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Abstract:
flow, where the hydrodynamic forces are taken those pertaining to the mean time-averaged flow speed. However,

Sediment dynamics are usually described in terms of the studies developed under a steady uniform

the inherent turbulence plays an important role and should be considered implicitly in describing the complexity
of turbulence effects in geophysical phenomena. This paper reviews the implementation of isolated turbulence,
generated by oscillating grid on two important sediment transport phenomena, i.e., incipient sediment motion and
suspension. The generated quasi-isotropic, laterally homogenous turbulence (that is, at a distance further away
from the grid) permits an in-depth investigation of the effect of turbulent fluctuations and brings new insights in
understanding both phenomena. The critical Shields profile for the incipient sediment motion characterized using the
second order of turbulence statistics is qualitatively similar to the Shields curve obtained under a steady uniform flow.
In the suspension of particles, there is a two-way interaction between sediment and turbulence. High concentration
of suspended particles changes the turbulence structure and the presence of coherent vortices changes the particle
settling velocity, which subsequently alters the concentration within the suspension layer. The studies of turbulence
on incipient sediment motion and particle suspension provide a better understanding of the underlying physics of
sediment behavior at the near-bed region.
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1 Introduction to the bed morphology and water quality through

erosion and sedimentation processes. This collective

The action of the bottom shear stress at the bed
of a water stream induces several sediment-related
phenomena such as incipient sediment motion and
sediment resuspension or entrainment. Once the sed-
iment is moved or entrained, it is transported either
as bedload or suspension, and may cause disturbance
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movement of solid particles is a rather complex prob-
lem, not only due to the dual interaction of sediment
and the changes of flow, but also the effect of the
generation and migration of bed forms.
ous studies have focused on the complexity of flow-

Numer-

sediment interaction in a uniform steady channel
flow, where the fluctuating bottom shear stresses are
correlated with the time-averaged mean flow speed
and the effect of turbulence is considered implicitly
(Shvidchenko and Pender, 2000; Rijn, 2007; Lamb
et al., 2008; Srinivasan et al., 2008; Parker et al.,
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2011).

However, naturally occurring flows are neither
uniform nor statistically stationary, with the turbu-
lence intensity varying significantly both spatially
and temporally. Typical factors causing this non-
uniformity and/or intermittency can include local
variations in bed slope or bed geometry, obstacles
within the flow and the presence or development of
intermittent coherent vortex structures in the near-
bed region (Kaftori et al., 1995; Nelson et al., 1995;
Nifio and Garcia, 1996; Sumer et al., 2003). Under
these conditions, the near-bed turbulence is no longer
necessarily correlated with the mean flow character-
istics, and so the parametric relations for sediment
transport quantities, based on steady uniform flows,
can often provide poor comparisons with experiment
data (Sumer et al., 2003). Thus, the effect of turbu-
lent fluctuations is of significant importance, partic-
ularly on how the sediment interacts with it.

Motor

4

LX

Fig. 1 A typical oscillating-grid experimental setup.
The grid is oscillated at fixed stroke length S and the
distance away from the grid z starts at the mid-plane
of the grid

The study of isolated turbulent fluctuations on
sediment dates back to 1939 when Rouse (1939) stud-
ied the sediment suspension using turbulence gen-
erated from a vertically oscillating grid in a water
tank. A typical oscillating-grid setup is shown in
Fig. 1, where a motor continuously rotates a spindle
and the planar grid is oscillated with a fixed distance
(i.e., stroke length S). In a laboratory frame, the
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flow at sufficiently large distances from the grid (z)
is statistically stationary and the turbulence statis-
tics of the tangential velocity components v and v
only vary in the direction perpendicular to the grid
plane z (Hopfinger and Toly, 1976; Wan Mohtar,
2016). Using this frame of reference, the grid turbu-
lence can be modeled as statistically homogeneous
and isotropic flow, which allows relatively complete
statistical information to be provided by fewer mea-
surements than that required for the classical shear
flows. However, the undesired secondary flow (or cir-
culation) is rather impossible to be completely elim-
inated and is treated as an intrinsic feature in the
oscillating-grid turbulence (McKenna and McGillis,
2004). Even so, the inherent secondary circulation,
of which the maximum length scale can be the size
of the tank, may be eliminated through several rules
of thumb in oscillating-grid turbulence experiments
namely: (1) the frequency of oscillation is below 7 Hz
(McDougall, 1979) or 8 Hz (Shy et al., 1997); (2) the
grid solidity is less than 0.4 (Mohamed and Larue,
1990); (3) the grid end condition ensures that the
wall behaves as a plane of symmetry (whereby the
distance between the last grid and the wall is made
as small as possible) (Fernando and De Silva, 1993).
It was suggested that the distance should be 3-4 mm
(Voropayev et al., 1995).

When these conditions are satisfied, the grid
generated flow can be said to have an approximation
of zero mean fluid velocities, thereby allowing the
effect of turbulent fluctuations to be considered in
isolation. The flow generated is a quasi-isotropic, lat-
erally homogeneous turbulence and at distances fur-
ther away from the grid, the decay of (time-averaged)
root mean square (RMS) tangential velocity com-
ponents (u,v) and vertical velocity (w) with depth
below the grid’s mid position z can be expressed as

(1a)
(1b)

u=v=CfS¥ M2,
w=Cof S¥2 M2

where f is the oscillation frequency, M is mesh
size, and the dimensionless constants C7 = 0.25 and
Cy = 0.27 (Hopfinger and Toly, 1976; Cheng and
Law, 2007). Eq. (1) is (only) applicable at z 2 2M, a
region considered to reach the state of quasi-isotropic
homogeneous turbulence (Hopfinger and Toly, 1976;
Wan Mohtar, 2011). At this region, the isotropy
(w/u = 1) behavior is not always the case, where
for higher stroke length anisotropy is highly likely
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(Wan Mohtar, 2016). Even so, w/u is found to
be around 1.5 (at S/M = 2) and the generated
flow can be considered as quasi-isotropic homoge-
neous turbulence. However, it should be noted that
most of the studies discussed here employed relative
stroke length S/M < 2. Therefore, the influence of
anisotropy is trivial.

Several studies have employed oscillating-grid
turbulence to investigate the threshold criteria for
sediment movement (Bellinsky et al., 2005; Wan Mo-
htar and Munro, 2013), sediment resuspension (Noh
and Fernando, 1991; Huppert et al., 1993; 1995;
Michallet and Mory, 2004), and contaminant release
from contaminated sediment (Valsaraj et al., 1997;
Cantwell et al., 2008).

The turbulence intensity u/U (where U is the
mean horizontal velocity) is high in the region near to
the grid turbulence, particularly at z/M = 1 due to
the strong vertical direction of jet flow (from the grid
oscillation motion) (Wan Mohtar, 2011). However,
the intense interaction between the jet and wakes
breaks down further away from the grid, where at
distance z/M > 2, the large scale motions in the
bulk flow are negligible and a quasi-isotropic homo-
geneous turbulence exists at that region (Hopfin-
ger and Toly, 1976; Fernando and De Silva, 1993;
Wan Mohtar, 2016). Most of the studies in incipient
sediment motion were done with the bed surface at
distance z/M > 2 and the turbulence was produced
following the rules of thumb discussed above.

The experimental setup of oscillating-grid tur-
bulence has permitted in-depth investigations and
provides a better understanding on how the turbu-
lent fluctuations affect the sediment dynamics. This
paper provides an account of how the grid-generated
turbulence was used to investigate the incipient sed-
iment motion and sediment suspension. The discus-
sion includes the difference in analysis, common find-
ings, and how the results were interpreted to explain
the sediment transport.

2 Incipient sediment motion

Incipient sediment motion is the condition when
a stationary grain receives fluid forces exceeding its
friction force and submerged weight and eventually
moves from its original position. The parameter used
to describe the phenomenon is expressed as the criti-
cal Shields parameter 6., where the concept was first

2017 18(11):882-894

formulated by Shields (1936) using dynamic simi-
larity between the critical bottom shear stresses 7.
and the immersed weight of the grains. The term
critical was used to denote the threshold criteria for
sediment motion. The parameter 6. is defined as

7-C

%= e ped ®
where 7. = pu?_ is the critical bed shear stress, U
is the critical shear velocity, i.e., a characteristic ve-
locity defined at the near-bed region, g is the gravi-
tational acceleration, d is the mean grain diameter,
and ps and p are the sediment and fluid densities,
respectively.

The use of 7, as the critical parameter arises
from the fact that in steady uniform flows, the statis-
tics of the near-bed turbulence that induce sediment
motion are scaled with the shear velocity us.. In
an oscillating-grid experiment, where it is not possi-
ble to measure 7. directly, it is often expected that
the critical bed shear stress will scale as 7. ~ pu?2,
where u, is often taken as the critical RMS horizon-
tal velocity when the incipient sediment motion is
observed.

The approximation of shear stress can be de-
scribed as the turbulent kinetic energy k = %(u2 +
v? + w?), where the values of u, v, and w were taken
either at the distance close to the bed or at the bed it-
self. Assuming isotropy (u &~ v = w), and using the
RMS horizontal velocity u as described in Eq. (1),
the critical Shields parameter (using oscillating-grid
turbulence) is defined as

 15C2f288 M

S g @

where z. is the distance from the grid mid-plane to
the point where u. was taken, and s is the relative
density define as ps/p. As 6. o< 272, the most im-
portant question posed was how the critical distance
z = z. value was determined. The most optimum
point is at the near-bed region where the fluid forces
directly act on the particles. However, the defini-
tion of points to be taken is subjective and may vary
from study to study. For the characterization of 6,
using turbulence generated by an oscillating grid,
the studies of Lyn (1995), Medina (2002), Bellinsky
et al. (2005), Liu et al. (2006), and Wan Mohtar and
Munro (2013) were compared. As shown in Table 1,
the z. points chosen were not consistent between
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studies and this will be further discussed. Not to
be confused with the critical distance from the grid
mid-plane z., the distance from the bed Z will be
used. For easier analysis, the dimensional distance
Z was made dimensionless by dividing by the sedi-
ment particle size for each study. Note that Z =0
is the position of the top of the sediment bed. The
corresponding non-dimensional distance £/¢, that is
made by dividing the distance & with the turbulent
integral length scale ¢, is also shown in Table 1. Pa-
rameter /¢ shows a wide range between 0.01-5.29
for the studies discussed here. As the entrainment
of sediment is influenced by the fluid forces acting
on it, it is anticipated that the relative distance of
measurement point based on the sediment size gives
a more appropriate criterion, and so the following
discussion is based on this criterion.

The discussion starts with the work of Bellinsky
et al. (2005), where their u. measurement was taken
at Z ~ 5.08 cm from the sediment bed. It is consid-
ered that at this distance, i.e., 25d < Z < 668d, the
fluid forces obtained are deemed not to be an accu-
rate representation of the actual forces acting on the
particles. Therefore, the 6. calculated using Eq. (3)
at this point is expected to be misconstrued.

Liu et al. (2006) only employed one sediment
particle size, that is d = 450 ym. The critical Shields
parameter was obtained with the u. value measured
at 0.5d (i.e., equivalent to 0.025 mm) above the bed
surface. Although obtaining wu. at such distance
is ideal, the dimensional distance gives inconsistent
representation should a wide range of sediment sizes
be used. For example, if the smallest sediment size
(available) is 80 um, the equivalent Z is at 0.5d =~
0.04 mm, which is very small, and fluid velocity mea-
surement techniques for measuring at such small dis-
tances are quite impractical.

Lyn (1995) and Medina (2002), in their exper-
iments, employed the u. values (calculated using
Eq. (3)) at 2 = 1-5 mm and Z =~ d (i.e., the
size of sediment examined) above the bed surface,
respectively. In line with the previous discussion,
for different sediment particle sizes, u. will be taken
at different (inconsistent) non-dimensional distances.
At the near-bed region, the (quasi-isotropic homoge-
neous) turbulence characteristics change along the
vertical distance from the bed. The presence of bed
induces inhomogeneity within the near-bed region,
where at this region (usually Z ~ 1.5¢), Eq. (1) is
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no longer valid. The u,v values are amplified and
w is monotonically decreased due to the kinematic
boundary condition (Perot and Moin, 1995; Bodart
et al., 2010). The significant changes to the turbu-
lence structure in the near-bed region need to be ac-
counted for and have a notable impact on the value of
U, which (when calculated using Eq. (3)) underesti-
mates the actual behavior (Wan Mohtar and Munro,
2013).

Wan Mohtar and Munro (2013) took a more
rigorous analytical approach by considering how the
presence of bedform affected the statistical proper-
ties of the turbulence in the near-bed region. Thus,
taking into account the changes of turbulence struc-
ture at the near-bed region, u. is measured as the
amplified u (typically at Z/¢ = 0.3) for different
sediment particle sizes and u. will be taken at differ-
ent (inconsistent) non-dimensional distances. This
approach is more consistent and independent of the
Note that for the range of sedi-
ment sizes used here, the distance above the bed is
4.5d < Z < 62.5d, much lower than those observed
in Bellinksy et al. (2005)’s experiments. Fig. 2 shows
the 6. against the dimensionless particle Reynolds
number Re, = /(s —1)gd3/v (v is the water kine-
matic viscosity) for data extracted from the studies
shown in Table 1. It is obvious from the plot that the
values of 6. vary according to where the measured u,
was taken, where Bellinksy et al. (2005)’s data shows
a considerable lower value than measured using am-
plification RMS horizontal fluid velocity. This is ex-
pected as the amplified v may give an increment up
to 20% greater than those calculated using Eq. (1)
(Hunt and Graham, 1978).

For qualitative comparison with the standard
profile obtained in steady turbulent channel flows,
the values of 6. obtained were compared with the
standard Shields curve (shown in Fig. 2 as a solid
line), proposed by Brownlie (1982) as

sediment size.

0. = 0.22Re, *® + 0.06 exp(—17.77Re, ). (4)

Eq. (4) was developed in unidirectional, shear
flows, where the mean flow is dominant and the
flow behavior differs from grid-generated turbulent
flow. As the turbulence level scales on the shear
Upms ~ OU/Oy, where u,mys is an approximation of
turbulence strength and shear velocity u.. Recall
that for the critical bed shear stress (where in shear
flows, u.. was used), the scaling 7. ~ pu? in grid
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Table 1 Summary of selected incipient sediment motion research using an oscillating grid (Recall that z
denotes the distance from the grid mid-plane to the sediment bed. The symbol £ defines the distance above
the bed surface where u. is taken for the determination of the critical Shields parameter. Thus, zc = z—&. The
symbol Rens denotes the Reynolds number, obtained as fSM/v. The Bellinsky point was obtained through

private communication)

Study S/M (cm) Rem z (cm) ¢ &/¢  Range of d (um) s
Lyn (1995) 1.0 ~ 7200 15 ~ 0.01 150-180 2.46
Medina (2002) 1.5 350-600 2.95 1-5 mm  1.69 71-149 2.30
Liu et al. (2006) 0.6 1000-9000 13-20 0.5ds0 0.02 450 1.16
Bellinsky et al. (2005) 1.2 21874174 9.60 5.08cm  5.29 76-2000 2.3-3.84
Wan Mohtar and Munro (2013) 1.6 280012400 16,18 ~0.1M 0.31 80-1100 1.18& 2.5
100 [ T T T
o -
[«s) 10 1L
10_2 1 il i i P |
107" 10° 10 10° 10°
Re

p

Fig. 2 Measured critical Shields parameter 6. with data extracted from Lyn (1995) (4), Bellinsky et al. (2005)
(), and Liu et al. (2006) (Xx). Different sediment types from Wan Mohtar (2011) were represented as ballotini
(o) and Diakon (A). The solid line is the Shields curve calculated using the relationship from Brownlie (1982)

experiments permits both quantitative and qualita-
tive comparisons with the standard Shields curve.

Note that for the hydraulically rough region
(i.e., Rep 2 500), 6. reached a constant value of
around 0.06, whereas for the hydraulically smooth
region (Rep, < 20), 6. increases steadily with de-
creasing Re,. The region between the two cases
(i.e., 20 < Rep < 500) is commonly addressed as
Threshold criteria obtained
using grid turbulence experiments show a qualita-
tive similarity with the trend predicted by the stan-
dard Shields curve for the hydraulically smooth and
transition regions. Although the turbulence charac-

the transition region.

teristics differ from those observed in the open chan-
nel flows, data shows a consistent trend with the
curve obtained from channel-flow studies. It is in-
teresting to see that although the employed u, was
considered invalid (due to its significant larger dis-
tance from the bed), the Bellinsky data shows the
best agreement with the Shields curve. The data fol-
lows closely for the hydraulically smooth and lower
transition regions, although were underestimated for

Re,, > 100.

The similar Shields profile obtained indicates
that the (well established) Shields diagram is an ac-
curate representation for incipient sediment motion.
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The grid-generated turbulence has a dominant hor-
izontal velocity component (u) and moves the sedi-
ment in the same manner as the averaged velocity in
unidirectional flows.

Based on the analysis done, it was found that
regardless of the position taken for critical velocity or
how the incipient sediment motion was interpreted,
the final outcome is that the Shields profile (ob-
tained from near-bed turbulence) followed the origi-
nal Shields curve (based on the unidirectional flow).
This indicates that velocity fluctuations and turbu-
lence play a similar role to the mean velocity, owing
to the fact that the horizontal components (of the
vortices) initiated the sediment movement. It di-
rectly implies that the established Shields curve still
applies and is useful to predict the incipient sediment
motion behavior.

3 Sediment resuspension

Resuspension is the event where the settled sed-
iment is being entrained back (in this case by water)
and redistributed back into the overlying column of
water to an elevated height from the bed and be in
suspension mode (for quite some time).

In investigating the sediment resuspension in
an oscillating-grid experimental setup, the grid was
placed near the bottom of the tank and vertically
oscillated to generate quasi-isotropic homogeneous
turbulence, as shown in Fig. 3, to emulate the tur-
bulence conditions at the boundary layer. This con-
figuration differs from the experiments conducted to
obtain the incipient sediment motion where the grid
was put further away from the sediment bed (typi-
cal setup is as shown in Fig. 1). Even so, it should
be highlighted that most of the analysis on the tur-
bulence on suspension was done at distances further
away from the grid (and not at near-bed region),
usually at z/M > 1.5 in accordance with the stan-
dard grid turbulence vertical profile. As such, it can
be said that the effect of secondary flow is rather
negligible and the effect of turbulence on sediment
suspension can be explicitly discussed.

Layers of particles were placed at the bottom
of the tank to imitate a sediment bed and when the
fluctuating forces significantly exceed both the crit-
ical Shields parameter 6 > 6. and the particle set-
tling velocity wr, the sediment is resuspended into
the outer turbulent boundary layer. As the grid is
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vertically oscillated, it is natural that the mean verti-
cal velocity component is higher than the horizontal
components, and this helps the sediment to be in
suspension. If the flow is such that 8 > 0., the
sediments are continuously being entrained from the
bed.

The sediment dispersion process (by the tur-
bulence) from the bed is governed by the non-
dimensional Rouse number Rou (ratio of the particle
settling velocity wr and the RMS vertical velocity
w) and Richardson number Ri, here expressed, re-
spectively, as

Rou = wr/w, (5)
9 (6)

where ¢’ denotes the reduced acceleration due to
gravity, ¢’ = g(ps — p)/p, and C is the particle con-
centration within the suspension layer. The param-
eter Rou is often used to dictate the mode of sed-
iment transport in a steady mean flow (character-
ized by the shear velocity u, instead of w described
here) whether the sediment moved as bedload (for
Rou > 2.5) or suspension (for Rou < 1.2). For sim-
plicity, the particle settling velocity wr described in
Eq. (5) is expressed as

4g(p — ps)d?

3Cnp for Re, > 500, (7

wr =

Note
that the particle settling velocity discussed is based

where symbol Cp denotes drag coefficient.

on a spherical particle in a turbulent regime flow,
which is usually the case for sediment resuspension.
This parameter is of paramount importance where
the settling velocity may varied in suspension par-
ticularly for the settling clouds of differently shaped
grains. However, most of the oscillating-grid turbu-
lence studies omit the complexity of shape factor and
mixed sediment sizes and focused on homogeneous
spherical particles instead.

When the sediment is in suspension, the parti-
cles are subjected to the upward convection flux and
the sedimentation downward flux. Eq. (6) describes
the ratio of these fluxes presented as the (dimension-
less) Richardson number Ri.

In the oscillating-grid experiments context, the
upward flux is due to the turbulence intensity, which
directly depends on the grid oscillation parameters
(i.e., frequency f, stroke length S, and mesh M).
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Fig. 3 A typical oscillating-grid experimental setup for sediment resuspension, where the grid is placed at the
bottom of the tank (Plots show suspension layer without lutocline (a) and with the formation of lutocline (b).
Circular arrows and dots represent turbulence and concentration of suspended particles, respectively)

The downward flux on the other hand, is contributed
by the particle concentrations and directly the par-
ticle settling velocity wr.

Finer sediment particles are more easily en-
trained compared to coarser particles, which is ob-
vious as inertial force due to submerged weight is
less (Redondo et al., 2001; Buscombe and Conley,
2012). The minimum velocity for sediment lift-off
into the water column is a function of sediment size,
and consolidation and resting times, where higher
turbulence intensity is required as the mean sedi-
ment size d and consolidation time increase (Medina
et al., 2001). Non-consolidated or disturbed sedi-
ment may only require 63%-87% lower velocity val-
ues than what was needed for consolidated particles.

The sediment mass flux ¢ within the suspen-
sion layer can be determined through the equilib-
rium of energy balance between the total kinetic en-
ergy (from the grid), potential energy of the dense
layer, and the turbulence dissipation (Sanchez and
Redondo, 1998). The parameter ¢ is expressed as

d _
¢=hzC, (8)

where h is the water depth, and C is the averaged
concentration in a column (Sanchez and Redondo,
1998; Redondo et al., 2001). The concentration pro-
file commonly follows the power-law profile, that is
high sediment concentration is observed at near-bed
region, and the concentration diminishes at distances

further away from the bed.
Continuous particle resuspension results in in-
creasing particle concentration C' (above the bed),
and a suspension layer is established. As previously
discussed, the concentration of particles is deter-
mined based on the sediment mass balance, that is
the net outcome of the lift forces (sediment diffusiv-
ity €5) and the settling velocity of the grain particles.
Sediment diffusivity € is expressed in terms of turbu-
lent momentum diffusivity, often described using the
turbulent eddy viscosity 1. The ratio of turbulent
eddy viscosity vy to €5, known as Schmidt number
Sc, is presented as
Uy

Sc = 9)

The parameter ¢ can be described as constant,

€s

linear, and parabolic which gives exponential sus-
pended sediment concentration profiles and power
law for both linear and parabolic types of sediment
diffusivity.

In sheared open channel flow, Sc ~ 1, which
is considered as the simplest approach (Chanson,
2004). However, Sc may have a value greater than
1 when the particle settles down through turbulent
eddies (Fredsoe et al., 1985) and Sc < 1 when the
centrifugal forces exert larger effect on particles than
they do on the neighboring fluid (Davies and Thorne,
2005).

Grid turbulence experiments showed that
Schmidt number is dependent on grain size and
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turbulence intensity, and Sc value is often greater
than 1. Bigger Sc was found for smaller sediment
size and higher turbulent flow (Nielsen and Teakle,
2004; Buscombe and Conley, 2012). Consequently,
€, for fine sediment has lower values than coarse sed-
iment, which may be due to the diminishing gradient
as more sediment is entrained and kept in suspension,
increasing the concentration of suspended sediment
(Amoudry et al., 2005).

3.1 Formation of lutocline

The layer (of sediment entrained) may be con-
tinuously deepened until it reaches a steady-state
suspension layer with a depth of z,,. However, the
layer depth and the particle concentration can vary
since the particles may be kept in suspension or
settled. It has been found that for flows 6 > 6.,
three modes of particle suspension can be achieved
depending on the turbulence intensity I = w/W,
where W denotes the mean vertical velocity (Hup-
pert et al., 1995). The suspension modes are: (1)
where all particles are settled; (2) particles within
the layer are simultaneously in suspension and set-
tled; (3) where all particles are kept in suspension.
Depending on the particle size, each mode of suspen-
sion has its own critical intensity. For example, for
flows with turbulence intensity Iy < I < I3, where
the subscripts 1 and 3 denote the modes of suspen-
sion, respectively, the suspension mode 2 should be
observed, that is, some of the particles fall to the
bottom while others remain in the suspension layer.

The (final) steady-state suspension depth can
be obtained using the empirical equation, described

Zoo = fO? (Q/U’Tcoo)l/3

where C, denotes the steady-state concentration,
¢ = 0.1z is the turbulent integral length scale, and
A is an empirical value, often taken as 3.6 (Noh and
Fernando, 1991; Zhou and Cheng, 2008).
Theoretically, the turbulence intensity I also
indirectly defines the thickness of the steady-state

as

(10)

suspension layer, where z,, increases as the turbu-
lence intensity increases. However, at a certain limit
of high intensity, the particles in suspension have a
significant impact on the turbulence characteristics
(Michallet and Mory, 2004). For flows with smaller
Rou < 0.01 (that is high turbulence intensity), the
increased concentration of the particles within the
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suspension layer suppresses the upward turbulence,
reducing the eddy diffusivity. The local reduction of
the diffusion introduces a strong concentration gra-
dient at a certain depth, where the turbulence is
suppressed even more, inhibiting both the diffusion
of particles and the propagation of turbulent energy
so that the particles are closely clustered (Noh and
Fernando, 1991). This depth, known as lutocline (in
oceanographic terminology), is the interface separat-
ing the heavy sediment-laden bottom layer and the
clear water top layer, as shown in Fig. 3b.

Noh and Fernando (1991), in their numeri-
cal modeling, established the existence of a luto-
cline based on the (critical) Richardson value Ri, =
2.2Rou’. When lutocline appears (for flows with
Ri > Ri.), the concentration of particles is almost
uniform within the suspension layer. The effect from
inertial forces is insignificant within the vicinity of
the lutocline, where using mean averaged flow veloc-
ity, smaller Ri < 0.25 values were obtained (Ivey and
Imberger, 1991).
lence experiments showed Ri & 1 at near-lutocline,
indicating that the turbulence is energetic and suf-
ficient to keep the particles in suspension (Michallet
and Mory, 2004).

Where there is a lutocline, the concentration of
particles, —dC//dz, increases with z before rapidly
decreases to zero at the formation of horizontal front
(or lutocline) (Noh and Fernando, 1991). At the
lutocline surface (i.e., d2C/dz? = 0), the turbulent
kinetic energy rapidly decreases (due to turbulence
decay) and the vorticity remains constant, indepen-
dent of the turbulence intensity (Noh and Fernando,
1991; Medina et al., 2001).

For flows below the critical Richardson value
Ric, no lutocline is formed. There is no sharp con-
centration gradient, as shown in Fig. 3a, and the par-
ticle concentration monotonically decreases with in-
creasing distance from the grid (Noh and Fernando,
1991). At such flow, the decreasing particle concen-
tration limits the buoyancy effect and the inertial
forces keep the particle in suspension, subsequently
increasing the suspension layer z., (Huppert et al.,
1995).

Using Eq. (10), the height of lutocline occur-
rence may be predicted. Consequently, the height of
concentrated benthic suspension or ‘fluid mud’ may
be accurately determined. Fluid mud is also the
term used to describe the high concentration layer of

However, grid-generated turbu-
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suspended fine sediment (with sizes < 63 ym) which
is often in the range from 10 to 300 kg/m?. Fine-
grained cohesive sediment, consisting mainly of silt
and clay is entrained as suspended load and mostly
occurs in estuarine maximum zones (ETMZs) (Liu
et al., 2006). The occurrence of fluid mud might
restrain navigability and fine sediment is known to
often be a carrier of pollutants as the sediment specif-
ically absorbs contaminants available in the overlying
water. Even so, it should be noted that the water
depth should be considered, where when z., > h,
the lutoclines do not appear (in estuaries) (Wolanski
et al., 1998).

3.2 Effect on the settling velocity

Previously it has been discussed that the thick-
ness of the (steady-state) suspension layer z., de-
pends on the turbulence intensity, but the settling
characteristics also play an important role. The par-
ticle settling velocity value calculated using Eq. (7)
was developed based on a turbulent regime flow.
However, the presence of turbulence modifies the
settling velocity by either enhancement or retarda-
tion, so that the particle settling velocity deviates
significantly from the still water terminal velocity
wr. The reduction of the particle settling veloc-
ity is due to the nonlinear drag and loitering effect
(Nielsen, 1992; Mei, 1994; Zhou and Cheng, 2008).
On the other hand, the enhancement of settling ve-
locity is attributed to the preferential sweeping or
(downward) trajectory bias of a (coherent) turbu-
lence structure (Wang and Maxey, 1993). Thus, the
particles are not settled at a constant rate of grav-
ity, but instead are fluctuated and dependent on the
turbulence structure within the flow.

The turbulence-modified particle settling veloc-
ity ws depends on the mean vertical fluid velocity
component W and fluctuating vertical velocities w.
When W is dominantly in the downward direction,
ws 18 enhanced and adverse effect of wg is observed
when W is upward. The turbulence-induced reduc-
tion in settling velocity is due to the indefinite lo-
cation of flow separation around the particle which
affects the vortex shedding characteristics and drag.

Although the turbulence-particle interaction
effect limits the ability to exactly predict the
turbulence-modified settling velocity wg, it can be
estimated (reasonably well) as

2017 18(11):882-894

(11)

|w5| = 2

L+ 00+ W24
given by Zhou and Cheng (2008). From this, it can
be seen that the wy is clearly influenced by both mean
vertical velocity and turbulence intensity.

The dynamic interaction of particles with co-
herent eddy structures is much stronger than with a
random flow field and possibly lasts a longer period of
time (Zhou and Cheng, 2008). It was shown in open
channel studies, that near the bottom, the coherent
streamwise vortices (also known as funnel vortex)
can maintain heavier particles in suspension through
ejection and accelerate the settling velocity through
sweep motion. An increment up to 10%-25% of set-
tling velocity was found, assisted by the fluid motions
in the flow (Noguchi and Nezu, 2009). Supported by
the findings from open channel experiments, the ef-
fect of isolated turbulence on the settling velocity
was conducted where the turbulence-modified parti-
cle settling velocity ws has been found to vary within
the range of 0.25wt < ws < 1.6wr (Nielsen, 1992;
Zhou and Cheng, 2008). The effect from turbulence
is seen to be crucial and supports the findings from
open channel studies.

The turbulence-modified particle settling veloc-
ity ws initially was thought to be a function of the
Stokes number, a dimensionless parameter charac-
terizing the particle behavior in suspension. It re-
flects the time taken for a particle to respond to an
interacting turbulent eddy, expressed as

-
St =2, 12
where 7, = wr/g denotes the particle relaxation

time. 71, is the turbulent time scale, and can be
taken as the integral time scale Tt, = u/¢, or the Kol-
mogorov scale Ty, = 7,, = u/€, where € denotes the
dissipation rate (Aliseda et al., 2002). The maximum
effect of the turbulence-induced particle settling ve-
locity that is either reduction or enhancement is best
observed at St ~ 1, that is, when the particle mo-
tion has the same velocity as the turbulent motion
(Yang and Shy, 2005; Doroodchi et al., 2008). How-
ever, there was no distinctive trend observed for the
suspended sediment behavior with Stokes number.
The increasing of ws was also found to depend
on the particle loading, where ws increases as the
volume fraction of particles in the flow increases and
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is considered valid for the entire range of St (Aliseda
et al., 2002).

The presence of turbulence accumulates heavier
particles in regions of high strain rate and low vortic-
ity, leading to an inhomogeneous, intermittent con-
centration field, and induces the creation of clusters
of particles (Aliseda et al., 2002; Zhou and Cheng,
2008). These accumulated particles, which usually
occur at the bed, are obviously denser and increase
in numbers as the volume fraction of particles in the
flow increases. As these clusters settle, they interact
with other particles by entraining them and subse-
quently increasing their relative density and accel-
erating their settling velocity. At a higher Stokes
number, where the particle diameter is much larger
than the turbulence scale, the available turbulence
eddies are too small to carry the particle along its
path (Orlins and Gulliver, 2003). The larger particle
which has a longer relaxation time is not entrained
but instead is pushed aside and agglomerated on the
bed. Smaller particle, on the other hand, with low
inertia and short relaxation time, closely follows the
fluid motion and is suspended even further away from
the bed (Kaftori et al., 1995).

The changes in the value of settling velocity ob-
viously affect the Rou number and the determina-
tion of the type of sediment movement.
with high turbulence, using Eq. (7) might not be
the best way forward to interpret the sediment be-

For flow

havior. The grid turbulence experiments discussed
show that particle settling velocity is affected by the
particle concentration, sediment characteristics, and
coherent vortex structures, and the determination of
settling velocity is complicated by the inter-relation
between these parameters.

3.3 Grid turbulence on other parameters

In the complexity of sediment-turbulence inter-
action within the suspension layer, lots of parame-
ters may affect the suspension process but they have
been often simplified in laboratory conditions. Other
parameters include inhomogeneous particle size dis-
tribution, the effect of salinity, cohesive sediments,
and consolidation effect. Each parameter will be dis-
cussed in the following paragraphs, starting with the
inhomogeneity in particle sizes of the bed materials.

When the sediment bed varies in particle size
distribution and is non-uniformly distributed, parti-
cle concentration gradient develops where fine sed-

2017 18(11):882-894 891

iments are kept in suspension higher in the outer
flow and bigger particles are at the near-bed region
or settled at the bottom. As the particles settle to
the bed via gravitational forces with a relationship
of wr o d? (recall Eq. (7)), it is expected that big-
ger particles with faster settling velocity reside at
the near-bed region. Thus, for a wide particle size
distribution, the use of wr of a representative sed-
iment size may be inaccurate and the value wr of
each class of sediment size needs to be accounted for.
The effect of non-uniformity of bed material has re-
ceived considerable attention, where the sediment is
often described as using an effective representative
size considering the varying available sediment sizes,
i.e., size gradation factor K4 (Molinas and Wu, 1998;
Wu et al., 2004). Considering the effective size might
give a better representation of the settling velocity;
hence, the suspension behavior and determination of
suspension layer depth may differ, although this is
yet to be proven.

Most of the studies discussed up to now were
based on the experiments conducted using non-
cohesive sediments (Huppert et al., 1995; Orlins and
Gulliver, 2003). However, in practice, for example,
marine sediments, the particles usually fall under the
category of cohesive sediment (with sizes d < 30 pm).
These kinds of sediment are particularly difficult to
characterize in the laboratory as their particle set-
tling velocity differs and varies with concentration
(Michallet and Mory, 2004). Furthermore, the den-
sity difference in flow due to salinity, and the floccula-
tion of cohesive riverine or marine colloids are greatly
promoted. The agglomerated particles increase the
particle size and this obviously may impose an effect
on the settling characteristics and change the behav-
ior of the mixing within the suspension layer (Jensen,
1997).

Another important parameter often overlooked
is the consolidation of the sediment. It is expected
that when the sediment is well consolidated, the en-
trainment or resuspension from the bed would re-
quire higher bed shear stress § > 6. (Medina, 2002).
That is, a higher turbulence intensity is needed to
initiate sediment movement than would be estimated
using Eq. (4). However, such effect is only valid up
to a certain critical value, where above the value, the
consolidation period has minimal impact (Orlins and
Gulliver, 2003).
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4 Conclusions

Oscillating grid has proven to be a successful
alternative tool and experimental procedure in ex-
pressing the effect of isolated turbulent fluctuations
on the phenomenon of sediment transport, i.e., in-
cipient sediment motion and sediment resuspension.
The implementation of the RMS fluid velocity gives
a consistent representation of the flow behavior, in
particular at the near-bed region, where the turbu-
lent fluctuations are dominant.

Despite a different interpretation of the critical
RMS horizontal velocity to characterize the thresh-
old criteria, the Shields profiles obtained using the
oscillating-grid experiments are qualitatively similar
to the established Shields diagram obtained from a
uniform steady flow. This indicates that the tur-
bulent fluctuations do play a significant role in the
incipient sediment motion. For smaller particle sed-
iments, that is within the hydraulically smooth re-
gion, 6. is monotonically increased as the sediment
size gets smaller and almost reaches a constant value
for a bigger sediment size.

The method of oscillating-grid turbulence has
been found to be more rigorously done for the sedi-
ment resuspension including the investigation of the
formation of lutocline, the turbulence-modified set-
tling velocity, concentration profile within the sus-
pension layer, and consolidation of sediment. The
concentration profile within the suspension layer,
which defines the formation of lutocline, is inter-
related with the sediment characteristics and the
turbulence structure. The particle settling velocity
wt, which directly contributes to the Richardson and
Stokes numbers, is the crucial parameter and highly
influenced by the sediment size distribution and fluid
motions.

The investigation of the sole effect of turbulence
on the incipient sediment motion and sediment resus-
pension provides not only qualitatively similar find-
ings to open channel studies but also contributes to
an in-depth explanation of the physical interaction
of flow-sediment. These experiments offer a concep-
tual link and help engineers, sedimentologists, and
researchers understand the effect of turbulent fluctu-
ations on sediment dynamics.

On a new note, the method of oscillating-grid
turbulence provides possibilities for exploration in
other sediment-related studies, in terms of the influ-
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ence of vortex dipoles (or quadrupoles), flow topol-
ogy characteristics (where most of the studies em-
ployed flat bed), and sediment contaminated release
during suspension. The effect of turbulence on sed-
iment suspension (in particular), over varying bed-
form such as ripple, dune, and antidune, is yet to be
investigated in detail. For further information on the
formation of dipolar vortex, the reader is referred to
the work conducted by Voropayev et al. (1995) and
Voropayev and Fernando (1996).
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