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Abstract Experiments are performed in a mixing box to evaluate the effect of suspended
sediment on turbulence generated by an oscillating grid. Quartz-density sand of varying sizes
and concentrations is used, and particle image velocimetry is employed to quantify only the
fluid phase. Results show that (1) while a relatively large secondary flow field is present
in the box, turbulence is a maximum near the grid and it decreases systematically toward
the water surface; (2) relatively high concentrations of fine sediment can markedly alter
this secondary flow field and significantly decrease both the time-mean and turbulent kinetic
energy within the flow, yet these same sediment concentrations have little effect on the integral
time and length scales derived for each velocity component; and (3) the overall turbulence
suppression observed can be related to the transfer of energy from the fluid to the sediment and
the maintenance of a suspended sediment load rather than commonly employed turbulence
modulation criteria. These experimental data demonstrate unequivocally that the presence
of a suspended sediment load can significantly reduce overall turbulent kinetic energy, and
these results should be applicable to a range of sediment-laden geophysical flows.

Keywords Turbulence modulation · Mixing box · Particle image velocimetry ·
Sediment suspension

1 Introduction

Geophysical flows that entrain and transport sediment have been studied extensively and
described analytically in a wide range of field, experimental, and engineering settings. Fun-
damental to the process of sediment transport is the transfer of fluid momentum from the
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carrier fluid to the sediment so that entrainment and transport can proceed [4,7,13]. Because
of this fluid-particle interaction, it might be concluded that the hydrodynamic characteristics
of the fluid phase would be measurably affected by this sediment transport process, either by
enhancing (increasing) or suppressing (decreasing) fluid turbulence at a variety of time and
length scales. There is ample experimental evidence to support the modulation of fluid turbu-
lence by sediment in geophysical flows, displaying both behaviors under varying conditions
(e.g., [14,15]).

A number of mechanisms have been proposed for the observed modulation of fluid tur-
bulence by the presence of sediment. For dilute suspensions in geophysical and multiphase
flows (e.g., gases, jets, open channels), turbulence reduction or suppression has been linked to
the enhanced inertia and effective viscosity of the particle-laden flow, and the increased dis-
sipation arising from particle drag [2]. Conversely, turbulence enhancement has been linked
to higher velocity fluctuations due to wake dynamics and vortex shedding, and buoyancy-
induced instabilities due to density variation arising from preferential particle concentra-
tion [2].

Much of the debate on turbulence modulation in open channel flow has focused on the
mixing length concept. Several studies have examined how parameters such as turbulence
intensity, von Kármán’s coefficient, mixing length, and eddy viscosity are altered in the
presence of a suspended sediment load (see reviews in [6,30]). For example, Best et al. [6]
noted that, upon the addition of sediment to a clear-water flow, the mixing length and von
Kármán coefficient can decrease, roughness height can increase, and turbulence intensities
can increase near the bed and decrease higher in the flow. Nezu and Azuma [31] found that the
von Kármán coefficient remains about the same, but turbulence intensities can be enhanced
in the near-wall regions and show negligible modulation higher in the flow. Muste et al. [30]
noted that the mixing length and von Kármán coefficient can decrease, turbulence intensities
can increase in the near-wall regions, and turbulence intensities can display little to no change
higher in the flow. Lyn [25,26] noted a similar increase in flow resistance due to the addition
of suspended sediment, but the effect on turbulence characteristics was modest or negligible.
It would appear that the overall effect of adding sediment to a clear-water open channel flow is
to increase flow resistance, increase near-bed turbulence intensities, and alter mixing lengths.

Particle inertia often has been used to explain much of the turbulence modulation observed
in open channel flows, and three parameters have been used to define and characterize these
effects. The first criterion is based on particle diameter D, and suggests that when D is much
smaller than the most energetic eddy, taken here as the integral length scale of turbulence λ,
then the particle will follow the eddy for part of its transit time [14]. As such, a portion of the
turbulent energy of the eddy is transformed into the kinetic energy of the particle (via a drag
force), which reduces the turbulent energy of the fluid. When D is relatively larger, particles
will tend to create turbulence in their wakes near the scale of the most energetic eddy λ, and
increase the total turbulent energy of the fluid. The critical threshold for the transition from
turbulence suppression to turbulence enhancement occurs at D/λ = 0.1 [14]. The second
criterion suggests that turbulence modulation by suspended sediment occurs because a slip
velocity exists between the particle in transport and the carrier fluid, which along with D can
be used to define a particle Reynolds number Rep . According to Hetsroni [16], when Rep is
relatively low, turbulence tends to be reduced in the presence of suspended sediment. Yet when
Rep is relatively high, particles in transport will shed vortices, and this phenomenon tends
to increase fluid turbulence. Zhao et al. [39] further elaborated this criterion and suggested
that since a slip velocity exists between the two phases, there is greater energy transfer from
the fluid to the suspended sediment than vice versa, which results in a reduction of kinetic
energy within the fluid. The third criterion suggests that turbulence modulation by suspended
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sediment occurs because there is a difference in the response times of the particle in transport
tp and the carrier fluid t f , and the ratio of these times defines the Stokes number St,

St = tp

t f
=

1
18ν

D2 σ
ρ

λ/urms
(1)

where ν is kinematic viscosity, σ is particle density, ρ is fluid density, and urms is the root-
mean-square of the primary flow velocity component (see below; [12,21]). According to
Elghobashi [11], when St is relatively small, the surface area of the particles increases for
a given volumetric suspended sediment concentration, which causes the rate of turbulence
dissipation ε to increase. Whereas when St is relatively large, Rep increases, which leads to
vortex shedding and turbulence enhancement. This criterion has been criticized by Tanaka
and Eaton [36] who proposed a new parameter to discriminate turbulence modulation that
included both St and Rep . This new criterion was shown to work well in gas flows modulated
by particles. In addition, Lucci et al. [24] suggested that Eq. (1) should not be used to assess
turbulence modulation by relatively large particles, or when the particle grain size D is about
the same size as the Taylor turbulence length scale λ. This is because particle concentration
at constant St could have different effects on turbulence.

The application of such criteria to the modulation of turbulence by sediment in open chan-
nel flows has not been fully successful. Both Best et al. [6] and Muste et al. [30] applied these
criteria to explain their experimental observations. These experimental results include the
following: (1) subtle, or negligible, rather than marked variations in velocity and turbulence
signatures; (2) both enhancement and suppression of fluid turbulence at different locations
in the same flow; (3) inconsistency in the effects of sediment on turbulent flow; and (4) the
recognition that these criteria may not effectively capture or explain, in mechanistic terms,
the occurrence of turbulence modulation.

The ambiguities of turbulence modulation encountered in open channel flows could be
related to limitations in the experimental design and analytic framework. Given obvious
experimental uncertainties, the very addition of sediment to a clear-water flow should be met
with some measurable hydrodynamic adjustment, tempered by sediment size, density, and
concentration. It is contended here that the experimental design to examine the effects of
suspended sediment on fluid turbulence can be improved significantly by clearly and unam-
biguously discriminating between the fluid and sediment phases within a sediment-laden
turbulent flow, and by ensuring that the clear-water and sediment-laden flows are hydro-
dynamically equivalent. Moreover, there has been an overreliance on empirically-derived
expressions to assess turbulence modulation criteria (integral time and length scales for both
particles and fluid), rather than deriving these critical parameters directly from the data col-
lected.

The current research program is designed to address these limitations. First, particle image
velocimetry (PIV) is employed to quantify the turbulent flow field, where laser-induced
fluorescent tracer particles coupled with lens-mounted polarized filters ensure that only the
characteristics of the fluid phase are captured. Second, a standard grid-mixing box is used
(e.g., [38]), where the oscillation frequency and stroke of the grid are externally controlled
and total flow depth is maintained with great precision. While an oscillating grid in a mixing
box is, by definition, a zero mean-shear flow, the diffusion of fluid turbulence from the grid,
and the dissipation of this energy, both are analogous to a wide range of geophysical flows
including open channels (e.g., [18,20,28]). Third, all integral time and length scales of the
sediment-laden flow used in the assessment of turbulence modulation criteria are derived
directly from the data.

123



774 Environ Fluid Mech (2014) 14:771–794

The overall goals of this research are to examine systematically the dynamics of sediment-
laden geophysical flows in controlled laboratory conditions and to document the occurrence
and hydrodynamic characteristics of turbulence modulation by sediment in transport. The
objectives of the current paper are: (1) to quantify the time-mean and turbulent flow field
within a zero-mean shear flow in the presence of suspended sediment of varying size and
concentration; (2) to document and describe the hydrodynamic response of the turbulent flow
to these suspended sediment loadings; and (3) to assess mechanisms of turbulence modulation
within this sediment-laden geophysical flow. It is shown that suspended sediment, even in
rather dilute concentrations, can markedly alter fluid turbulence, and its overall effect is to
suppress the magnitude of these turbulent signatures. Companion and preliminary results
from this experimental program are summarized in Bennett et al. [5]. The current paper
expands greatly the experimental database assembled and the depth and breadth of the data
analysis presented and discussed in that previous work.

2 Experimental equipment and procedure

2.1 Experimental setup

All experiments are performed in a polycarbonate mixing box 0.315 m wide and deep, and
0.393 m tall (Fig. 1). An oscillating aluminum grid placed at the bottom of the box provides
the source of turbulence. This grid consists of ten 10-mm square bars with 50-mm center-
to-center spacing (mesh spacing M of 40 mm), and it is mounted from above to a rotating
eccentric arm and controlled by an external motor. The stroke of the grid S is 90 mm with its
lowest position just above the floor of the box, and the speed of the motor, thus the oscillation
frequency f of the grid, is measured with an optical tachometer. For all experiments, the
box is filled with tap water to a depth of 0.29 m and a single oscillation frequency is used
( f = 2.33 Hz). Flow and sediment data are presented as a function of height y above the
apogee of the grid (where y = 0) and total flow depth d (maximum value of y) is 0.2 m.

Particle image velocimetry (PIV) is used to quantify all turbulence parameters within the
box. This system comprises a dual-cavity 50 mJ Nd-YAG laser emitting 532 nm light and
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Fig. 1 Sketch of the mixing box showing all dimensions, the grid, and the position of the laser and cameras
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two 4 Mp cameras each with 4 GB of RAM. All data acquisition and synchronization are
handled by an external timing hub, dedicated computer, and commercial software. Inside the
box at the apogee of the grid, a dual-level 3D calibration target (0.27 m wide and 0.19 m
tall) is placed, and the cameras are mounted off-axis to the target (total angular difference
of 16◦). The measurement domain extends horizontally (x-direction) from x/B = 0.08 to
x/B = 0.92, where B is the internal width of the box, and vertically (y-direction) from
y/d = 0.02 to y/d = 0.98. The laser light sheet enters the box at 91 mm from the sidewall,
and it is centered on the cross-bars of the grid rather than the nodes. Hollow glass spheres
20 to 50 µm in diameter and dyed with Rhodamine B are used as fluid tracer particles,
which fluoresce in the laser light sheet. Polarizing filters (>570 nm) are placed on the camera
lenses, thereby allowing only these fluorescent tracer particles to be recorded to video. Paired
images are collected at 80 Hz, the interrogation areas are 32 pixels (ca. 4 × 4 mm), the time-
interval between successive laser images is 2,800 µs, and the central-difference adaptive
correlation algorithm within the commercial software is used to derive the 3D vector fields.
Each data field comprises approximately 2,800 vectors, and about 450 image pairs are used
to derive time-averaged values of mean and turbulent velocities in three directions (u−, v−,
and w-components in the x−, y-, and z-directions, respectively), which spans about 13 grid
oscillations. All data reported here are actual measurements, and all time-averaged values
have a minimum of 100 validated signals.

Quartz-density sand of varying grain size and concentration is added to this box using these
clear-water conditions. Five well-sorted sands, having a density σ of 2,650 kg/m3, are used:
0.15–0.20, 0.25–0.30, 0.35–0.40, 0.7–0.8, and 1.0–1.2 mm in diameter. For each sand, total
added mass to the box varies from 100–1,000 g at 100-g intervals, which is equivalent to a
volumetric sediment concentration C0 ranging from 0.0013 to 0.0130. Volumetric suspended
sediment concentrations C are collected for select experiments at-a-point along the box
centerline and as a function of y/d using a siphon sampler. Both the volume of water and
sediment removed after each sample extraction are replaced by an equivalent amount. The
water from these samples is decanted, and the sediment is oven-dried to determine volumetric
concentration.

3 Results

3.1 Time-mean and turbulent flow using clear-water conditions

While the mixing box has no mean flow, oscillation of the grid creates a secondary circulation
pattern present in all experiments. The time-mean 2D vectors (u- and v-components; w-
component not shown here) and select streamlines for the clear-water conditions are shown
in Fig. 2. It is well-known that an oscillating grid generates quasi-steady jet flow very close
to each grid bar [38]. Above the grid, these jets interact and break down to create diffusing
turbulence, whose magnitude decays with distance from the grid, as further modulated by the
grid mesh spacing, oscillation frequency, and stroke [18]. For these experiments, flow within
this plane of the mixing box is characterized by two large convection cells, and the largest
magnitude secondary flow velocities are located in the center of the field and are vertically
oriented. Two counter-rotating convection cells bound this central flow region, returning
fluid to the bottom of the tank along the box sidewalls. Secondary circulation within mixing
boxes already has been noted [10,28], and the secondary circulation pattern and magnitude
observed here is a function of the boundary conditions imposed and the placement of the
grid near the bottom of the box.
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Fig. 2 Time-averaged 2D flow vectors and select streamlines within the mixing box for clear water conditions
using f = 2.33 Hz

Turbulence parameters for the clear-water flow conditions can be defined based on previous
work with mixing boxes. The magnitude of turbulence within a mixing box with square bars
can be approximated by

√
u′2 = c1 f S1.5 M0.5 y−1;

√
v′2 = c2 f S1.5 M0.5 y−1; k = c3 f 2S3 My−2 (2)

where the root-mean-square velocities are defined as urms =
√

u′2 and vrms =
√

v′2, u′ =
u − ū, v′ = v − v̄, and w′ = w − w̄, with the overbar signifying a time-averaged value
and the prime indicating a time-fluctuating value, turbulent kinetic energy is defined as

k = 0.5
(

u′2 + v′2 + w′2
)

, and c1, c2, and c3 are constants [8,18,33]. For a given f, S,

and M , the magnitude of the secondary turbulent velocities should decrease linearly with
distance from the grid, whereas turbulent kinetic energy should decrease with the square of
this distance. In a companion study, contour maps of these turbulence parameters showed that
higher magnitude values in the mixing box were in close association with distance from the
grid [5]. Regions of relatively high magnitude turbulence were associated with the upward-
directed velocity within the central portion of the convecting cell, and regions of relatively low
magnitude turbulence were associated with the downward-directed flow velocities near the
sidewalls. These turbulence parameters are spatially-averaged in the x-direction at constant
y/d , denoted by brackets 〈〉, and plotted as a function of distance from the grid, along with

〈wrms〉 =
〈√

w′2
〉

(Fig. 3). Here, two spatial averages are shown: centerline-values using

x/B = 0.45–0.55, and entire-box values using x/B = 0–1.
In general, the distributions of turbulent velocities and kinetic energy agree qualitatively

with previous work. All spatially-averaged turbulence parameters are maximized near, and
decrease with distance from the grid. The rates of decay for the centerline values, however,
differ from expected values (e.g., [18]), and the turbulent velocities do not decay with distance
from the grid at the same rate. These differences are attributed to the current experimental
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Fig. 3 Spatially-averaged root-mean-square velocities and turbulent kinetic energy values plotted as a function
of distance away from the oscillating grid for the clear water condition using f = 2.33 Hz. The spatial averages
are for x/B = 0.45–0.55 (upper plots; decay rates are given) and x/B = 0–1 (lower plots)

setup. In addition, three important observations are noted. First, there is a region of constant
or slowly-decaying turbulence just above the grid, which extends a finite distance into the
overlying flow. This can be interpreted as a region of developing turbulent flow, also referred to
as the steady flow field [38]. For the centerline-values, this region of developing flow extends
to y/d ≈ 0.37, which corresponds to a distance approximately equal to S or 2M , also
noted by Thompson and Turner [38]. Second, there is a slight increase in turbulent velocities
and kinetic energy near the water surface, consistent with water-surface interactions and
upwelling and downwelling flow associated with the secondary circulation. Third, 〈wrms〉
tends to be about five times larger than 〈urms〉 and 〈vrms〉. As such, 〈wrms〉 tends to dominate
the contribution to 〈k〉 in these experiments. Consideration of just two velocity components
(u and v), however, does not alter the results presented below.

3.2 Distributions of suspended sediment

Measurements of suspended sediment concentration within the mixing box were collected
for a subset of the experiments. Using an input mass concentration of 1,000 g (C0 = 0.0130)
and an oscillation frequency of 2.33 Hz, vertical profiles of centerline suspended sediment
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Fig. 4 Vertical variation in volumetric suspended sediment concentration C for different grain sizes measured
at-a-point along the centerline the using f = 2.33 Hz

Table 1 For the suspended
sediment profiles, the relative
height y/d where concentration
C tends to zero and where the
inflection point in C occurs, as a
function of grain size

NA means not applicable

Grain size y/d where y/d at inflection
range (mm) C → 0 point in C

0.15–0.20 0.83 0.63

0.25–0.30 0.73 0.58

0.35–0.40 0.43 0.20

0.70–0.80 0.43 0.08

1.0–1.2 0.48 NA

concentration for the five grain sizes are shown in Fig. 4. In a companion study, Bennett et al.
[5], monitored at-a-point suspended sediment concentration at three positions y/d above the
grid using f = 2.33 Hz and D = 0.25 to 0.30 mm for a range of input suspended sediment
concentrations (C0 = 0.0013 to 0.0130). It was observed that at-a-point suspended sediment
concentrations became nearly invariant when C0 > 0.0078, and that this was accompanied
by the observation of significant amounts of sediment remaining on the floor of the mixing
box. This threshold concentration was interpreted to coincide with the transition from supply-
limited conditions to transport-limited conditions, and that, above this concentration, steady-
state suspended sediment conditions were attained. For all the suspended sediment data
reported here, C0 = 0.0130 and sediment was observed on the floor of the mixing box.
Based on these observations, it is assumed that the sediment in suspension achieved steady-
state conditions and the turbulent flow is not limited by sediment supply.

For a given input sediment mass, volumetric suspended sediment concentration and the
maximum height attained within the flow are inversely proportional to grain size. Suspended
sediment concentration tends to increase as grain size decreases, and suspended sediment
occurs much higher in the flow field (farther away from the grid) for the smallest grain sizes
(Fig. 4). The relative height above the grid where suspended sediment concentration tends
to zero decreases as grain size increases (Table 1). While these data are limited in scope, this
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result is to be expected because turbulence decays at a linear rate from the grid (Fig. 3), and
distributions of suspended sediment reflect this vertical gradient. It is noted, however, that the
concentration profiles also vary in shape. For the relatively fine grain sizes, the vertical pro-
files show nearly invariant concentrations of sediment to a critical height above the grid, then
decrease gradually toward the water surface above this position, displaying a convex-upwards
profile. For the relatively coarse grain sizes, this effect is diminished but still present. The
relative height above the grid where this transition occurs (from nearly invariant to a convex-
upwards suspended sediment concentration profile) also decreases as grain size increases
(Table 1). Such a break does not appear to occur for D = 1.0–1.2 mm. Bennett and Best [3]
observed similar results in their mixing box experiments. They employed a nearly identical
facility and reported the vertical variation in suspended sediment flux for three quartz-density
sediments (0.075–0.095, 0.18–0.21, and 0.30–0.36 mm) and for four different oscillation
frequencies (1.1–3.4 Hz) as deduced by phase Doppler anemometry. While the input mass
loadings employed were less than those reported here, the vertical profiles of suspended sed-
iment flux for the finer grain sizes and higher frequencies (2.7 and 3.4 Hz) clearly displayed
convex-upwards variations, whereas the coarsest sediment displayed concave-upwards ver-
tical profiles for these frequencies. Moreover, Bennett and Best [3] also observed that the
height attained within the flow by the sediment was proportional to the oscillation frequency
and inversely proportional to grain size, consistent with the results presented here.

3.3 The effect of suspended sediment on secondary flow and the distribution of turbulent
kinetic energy

The presence of suspended sediment has a marked effect on the secondary flow within the
mixing box. Select examples of the secondary flow field within the mixing box are shown in
Fig. 5. The flow field using D = 0.25–0.30 mm and C0 = 0.0013 is qualitatively equivalent
to the clear-water conditions shown in Fig. 2. As input sediment mass load increases, espe-
cially for the finer-grained sediment, there is a fundamental change in the secondary flow
pattern. This additional mass, with its higher suspended sediment concentrations, causes the
convection cells noted above to be all but obliterated, and the upward-directed secondary
flow velocities to decrease in magnitude significantly, reversing entirely in direction at select
locations (see Fig. 5b, d, f).

The alteration of the secondary flow depends on the amount of sediment in suspension. For
D < 0.4 mm, all secondary flows are affected significantly for mass loadings of 700 g (C0 >

0.0091) and higher, which results in relatively high suspended sediment concentrations, with
observable effects occurring at loads as low as 400 g (C0 = 0.0052). For D > 0.7 mm,
however, the input sediment mass loads have little to no effect on the secondary flow field,
presumably because little to no sediment is suspended, although some minor reduction in the
magnitude of the upward-directed flow velocities is noted near the water surface.

The presence of suspended sediment also markedly affects the magnitude and distrib-
ution of turbulent kinetic energy. Contour plots of k for D = 0.15–0.25 mm for a range
of sediment input concentrations C0 are shown in Fig. 6. At relatively low concentrations
(C0 < 0.006), the magnitude and distribution of k within the measurement plane remain rel-
atively unchanged. At progressively higher concentrations (C0 > 0.006), the magnitude of k
decreases significantly. In general, similar results are obtained for the turbulent components
of velocity as well as for the finer grain sizes (D < 0.40 mm, with progressively smaller
changes to the turbulence magnitude as grain size increases; not shown here).

It is contended here that the presence of significant suspended sediment alters the sec-
ondary flow circulation pattern within the mixing box. It is assumed that flow near the
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Fig. 5 Time-averaged 2D flow vectors within the mixing box using f = 2.33 Hz for D = 0.15–0.20 mm
with a C0 = 0.0013 and b C0 = 0.0130, for D = 0.25–0.30 mm with c C0 = 0.0013 and d C0 = 0.0130,
and for D = 0.35–0.40 mm with (e) C0 = 0.0013 and f C0 = 0.0130. Note that only one-half of vectors are
shown here

sidewalls is predominantly directed downward in clear-water conditions. By increasing the
suspended sediment load within the box, the relative thickness of the near-wall downward cir-
culation increases, eventually intersecting the laser sheet at very high concentrations. In addi-
tion, the upward directed flows are displaced toward the center of the box. No such secondary
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Fig. 6 Contour plots of time-averaged turbulent kinetic energy k within the mixing box using f = 2.33 Hz
for D = 0.15–0.20 mm and for a range of input suspended sediment concentrations (from C0 = 0.0013 to
C0 = 0.0117, as noted). The dashed lines represent the area where data were collected

flow modification is observed when coarser-grained sediment is introduced because the sus-
pended sediment concentrations in the box for these grain sizes are insufficient to affect the
flow. Therefore, the presence of significant sediment in suspension, with C > 0.006 at-a-
point (see Fig. 4), is required to alter the secondary flow field using f = 2.33 Hz, and that
this effect is accompanied by a marked reduction in turbulent kinetic energy (see Fig. 6 and
below). The presence of sediment at the bottom of the box, potentially moving as bedload or
as intermittently suspended material for the coarser grain-size experiments, does not affect
the secondary flow field above the oscillating grid.

3.4 The effect of suspended sediment on horizontally-averaged turbulence

The presence of suspended sediment also has a significant impact on horizontally-averaged
turbulence. Vertical profiles of spatially-averaged turbulent kinetic energy 〈k〉 are plotted as
a function of relative height above the grid y/d for all experiments (Fig. 7). Included in these
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Fig. 7 Horizontally-averaged turbulent kinetic energy 〈k〉 as a function of relative distance away from the
oscillating grid y/d with different input concentrations C0 and sizes of sediment using f = 2.33 Hz. The
solid line represents the clear-water condition and the dashed line represents the suspension criterion

plots are the values of 〈k〉 derived under clear-water conditions and a simple suspension
criterion proposed by Michallet and Mory [29], defined as ws/

√
k = 1 where ws is the

grain’s settling velocity (determined here for spheres using Dietrich [9]). When ws/
√

k < 1,
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the sediment is assumed to be in suspension (to the right of the vertical line shown in Fig. 7).
This suspension criterion is very similar to that employed in open channel flows (e.g., [4]),
and it is wholly applicable to sediment-laden flows within mixing boxes.

In general, high concentrations of suspended sediment reduce the magnitudes of spatially-
averaged turbulent kinetic energy. For the finer grain sizes (D < 0.4 mm), minor amounts of
sediment mass loadings (<300 g or C0 < 0.0039) do not cause any appreciable change in
〈k〉 as compared to the clear-water conditions (Fig. 7). When sediment mass loading reaches
a critical level, 〈k〉 is reduced, most noticeably in the near-grid regions. This critical mass
loading is 500 g (C0 = 0.0065) for D < 0.35 mm, whereas it is 800 g (C0 = 0.0104) for
D = 0.35–0.40 mm. These results are consistent with the observed changes in the secondary
flow field noted above. Moreover, at the highest sediment mass loadings for the finest grain
sizes (D < 0.3 mm), corresponding to the highest suspended sediment concentrations within
the box, the vertical gradient of 〈k〉 decreases significantly, attaining virtually no gradient for
D = 0.15–0.20 mm for 1,000 g (C0 = 0.0130; Fig. 7).

For the relatively coarser grain sizes (D > 0.7 mm), there is very little change in the
magnitude of 〈k〉 as compared to the clear-water condition for all sediment loadings. Little
alteration of the secondary flow field occurs for these grain sizes for all sediment loadings
employed, and this lack of change is reflected in the vertical profiles of 〈k〉 (Fig. 7). The slight
difference in 〈k〉 observed for D = 0.7–0.8 mm as compared to the clear-water condition is
attributed to experimental variability.

The existence of suspended sediment and the reaction within the flow are consistent with
the suspension criterion employed. For the finer grain sizes (D < 0.4 mm), the sediment
can be suspended to relatively far distances above the grid, thus markedly affecting the
secondary flow field and fluid turbulence. For the coarser grain sizes (D > 0.7 mm), little
to no sediment suspension can occur, and little to no change in the flow field is observed.
Moreover, the relative heights where ws/

√
k = 1 agree reasonably well with the direct

observations for the finer grain sizes (D < 0.4 mm) where C → 0 for C0 = 0.0130 as noted
above (see Figs. 4, 7; Table 1). The largest discrepancies between the suspension criterion
and the direct observations occur for the coarser grain sizes (D > 0.7 mm). Such discrepancy
could be the result of sampling suspended sediment in the center of the box where k is at
its maximum, and comparing this to the relatively lower, spatially-averaged values of 〈k〉 as
used in Fig. 7.

3.5 The effect of suspended sediment on spatially-averaged turbulence, secondary flow, and
total kinetic energy

The reaction of secondary and turbulent flow to suspended sediment also has a striking
impact on spatially-averaged turbulence velocities, the magnitude of secondary flow velocity,
and turbulent kinetic energy. To explore these effects, all data are spatially-averaged both
vertically (y-direction) and horizontally (x-direction) to obtain a single, box-averaged value,
designated by the double brackets 〈〈〉〉. In addition, the magnitude of the secondary flow
velocity U is determined at-a-point using

U =
√

ū2 + v̄2 + w̄2 (3)

which also is vertically- and horizontally-averaged. Finally, all box-averaged values are nor-
malized by the values obtained at the lowest input sediment loading (C0 = 0.0013). Figure
8 plots these normalized, spatially-averaged values as a function of input sediment loading
and grain size, e.g. 〈〈urms〉〉∗ = 〈〈urms〉〉/〈〈urms〉〉100, where the subscript 100 denotes the
value obtained using an input mass loading of 100 g (or C0 = 0.0013).
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Fig. 8 Normalized
spatially-averaged turbulent flow
velocities, secondary flow
velocity magnitude, and turbulent
kinetic energy within the box as a
function of input sediment
concentration and grain size. All
parameters are divided by the
value observed at the lowest
sediment load (100 g or
C0 = 0.0013). The solid line
represents unity

The effect of suspended sediment on these spatially-averaged values increases in magni-
tude as the sediment size decreases and as input mass loading increases. For the finer grain
sizes (D < 0.4 mm), markedly lower normalized turbulent velocities and turbulent kinetic
energy (up to 80 % lower) and lower magnitudes of secondary flow velocity (up to 90 % lower)
are observed (Fig. 8). These reductions are most pronounced at relatively high input sediment
loads (C0 > 0.006) and for the finer grain sizes. For the coarser grain sizes (D > 0.7 mm),
the effect of input sediment load on the spatially-averaged values is minimized, yet there still
exists a slight but observable reduction at higher sediment loads (up to 15 % reduction).

This reaction of the flow to suspended sediment can be extended to total kinetic energy.
The total spatially-averaged kinetic energy 〈〈K 〉〉 can be defined as

〈〈K 〉〉 = 〈〈k〉〉 + 0.5 〈〈U 〉〉2 (4)

123



Environ Fluid Mech (2014) 14:771–794 785

Fig. 9 The balance of
spatially-averaged
turbulent-to-mean kinetic energy
within the box as a function of
input sediment concentration and
grain size

Figure 9 plots the spatially-averaged turbulent-to-mean kinetic energy ratio as a function of
grain size and input sediment load. Based on these values, 〈〈k〉〉 is about two times larger
than 0.5 〈U 〉2, and this ratio remains fairly constant for a range of grain sizes and input
sediment loads. For all grains except D = 0.35–0.40 mm, the parameter 〈〈k〉〉/0.5 〈〈U 〉〉2

shows no statistically significant variation with increasing C0. Yet for D = 0.35–0.40 mm,
〈〈k〉〉/0.5 〈〈U 〉〉2 does increase with increasing C0 (statistically significant), suggesting that
〈U 〉2 decreases at a faster rate than 〈〈k〉〉. Since this ratio, in general, remains relatively
constant for most of the experimental conditions, suspended sediment appears to reduce both
the turbulent and mean kinetic energy equally within the flow (see [30]).

3.6 The effect of suspended sediment on integral time and length scales

Integral time and length scales for the larger eddies within the flow can be determined as
a function of suspended sediment concentration. The integral time scale of a turbulent flow
refers to the characteristic scale of the larger eddies, which can be calculated through autocor-
relation analysis [34,37]. The autocorrelation coefficient Rii (�t) for the fluctuating cross-
stream velocity component u′, for example, over time t at a given location x and y is defined as

Rii (�t) = u′ (x, y, t) u′ (x, y, t + �t)

u′ (x, y)2
(5)

where �t is the time lag over which the autocorrelation is calculated and the overbar signifies
a temporal average. The integral time scale then is determined from

τ =
∞∫

0

Rii (�t) d (�t) (6)

The upper limit of the integration is set by the number of time intervals or the length of data
recorded, and it usually coincides with the first zero-crossing of the Rii (�t) values. The
integral length scale λ then can be calculated by multiplying the integral time scale τ by
a characteristic velocity at that same location. Here, the root-mean-square velocity is used
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Fig. 10 An example plot of the vertical variation of integral time (on left) and length (on right) scales for
each velocity component for the 0.25–0.30 mm sediment. Five different input sediment concentrations (C0)

are shown, along with least-squares linear regression lines for each velocity component

([10]; using the absolute value of the time-averaged velocity instead has no effect on the
trends reported below).

Autocorrelation analysis is applied to all sediment-laden conditions at discrete positions
within the box. Two vertical profiles (an off-axis location at x/B = 0.20 and a centerline
location at x/B = 0.51), each with six positions above the grid (y/d = 0.06, 0.23, 0.39,
0.56, 0.73, and 0.89), are selected for analysis. At each location, values of τ and λ are derived
for all grain sizes, sediment concentrations, and velocity components. These data then are
plotted as a function of height above the grid and grouped by input sediment concentration,
and as a function of input sediment concentration and grouped by location. Examples of these
plots are shown in Figs. 9 and 10, respectively. In general, τ varies from 0.1 to 0.4 s, which
is very close to the oscillation period of the grid (0.43 s), and λ varies from 0.005 to 0.02
m, which is very close to the bar thickness (0.01 m) and mesh size (0.04 m) of the grid (see
[10]). These observations support the precept that the autocorrelation analysis quantifies the
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Fig. 11 An example plot of the variation of integral time (on left) and length (on right) scales for each velocity
component as a function of input sediment concentrations (C0) for the 0.25–0.30 mm sediment. Six different
heights above the grid along the mixing box’s centerline are shown, along with least-squares linear regression
lines for each velocity component

characteristic scales of the larger eddies, which should be strongly related to the oscillation
frequency and dimensions of the grid. By assuming that λ ≈ 0.01 m and using vrms in Eq.
(1), Stokes numbers St for each grain size can be approximated as follows: 10−3–10−2 for
D < 0.40, 10−2 for D = 0.35–0.40 mm, and 10−1 for D > 0.7.

Statistical analyses are performed on the derived time and length scales to determine if
these values are altered by the presence of suspended sediment. This analysis seeks to examine
if these integral scales change with height above the grid for a given input sediment load (e.g.,
Fig. 10), and input sediment load at a given location above the grid (e.g., Fig. 11). Table 2
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summarizes the ensemble results for the experiments. For all sediment input concentrations,
integral time scale increases with distance above the grid in about 50 % of the experiments
using all velocity components and all grain sizes, whereas integral length scale does not
show any clear trend of statistical significance. For this latter variable, only about 30 % of
the experiments display a statistically significant trend, and most of these are negatively
correlated with distance above the grid. For both integral time and length scales, an increase
in input sediment concentration does not affect these values significantly at-a-point above the
oscillating grid for all velocity components and for all grain sizes examined. Based on these
data, τ and λ show no systematic variation within the zero mean-shear flow in response to the
addition of sediment and the presence of a suspended load for any sediment size considered.

4 Discussion

Fluid turbulence within the zero mean-shear flow is markedly altered by the presence of
suspended sediment. In all cases, turbulent kinetic energy decreases significantly as the vol-
umetric suspended sediment concentration increases. This means that for a given oscillation
frequency, turbulent suppression also increases as grain size decreases. These results are the
clearest experimental evidence for the suppression of turbulence by suspended sediment yet
obtained. While a number of mechanisms have been proposed to explain the modulation
of fluid turbulence by the presence of quartz-density suspended sediment, most numerical
models of two-phase flows assume that energy transferred from turbulence to particles is
dissipated rapidly, and this increased dissipation rate leads to turbulence suppression [2].
The results presented herein, however, may not support this hypothesis (see below).

Time and length scales do not display any systematic variation with suspended sediment
load within the flow. Autocorrelation analysis also demonstrates no consistent statistical
variation of τ and λ within the flow in response to suspended sediment concentrations for
any grain size used. These observations have important implications for the proposed criteria
for turbulence modulation. Integral time τ and length λ scales for grid-generated turbulence
may be related to turbulent kinetic energy k and the rate of dissipation of this energy ε using
([34]; see also [27,29,32]):

τ ≡ k

ε
; λ ≡ k3/2

ε
(7)

Turbulent kinetic energy k0 and the rate of dissipation of this energy ε0 at the mid-point of the
oscillating grid can be defined as simple functions of grid frequency f , stroke S, and mesh
size M [29]. Values of k and ε at any height above the grid also have been shown to depend
only on k0, ε0, and relative height y/d [27]. For the experiments herein, f, S, and M are
constant, thus k0 and ε0 also should be constant, and k and ε should decrease with y/d . Since
k decreases with increasing suspended sediment concentration (Figs. 6, 7, 8) while both τ

and λ remain statistically unchanged (Figs. 10, 11), the rate of dissipation of turbulent energy
ε must also decrease as suspended sediment concentration increases, if both Eq. (7) and the
analytic formulations of Matsunaga et al. [27,29] are applicable to the present experiment.
Li et al. [23] noted that the presence of suspended sediment in a simulated turbulent gas
flow causes a reduction in k that is accompanied concomitantly by a reduction in ε. Thus
it is suggested here that the reduction in k in the flow is due to the transfer of this energy
to the sediment in suspension (e.g., [39]), rather than due to an increase in ε as previously
suggested (e.g., [2,35]). This issue is further addressed below.
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Criteria to discriminate the modulation of turbulence by suspended sediment based on
integral time and length scales of turbulence cannot be employed to explain the observations
reported here. Hou [19] used these data to critically assess the turbulence modulation criterion
proposed by Gore and Crowe [14], i.e., fluid turbulence is enhanced when D/λ > 0.1 and
suppressed when D/λ < 0.1. Hou [19] demonstrated that this criterion cannot be used here,
since no correlation exists between D/λ and the observed changes in turbulent kinetic energy.
Although the data do support the assertion made by Gore and Crowe [14], that turbulent
energy of eddies is transformed into kinetic energy of particle motion, the actual turbulence
modulation criterion as proposed cannot be supported (see also [24,36]). Moreover, the Stokes
number criterion (Eq. 1) also cannot be used to explain the observations reported because the
only parameter that appears to be sensitive to increasing suspended sediment concentration
is turbulence. That is, as suspended sediment concentration increases, vrms decreases while λ

remains statistically constant, thus increasing t f and decreasing St (tp also remains constant).
In both cases, the physical mechanism of turbulence modulation by suspended sediment is
not captured by the suggested criteria.

Density stratification, however, can occur in zero mean-shear flows due to the presence
of suspended sediment, and this could affect turbulence. Noh and Fernando [32] suggested
that the existence of a horizontal front (lutocline), across which the diffusion of particles and
turbulent energy are inhibited, can be identified by the shape of the vertical concentration
profile and by the use of dimensionless expressions. First, when −∂C/∂y within the sediment-
laden flow decreases to zero monotonically, no front exists. Whereas when −∂C/∂y first
increases with y and then decreases rapidly to zero, a front exists, and the location of the
inflection point −∂2C/∂y2 = 0 can be used as the depth of the suspension layer. The
suspended sediment profiles for the transport-limited conditions shown in Fig. 4 could support
this stratification thesis, since clear inflection points (convex-upward profiles) are observed
(see Table 1). Also, the vertical profiles of 〈k〉 for these grain sizes and an input mass loading
of 1,000 g (C0 = 0.0113) display nonlinearities near each of these critical y/d values
(Fig. 7), suggesting the possible existence of a horizontal front. Second, Noh and Fernando
[32] derived a dimensionless criterion for the existence of a front, based on the values for R∗
and G∗, defined as

R∗ = ws/U∗ (8)

G∗ = g (σ − ρ)

ρ

LC∗

U∗2 (9)

where U∗ is a characteristic velocity (defined as U∗ = k1/2 at y/d ≈ 0), L is a characteristic
length scale (defined as L = λ at y/d ≈ 0), C∗ is a characteristic volumetric concentration
(defined as C∗ = ∫ ∞

0 Cdy). Here, Eq. (8) represents the commonly used suspension criterion,
and Eq. (9) represents a Richardson number commonly employed to characterize stratified
flows. Given the empirical constants required for this derivation, Noh and Fernando [32]
also defined R = c4 R∗ and G = c5G∗, where c4, c5 ≈ 1. For R << 1, (R < 0.08),
no well-defined front forms when G ≤ 2.2R2, and both turbulence and suspended sediment
concentration decrease systematically away from the grid. When G > 2.2R2, a front appears
and the diffusion of turbulent energy and suspended sediment therefore are inhibited. Figure
12 compares this dimensionless criterion to the data collected herein, using the appropriate
values. Strict application of this criterion, however, suggests that no front would be present for
any of the experimental conditions. If it is accepted that a front is present in select experiments,
as suggested above, then the criterion could be modified to G ∼ 0.0022R2 (or by changing
c5; Fig. 12). Since k is modulated by C , a grid-specific value of k could have been employed,
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0.4 mm
0.25 to
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0.15 to
0.2 mm

G~2.2R2

G~0.0022R2

Fig. 12 Criterion for the formation of a horizontal front following [32] using the suspension criterion R and
a Richardson number G, compared to the data presented herein

such as the one observed using the 1.0–1.2 mm sediment. While this grid-specific k would
have been greater in magnitude for the finer sediment sizes, thus reducing both R and G, this
substitution would not have altered significantly the results shown in Fig. 11. In summary,
there is evidence to support the formation of a stratified layer within the mixing box for
the finer grain sizes (D < 0.7 mm), based on the vertical profiles of suspended sediment
concentration and turbulent kinetic energy and an analytic criterion for the existence of a
horizontal front. Yet these results are not entirely conclusive.

Turbulence modulation by suspended sediment also markedly affects boundary layer char-
acteristics. As noted above, the thickness of the sidewall boundary layer and secondary flow
pattern within the box are altered, and both turbulent and mean kinetic energy are reduced as
suspended sediment concentrations increase (Figs. 5, 6, 7, 8, 9). These modifications occur
in spite of the continued oscillation of the grid.

Lastly, the upward diffusion of grid-generated turbulence should have the ability to main-
tain a suspended sediment load, as momentum is transferred from the fluid to the sediment.
This idea was first postulated by Bagnold [1] in open channel flow, and the results presented
herein already support this statement (e.g., Figs. 3 and 4; see [20]). Leeder et al. [22] further
quantified this process by showing that an upward-directed momentum flux can be balanced
by the immersed weight of suspended load over unit bed area, such that the maintenance of
the suspended load occurs when this ratio is greater than one, or

ρ(v′2)max

m [(σ − ρ)/σ ] g
> 1 (10)

where the numerator is the maximum normal turbulent stress as expressed by the vertical
velocity component (N/m2) and m is the total sediment mass per unit bed area (kg/m2). To
apply this criterion, m represents the total mass per unit bed area above each position y/d ,
which is depth-integrated from this location to the height where C → 0 (see Fig. 4 and Table

1), and 〈k〉 ≈
(
v′2

)
max

, which already has been shown to be an appropriate suspension

criterion. Figure 13 demonstrates that this criterion works well for the data collected, sug-
gesting that the suspended sediment load is maintained by this transfer of fluid momentum,
or fluid-particle interactions. There also is a maximum value of m [(σ − ρ)/σ ] g ≈ 101 for
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Fig. 13 Criterion for the maintenance of a suspended sediment load

the observations made, which makes theoretical sense since M, S, and f are constant (see
Eq. 2). Finally, the suspension criterion appears to remain applicable even when turbulence
is modulated by the presence of suspended sediment.

In summary, the suppression of fluid turbulence due to the presence of suspended sed-
iment within a zero-mean shear flow appears to be the result of fluid-particle interactions.
Fluid momentum must be transferred to the sediment so as to maintain the suspended load.
Zhao et al. [39] suggested that this transfer of energy from the fluid to the particle, thus sus-
pending the sediment, is not balanced by the transfer of energy from the particle to the fluid.
As a result, there is a net loss of kinetic energy within the fluid, which can be considered a
particle-induced energy dissipation. This energy loss could be accompanied by a reduction
in the magnitude of the secondary flow within the mixing box and potentially the rate of
turbulent energy dissipation as shown here (e.g., [23]). It is possible that density stratification
within the flow due to the suspension of sediment could alter the upward diffusion of the fluid
turbulence (e.g., [32]), but the experimental evidence in support of this physical mechanism is
inconclusive. This coupled effect of potentially stratified flow, reduced turbulent energy, and
altered boundary conditions and secondary flow field in response to suspended sediment con-
centrations may provide an alternate physical mechanism for turbulence modulation observed
in geophysical flows, most notably sediment-laden open channels.

5 Conclusions

While much information on the modulation of fluid turbulence by suspended sediment exists,
these effects in open channel flows can be varied and the exact mechanisms remain poorly
understood. The current research sought to address specific limitations posed in the exam-
ination of sediment-laden geophysical flows in laboratory settings by employing PIV to
discriminate the fluid phase unambiguously and by using a standard mixing box where the
frequency of the oscillating grid, the size and concentration of the sediment placed into it,
and the flow depth all can be controlled with great precision.
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Using both clear-water and sediment-laden conditions, the following conclusions can be
drawn from this experimental campaign.

1. For the experimental conditions, the oscillating grid creates a secondary flow pattern
with a central domain dominated by upward-directed flow and bounded on either side by
convection cells.

2. Turbulent velocities and kinetic energy are maximized near the grid, but there exists a
region of developing flow that extends to y/d ≈ 0.37 (approximately equal to S or 2M)

where the turbulence magnitudes do not vary. Above this height, these turbulence values
decrease systematically toward the water surface.

3. Suspended sediment concentration and the maximum height attained by this sediment
are inversely proportional to grain size. Convex-upwards vertical profiles of suspended
sediment are observed for the finer grain sizes, which may be indicative of sediment
stratification.

4. Relatively high concentrations of suspended sediment can significantly alter the sec-
ondary flow field and markedly reduce both the turbulent and spatially-averaged kinetic
energy. Relatively coarser-grain sediment at the same mass loadings has no measurable
effect on secondary flow and turbulence because little of this sediment can be suspended
by the oscillating grid.

5. Derived integral time scales for all velocity components are similar to the oscillation
frequency of the grid, and derived integral length scales are similar to the bar thickness
and mesh size. Yet an increase in suspended sediment concentration or a change in height
above the grid does not alter these values systematically or statistically.

6. The overall reduction in turbulent kinetic energy within the zero mean-shear flow can be
related to the transfer of energy from the fluid to the sediment and the energy required
to maintain this suspended sediment load. Turbulence modulation criteria based on the
alteration of integral time and length scales cannot be used to explain the observations
reported here.

The results obtained in a zero mean-shear flow demonstrate unequivocally that the suspension
of quartz-density sediment and the maintenance of this suspended sediment load markedly
reduce the turbulent and time-mean kinetic energy of the fluid. These results should be
applicable to a range of sediment-laden geophysical flows in natural environments.
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