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ABSTRACT

In this report we studied numerically the movement of suspended sedimentsin a
turbulent boundary layer over aflat bed. We used LES to generate the velocity field,
while the motion of individual particles was calculated using a modified version of the
Maxey and Riley equation. We considered three kinds of flows -- steady, oscillating and
pulsating, and particles of different sizes ranging from silt to fine sand. In each
experiment, 4096 particles were released at the upper edge of the viscous sublayer. The

suspension rate, defined as the percentage of particles still afloat after theinitial shake

¥ E-mail: yschang@email.unc.edu
® E-mail: ascotti @email.unc.edu



down depended strongly on the ratio of vertical rms velocity fluctuation to settling
velocity in al types of flows. In the unsteady case we also found anon trivia relation
with the phase of the flow. In oscillating and pulsating flows we found that the mean
elevation of the suspended particles increased more rapidly around the time of flow
reversal. While the suspension rate in steady and oscillating layers was comparable, it
was significantly larger in the pulsating layer. We also looked at the effect of coherent
structures in lifting the particles away from the wall. We found positive evidence for that,
though we did not observe any significant trapping. Finally, we discussed the implication
of our study to the modeling of bottom sediment fluxes (pickup rates) in unsteady flows

in an appendix.

l. INTRODUCTION

Sediment suspension events and the movement of suspended sediments are still poorly
understood phenomena, despite the fact that suspended sediments can contribute
significantly to the total sediment transport. In coastal areas the problem is further
complicated by the unsteady nature of the flow due to surface gravity waves. In general,
near shoreit is believed that waves are mainly responsible for sediment suspension while
currents carry the entrained sediments away. Thus, in order to investigate the sediment
suspension in this regime, an understanding of turbulent oscillating flows is necessary.
Experimenting with turbulent oscillatory flows over rough beds, Sleath® demonstrated
that turbulent intensities significantly fluctuate during cycle with two peaks per cycle.

Jensen et al.? also presented some experimental results on purely oscillating turbulent



boundary layers; especially important is the observation that, without a mean current,
oscillating flows cycle between laminar and turbulent state, with the transition usually
occurring just before near-boundary flow reversal. Turbulent fluctuations due to the
oscillatory free stream are usually confined within athin oscillating
boundary layer®* . Because of this, detailed measurements are often difficult to perform,
and sometimes the interpretation of datais controversial.
At low concentration, the presence of sediments does not alter significantly the properties
of the flow, and the fluid phase can be modeled separately from the particul ate phase.
For the numerical computation of turbulent flows over the seabed, Reynol ds-averaged
Navier-Stokes (RANS) equations are often employed®® . RANS models are the choice
tools for coastal engineering application for their robustness and because of the relatively
small computational cost. However, since fluctuations at all scales need to be modeled,
the models are sensitive to the large scale driving conditions. For example, recent
evidence suggests that commonly used RANS models misrepresent key turbulent
quantitiesin oscillating pulsating boundary layers’ .
At the opposite end of the modeling spectrum, Direct Numerical Simulation (DNS) has
been successfully employed in many studies of oscillating boundary layers'®*? .
However, DNS simulations are severely limited by grid size and time step requirements.
For this reason DNSis still confined to relatively low Reynolds number flows.
Large Eddy Simulation (LES) steers a middle course between DNS and RANS. In LES
the large scale eddies that are considered to be important in energy transfer are resolved,
and the smallest "subgrid-scale” eddies are modeled.**'* Hence, the LES approach lies

between the extremes of DNS in which all fluctuations are resolved, and RANS in which



only mean values are calculated and all fluctuations are modeled. For this reason LES
results are usually less sensitive to modeling errors than RANS method. For the
modeling of the SGS stress, eddy-viscosity based models have been commonly
employed, and one of the most widely used expression for the eddy-viscosity isthe
dynamic Smagorinsky model,*>® which has successfully been applied to both high
Reynolds number flows'” and pulsating flows.*

Asfor the dynamics of the particul ate phase, the approach that is most widely used isto
consider the evolution of the Suspended Sediment Concentration (SSC) using an
advection-diffusion eguation, in which the time variation of the volumetric concentration
of acontrol volume is balanced by flow advection, turbulent diffusion, and settling due to
gravity.’®*° By combining the flow fields cal culated by RANS models or LES with an
appropriate SSC equation, it is possible to compute the suspended concentration field at
each time step. Andersen®® used a K - u type RANS model to calculate the SSC and to
investigate the ripple dynamics. Chang and Hanes™ use same model for the comparison
with the field data measured in a near-shore region, showing that turbulent eddies are
formed even by low-amplitude ripples with steepness 1/15 and the sediment suspension
events are affected by these eddies. Zedler and Street® used LES for a three-dimensional
calculation of the SSC in channel flow over ripples of size 0.25 cm in height and 5 cm in
length. Though the calculation of the volume concentration from sediment advection-
diffusion equation is efficient for practical purposes, it has several shortcomings: It is
very sensitive to the bottom boundary conditions;** lack of knowledge about the transport
mechanism has resulted in using the eddy viscosity of the flow as eddy diffusivity in

most model's, which may result in under (or over)-estimation of the SSC predictions. To



address these issues, LES or DNS have been coupled to an equation for the particulate
phase. The Maxey and Riley equation®, which includes the effects of ambient pressure
gradient, added mass, Stokes drag, Basset force, and buoyancy on asingle particle, has
been widely used for the investigation of the motion of small particlesin turbulent flows
coupled to either aDNS*? or aLES?"?. In this paper we coupled a LES with a
modified Maxey and Riley equation for particulate matter*®>*? to study 1) the settling and
suspending processes in relation to particle size and flow energy, 2) the effects of
coherent structures on the motion of sediments and 3) the importance of unsteadiness
over the suspension process. We simulated both steady and unsteady flow conditions,
with parameters as close as possible to the ones found in the environment, and different
particle sizes ranging from silt to small sand. To isolate the effect of coherent structures
from large-scale vortical motion, we considered aflat, hydrodynamically smooth surface,

even though in the field this condition is rarely encountered.

II.  PROBLEM FORMULATION

We assume that the concentration of sediments at any timeistoo low to affect the
dynamics of the fluid. Thus, the equations for the fluid part can be solved independently

from the particul ate phase.

A. Fuid Equations



The governing equations employed in the present study for the fluid phase are the filtered

Navier-Stokes equations
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In the above equations, a bar is used to indicate filtered variables.

We used the standard geophysical convention where (X,y,z) or (1,2,3) stand for the
streamwise, spanwise, and vertical directions, and (u,v,w) or (u,Up,us) for the flow
velocities in the respective directions. The computational domain is a rectangular channel
with height 2H =0.2m, and width L, =0.6 mand L,=0.2 m, respectively (Figure 1) and
the viscosity n1 =10° m?/s.

The subgrid scale stressin Eq. (3) is modeled using the dynamic eddy viscosity

model.*>*® The flow is forced by an external pressure gradient that is the sum of a steady

and an oscillating part

P, (x,t) =[a + bcos@t)]x. . %)



Thetotal pressure, |5(x, Yy, z,t) , isthe sum of the forcing pressure, P, (x,t), and the

mechanical pressure, p(x, Y, z,t) , the latter necessary to satisfy the zero divergence

condition of the flow.

Equations (1) — (3) are solved using an Adams-Bashforth fractional-step method. Both
advective and diffusive terms are treated explicitly. All spatial derivatives are
approximated by second-order central differences on a staggered grid.*® The boundary
conditions are periodic in x and y, and no-dlip at the lower and upper boundary. The grid
spacing is uniform in the spanwise and streamwise direction. In the vertical direction, a
hyper tangential grid generator is employed to create dense grid spacing near the lower

wall.

B. Sediment Particle Motion

We use the equation derived by Wiberg and Smith® to describe the force balance acting

on sediment particlesin water. Buoyancy, pressure gradient of ambient flow, added mass,

drag, and lift forces are included in the force balance that reads

o & 9
q ® v éDu, dv,Uu 1 & && &
,—p\/d_p:-(rp-r)Vgn+rV—f+le’ gD—tf'd—tpg"'ECDr uf'Vp(uf'Vp

1 & & & & ®
+§CLrA[|uf -V |2 'luf _Vp |§ottom]n1
©)

(6]
where V is sediment particle velocity vector,

4, isfluid velocity interpolated at the particle position,



r, and r arethe density of particle and fluid respectively,

V and A arethe volume and cross sectional area of the particle,

C,, isthe coefficient of added mass,

C, and C, aredrag and lift coefficients,

®
n avector of magnitude one pointing in the vertical.
The subscription ‘top’ and * bottom’ mean that the relative velocities are calculated at the

top and bottom of the sediment particle and the derivative D/ Dt denote the time

= 1 + U, J. i In the above
X

derivative following aparcel of fluid such that Dt it

equation, the drag force is replaced by the Stokes drag, 6or m(l(} (- \7p ) when the particle

D|U; - V,|

Reynolds number Re, = iIslessthan 1. Here n isthe dynamic viscosity of

i

water and r the radius of the particle. The coefficient of added mass, C_, is0.5for a

spherical particle and the lift coefficient, C,_, isset to 0.2. The empirical relation for the

drag coefficient C, =

RZ:' EL+ 0.15ReP°'687] is used following Wang and Squires™. The
P

lift force induced by the velocity difference between top and bottom of the particleis
usually considered negligible when the size of the particle is small. Inside the viscous
sublayer layer, however, the velocity gradient is large, so we have decided to retain it.
Other forces, such as the Magnus force due to the particle rotation and the Basset history
force that accounts for changesin fluid drag due to changesin the flow structure around

the particle areignored in the present study.



The particle velocities are calculated by integrating Eq. (5) in time using a semi-implicit
method. Since the particle positions a any given time do not in general correspond with
the points at which the Eulerian fluid velocity field is calculated, the velocity field and its
derivatives need to be interpolated onto the particle position. The interpolation is carried
out by sixth-order Lagrangian polynomials in three directions®. Once the particle

velocities are computed, the particle displacement can be calculated from

dX.,
dt

&
= Ve, (6)

where X, isthe position vector of the sediment particle. At the horizontal boundaries,

particles leaving one side are injected at the opposite side. In the vertical direction, the

particles are removed if they reach the bottom or the middle of the channel.
C. Parameters. Continuum and particul ate phase

In the present study we considered three flow regimes: A steady flow, a * 0,6 =0(Case
1); apurely oscillating flowa =0, 6 * 0 (Case 2); apulsatingflow, a* 0,6t 0, (Case
3), where (a, b) have been defined in eg.(4). The choice of the forcing parameters
represents a compromise between achieving the largest possible Reynolds number while
keeping the execution time within reasonable bounds. In the steady case a =10 m/s?
gave afriction velocity u, =10?m/s and a Reynolds number based on the friction
velocity and height of the channel Re, © u,H /r =1000. The physical domain was

discretized using 98 pointsin the vertical and 130 points in each horizonta direction. In



the vertical, the grid was stretched to accommodate 10 points within the first 10 wall
units (1 w.u.° 7i/u, =0.1mm), whilein the horizontal the resolution was 4.7 mm in the
streamwise direction and 1.6 mm in the spanwise direction

(Dx* =Dxu,/n =47,Dy* =Dyu, /n =16), values that are considered appropriate for LES
of channel flows"’. In the purely oscillating case we set & = 0.3142 m/s” and T=8 s,
resulting in afree stream velocity U, =0.4m/s, aredlistic valuein shallow waters.
Purely oscillating flows over aflat surface can be characterized in terms of a Reynolds
number Re, =U,|, /i based on the thickness of the laminar boundary layer I =J2niw
and the free stream velocity. In the present case Re, = 640 places the flow in the

transitional regime according to Hino et al.*. The flow conditions are listed in Table 1.
We have considered three grain types, varying in diameter from 0.05 to 0.02 mm (fine

sand to silt), with adensity ratio s = 2.65 (quartz). Table 2 summarizes their properties.

D. Initial conditions: Continuum phase

The solver wasrun with 6 = 0 until astatistically steady state was reached. At this point,
the statistical properties of the solution were checked against standard benchmarks® and
found in good agreement. Thisfield was then used as an initial condition for the steady
flows simulations. To generate theinitial condition for the unsteady simulation we
employed a similar strategy, running the code until a statistically steady (in the sense of

phase averages) was reached.
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E. Initial condition: Particulate phase.

The assumptions under which eq.(5) is derived break down in the immediate vicinity of
the lower boundary, at a distance of the order of the diameter of the particles. In this
region, one cannot ignore the finite extent of the particles and the complexities due to
particle-particle interaction and collision with particles on the bottom." Ideally, in the
viscous sublayer, one should solve the fully coupled laminar problem treating the
particles as spheres of finite extent. However, coupling aturbulent channel solver to a3D
coupled laminar solver is computationally too expensive (a2D simulation of alaminar
flow over nearly buoyant particles has been recently published *, which illustrates well
the difficulties involved). Once detached from the bottom, particles can be suspended if,
at the zenith of their trgjectories, the particles encounter turbulent fluctuations of large
enough magnitude, and it is on the latter problem that we focusin this paper. Thus, in the
present study, we have decided to ignore the dynamics in the viscous layer, and we have
concentrated on the dynamics of the particles outside the viscous layer, where eg. (5) isa
valid approximation. Hence, we released the particlesin the flow at the edge of the

viscous sublayer (z=0.95 mm). In the steady case, theratio w. ../ w, varied from 1 to
6.25. The goal was to determine how the suspension rate dependson w,../ w,, aswell as

to investigate the role of coherent structuresin lifting sediments away from the boundary.
For each run, we released 4096 particles and followed them until a pseudo steady state
was reached. Particles that hit the bottom or that reached the middle of the channel were

removed from the simulation.
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1. RESULTS

A. Particles under uniform flows (Case 1)

Figure 2 shows the turbulent intensity of the fluctuations in the steady case. In the upper
panel the vertical distances are normalized by the channel height, and in the lower panel
the same properties are expressed in wall units. The maximum values of the intensities
occurs around z* = 13 in the streamwise direction, z* = 59 in the spanwise, and about z* =
104 in the vertical direction in good agreement with DN'S results™.

Once the flow reaches a statistically stable state, the sediment particles are released at the
initial elevation. Figure 3 shows the numbers of ‘surviving' particles (i.e. particles that
have not hit the bottom) as a function of time. More than 95% of the 0.05 mm particles
settle down within the first second, while more than 60% of the 0.02 mm particles till
survive even after 18 seconds. This indicates that the vertical upward fluctuations near
theinitial elevation are not strong enough to support the 0.05 mm particles, even though
15% of the particles at t=0 experience an upward velocity larger than the settling

velocity. In figure 4, the mean vertical particle velocity, w,,, mean vertical flow velocity

at particle positions, w, , and mean vertical particle position, z_, of the 0.05 mm particles

p k)
are compared with those of the 0.02mm particles during the first 0.6 seconds within

which most of the 0.05mm particles settle down. In panel (a) w, and w,, normalized by

w, are shown for the 0.05mm particles. In this case the mean is taken only for the

particles that have positive (upward) velocities at t=0 (otherwise the mean would be close

12



to zero due to the particles with the negative (downward) velocities). The vertical flow

velocities are also calculated at the particle positions through a three-dimensional

Lagrangian interpolation. Although w;, . is comparableto w, at theinitial elevation, w,
issmaller than w; (only 0.4 times of w,) and the particles move downward (panel (a)).
For the 0.02mm particles, however, w; isabout 3 times greater than w,, so w, isalso

greater than zero resulting in the upward motion of alarge fraction of 0.02 mm particles
(panel (b)). Therefore, as shown in panel (c), the center of mass of the 0.05 mm particles

drops to the bottom, while the 0.02mm particles are suspended into the flows.

The mean values of the particle velocities (u,,v,,w, ) and positions (x,, Y, , z,) of the
0.02mm and 0.035mm sediment particles are shown in figure 5. From now on, the
averages are taken including all the suspended particles, regardless on their vertical
velocity. The 0.05 mm particles are not included because most of the particlesfail to be
suspended as shown in figure 3. In the streamwise direction, u; converges to 0.15m/s
after 10 second. . Thisisalittle bit smaller than the bulk mean velocity 0.178m/s.
However, panel (€) shows that the mean particle position is between 0.02 — 0.03 m above
the bottom. If abulk mean velocity is calculated in this vertical range only, the valueis

0.158 m/sand it isnow closer to u,, . The streamwise particle position, X, increases

uniformly due to the uniform flow velocity in this direction and shows no significant

difference between the two particle sizes (panel (a)). In the spanwise direction y and v,

IS expected to be zero because no forces are acting on this direction. Panel (c) shows that

Y, isnot zero but small enough to be neglected (5 mm or less). v, isalso closeto zero

(panel (d)). Inthe vertical direction one may expect that w, becomes zero and z,

13



remains constant after a stable condition is reached. Panel (e) and (f) show that we are

close to a stable condition though there is still someincreasein z, as w,, issignificantly

different from zero. In this experiment, an exactly stable condition cannot be reached
regardless of the processing time because the number of particles reaching the top of the
channel or hitting the bottom (where they are removed from the calcul ation) does not
tend to zero. In figure 6 we show the evolution of the concentration field over time. The
vertical profiles are plotted by dividing the vertical range into 30 segments from O to
0.06m and by counting the number of particles contained within each segment at three
different times, 3,10, and 18 sec after the particles are released. The particles that have
settled to the bottom are not included for counting. At t = 3 most of the particles are still
confined to low elevations (z<0.02m). At t = 10 the profile becomes more stable with the
concentration decreasing both below 0.5 cm and above 4 cm. At t = 18 the number of
particles decreases gradually with elevation and a simple exponential model for the mean
concentration profile of the suspended sediments can be applied to the profileif it is

expressed as C(z)/C, = exp( a z) where a isacoefficient due to turbulent mixing.

B. Effect of near-wall coherent structures

The near-wall region in aturbulent boundary layer is characterized by regions of

relatively well organized flow known as “coherent structures’.* In general, they appear

as pairwise vortexes with cores aligned with the direction of the flow.
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Figure 7 shows a distribution of the vertical components of the velocity on ax-y
(streamwise-spanwise) horizontal plane at the initial elevation, z=0.95 mm, and timet =
0 sec. As can be seen in the upper panel, regions where the vertical velocity gradient is
strong along the horizontal direction (dark spots) are found in many places. One of the
structures, denoted *'S', is magnified in the lower panel. Strong downward and upward
velocity components are found together in this small area, which has the size of 4.0cm x
2.0cm.

For a better understanding of the flow structure in therectangle ‘S, it is helpful to look at
the vertical distribution of the velocity, shown in Figure 8. Two counter rotating eddies
can be clearly seen, separated by a strong downdraft area. In order to investigate

particul ate motions of sediments near this kind of eddies, four sediment particles are
chosen and the trgjectories of each particle are traced in time. Figure 8 shows the
locations of the four selected particles, P1, P2, P3, and P4, that areinitially located on the
line A-B. P1 islocated where the local flow is strong and directed to the upper-left of the
frame. P2 islocated near the edge of the eddy and the direction of the local flow is
downward. Thelocal flow around P3 is directed to the right of the domain due to the
eddy in the right side of frame. P4 is also under the influence of the same eddy as P3 but
the flow is much weaker.

Once the four particles are released, the trajectories of each particle are traced as they
move with the local flows. Figure 9 and 10 show the trajectories of the four particles as
well asthe local flows around the particles at four time steps. Though the particles
movementsinitialy start at the same downstream locations along the line A-B, they

subsequently move at different speed. For this reason, the x-positions of each particle are
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calculated separately based on each particle velocity and the y-z planes are plotted at the
x-locations of each particle. The history of the movements of the particle P1isshownin
the left four panels of figure 9. At t = 0.23 sec P1 moves about 5 mm in the negative y-
direction and 5 mm in the positive z-direction. Thetrgjectory is consistent with the
direction of the local flow which surrounds P1 at t = O (Figure 8). In addition, it can be
seen that the particle trgjectory at t = 1.91 sec has formed asmall circle in response to the
small eddy which is about to form around P1 at t = 0.95 sec. The particle switchesto the
positive y-direction at t = 2.39 sec which is also to be expected from the local flow
pattern at t = 1.91 sec. In summary, the particle appearsto track the flow closely.

Though the direction of the local flow isdownward at t = O for P2, it becomes soon
horizontal (positive y-direction) and so does the particle’'s movement at t = 0.23. P2 keeps
moving in the positive y-direction until the flow reversesitsdirectionatt = 0.91 sec. The
flow around P2 at t = 1.67 sec changes the direction upward and the resulting particle’s
movement is upward as shown in the panel at t = 2.39 sec. P3 keeps moving horizontally
(positive y) along the flow direction at t= 0 sec (figure 10), and no changesisfound in its
direction until t = 2.86 sec. Once the local flow changes the direction at t = 2.86 sec, the
particle moves upward following the flow. The movement of P4 is not as interesting as
the other particles'. It is found that the flow around P4 is weak and not enough to suspend
the particle. This particle finally settles down to the bottom about 3 sec after it is released.
As can be seen from figure 9 and 10, the eddies found in figure 8 are short lived. Thus,
we do not expect that particle remain trapped within these eddies for long time.

However, the turbulent structures certainly play a significant role in the initial suspension

of the particles as can be seen in case of P1 and PA4.
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In figure 11 the vertical components of the particle and the flow velocities at the same
location are compared. As can be seen from the figure, the flow velocities that are
interpolated at the particle positions are amost identical to the particle velocity but
differences are still found where the flow velocity changes rapidly. For example, the flow
velocity around P1 rapidly decreases after apeak at t ~ 1 sec but the particle velocity
decreases more slowly, which prevents arapid drop of the particle. Similarly, the flow
velocity sharply increases at t ~3.5 sec from the negative values. In case of P2 the particle
rapidly move upward at t ~ 2 — 3 sec due to a sharp peak of the velocity. After that the
particle position shows little changes because the velocity has small fluctuations near
zero for t ~ 3 -5 sec. Following asharp increase at t ~ 9 sec, the velocity rapidly drops
below zero, which results in the settling of the particle. For particle P3, the velocity
remains close to zero for thefirst 2 sec and the particle hovers above the bottom during
thistime. After apeak at t ~ 7 the velocity sharply decreases but still keeps the positive
values, so the particle also keeps moving upward until t ~9 sec. As aready shown in
figure 10 the vertical range of P4 is smallest and it settles down to the bottom at t ~ 3 due

to negative velocity after t ~ 1.

C. Particle motions under pure oscillating flow (Case 2) and combined

oscillating and uniform flow (Case 3).

The motion of particles under pure oscillating flow (Case 2) as well as combined

oscillating and uniform flow (Case 3) isinvestigated on the same computational grid as

Case 1. Asdready mentioned, Re, for Case 2 is set to 640 with U, =0.4m/sand T =8
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sec, under which condition the flows oscillates between turbulent and laminar conditions
during one period. For Case 3 the pressure gradient has the same mean component as
Case 1 and the same oscillating component of Case 2. The angle between the uniform and
the oscillating flows is zero, so possible effects caused by the various angles between the
two flows are not considered here. In both flows, the oscillation in the amplitude of the
turbulent fluctuations is confined to alayer extending up to 5 cm from the bottom, the
oscillating turbulent boundary layer. For a purely oscillating driving force, the flow is
laminar outside the oscillating boundary layer, while in the case of pulsating flows the
turbulent quantities converge to their steady state values outside of it *“°. In figure 12 the
phase-averaged streamwise velocities in the middle of the channel, U, , and at theinitial
elevation, U, , are shown in the upper panel (a) for one oscillating period for Case 2. The
phase difference between U, and U, agreeswith previous studies™. Panel (a) also

shows the temporal variation of the Shield parameter, the non-dimensiona bottom shear

£, () Tu

stress, expressed as g(t) = where the bottom shear stressis ¢, (t) = m—|,-,
r(s- Hgb 1z

and D = 0.05mm. The bottom stress leads U, with a phase difference of about 1 sec., or

p 14, the latter being the value expected for pure laminar flows *°. In the lower panel (b)
in figure 12, the time development of w;__ and the turbulent kinetic energy (TKE) are
shown. The w,,. and TKE distributions are evaluated at theinitial elevation (z = 0.95
mm). Both w, . and TKE are periodic with two peaks during one oscillating period. w,
peaks at the time of flow reversal in U; while the TKE peaks in phase with the free

stream velocity. The vertical distributions of w__ . and TKE are shown in figure 14 where
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time lags of the peak values are found in the vertical direction for TKE. Thetimelag
shows that the fluctuations, generated near the wall, propagate upward as attenuated

waves. It can be seen that strong TKE fluctuations are confined at low elevation while the
fluctuationsin w___ extend to higher elevation. This reflects the fact that vertical
fluctuations are induced by eddies whose size is limited by the distance from the wall.

In case of pulsating flows (Case 3), U, can be well represented as a sinusoidal oscillation
at the driving frequency around a non-zero mean. The maximum value of U, is 0.6 m/s

and the minimum is—0.2 m/s, as shown in Figure 13. Close to the wall, the response of
the system becomes non-linear, and higher harmonics are required to describe g . The

non-linear response of the system resultsin very different patternsin the time

developments of w. and TKE for Case 3. Instead of having two peaks of equivalent

magnitude both w_ . and TKE have one dominant peak near the time of flow reversal
(maximum deceleration) (t = 5~6 sec).

Another interesting feature is that the phase difference between the peaks of w, . and
TKE is much smaller than Case 2. In Case 2 the peak of TKE occurs in phase with the
free stream, while the peak in Case 3 occurs some time later and the time lag between the

two peaksis smaller. Therefore, the turbulent energy as well as the energy of the vertical

fluctuations concentrates near the time of the flow reversal. In figure 14 the vertical
distribution of w__. and TKE shows that the dominant peak is concentrated near the time

of flow reversal (t = 5~6 sec) for Case 3.
In order to investigate the sediment particle motions for Case 2 and 3, five different times

(1, t2, t3, t4, and t5) were chosen as the initial timesfor the particles to be released as

19



shown in figure 12 and 13. Theseinitial times where chosen in relation to the time
variation of g . t1ischosen when g just exceeds the critical value of the Shields

parameter, g, which isthe criterion for the movement of the sediment particleand it is

usually taken to be 0.05(Nielsen'®). Similarly, t5 is chosen just before g becomes smaller

than g . t3isthetime when g is maximum during the oscillating period, and t2 (or t4)

are chosen between t1 and t3 (t3 and t5) when the increase (decrease) of g is maximum.
Oncetheinitia timesfrom tl to t5 are reached, the sediment particles of three different
sizes arereleased into the flows at the initial elevation just asin Case 1.

Figure 15 shows the number of particlesthat remain in the flow after they are released at
each time steps under pure oscillating flows (Case2), where thetime axisis same asin
the previous figures 12, 13, and 14. More than 95 % of the largest particles settle to the
bottom within 1 sec after they are released. The settling timeis slightly larger for
particles released when g is maximum, even though at that time both TKE and vertical
fluctuations are near their minimum level. At any rate, the flow is not active enough to
support the particle of thissize asin Case 1. For D = 0.035mm more particles survive,
though alarge amount of them settle shortly after they are released. With the smallest
particles (D=0.02mm), more than 50% particles survive, even after two oscillating cycles.
So, as aready seen in Case 1, the suspension rate is very sensitive with the size of
particles. The largest survival rate is obtained by releasing the particles at t3. Thisrelation
can be seen even clearly for Case 3in figure 16. Overdll, the surviva ratein Case 1 and
Case 2 isroughly the same. Not so in Case 3, where the results depends on the release

time (figure 16). Particles released at t1 and t2 have the same chance of being suspended
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asin the steady case, while particles released at t3, t4 and t4 have a much higher survival

rate.

The time devel opment of the mean particle position in the streamwise direction, X, for
Case 2 and 3isshown in figure 17. The mean is taken only for the 0.02mm size particles
that are still afloat after two oscillating cycles. Figure 18 shows the corresponding mean
particle velocity in the same direction, u,,. No significant differences are found in the
mean x position with regard to the release time. Despite the non-linear nature of the
flow, no drift isobserved in Case 2. Theinfluence of the temporal variation of TKE and
vertical velocity fluctuationsis thus small on the particle motions in the streamwise
direction. The mean horizontal velocity relaxes to the mean velocity of the flow after a
cycle.

The mean particle position, z,, and velocity, w,, inthe vertical direction are also
compared in figure 19 and 20. The vertical elevation z,, monotonically increases with
time. The slope though is not uniform, clear evidence that the suspension rate is

dependent on the phase. That can be seen by the peaks at t ~ 2, 6, 10, and 14 sec in figure

20 inthetime evolution of w, . Since these times are correspondent with the time of flow

reversal and time of peaksin w,, it can be argued that the vertical movement of the

suspended particlesis greatly affected by the vertical turbulent fluctuations. The

particles responsesto the vertical flows can be seen also clearly in Case 3. It shows that

z, rapidly increases near t ~ 6 sec (figure 19). At the sametime w,, displays a peak

(figure 20), which is correspondent to the peak inw, .. distribution (figure 13). After one

21



cycle, the effect is reduced, since the number of particlesin the oscillating layer is
reduced.

The individual particle motions near the time of flow reversal are examined in connection
with the local flowsin figure 21. The trajectories of five 0.02 mm particles are shown at
six timesfromt =4.9 ~ 7.0 sec for Case 2 flows. The trgjectories and flow vectors are
plotted in the x-z plane where the ranges are 1.0 ~ 1.25 min x-direction and 0 ~ 0.025 m
in z-direction at y = 0.15 m. The computational domain has size of only 0.6 min x-
direction, but since the periodic condition are applied in the lateral boundaries the
positions can be extended beyond this range. The figure shows that the flow at t = 4.86
sec is directed uniformly toward the positive x-direction and the five particles are spread
near the bottom (< 0.005 m). The particles move horizontally with the flow as shown in
theframeat t = 5.57 until the flow near the bottom is close to reversal. At t = 6.05 and
6.29 sec it can be seen that the vertical fluctuations become rather active. The particles
respond by moving. Once the flow changes its direction the particles keep moving in the
negative x-direction as shown in the frames of t = 6.77 and 7.01 sec. Theresult isthat 4
out of five particles are g ected into the core of the flow during flow reversal. The
gjection rate near flow reversal seemsto suggest the existence of organized structures that
form during this time.

This hypothesis is further confirmed by the inspection of the coherent structures at the
time of release, shown in figure 22. A thorough analysis of these structures is beyond the
scope of this paper. Here we limit to comment them in relation to the observed settling

rate.
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At tl and t2, in both Case 2 and Case 3, the coherent structures (streaks) are disorganized,
resulting in alarge settling rate. In Case 2, the flow becomes more organized astime
progresses, which isreflected in alarger survival rate. In Case 3, the flow has amore
complex development. At t3, we can see relatively long and well-organized structures,
which disappear at t4, when the flow actually becomes very smooth. However,
instabilities soon develop in the flow, leading at t5 to the formation of regions of highly
turbulent flow separated by still laminar regions. This, in our view, explains why the
survival rateislarge for particles released at t3 and t5, but not at t4. In addition to the
topology of the flow, at t3 the mean shear is maximum, resulting in a mean lift force of
the order of 10% of the downward gravitational acceleration, while it was usualy
negligible at other times.

The vertical concentration profiles calculated in the same way as Case 1 are shown in
figure 23 for 0.02mm particles for Case 2 and 3. Four different times are chosen during

the second oscillating period corresponding to maximum U ; (t = 12 sec), maximum
deceleration (t = 14 sec for Case 2 and 14.5 sec for Case 3), minimum U, maximum

acceleration (t=18 sec for Case 2 and t=17.5 sec for Case 3). Also, mean profiles are
drawn with the average taken over the second oscillating period. The differences between
Case 2 and 3 are clear since the number of sediment particles decreases rapidly at
elevations higher than 0.02 m for Case 2, while the decreasing rate is exponentially
uniform for the whole range of the elevations for Case 3. The differences are small at low
elevations (z < 0.02m) where the numbers of particles are comparabl e between the two
cases, though the slope is different. In the absence of a mean flow (Case 2), the turbulent

fluctuations are confined within the oscillating boundary layer (figure 24); hence, the
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sediment cannot escape into the laminar core. On the contrary, the fluctuations extend to
the center of channel in Case 3. It must be remarked that the profilesin Case 2 are not
stable yet, since the number of particles slightly increases at high elevations astime
increases. The mean profiles during the second oscillating period are compared in figure
25 using particles released at different initial times, t1, t3, and t5 for Case 3. A field
measurement of SSC profile under wave and current conditions™ is also compared. The
profilesin figure 25 are normalized by the values at the lowest elevations, where the

lowest elevation of the field profileis 1.38cm. The experimental conditions (u,=1.1 cm/s,
U,=0.28 m/s) did not match exactly our values. Despite that, the profiles calculated

from our experiment are comparable with the measurements. The slopes are in reasonable
agreement, especially for the particles released at t1 that had more timeto relax towards

pseudo equilibrium.

V. CONCLUSIONS

The motion of sediment particles under turbulent oscillating and steady flowsis
important in assessing the large-scale transport of sedimentsin coastal areas. In the
present paper, we have studied numerically the movement of sediments released at the
edge of the viscous sublayer in a turbulent channel flow. The turbulent fields were
generated numerically using LES. Three flow conditions were studied, applying a steady
and unsteady pressure gradient to a fluid contained in a channel whose size was 0.6m x

0.2m x 0.2m. The Reynolds number of the steady flow based on the friction vel ocity and
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height of the channel was 1000. While this value does not come close to the values
observed in thefield, it is known that the physics of the near wall turbulence, of interest
here, iswell reproduced. The driving conditions for the pure oscillating case generated a
flow with a maximum velocity in the middle of the channel of 0.4 m/s, having a period of
8 seconds. These values are representative of conditions found in shallow waters under a
steady swell. The third flow was obtained by forcing the fluid with the sum of the driving
conditions of the two previous cases. The amplitude of the free stream oscillation was
twice its mean value, a common feature of the coastal environment, leading to flow
reversal near the bottom. We calcul ated the motion of individual sediment grainsusing a
variant of the Maxey and Riley equation, neglecting particle-particle interactions and
assuming that the flow is not affected by the suspended sediments. Thisisjustified if the
concentration of sediment is small. We varied the size of the particles (ranging from 0.05
to 0.02 mm) keeping the density constant to 2650 kg/m?®, the latter being the density of
quartz. The particles were released at the edge of the viscous sublayer, 0.95 mm from the
flat bottom, regardless of the size of the particles. At that height, under steady driving
condition, the ratio between the rms vertical-vel ocity fluctuations and the settling vel ocity
varies from 1 for the largest particles to 6.25 for the smallest. Under steady driving
conditions, the particles were followed for 18 seconds, until a pseudo steady state was
reached. It was found that most of the particles with size 0.05mm dropped to the bottom
within one second while about 17% and 60% of the 0.035 mm and 0.02 mm particles

respectively were still in suspension after 18 seconds. The suspended particles moved
with the local mean velocity of the flow. We thus conclude that thew, .. to settling

velocity ratio necessary to achieve significant resuspension should exceed 2. At theend
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of the experiment, the concentration of particles with height decreased exponentially with
height, suggesting that the effect of turbulence on average can be captured with asimple
eddy viscosity model.

We also looked at the interaction of coherent structures near the wall with the suspended
sediments. We gathered evidence that uplifting of particles across the buffer layer is
correlated to coherent structures. However, our results did not support the idea that eddies
efficiently traps particles. Overall, the particle velocities track the flow velocities well,
with the exceptions of regions of large gradients.

The particle movements were also investigated under oscillating and combined flow
conditions. During one oscillating period, two peaks are found in w;, . and TKE

distributions in the pure oscillating case, while only one pesk is found in the pul sating
case, near the time of maximum deceleration. Significant suspension rates were observed
only for the smallest particles. For the purely oscillating case, the cloud of suspended
sediments remains confined within the oscillating turbulent boundary layer, while in the
pulsating case the sediments ended up occupying the entire column. The uplift of
particles correlates well with the peaksin rms fluctuations. The survival rate was strongly
correlated to the topology of the coherent structures at the time of release. Long,
relatively smooth coherent structures were associated to the highest suspension rate. Thus
we can consider the suspension mechanism as a two-step process. at the beginning, the
organized motion of the coherent structures moves the particles away from the wall into
the buffer layer; there, the particles are further lifted by the turbulent eddies. Overall, the
suspension rate was much larger in the pulsating case than in either the steady or

oscillating case.
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APPENDI X: Some commentsregarding pickup functionsin unsteady

flows

In this appendix, we discuss some general implications of the results discussed here with
regard to pickup rates *°. The pickup rate is defined as the upward flux of sediment from
the bottom due to the flow over it. . In the regime under study, the drag over the particles
forces them to tumble aong the bottom in arather complex motion. Because of the
collisions, acertain number N of particles per unit area per unit time are pushed upwards,

up to aheight z, that depends, inter alia, on the magnitude of the bottom stress. Once

detached from the bottom, the particles can be picked up by the turbulent flow and
brought into suspension with a probability P that will depend on the intensity of the

turbulent fluctuations at z,. The flux can be written as

F=NP.
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In a steady flow, our dataindicatesthat P dependson w

1s(Z5)/ w,. Sincein a steady
turbulent boundary layer, the distribution of the rms vertical velocity fluctuations follows
auniversal profile when expressed in wall units, the flux can be written as

t

F= N(q’D+)P(q1D+)’ q :ma

(A1)

where we have assumed that z; = z; (¢, D). The widely used van Rijn’s formula® is of

this kind. When the flow is unteady, the common practice isto replace the stressin (A1)
with the instantaneous stress. This requires that both the properties of the tumbling layer

(N, z,) and the entrainment probability P adjust immediately to the driving conditions.

The former assumption isjustifiable if the flight time of the particlesis small relative to
characteristic time of the unsteadiness, but the latter is clearly violated in the flows

considered here, especialy in Case 3, where a strong asymmetry was observed in P.
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u, (m/s) U, (m/s Re Re, T (sec) Mash
Casel 0.01 0.0 1000 - - 130x130x98
Case 2 - 0.40 - 640 8 130x130x98
Case 3 0.01 0.40 1000 640 8 130x130x98
Tablel



D (mm) w, = (s- 1)gD? /187 (m/s) Re, =u,D/n
0.05 0.0022 0.5
0.035 0.0011 0.35
0.02 0.0004 0.2

Table2
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Figure 23: Vertical profiles of the sediment particles for Case 2 and 3, squares: t =12sec,
asterisks: t=14sec for Case 2, 14.5sec for Case 3, circles: t=16sec, triangles: t=18sec for
Case 2, 17.5sec for Case 3, solid: averaged over the oscillating period.

Figure 24: Root-mean-square value of velocity fluctuations (Case 2), circles: streamwise,
stars: spanwise, squares:. vertical.

Figure 25: Comparison of the sediment particle profiles with measured SSC profile,
normalized by the values at the lowest elevations. squares. released at t1, asterisks:

released at t3, circles: released at t5, solid: measurements.
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