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Abstract: Particle-laden flows or turbidity currents along the seafloor are important to the formation and ero-
sion of submarine topography. To understand the mass-transport process, flume tests were carried out with a
continuous supply of quartz-laden suspension. The vertical and horizontal velocities were extracted by two
pairs of ultrasound Doppler velocity profilers installed at different angles with respect to the bed-normal direc-
tion. Due to the head intrusion into the ambient water, the sediment in the suspension was continuously lifted up
and mixed, leaving lobes and clefts. The velocity-maximum layer acted as the main sediment conveyor and
divided the body into wall and jet regions. The concentration distribution was also quantified based on the rela-
tionship between the fluid density and the intensity of light attenuation obtained using a video recording. An
area of high sediment concentration was observed just behind the head frontal area. Analysis of the velocity
and concentration distribution demonstrated that sediment in the turbidity current was transported mainly by
head movement and that continuous sedimentation took place in the wall region. The results indicate that a
turbidity current proceeds while maintaining an ordered inner dynamic structure.

Turbidity currents and their deposits have been
of research interest where industrial safety and envi-
ronmental protection are relevant, such as loss of
storage capacity in reservoirs or potential for damage
to marine infrastructure (Simpson 1997; Mulder &
Alexander 2001; Schleiss et al. 2016). The velocity
structure of such currents and the distribution of
sediment concentration in the flow are important to
comprehend the sediment transport system and its
effect on submarine topography.

Many field observations have provided insight
into the sediment transport by turbidity currents
despite the difficulties in predicting turbidity currents
and in installing monitoring equipment in deep water
(e.g. Xu et al. 2004, 2010, 2014; Meiburg & Kneller
2010; Mensa et al. 2013; Sumner & Paull 2014
and references therein). Several studies have used a
combination of flume experiments and numerical
models to investigate sediment transport by turbidity
currents. Parker et al. (1986, 1987) observed the
vertical distribution of downstream velocity and

sediment concentration. Fukushima et al. (1985)
explained a basic flow and sediment transfer system
by applying the principle of mass conservation in the
downstream area, using the depth-averaged method.
They concluded that self-acceleration was essential
for massive sediment transport and long-term flow
continuation, and also described the flow and
bedform conditions necessary for self-acceleration.
Hartel et al. (1997, 2000) and Necker et al. (2002)
examined the intrusion of a gravity current into
ambient water and observed mixing in the head
by using a highly resolved three-dimensional direct
numerical simulation. Nasr-Azadani & Meiburg
(2011, 2013a, b) and Nasr-Azadani et al. (2018)
demonstrated the development of lobes and billows
induced by instabilities in the foremost area, and
observed an entrainment point of diluted suspension
in the rear of the head. The development of non-
intrusive techniques for measuring velocity or
concentration has allowed quantification of the tur-
bulence structure (Kneller & Buckee 2000; Best
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et al. 2001) and concentration distribution (Nogueira
et al. 2013, 2014; Theiler & Franca 2016). There
exists significant experimental evidence that the
flow field and the concentration profile dominate
the sediment-transport process. For example,McCaf-
frey et al. (2003) and Choux et al. (2005) examined
the velocity and concentration distribution through
simultaneous measurements using an ultrasound
Doppler velocity profiler (UVP) and suspension sam-
pling in a particle-laden flow. Nogueira et al. (2013,
2014) developed an image-analysis technique that
yields the concentration distribution based on varia-
tions in light-attenuation intensity caused by changes
in the mass density of the suspension. Theiler &
Franca (2016) also confirmed spatio-temporal den-
sity development using the same methodology as
Nogueira et al. (2013, 2014).

As mentioned by Baas et al. (2005), the sediment
mass-transport system is complicated by the profu-
sion of flow factors and material properties such as
velocity distribution, bed form, slope gradient, parti-
cle volume fraction and particle size distribution.
Indeed, one of the reasons for the incomplete under-
standing of the sediment mass-transport system is
the lack of knowledge of the locally occurring
dynamics between the particle-laden fluid and
the ambient water (e.g. Kneller et al. 1997, 1999,
2016; McCaffrey et al. 2003; Gray et al. 2005,
2006; Meiburg & Kneller 2010).

In this study, two-dimensional velocity informa-
tion and concentration distribution were extracted
based on two pairs of crossed UVPs and image ana-
lysis. We conclude that sediment transport is greatest
just behind the head front, continuous sediment
transport takes place near the velocity maximum in
the body and sedimentation occurs in the wall region,
which is just below the velocity maximum.

Facilities and experimental procedure

The experimentswere carried out at the Laboratory of
Hydraulic Constructions of the École Polytechnique
Fédérale de Lausanne (EPFL), Lausanne, Switzer-
land. The experimental set-up and the coordinate
definition are illustrated in Figure 1. The coordinate
origin is defined to be at the bottom of the discharge
gate. The flume consists of a main tank (dimen-
sions given as width × depth × length: 275 × 980 ×
6700 mm), a head tank (275 × 980 × 800 mm) and
a mixing tank (600 × 600 × 2400 mm). The main
and head tanks are tilted at a slope of 2.4°. The sedi-
ment material was quartz flour composed of SiO2

with a mass density of ρs = 2650 kg m−3. Its grain
sizes at D10, D50 and D90 are 2.6, 12.2 and 33.0 µm,
and the settling velocities (vs) based on Stokes’ law
for those sizes are 0.006, 0.133 and 0.978 mm s−1,
respectively. A photograph of the quartz flour and
a graph of its size distribution are shown in Figure 2.
To keep the particles suspended in the head and
mixing tank, they were continuously mixed by
electric mixers and the particle concentration was
intermittently confirmed by a density measurement
device (DM-250.1) before and during the experi-
ment. Once the suspension had been well mixed to
2.0 ± 0.05% by volume (i.e. ρ = 1032 kg m−3) in
the mixing and head tanks, the particle-laden suspen-
sion was released by opening a discharge gate to a
height of 45.0 mm and simultaneously closing the
return pipe. To reproduce the quasi-steady turbidity
current, the particle-laden suspension was fed
continuously through the gate with a discharge rate
of 1.00 l s−1. Counterflow and excessive ambient
water trailing, which are usually observed in a lock-
exchange configuration (e.g. Kneller et al. 1997,
1999; Nogueira et al. 2013, 2014; Theiler & Franca

Fig. 1. Schematic view of the flume employed for the experiment using a continuous supply of quartz-laden fluid.

S. NOMURA ET AL.

 by guest on May 8, 2018http://sp.lyellcollection.org/Downloaded from 



2016), were not observed at the water surface
because the height of the ambient water was suffi-
ciently large relative to the height of the produced
turbidity current. To avoid reflection or stagnation
effects caused by the end of the wall, the experiment
was continued for 100 s after opening the gate,
before the head front had reached the end of the
flume. More precise details of the experimental
set-up can be found in Oehy & Schleiss (2007),
Oehy et al. (2010) and Chamoun et al. (2017). The
experiment was performed twice to confirm that an
identical flow was produced each time. Although
there were differences due to high instability result-
ing from the turbulence, similar flows were produced
in both runs.

For the velocity measurement, two pairs of
4 MHz UVP transducers were installed at x = 2.00,
2.44, 5.00 and 5.44 m at an inclination of 25° from
the y-axis (Fig. 1). Using two UVP-Duo devices
(Met-Flow, Switzerland), the individual UVP mea-
surements in the upstream and downstream areas
were obtained as follows. Before flow arrival at x =
1.50 m, the upstream measurements (x = 2.00 and
2.44 m) were initiated simultaneously for a period
of 24 s by an external trigger, after which measure-
ment automatically moved to the downstream
measuring points (x = 5.00 and 5.44 m) for 24 s.
The measurement lines of two pairs of transducers
crossed at (xc, yc) = (2.22, 0.10) and (5.22, 0.10),
which was almost half the height of the flow. This
configuration enabled us to extract the velocity infor-
mation with high spatial resolution (0.67 mm on the
y-axis) and to approximate the velocity along the
y-axis as u and v at x = 2.22 and 5.22 m by applying
the temporal velocity conversion based on Taylor’s
frozen hypothesis. The profile of one measurement

element consisted of 64 repeated measurements. A
single measurement along the ultrasound beam was
completed in 125 ms (i.e. 8.0 Hz). The UVP mea-
surement parameters are listed in Table 1.

A digital camera (D5500, Nikon, Japan) with a
single-focus lens (Ai AF Nikkor 50 mm F1.4,
Nikon, Japan) was placed 0.50 m from the flume
to record the flow at 5.00 ≤ x ≤ 5.60 and 0.00 ≤
y ≤ 0.30 at a rate of 25 frames/s for image analysis.
Here the image resolution is 0.31 × 0.31 mm/pixel.

Due to the well-controlled continuous suspension
release, the flow proceeded with a constant front
velocity of vf = 100.7 mm s−1 and a flow thickness
of Hf = 170 mm. The flow Reynolds number was
Re = vfHf/ν = 1.71 × 104 and the densimetric Froude
number was Fr′ = vf[gHf (r − rw)/r]

−0.5 = 0.43,
where g is acceleration due to gravity (9.80 m s−2)

Fig. 2. Photograph and grain-size distribution of the quartz flour used in the experiment.

Table 1. Main parameters of UVP measurement

Parameter Value

Ultrasound frequency (Hz) 4 M
Ultrasound velocity (m s−1) 1480
Maximum velocity (mm s−1) ±90.6
Velocity resolution (mm s−1) 0.713
Measuring window (mm) 0.37–747.77
Number of channels 1011
Number of profiles 990
Sampling period for each profile (ms) 125
Window start (mm) 0.37
Window end (mm) 747.77
Channel distance(mm) 0.74
Channel width (mm) 0.74
Pulse repetition frequency (Hz) 986.7
Frequency (Hz) 8.00
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and ρw is the mass density of ambient water (1000
kg m−3). The flow was fully turbulent and subcriti-
cal according to Parker et al. (1986) and Kneller
et al. (1999).

Methodology

Velocity structure

At the crossing point of the twomeasurement lines of
individual UVP, the u and v components are repre-
sented as follows (Takeda 2012):

u =
u1 − u2

2 sina
(1)

v = −
u1 + u2

2 cosa
(2)

where u1 and u2 are the velocities directly measured
by an upstream and a downstreamUVP, respectively,
and α is the acute angle from the y-axis. The inclined
velocity components can be transformed assuming
that the rate of change of velocity within the flow is
small compared with the representative flow velocity
(Kneller et al. 1999). Adapting vf as a representative
velocity and defining the time lag dT due to the incli-
nation of measurement lines from bed-normal, the
time t at x = xc is corrected as follows:

t = t′ + dT = t′ +
(S− s) sina

vf
(3)

where t′ is the original measurement time, s is the dis-
tance from the bottom to (xc, yc) along the measure-
ment line and S is the distance from the bottom to
the target along the measurement line, expressed as:

y = S cos a. (4)

Using equations (3) and (4), u1 and u2 are arranged
in the bed-normal direction. Then, u and v for any t
and y at x = 2.22 and 5.22 m are derived from equa-
tions (1) and (2), respectively. Here the maximum
absolute value of dT (0.46 s) is observed at y =
0.00 m, which is less than the duration of four profiles
and is small enough to conclude that u and v can be
transformed in the present experimental set-up.

Divergence, vorticity and stream function

To discuss the flow structure, the divergence (divv)
and vorticity (ω) were evaluated as follows:

divv =
d�u
dx

+
d�v
dy

(5)

v =
d�v
dx

−
d�u
dy

(6)

where dx is defined as the product of dt and vf (dx = dt
vf = 12.6 mm) and dy = 7.4 mm. The average depth
value (dy) is adopted for �u and �v to reduce the noise
in the original measurement. Positive and negative
values of divv indicate outwards and inwards flow,
respectively; positive and negative values ofω denote
anticlockwise and clockwise flow, respectively.

To discuss the stream line, the stream function,
Ψ, is employed, as follows:

C =

∫

y

0

�u dy. (7)

The counter line ofΨ (i.e.Ψ = const.) defines the
stream line for the case of two-dimensional incom-
pressible flow.

Concentration distribution

For the concentration distribution, Nogueira et al.
(2013, 2014) and Theiler & Franca (2016) used
the relationship between the suspension density
and a greyscale image. The concentration–greyscale
relationship was initially calibrated from images
of the particle-laden suspension up to c = 2.00%
under controlled lighting conditions. Subsequently,
the concentration distribution of the turbidity current
was defined from the recorded image and the
obtained relationship.

Experimental results

Velocity distribution

Figure 3 shows the distribution of u and v at x = 2.22
and 5.22 m for 20 s from 2 s before the flow arrival.
The head is characterized by an abrupt increase in u
up to y = Hf with a specific gradient. The positive v
along the head slope represents lifting of the ambient
water by the flow intrusion, and the downwards v
that appears after passing the highest part of the
head is related to recirculation of the suspension
into the head. The body is recognized as the rela-
tively steady area following the head (Baas et al.
2005). Although there are no clear boundaries to
divide the head and the body due to the instability
of the transition process, the body arrives from at
least t = 10 s; consequently, we define body initia-
tion at t = 10 s. The time-averagedmaximum stream-
wise velocity, umax, of the body is observed at y = 34
and 32 mm as umax = 165.0 and 88.0 mm s−1 at x =
2.22 and 5.22 m, respectively. As reported by Alti-
naker et al. (1996), Baas et al. (2005) and Xu
(2010), among others, a velocity maximum divides
the profile into a wall region (WR) below the maxi-
mum and a jet region (JR) above the maximum. A
pair of negative and positive v is present around
the upper interface with the ambient water due to

S. NOMURA ET AL.
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the intrusion and passing of the head. The posi-
tive and negative v layers are also clearly observed
at x = 2.22 m in the JR and WR, while negative
v is observed in the JR at x = 5.22 m. Comparing
the results at x = 2.22 and 5.22 m, the velocity struc-
tures in the head and body maintain a similar geom-
etry by means of constant finite-volume suspension
discharge, although the velocity is attenuated.

Divergence and vorticity distribution

The vorticity and divergence distribution obtained
using equations (5) and (6) are presented in Figure 4.

Along the upper contour of the head, negative divv and
ω are developed, and ω is gradually attenuated with
time. In the WR, negative divv and positive ω layers
are clearly observed; in the JR, there are positive
divv and negative ω layers. In the divv distribution,
these layers are derived mainly from the vertical
gradient of v because the fluctuation in u with time is
relatively weak, resulting in two horizontal layers
being present in the divv distribution. In addition, the
gradient of u in the vertical direction is pronounced
due to shear resistance from the static ambient water
and the flume bottom. As a result, two well-stratified
layers are clearly observed in the WR and JR.

Fig. 3. Spatial and temporal velocity distribution of u (upper part of the figure) and v (lower part of the figure) at x =
2.22 (left) and 5.22 m (right). Vertical and horizontal dashed lines represent the boundary of the head and body, and
the horizontal velocity maximum.

Fig. 4. Spatial and temporal divergence (upper part of the figure) and vorticity (lower part of the figure) distribution
at x = 2.22 (left) and 5.22 m (right). Vertical and horizontal dashed lines represent the boundary of the head and body,
and the horizontal velocity maximum.
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Timeline image and stream function

Figure 5 shows a timeline image extracted from the
recorded video and the distribution of Ψ = const.
obtained using equation (7). The timeline image
was made by extracting the images at x = 5.22 m
and arranging them according to the time direction.
As a result of the intrusion of the flow, the suspen-
sion is lifted up along the interface with the ambient
water; subsequently, the effect weakens as the
head passes. The closed lines ofΨ = const. observed
above the frontal interface indicate that the suspen-
sion is mixed with the ambient water and supplied
again after dilution. The lines of Ψ = const. are dis-
tributed horizontally up to y = 100 mm in the body,
which indicates that the suspension is continuously
supplied from the body to the foremost part of the
flow without mixing with the ambient water.

Concentration distribution

By applying the image analysis to Figure 5, the con-
centration distribution is extracted, as shown in
Figure 6. Here, the concentration is the ratio of sedi-
ment volume normalized to the total volume (i.e. the

volume fraction). Just behind the head front, sus-
pended sediment accumulates due to the continuous
supply of suspended sediment from the body,
although its maximum value is reduced to half that
of the original discharge (c = 0.02) because of sedi-
mentation and mixing with the ambient water. The
concentration abruptly increases as a result of flow
arrival and gradually decreases at all depths in the
head. After the head has passed, a diluted suspension
that remains horizontally static is observed as a resid-
ual of the suspended sediment.

Sediment mass flux

Figure 7 shows the products of velocity and concen-
tration, cu and cv, at x = 5.22 m (i.e. the sediment
mass-flux distribution). As the space–time resolution
was low in the velocity distribution (resolution of
0.67 mm × 0.125 ms: Fig. 3), the concentration pro-
file (resolution of 0.31 mm × 0.04 ms: Fig. 6) was
redrawn at the same resolution. As the area of high
sediment concentration is located in the head, the
intensity of the sediment mass flux is also high.
Large amounts of sediment are carried in the down-
stream direction in the head due to the accumulated

Fig. 5. Timeline image and equipotential lines at x = 5.22 m. One pixel corresponds to 0.04 s × 0.31 mm. Vertical
and horizontal dashed lines represent the boundary of the head and body, and the horizontal velocity maximum.

Fig. 6. Concentration distribution at x = 5.22 m. Vertical and horizontal dashed lines represent the boundary of the
head and body, and the horizontal velocity maximum.
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concentration and high velocity. Reflecting the neg-
ative v, negative cv is developed mainly in the head
and the WR.

Discussion

Flow structure in the head and interface with

the ambient water

In the foremost part of the flow, negative divergence
and vorticity are developed (Fig. 4), indicating that
the suspension is contracted at that point. Then an
uplift flow is generated at the interface with the ambi-
ent water (Figs 3 & 5), leaving a clockwise rotation
(i.e. negative ω). The distribution of ω along the fron-
tal interface represents several accumulated points,
implying that the specific lobe and cleft morphology
is continuously generated with time. The suspension
that reached the highest part of the area is released
from that point with negative v and decreasing u,
and is entrained as recirculation flow (Figs 3 & 5);
however, the sediment mass flux is not relevant for
y > 100 mm due to the low concentration in that
area (Figs 6 & 7). Kneller et al. (1999) described
how a Kelvin–Helmholtz instability would be devel-
oped along the upper horizontal interface with the
ambient water as a result of the unstable shear after

the head has passed. Such shearing processes cause
a substantial consumption of momentum without
downstream sediment transport.

Flow structure in the body

In the body, umax is observed at a height of about
20% of the total height (= yumax/Hf ) as a result of
friction with the rigid bottom and trailing of the
flow by static water. This velocity maximum divides
the area into the WR and JR (Figs 3 & 4). At x =
2.22 m, negative v is constantly observed in the
WR and positive v is represented in the JR, as
described by Gray et al. (2005). These results sug-
gest that the suspension in the velocity maximum
proceeds downstream while the suspension is sepa-
rated vertically by the intrusion of the maximum
velocity flow. Although the absolute value of v is
five times less than that of umax, it is 10 times greater
than the value of vs forD50, indicating that both static
particle setting and substantial downwards flow are
pronounced in this area. As the UVPs are installed
in the centre of the spinwise direction, it is difficult
to discuss the flow in that direction; however, it is
possible that secondary flow in the spinwise direc-
tion would be generated to satisfy the mass conserva-
tion of sediment.

Fig. 7. Sediment mass flux in the streamwise direction (upper part of the figure) and the vertical direction (lower part
of the figure) at x = 5.22 m. Vertical and horizontal dashed lines represent the boundary of the head and body, and the
horizontal velocity maximum.
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Sediment mass flux in the head and body

The average sediment mass flux in the x and y direc-
tions for every 10 s (cu and cv) is shown in Figure 8.
The plots have a vertically convex shape converging
to 0 at the bottom and at the upper interface with
the ambient water due to the 0 values of velocity
and concentration, respectively. The absolute values
for t = 0–10 s are larger than those for t = 10–20 s at
all heights, which means that the head is dominant in
conveying the suspended sediment. For t = 0–10 s,
cu is well developed at y = 60–120 mm, where the
head slope by the intrusion is observed, resulting in
the height of the maximum observed cu (y =
35 mm) being higher than that of cu at t = 10–20 s.

In the body, u is also high around the velocity max-
imum; however, the suspension concentration is sub-
stantially reduced and the mass flux becomes smaller
than in the head.

As shown in Figure 3, v at x = 5.22 m has a neg-
ative value as a result of recirculation flow to the
head, flow separation in the body and constant static
settling; thus, negative cv is observed in the vertical
direction. As the observed velocity and concentra-
tion are high in the head, the intensity of cv is
also high in that region (Fig. 8); however, the plot
distribution forms are similar in both areas and
the maximum intensity is located at the same height
(y = 18 mm), implying that sediment transfer occurs
in a similar manner despite the intensity difference.

Fig. 8. Time-averaged sediment mass flux distribution at t = 0–10 and 10–20 s at x = 5.22 m.

Fig. 9. Normalized sediment mass flux, velocity and concentration distribution at t = 0–10 and 10–20 s at x = 5.22 m.
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The ratio of the mass flux in both directions at 10 s
intervals (=cu/cv) is −10.7 for t = 0–10 s and
−6.0 for t = 10–20 s, indicating that the transporta-
tion in the streamwise direction is more pronounced
than sedimentation in the head and body.

The sediment mass flux, velocity and concentra-
tion normalized by the maximum absolute value of
each variable for t = 10–20 s are shown in Figure 9.
The curves of sediment mass flux and velocity are
convex, and the concentration shows an increase
towards the bottom. The peak values of sediment
mass flux and velocity in both directions are located
at similar heights (y = 30 and 18 mm), respectively.
Here, the peak height of cv is situated in the WR,
suggesting that the suspension located below umax

is carried downwards during the streamwise trans-
port in that area. The time integrations of cu and cv
at their peak heights are plotted in Figure 10.
When the flow arrives (t = 2 s), the integration of
mass flux starts increasing (decreasing) in the x (y)
direction with time. After t = 10 s, corresponding
to the initiation of the body, the absolute gradients
decrease in both areas. The gradients for 3–10 and
10–20 s are 0.705 and 0.200 mm s−1 horizontally,
respectively, and −0.107 and −0.034 mm s−1 verti-
cally, respectively, confirming that a substantial
amount of sediment is conveyed downstream in the
head, and a small but constant quantity of sediment
is transported by umax during sedimentation.

Conclusions

We observed the temporal development of velocity
and sediment concentration in an experimentally
produced particle-laden turbidity current by using

two pairs of UVPs and image analysis from video
recordings. The vorticity and divergence distribu-
tions were extracted from the velocity distribution.
Analysis of spatio-temporal trends in velocity, diver-
gence and vorticity structure yielded the following
results: (1) the suspension along the foremost inter-
face with the ambient water is lifted up, leaving
lobes and clefts induced by instability caused by
the head intrusion; (2) the maximum streamwise
velocity, umax, is observed at 20% of the total flow
height in the body and divides the body into a wall
region (WR) and a jet region (JR); and (3) negative
(positive) v is generated in the WR (JR) as a result
of the flow separation by the velocity maximum,
and negative v causes substantial sedimentation.
These fundamental velocity structures are preserved
in the streamwise direction, although their intensity
is attenuated by continuous kinetic energy consump-
tion and particle diffusion or sedimentation, imply-
ing that an extra energy supply is essential for
continued movement of the particle-laden turbidity
current. The distribution of sediment concentration
obtained from image analysis demonstrates that the
accumulated suspension is located behind the head.
In the body, the sediment concentration is vertically
homogenous due to the steady velocity distribution.
As a result of the velocity and concentration distribu-
tions, large amounts of sediment are carried by the
head because of the accumulation of sediment in
the streamwise direction, whereas constant amounts
of sediment are carried by the body. The presence of
the vertical sediment mass flux induced by v con-
firms that the WR acts as a potential region of sedi-
mentation and indicates the need to consider the
mass flux in the vertical direction, as described by
Parker et al. (1986). This point will be discussed

Fig. 10. Time-integrated sediment mass flux for u and v at y = 30 and 18 mm.
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further in future studies that include information on
the spinwise direction. In the interface, although
energy consumption is intense due to mixing by
lobes and clefts, and recirculation by entrainment,
sediment mass flux is not pronounced around the
interfacewith the ambientwater. These insights are in
good agreement with the theoretical work of Gray
et al. (2005), and supplement the numerical results of
Bhaganagar (2017) and Nasr-Azadani et al. (2018).

Scale effects in time and space are not fully
addressed in this work; however, several of the
insights presented above will be of use in compre-
hending turbidity-current dynamics in nature, for
the following reasons. (1) Quartz flour is adopted
as the sediment; thus, it is possible to discuss the
particle–fluid interactions causing sediment and
mass transport, energy production, or dissipation.
(2) The water in the flume was sufficiently deep
that a counterflow and trailing water were not
observed in the surface water. (3) The suspension
was steadily supplied from the gate without disturb-
ance, meaning that a quasi-steady flowwas produced
in the flume. In addition, as discussed previously
(e.g. Swenson & Muto 2007; Hsu & Capart 2008;
Malverti et al. 2008), it is possible to extrapolate
the flow configuration and sediment transport from
the experimental scale to natural turbulent flows,
which will help to elucidate scale effects more
precisely. In addition to the consideration of such
scale effects, a statistical analysis of factors such as
Reynolds’ stress and turbulent kinematic energy
(Kneller et al. 1997, 1999; Baas et al. 2005; Gray
et al. 2005, 2006; Verhagen et al. 2013) will be
carried out as part of future work to comprehend
the flow field, sediment conveyer system and
momentum transfer process more precisely.
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