedy and Locher (1972) elaborated this problem, giving
asymptotic solutions. They choose two extreme cases: Far above the
bed, turbulent diffusion is negligible whereas wave advection is
negligible close to the bed. Wang and Liang (1975) defined a

diffusivity vy for periodic diffusion analogous to v for turbulent

diffusion.
aCm

<-w C>=v (4.11)
dz

Then, equation {(4.10) becomes

e acm
EE{WSf.Cm +(vt + uw)-gz_} = 0 (4.12)

They assumed that the velocity is scaled with vertical wave orbital

velocity and the length scale is constant for the diffusivity.

v, = Lw (4.13)
Here, L is a constant proportionality representing length scale.
They set L = 5,15 m, This model may be valid away from the wave

boundary layer nested at the bottom of current boundary layer, where

- 75 -




the paths of a wave orbit is about constant. Very close to the

bottom boundary, turbulent diffusion is dominant over the diffusion

of sediments by wave orbital motion.

Nielsen (1979) argued that the analogy of periodic sediment
diffusion to that of steady flow usually fails possibly due to the
character of periodic convection of sediment motion. Homma and

Horikawa (1963) rxelates the diffusivity with potential wave motion.
2
v, = (3/a)b (4.14)

Here, a is a constant related to the distance from the bed and b is
the vertical wave displacement. Homma et al. (1965) later
introduced mixing length approach even if it is conflict in physics

because potential flow is a non-mixing flow.

2
v, = k2|38 2 (4.15)
dz 322

Bhattacharya (1971) tried to show the existence of an upward
sediment drift caused by the periodic components, He gets periedic
diffusivity is proportional to the square of the distance from the
bed.
1 Hez 2

v, o= "eb (™) (4.16)

v 7 ¢ 7

Here, &, is the delay time, H is the wave height, and h is the water

depth.
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Nielsen (1979) sees the diffusivity as the combination of
turbulent diffusivity and periodic diffusivity. He showed that Ve

is negligible and
Ve = gou, +(1l-z/h) (4.17)

He tested this over variable empirical diffusivities., His
formulation suggests that the distance from the bottom is a good
length scale both for the turbulent diffusion and for the convection
by waves. However, use of friction velocity is questionable because
the friction represents the dissipation of turbulent energy at the
bottom boundary. The friction velocity as a velocity scale holds

only for the case of turbulent diffusion.

Between the bottom boundary and the free stream region, which is
the active zone of suspended sediment transport, the diffusion
process is complicated: At a certain height above the bottom, the
role of wave orbit is not negligible any more. 1In addition, the
role of lee vortex becomes significant when bedforms are present,
which is the cases we encounter most frequently in the nature (e.g.
Nielsen, 1979). The entrainment of bottom sediments are related to
the skin friction. Form drag affects not only the turbulent
diffusion of both momentum and sediment concentration but alsoc the
bursting of sediments trapped within the lee vortex. As bottom
friction increases, form drag diminishes and the moveable bed
contributes to the turbulence structure. The role of the lee vortex
decreases and the turbulent diffusion is enhanced with the change of

bedform into the plane bed due to increased flow intensity.
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Thus, the diffusion of sediment concentration is related to the
vortex size as well as the wave orbits. The size of vortex depends
on the dimension of bedforms. We do not have a good apprehension of
the bedforms with varying flow conditions. For the first order
approximation, we assume the bed is plane and the role of steady
current is significant so that we may minimize the role of periodic
advective mechanism which is apparent for the case of wave boundary
layer. We introduce another velocity scale, V, for the modification
of turbulent diffusion. Figure 18 shows that the predicted
concentration profile without the introduction of V is far from the
measured profile. We set V as a function of the geometry of bedform
inferring vortex bursting as well as the wave amplitude representing
convective diffusion. The determination of V thus depends on the
hydrodynamie conditions. Then, the diffusivity becomes

Vet v, =K (“*1 + V) z forz= § (4.18)

t

s (u‘,‘,2 + V) z for z = §
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Figure 18 Concentration profile. The dotted line is the slope
given by excluding modifying velocity scale, V. The

solid line is the slope given by including V.
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4.4 Solution for mean conecentration

Add equation (4.12) to equation (4.9). Neglect second order

periodic term. Then, we have

ac ac
P.w Pidwec =2 v ec) (4.19)

& Sty @Y ™ g P

Assume no sediment flux through upper boundary. Substituting

equation (4.18), equation (4.12) becomes the governing equation for

mean concentration.

dc

W oG + w(uy+ V) z-_az_“‘ =0 for z < § (4.20)
and
acm

wsf-Cm + n(u*2+ V) Z.EE— =0 for z = 6w (4.21)
The solution is

- Wop/ (ke (uy+V))
Cm(z) = Cm(zr)-(z / zr) for z = 6w (4.22)
and

- wa/ {re (u*2+v)]
Cm(z) - Cm(ﬁw)-(z / EW) for z = Ew (4.23)

Here, we have to set reference concentration Cm(zr).
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4.5 Determination of model parameters from field data

The model starts with the assumption that the instantaneous
suspended sediment concentrations respond to the instantaneous
bottom shear stress exerted by the flow. To investigate the
validity of this assumption, cross-correlations between the
concentration and the squared velocity, which represent
instantaneous shear stress, are obtained. For the high-energy
environment, the correlations are high and have near-zero time lag
(Figure 19)., For the low-energy condition, we can hardly see the
correlation and the lag between bottom shear stress and suspended
sediment concentration is apparent (Figure 20). This implies that
the use of the diffusivity given in the model can only be useful
under high energy conditions. But, the cross-correlations between
the suspended sediment concentrations at different vertical
positions show, the lag between Cp's are small under the low energy
condition (Figure 21) and increases away from the bottom under high
energy condition (Figure 22). This implies that we have to be
careful about using the diffusivity given in this study for the
model of periodic concentration. The model of Cp needs a

diffusivity which resolves the time lag.

The mean concentrations, however, varies with the average shear
stress in general. Figure 23 shows the variation of average squared
velocities (shown without any marker) with concentrations (lines
with markers) almost conform under low energy conditions. The high
energy condition also shows the same tendency (Figure 24). From

this, the use of a time-invariant diffusivity can be validated for
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Figure 19 Cross-correlations between squared speed and suspended

sediment concentration, storm condition
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Figure 20 Cross-correlations between squared speed and suspended

sediment concentration, fair weather condition
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Figure 21

Cross-correlations between the suspended sediment
concentrations at different levels, fair weather

condition.
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Figure 22 Cross-correlations between the suspended sediment

concentrations at different levels, storm condition.
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Figure 23 Variation of time averaged squared speed and suspended
sediment concentrations, fair weather portion. Here,

squared speed is in cm2/sec2 and concentrations are in

Kg/m3.

- 86 -




ugljejuaduoy

o'l

Wwo SOL —ae—

wirgg —=— WISE —— WIGL ——

200

pasenbg paadg




Figure 24 Variation of time averaged squared speed and suspended

sediment concentrations, storm portion. Here, squared

2 3

speed is in cmz/sec and concentrations are in Kg/m™.
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the prediction of mean concentration Cpe

In addition to the turbulent diffusion, the contributions from
other sources for the diffusion are accounted for the model
developed. These effects are resolved into the velocity scale V.
From the vertical profile of suspended sediment concentrations, the

'
slope in log-log scale plot is - st . Corresponding D - 0.1
K (u*2 + V)

mm, the settling velocity W g is set to be 0.7 cm/sec. From the

linear regression, V is estimated.
Ve=>-0.25u, +1.4 (4.24)
The regression coefficient r? is 0.86.

The energy conditions are believed to be represented by the
bottom friction. Thus, the estimated V is viewed as a function of
Ui (Figure 25). Under the low energy condition, the total
diffusion is greater than the turbulent diffusion. When the low
energy conditions prevail, there always exist bedforms which cause
the entrapment of suspended sediments within lee vortices., The
bursting of lee vortex is a complicated procedure (e.g. Sleath,
1982), The interval of bursting is believed to be aligned with the
flow reversal. However, we do not have the gquantitative information

on the bursting phenomenon.

Under the high energy condition, the diffusion is smaller than

turbulent diffusion, Results from atmospheric studies (Mellor and
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Figure 25 Modifying velocity scale, V, versus the maximum bottom

friction velocity, u_,,. Both have the units of cm/sec.
Yy *1
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Yamada, 1974) have been applied by many (e.g. Adams and Weatherly,
1981) to model the effect of density stratification in benthic
boundary layers. Evaluating the effects of stratification due to
suspended sediment concentration requires that both the veloecity
profile and the suspended sediment concentration profile be

simul taneously modelled. The Monin-Obukov length scale and the
gradient Richardson number are usually used to medify the eddy
viscosity profile. The evaluation, however, is not straightforward
because the process also produces moveable bed roughness. Grant et
al. (1983) note that even though data from the CODE winter storm
experiment showed high suspended sediment concentrations, no
significant modification in the velocity profile was observed. In
this context use of a modifying velocity scale, V, only for sediment
concentrations is feasible. At the onset of storm, the bedforms are
washed out and the turbulence becomes the relevant means for the
diffusion of sediments. Because the measurements were confined to
the bottom 1 meter, we expect to have negligible effect of wave

diffusion proposed by Wang and Liang (1975).
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4.6 Reference concentration

The solution of the governing equation for the mean
concentration requires the specification of a reference
concentration Cr at a reference height z.. Lane and Kalinske (1941)
assumed that the composition and concentration of suspended
sediments mear the bed are related to the composition and
concentration of bed materials and to the hydraulic conditions of
the transporting system. They relate reference concentration to the
bed concentration C,, and the standard deviation of vertical velocity
fluctuations. From empirical data, they determined the
relationships between wfs/ u, and C. / Cy -

Einstein (1950) reasoned that the relationship governing the
concentration at the lower boundary of suspension could be found by
setting up an expression for the exchange of sediment particles
between suspended load and bedload layers: He set the top of the

bedload layer as 2-Ds. Then, the weight of particles per unit area

q
is proportional to _E where qy is the immersed bedload rate in
Yb

weight per unit time per unit width and uy is the average bedload
transporxt velocity. He again assumed u, is proportional bottom

friction velocity u,. Thus,

)
Cr o« ' (4.25)
D »u
8 %

Yalin (1977) reasconed that bedload concentration is a function

of the lift force and the weight of sediment grains. An assumption
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was made that the number of grain lifted from the bed surface

increases proportionally with excess shear stress S.

N = 0,635.5 (4.26)

Here, N is the number of grains in motion and S = 7

T
Cc

- 1 where

T is critical shear stress. In terms of concentration, this

expression may be converted into

Cp = v+8+Cy (4.27)
where v is an empirical coefficient, Smith (1977) modified Yalin's
idea through the correction for the case of infinite S.

T'Cb'S

C_ = (4.28)
1 + g8

Smith and McLean (1977) gave vy = 0.0024 from measurements in the
Columbia river. Glenn (1983) calculated the same order value 7 =
0.003 through the investigation of the data of Kalkanis (1964) and
Abou-Seida (1965). Drake and Cacchione (1985) got lower values for
v for cohesive sediments. The estimations of 94 vary from the order
of 1072 (Kachel and Smith, 1986) to the order of 1073 (Sternberg et
al., 1985), depending on both the hydrodynamic conditions, the

sediment characteristics, and the geometries of bedforms.
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Shi et al. (1985) also noticed the departure of vy from the value
of Smith and McLean. They referred the observation results of Lesht
et al. (1980) and Clark et al. (1982) of a near-linear relationship
between wave orbital velocity and suspended sediment concentration
and reasoned that the reference concentration varies linearly with
the square root of the excess shear stress.

c, = v-¢ -st/? (4.29)

Vincent et al. (1981) viewed the data of Kalkanis (1964) and
Abou-Seida (1965) of the mass of sand deposited in the trays as a
measure of concentration of sand in suspension not as a measure of

*
the transport. They defined an average volume concentration C

which has unit of cm. They determined the empirical relationship
c¥(t) = (0.09 % 0.03) 8_ (£) (4.30)

where eex is the excess Shields parameter. This result appears to
be supportive of Smith’s (1977) expression. However, their
expression, equation (4.25), is dimensionally in conflict since C*
is the dimension of [L] whereas eex is dimensionless., We maintain
thelr interpretation of the data of Kalkanis (1964) and Abou-Seida
(1965), but we normalize C* with the thickness of bedload layer
which is given by 2-Ds. Vincent et al. (1981) choose only rough
turbulent case (Re > 35). Here, Re is grain Reynolds number. After
noxmalizing the concentration by the bedload layer thickness, we

also can give the smooth turbulent case the same formulation. From
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the relationships between the normalized concentration and the

excessive Shields parameter (Figure 26), we get
Cr = 0.09-9ex (4.30)

The bed agitation is related to shear stress exerted on the
bottom. Linear relationships between reference concentrations and
shear stresses are formulated either using excess shear stress
(equation 4.28) or Shields parameter 8. Proportionality with the
square root of shear stress has also been suggested, as in equation

(4.29).

Combining equations (4.22) and (4.23), reference concentration
is calculated.

Cc,(z)

Cm(zr) - (4.27)

(6w/zr)“wsf/n(u*l+v) (z/ﬁw)'wsf/”(u*2+v)

Both the excess shear stress S and Shields parameter 8 are
calculated setting the critical friction velocity Uy~ 0.75 cm/sec
for DS-O.l mm. The bed concentration Cy= 0.65. The density of

sediments P 2.65 g/cm3.

Figure 27 shows the estimated coefficient y for the case of
linear relationships of reference concentration with Shields
parameter 8. The coefficient vy under low energy condition is high
by an order compared with 4 under high energy condition. The same

trend is seen for excess shear stress § (Figure 28). For the
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Figure 26 Reference concentration versus excess Shields parameter.
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Figure 27 The resuspension coefficient, v, for Cr x 8,
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Figure 28 The resuspension coefficient, vy, for Cr « S,
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proportionality to the square root of shear stress, values of vy
from using either 91/2 (Figure 29) or 51/2 (Figure 30) vary by two
or three factors with different energy conditions. The average
values of v are tabulated in Table 6. Considering the variability
of the values of vy from the different formulae, it is hard to set
the definite preference of any specific formula. In consistence
with the laboratory result given by equation (4.31) as the linear
relationships of the reference concentration, Cr' with shear stress
in terms of Shields parameter, 8, we chose the linear relationship

of Cr with excess shear stress, S, given by equation (4.28).

For the low energy condition, the vertical variation of the
coefficient 7 shows no apparent relationships (Figure 31). The
coefficient 4 for the high energy condition, however, shows the
estimates do not vary appreciably with different sensor heights
(Figure 32). This near-independence of height above bottom under
high energy condition suggests that any deduction about gy from fair
weather data is questionmable. Also apparent in Figure 32 is the
reduced y for hour 36 which corresponds to the rapid increase in
flow intensity. One possibility is the armoring effect with
increased bottom friction. As Drake and Cacchione (1989) noted, the
coefficient vy decreases with increasing bottom shear stress (Figure
33). This tendency is retained only for the case when the bottom
shear stress exceeds a certain value, representing high energy
condition. This implies the possible change of the supply of bed
materials into the water column due to the armoring effect which
increases with inecreasing bottom friction (Drake and Cacchione,

1989). But, the correlation coefficient r2 is less than 0.6. Thus,
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Figure 29 The resuspension coefficient, vy, for Cr o« 61/2.
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Figure 30 The resuspension coefficient, v, for Gr o 51/2.
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Table 6. Formulation for reference concentration and the

coefficient v

Formulation Fair Weather Storm
Cr' ¥ eex 0.040 0.006
'beS
Cr- 0,002 0.0003
1L+ Cb S

- 1/2
Cr v eex 0.020 0.008
C -y ¢, s/2 0.004 0.002
8 = Tb,max cr

ex
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Figure 31 Variation of the resuspension coefficient, y, with OBS

sensor height, fair weather portion.

- 102 -




AEoV Eoﬁon w>ono Em_mI
Oft ,_opt , 8 . ,

100000

| LLA LR L)

10000

100°0

ico




Figure 32 Variation of the resuspension coefficient, <y, with OBS
sensor height, storm portion. The isolated line with low

values in the order of 107> corresponds to Hour 36.
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Figure 33 The resuspension coefficient, vy, versus the maximum

bottom friction velocity Ugq (cm/sec).
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it is unsafe to set a formulation for this relationships at this
stage. We need more data to reveal this relationships. In this
context, the use of the average wvalue 0,0003 for the coefficient 7y
under high-energy condition and 0.002 for y under low-energy

condition seems to be appropriate.
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4.7 Results and discussion

The mean concentration model is tested using Glenn's (1983) data
for variable wave conditions which is tabulated in Table 7. The
bottom concentrations increase with increasing shear stresses
(Figure 34). The concentrations far away from the bottom increase
with decreasing shear stresses. This is because of the relative
increase of the diffusion in current boundary layer under low wave

condition.

For the fair weather portion, data in Table 4 is applied. The
predicted concentrations at the height 15 em, 35 cm, 65 cm and 105
cm are compared with the measurements (Figure 35). The prediction
reproduces the profile within an acceptable range of error only for
the first 8 hour samplings. From hours 12 to 40, the overestimation
at the bottom and top and the underestimation at the middle are
apparent. Because the model does mot include any advection term and
there could be possible error in some of the measurements, the model
does not guarantee the prediction of suspended sediment
concentration under the low energy condition. Both the suspended
sediment concentration and the current velocity under fair weather
condition is low by an order of magnitude compared with those under
storm condition, which results two-orders of magnitude low in flux,
Thus, the discrepancy between the prediction and the measurement
under low-energy condition is insignificant for the study of net

transport of suspended sediments.
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Table 7. Model input parameters (Glenn, 1983)

D, - 0.01 (cm)

%o “1 ] ) w

(em) (cm) (cm/sec) (cm/sec) {cm)

Small 0.514 1.79 7.88 4.97 15.1
wave

Medium 0.162 1.41 8.78 4,69 16.8
wave

Large 0.170 2.27 11.30 5.28 21.8
wave
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Figure 34 Test run of mean concentration model for different wave

conditions.
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Figure 35 Predicted suspended sediment concentrations, fair weather

portion.
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For the storm weather portion, the wvalues in Table 5 become the
input variables. The prediction almost matches the measurement
(Figure 36). The overestimation at hour 36 is apparent. This burst
coincides with very strong current (= 35 cm/sec) with increasing
wave energy, representing onset of the storm. The strong current
results in high Uy (= 5 cm /sec) which is responsible for the
diffusion of sediments inside current boundary layer in the model
developed in this study. This could be the limitation of this
model. When the current becomes strong, particle interacts to
suppress the diffusion (Adams and Weatherly, 1981). Armoring effect
is also increasing with rapid increase in bottom shear stress (Drake
and Cacchione, 1989). The applicability of this model is,
therefore, wide except for the case of rapid change in hydrodynamic

conditions,
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Figure 36 Predicted suspended sediment concentrations, storm

portion.
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5. CROSS-SHORE SEDIMENT TRANSPORT

5.1 Introduction

The direction and magnitude of time-average sediment transport
is the important factor in the determination of the sediment budget.
Onshore transport is forced mainly by wave asymmetry and sometimes
by upwelling. Gravity pulling, downwelling, amplitude modulated
waves due to wave groupiness are known to provide offshore escape
mechanism. Tidal currents can be in either onshore or offshore
directions. The resulting direction of net transport is determined

by the combinations of these forcinmgs.

Swift et al. (1985) asserted that the fair-weather landward
creep of sediments due to the wave asymmetry and the storm-induced
seaward sweep of sediments represent the cross-shore sediment
exchange process over the Long Island shoreface. They suggest the
escaping mechanism during storms to be provided by downwelling. Shi
(1983) reasoned that the forced long waves induced by the wave
groupiness provide the offshore transport mechanism even under the

fair-weather conditions.

In this chapter, we consider the direction of net sediment
transport and the contributions to the directional transport by the
flow components of different in time scales. The model developed
through Chapter 4 only deals with mean concentration. The transport
by quasi-steady flow is straightforward. The direction of the net

transport is the direction of the transport of sediments carried by
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the mean flow. The role of high frequency wave has been questioned

by many researchers (e.g. Nielsen, 1979).

An energetics-based model sees sediment transport processes as
the consumption of fluid energy by sediments. Bagnold (1963)
applied his energetics-based bedload transport model for a stream
flow to oscillatory flows. The transport rate is directly related
to fluid power via an efficiency factor. The angle of repose of
sediments and the slope of the bed also affect the transport rate.
The available fluid power is the flux of tractive stresses which are
represented by bottom shear stress here. If we maintain the
gquadratic stress law, we can deduce the third power relationship of
the fluid power. Thus, bedload has third power dependency while
suspended load transport has fourth power dependency because the
suspension has advection mechanism opposing the settling of

particles.

The periodic fluctuation of fluid veloecity is the main forecing
under oscillating flow. For the wave environments, perturbation in
terms of time scale has been attempted (e.g. Bowen, 1980; Bailard
and Inman, 1981; Bailard, 1981). 1In this context, we regard only
the first order perturbation, which is consistent with our model for

combined boundary layer flow.

An energetics approach is concerned with velocity moments,
Questions have been raised about the direct relevance of the
measurements of some moments to sediment transport (e.g. Guza and

Thornton, 1985)., Working with the data from Duck'85 experiments,
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which span both fair and storm weather conditions, we are able to
calculate the immersed weight sediment transport rate. Because
there is no way for an energetics model to resolve the phase of the
flow, the calculated transport rate is evaluated by comparing with
flux measurement. At the end of this Chapter, a semi-quantitative

sediment transport model is given.
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5.2 An energetics model

Bagnold (1956) postulated that the sediment transport rate is

proportional to the fluid power available:
I=-Kn (5.1)

Here, I is transport rate and O is the fluid power available,
Again, the transport is via both bedload and suspended load

transport:
I = Ib + Is - (Kb + KS) Q (5.2)

The subseripts b and s denote bedload and suspended load,
respectively. In vertically two-dimensional steady flow, he

reasoned to get

‘b
Ky, = (5.3)
tan ¢ - tan 8

€ *(l - &)
K = S b (5.4)

s
wsf/Us- tan 8

Here, the balance between turbulent diffusion and the settling of
sediments are assumed for the suspended sediment transport., ¢ is

the efficiency, tan B is the bed slope, tan ¢ is the angle of
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repose, W, g is the settling velocity, and ﬁs is the mean flow

velocity,

The above idea was extended to the oscillatory flows (Bagnold,
1963). Because of the horizontally two-dimensional features of the

oscillatory flows, the transport rate in the direction # is given by
I «K'Q uﬂon (5.5)

where u, is the velocity in the direction # measured at the same
height as the orbital wvelocity u,- Bailard and Inman (1981)
extended this to the total load transport. They treated both the

instantaneous transport rate 'l't and the coefficient Rt as vectors:

Tt - ko (5.6)
Here, the subscript t denotes the instantaneous values. For the
bedload transport, they regarded the contributions coming from two
parts, that is, a velocity induced transport directed parallel to
the instantaneous velocity at and a gravity-induced transport

directed downslope, For tan 8 . 1, they derived

tan ¢
€ ?1 A
Kbt - b ( t + tan IB i) (5-7)
tan ¢ l-» I tan ¢
t

Bailard (198l) extended the same arguments for the suspended

sediment transport:
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4] d IS »
ﬁst - e ( + e tan f i) (5.8)
Vst IﬁtI VsE

Assuming quadratic shear stress

?t = p Cplu.] Gt (5.9)

where p is the fluid density and GD is a drag coefficient, the local

rate of energy dissipation becomes

Al

3
- ¢y |3,] (5.10)

Here, we have to note that the formulation given by equation (5.9)
is different from the shear stress obtained from our wave-current
boundary layer model given by equation (3.99). Now, combining

equations (5.7), (5.8), and (5.10) and substituting into equation

(5.6), we get
3 'S
o=pcpl 2 (B 28 + APy
tan ¢ tan ¢
s + 13 o s = 5 7
+ ¢ lu ]’ v, + tan g Ju |” 1) ] (5.11)
Vsf Ysf
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Bowen (1980) postulated that the velocity is decomposed into
basically the mean and the sinusoidal oscillatory flows. Guza and
Thornton (1985) argued about the assumption of sinusoidal flows and
instead proposed the use of random sea model. In the same context,
the forcings are decomposed according to thelr time scales. On the
inner continental shelf, the complication of hydrodynamics are
represented by a quasi-steady motion, low-frequency motion related
to the wave-groupiness, and the high-frequency motion related to the

gravity waves.
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5.3. Velocity moments

Because the agitation of sediments is mainly given by the stress
exerted by waves, it is tempting to normalize the terms in the

equation (5.11) by the wave orbital welocity, U,

2

2 2
Um -2 (<uw > + <vw >) (5.12)

Corresponding to the wave orbital velocity, define a magnitude of

mean current,

2 au?yv? (5.13)

Then, we can compare the strength of current with wave by the

following parameters,

a
§=_° (5.14)
U
m
u
5= © (5.15)
“o
m
VC
§.= © (5.16)
V' u
m

Now, define higher moments.
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T v (5.17)
¥ = (5.18)
¥ = _:i_ (5.19)
¢; - Bl (5.20)

"»63 - (5.21)

Then, the x-component of equation 5.1l becomes

3 ‘b * ' tan B
<I>=p C U ~ { [ ¥a8.. + Y + ¥ ] +
X D'm tan ¢ 0'u 1 1 tan @
ES ? * ES
___-Um [ ¢16u + ¢2 + ¢3 tan B -___-Um ] ) (5.22)
w \
sf sf

Skewness terms ¢I and ¢; determine the contribution of periodic
flows in the sediment transport through bedload and suspended load,

respectively. ¢0 represents the agitation of bed materials by wave
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4
stresses, whereas ¢1 and ¢3 appear to be related to turbulent
energy dissipation. The magnitude of steady current transport
relative to wave carriage and the direction in on-offshore advection

is represented by the magnitude and the sign of Su.

Gravitational effects depend mainly on the slope of bottom.
Near bottom, turbulence term ¢i enhances the gravitational effects,
where as the angle of repose (tan ¢ = 0.47) gives restriction to
this activity. Away from bottom, gravity flows become complicated
by many factors such as turbulent diffusion, wave advection, and
settling of sediment particles due to gravity. For the calculation
of immerse-weight transport rate, we adopted €, = 0.21, €, = 0.025,
tan ¢ = 0.63, tan 8 = 0.01, and L 0.0065 m/sec following Bailard
(1981). Drag coefficients are caleculated based on Sternberg's
(1968) CD(l.O m) = 4.1 x 10'3, thus CD(0.2 m) = 7.3 % 10'3. Here,

CD does not cover waves but currents,
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5.4. Application of the energetics model to field data

Table 8 shows the velocity moments calculated for the low energy
condition. For bedload transport, ¢0 and ¢; are of the same order
of magnitude. Because 6u representing relative strength of current
to wave is less than 0.1, the mean transport ¢06w for bedload is
smaller than the wave transport term ¢; by an order of magnitude.
For suspended load, ¢i£u is also smaller than ¢;. This implies that
the net transport is governed by waves. Figure 37 shows the time
variation of immersed weight transport rate calculated. Most of the
times, the directions of transport by mean flow and waves are the
same. The calculation based on the average values of velocity
moments show that the onshore transport prevails, seemingly related

to the wave asymmetry.

Table 9 tabulates the calculated velocity moments under high
energy condition, moments representing transport by mean flow ¢0 and
¢i are both higher than ¢I and ¢; by two order of magnitudes, As
the storm activity increases, the 5u value increases in magnitude by
an order of magnitude. This seems to be related to downwelling.
Overall sediment transport rate is proportional to Ui which
increases by several factors toward the onset of storm. Total rate
of transport is increased by two orders of magnitude. Figure 38
shows the time variations of calculated transport rate. Offshore
transport by mean current is dominant. Onshore transport by waves

is overwhelmed by the offshore transport by mean flow.
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Table 8. Calculated moments for falr weather portion
Hour ¥, ¢i ¢i ¢; ¥ 84 Un
0 0.5102 -0.1610 0.7265 -0.4002 2.3403 -0.0452 0.1347
4 0.,5086 -0.0938 0.7496 -0.2409 2.6780 -0.0523 0.1257
8 0.5004 -0.0111 0.7401 -0.0482 12,5315 0.0097 0.1322
12 0.5204 -0.3024 0.8721 -0.8202 5.2399 -0.1218 0.1222
16 0.5061 -0.2032 0.7507 -0.4548 2.7676 -0.0716 0.0942
20 0.5264 0.0228 0.7365 0.0295 2.1350 0.0388 0.1010
24 0,5036 -0.0007 0.6895 -0.0408 1.8578 0.0363 0.0974
28 0.5114 0.1083 0.7343 0.2188 2.3106 0.0468 0.0875
32 0.5200 0.0485 0.7488 0.0703 2.3935 0.049% 0.0873
36 0.5312 -0.2187 0.7385 -0.4601 2.0654 -0.0739 0.0900
40 0.5201 -0.2074 0,7462 -0.4618 2.3557 -0.0694 0,0787
Average 0.5137 -0.0926 0.7484 -0.2371 2.6068 -0.0230 0.1046

* Um is in m/sec.
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Figure 37 Immersed weight transport rate for suspended load, fair

weather portion. The unit is in W/m.
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Table 8. Calculated moments for storm weather portion
- U S S P
0 0.6740 -0.0557 0.7240 -0.1119 11,1770 0.2139 0.4443
4 0.6340 -0.0088 0.6774 -0.0224 11,1376 0.1710 0.3481
8 0.6596 -0.0024 0.7165 -0.0276 1.2588 0.1965 0.3378
12 0.6972 0.0022 0.7481 -0.0301 11,2541 0.2210 0.3433
16 0.5542 0.0175 0.5829 0.0224 11,0101 0.1236 0.3438
20 0.5635 -0.0095 0.5811 -0.026%9 00,9025 0.1027 0.3837
24 0.6022 0.0208 0.6351 0.0273 11,0170 0.1341 0.3792
28 0.5572 -0.0020 0.5856 -0.0038 00,9400 0.1022 0.3662
32 0.7299 -0.0125 0.8148 -0.0497 1.4725 0.1986 0.3416
36 0.9800 -0.0693 1.1475 -0.1475 2.0030 0.3050 0.4925
40 0.6773 -0.0463 0,7103 -0.0802 11,0391 0.1635 0.5639
Average 0.6663 -0.0151 0.7203 -0.0409 1,2011 0.1756 0.3949

* Um is in m/sec.
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Figure 38 Immersed weight transport rate for suspended load, storm

portion. The unit is in W/m.
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5.5 Discussion

Models of cross-shore sediment exchange processes over a
shoreface have been developed by several researchers. Niedora et
al. (1984) concentrate on the bedload transport under storm events
and develop a model in which coastal storms induce offshore
transport of sediments over the entire shoreface. They relate the
source of power to the initial stage of storms yielding high local
waves and offshore bottom currents due to downwelling. Swift et al.
(1985) depicted the different mechanisms between fair weather and
storm weather processes. They related the fair weather onshore
transport to asymmetrical shoaling waves and the storm weather
offshore transport to suspension by storm waves and subsequent

carriage by wind-driven offshore flow.

Inman and Bowen (1963) demonstrated the possibility of an
offshore transport due to ripple asymmetry and resulting differences
in wave-induced vortices. Horikawa et al. (1977) classified
sediment transport patterns due to wave action into four types
according to the dominant transport mode and the role of ripples.
Nielsen (1979) depicted possible shifts of phase angle between
instantaneous suspended sediment concentration and instantaneous
veloeity, resulting in the transport in the opposite direction with
respect to the net current or wave-induced mass transport. Shi and
Larsen (1984) discuss the effect of wave groupiness which causes
the net offshore transport, Wright (1987) examined the diabathic

transport mechanisms and showed the roles of variable sources of
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power such as waves, rip currents, wind-induced currents, tidal

currents, gravity, and wave-current interactions.

From the calculated immersed weight transport rate, the role of
waves seems to be substantial in case of low energy flow conditions.
To give more details on this, sediment flux at the height of 15 cm
from the bottom is calculated as the product of the cross-shore
velocity measured at 20 cm above bottom and the concentration
measured at 15 cm above bottom. Decomposing and averaging over
burst period, the flux is again decomposed into the mean transport

and transport by wave.
<q,> = uch + <uWCP> (5.23)

Under both the high and the low energy conditions, the net flux is
governed by the transport of mean concentration by mean current
(Figures 39 and 40). Comparing with the net transport rate (Figures
37 and 38), we see the trends are the same both for the transport
rates calculated from energetics model and the fluxes calculated
from the measurement of suspended sediment concentration and flow

velocity.

Direct comparison of the flux and the transport rate may not be
valid, But, we can compare two results at least on the qualitative
basis. Our main purpose is to reveal the direction of sediment
transport process. In this context, we believe that the transport
rate calculated gives satisfactory explanation on the relative

contributions of advective mechanisms and the direction of net
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Figure 39 Suspended sediment flux, fair weather portion.

is in g/cmz/sec.
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Figure 40 Suspended sediment flux, storm portion.

g/cmz/sec.
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transport. However, the parameters in the model are site specific
thus we need to obtain the values from empirical data. And, it is
hard to model higher moments even for simple equilibrium cases (see,
for example, Bailard, 198l). The calibration of model parameters is
limited by the quantity and the quality of data available. This
model is a depth integrated model, thus it provides no details on
the vertical distribution of suspended sediment flux., We can
compensate this by using a different view such as the model

developed in the previous chapters,

The mean transport rate is the depth integration of the product
of mean velocity and mean concentration. the mean velocity is given
in the equations (3.71) and (3.75), whereas the mean concentration
is given by the equations (4.31) and (4.32). Then, the net cross-

shore transport rate <Qx> is
QR = Q5 Q> (5.24)

Here, the subscripts -6 and +§ represent the integration upto the
top of the wave boundary layer, Sw, and the integration from 6, to
the mean sea surface, h. The transport rate inside the wave

boundary layer is given as

Y
W
<Qx>-5 = fzr uch dz

§ u,, u -w_/e(u,+V)
- 2 2@y, 3y ETU g
ru, « Zq z.
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8
=B [Y ) A 1n") a2 (5.25)
2y
where
2" = z/z, (5.26)
* v 5.27
A = . wsf/ £ (u*1+ ) (5.27)
u, 8 1 4 *
B - X2 X g (08 (5.28)
u*l K Zr
Solving equation (5.25), we have
*
B * * 1
Q> ;= - [ 6, € 1n(6) - - )
A +1 A +1
* * 1
-z { ln(zr) - ) ] (5.29)
*
A +1

The transport rate above the wave boundary layer is given by

h
]

QZys = J

uC dz
wem

-wsf/m(u*2+V)

u
- B BX n® )y ¢ 6, -
w

* *
- DF f:* (z*)C ln(z*) az”* (5.30)
W
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where

2" = z/2, (5.31)
*
C = - wsf/m(u*2+V) (5.32)
* Y2 x Z) ¢*
D' = zqy Cm(Sw) D (5.33)
g 8
\
The solution is
p* * 1
Qs = [ h" { In¢h™) - }
* *
¢ +1 c +1
- sy Iy - 1)) (5.34)
v *
cC +1
The transport rate from the energetics model is given by
4 g '
P CDUm _— ¢1 au
Q> - sf (5.35)
Qx energetics )

(pg - P> g N

Bailard (1982) provides the available bed material, N = 0.6. In
Figures 41 and 42, the transport rate predicted from the energetics
model is compared with «Q> for low- and high energy conditions,
respectively. Both fair and storm conditions show that the
energetics model gives the same direction of transport but the

amount is low by an order compared with the transport rate, <Qx>'
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Figure 41

Comparison of transport rates calculated by the
integration of flux and the energetics approach, fair

weather portion. The unit is in g/cm/sec.
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Figure 42

Comparison of transport rates calculated by the
integration of flux and the enerpgetics approach, storm

portion. The unit is in g/em/sec.
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Fipures 43 and 44 shows the ratios between the transport rates
inside and outside the wave boundary layer. The increase of the
ratio is apparent for the high energy condition. The ratio vary
between 1 and 10. This notes that the transport rate predicted from
the energetics model is low by an order. The coefficients,
especially the efficiency factor € and €, are given by the
calculations in the surf zone. Because the dynamics over a shore
face is different from the dynamics inside the surf zone, we have to

calibrate the coefficients.

The cross-correlations between horizontal velocity and suspended
sediment concentration give light to the study of the advection
mechanism. Figure 45 shows the strong correlation between onshore
velocity and high suspended sediment concentration thus implies the
possible onshore transport by the wave advection. Both the
transport rate (Figure 38) and the flux (Figure 40) show the
dominant role of mean current over wave for transport under high
energy condition. Therefore, we can conclude that the offshore
transport by mean current supersedes the onshore transport by waves

by an order under high energy condition.

Figure 46 shows that the sediment concentration is
insignificantly related with cross-shore velocity. In addition to
the low correlation coefficient, the lags between the advective
velocity and the concentration implies that the role of waves for
the transport 1s still not clear. We may use the first-order
approximation for the flux calculation in case of high energy

environment but a caution must be given for the low energy

- 136 -




Figure 43 The ratio between <Qx>+6 and <Qx> fair weather

-5

portion. The ratio is <Qx>-8/<Qx>+6'
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Figure 44 The ratio between <Qx>+5 and <Qx>-6' storm portion. The

ratio is <Qx>- 8/<Qx>+5 .
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Figure 45 Cross-correlations between cross-shore velocity and

suspended sediment concentration, storm condition.
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Figure 46 Cross-correlations between cross-shore velocity and

suspended sediment concentration, fair weather condition.

- 140 -




(0o98) sBeq
¥e 8y 28  B8I 0 91— 26— @¥— ¥8

it 1 1 3 1 3 1 —-F-.-\- I U S Y T 'NH-O'
]
: m L)
_ - 60°0-
"
s i 90'0—
I3q)eaM areq - £0°0—
g8.ong
A1t -F-t -4 -2 - - = 4= 4 000
m
| - €£0°0
|
0 'SA ) f\ ! .
UOT}R[31I0) “ - 80°0
85019 i
! - 60°0
|
:

aro




environment case, However, there is no criteria to determine the
applicability of the approximation of flux. Because an energetics
model can not resolve the phase relationships, it is possible the
transport by waves under low energy condition may be overestimated.
The transport rate for high energy condition is high by an order of
magnitude compared to the transport rate for low energy condition,
Thus, still with the uncertainty of the role of mean flow and waves
under fair weather condition, the transport rate under the low
enexgy condition is also estimated by the first order approximation,
that is, the product of mean concentration by mean flow velocity. A
norm for the suspended sediment transport under low energy condition
is that the direction varies but the net transport is usually

onshore.
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6. SUMMARY AND CONCLUSION

The data set from the Duck’85 experiment span from fair to storm
weather conditions. During the storm period, waves propagate toward
shoreline and force onshore transport while wind-driven offshore
currents dominate the offshore transport. Under fair weather
conditions, the mean flow has wvariable sources such as tidal
currents, mass transport, and amplitude modulated low frequency
waves., The contribution and directionality of each flow components

are complex.

Wave boundary layer model shows that the distribution of eddy
viscosity outside boundary layer does not affect much on the
prediction of maximum bottom.shear stress. The simple eddy
viscogsity assumption gives almost the same prediction of bottom
shear stress as the prediction from more complicated distribution

function for eddy viscosity.

A simple two-layer time-invariant eddy viscosity model, in which
thin wave boundary layer is nested within the bottom of thick
current boundary layer, satisfactorily reproduce bottom shear stress
and current. The change in angle between wave propagation and
current direction affects the bottom shear stress in such a way that
the bottom shear stress is minimum with perpendicular and maximum
with parallel wave to current. The change in bottom shear stress is

about an order of magnitude increase toward the onset of storm.
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The lags between bottom stress exerted on the bed materials and
the responding sediment suspension complicate the applicability of
diffusion model in case of falr weather condition. The high cross-
correlation with zero time lag is observed for the storm weather
processes. The variations of the mean concentration conform with
the variations of mean shear stresses under both the high and the
low energy conditions. This validates the use of diffusion model
for the mean concentration. The diffusivity originates mostly from
turbulence in case of storm events whereas the effect of bedform
geometry and wave advection become important modification factors.
The modification of turbulent diffusion from the other factors such
as vortex bursting and sediment-induced stratification are resolved
into a velocity scale V for which an empirical formulation is given

for a wide range of energy conditions. The diffusivity is given by

Vig = K (u,’\_1 + V) for z =5 6w

K (u*2 + V) for z = SW (6.1)
vhere
V=-0.25u, +1.4 (6.2)

The total diffusion is greater than turbulent diffusion under low

energy condition and smaller under high energy condition.
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The revision of the laboratory data of Kalkanis (1964) and Abou-
Seida (1965) results in the linear relationships between the

reference concentration, Cr' and the excess Shields parameter, eex'
Cr = 0.09 eex (6.3)

This suggests the use of the linear relationships between Cr and the
excess shear stress, S.
1-Cb-S

c (6.4)

T T+79s

The test over a set of different reference concentration model shows
that the resuspension cdé%ficient. v, varies with different flow
conditions. Under the high flow conditions, the ¥ calculated from
the measurements at different levels are invariant. The decrease in
v with inereasing flow intensity is observed, which may be related
with the armoring effect, Especially, with rapid increase flow
intensity, the reduction in v wvalue is apparent. The data set,
however, does not provide enough background to give any quantitative
expression of vy, suggesting necessity of more data. The v is given
as 0.0003 for high energy condition and 0.002 for low energy
condition. The model developed shows good agreement with the
measured concentration. The limitation of the model is that the

model does not resolve the horizontal advection and that the model

is not working well in case of possible particle interaction.

« 144 -



With uncertainty of the contribution of mean flow for the
suspended sediment transport under fair weather enviromment, the
energetics model suggests that the onshore transport by waves might
prevail for low-energy transport but the magnitude is low by an
order of magnitude compared with the high-energy transport. The
flux calculated from the measurement and the cross-correlation
between the cross-shore velocity and concentration indicates the
overestimation of the role of waves for the transport under low
energy condition. Storm related strong mean current, related to the
prevailing northeaster, is responsible to the offshore transport of
sediments and dominate the process. The estimated transport rate
from the integration of suspended sediment flux suggests that the
energetics model can be used for the the study of sediment transport
over an inner continental shelf only if the coefficients such as <,

and €, be calibrated.
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