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ABSTRACT

The inner velocity structure and particle concentration profile of opaque turbidity currents were mea-
sured simultaneously by ultrasound velocity profilers. Currents consisting of a quartz particle suspension
were generated by using the lock-exchange method in a flume to experimentally reproduce the quasi-
steady state of a turbidity current. A pair of ultrasound transducers captured the horizontal and vertical
velocities from Doppler frequencies, and the particle concentration profile was extracted from the echo
amplitude. The data obtained were analyzed in terms of momentum conservation according to the two-
fluid model. We found that: i) the viscous and Reynolds shear stresses balance in the top half of the
current; and ii) the lower border of the stress balancing appears around the depth of the maximum ver-
tical density gradient. These findings indicate that the reduction of flow resistance inside the body region
of the turbidity current is maintained downstream, which enables the current to transport particles over

Flume experiment a long distance.

© 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Turbidity currents, driven by the density difference between
a heavy particle-laden fluid and an ambient fluid, have been a
great research subject for a long time, because these currents con-
vey large amounts of sediment to downstream areas and form
large-scale submarine structures as a result of sediment accu-
mulation (Simpson, 1997; Mulder and Alexander, 2001). Studies
of these currents are also critical to civil and marine engineer-
ing for the estimation of potential risks and management of en-
vironmental hazards (e.g. Piper et al., 1999, Peakall et al., 2000;
De Cesare et al., 2001; McCaffrey et al., 2003; Talling et al., 2007,
2012; Dorrell et al., 2014; Kneller et al., 2016; and references
therein). Chamoun et al. (2016) and Schleiss et al. (2016) pointed
out the potential reservoir sedimentation problems and Oehy and
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Schleiss (2007) and Oehy et al. (2010) evaluated the positive
effects of artificial solid obstacles and inclined jet screens on
unavoidable reservoir sedimentation. In nature, turbidity cur-
rents propagate several hundred or thousand kilometers along
the sea floor, as has been known from marine geological stud-
ies since the 1960s (Kneller and Buckee, 2000, Meiburg and
Kneller, 2010). Previous reports have investigated long-range sed-
iment transport (e.g. Dorrell et al., 2014; Kneller et al, 2016;
Luchi et al., 2018; Dorrell et al., 2019 and references therein). Re-
cently, Azpiroz-Zabala et al. (2017) reported field measurements
obtained by an acoustic Doppler current profiler in the Congo
Canyon; currents with a maximum height of 45-80 m were
generated six times in seven months and continued for 5 to
10 days. Simmons et al. (2020) noted that the retarding fric-
tion force of the flow was surprisingly low, meaning that previ-
ous models were likely to have underestimated the flow veloc-
ity and traveling distance. Xu et al. (2010, 2014), Xu (2010), and
Symons et al. (2017) reported seasonally repeated events in Mon-
terey Bay (California) and discussed their effects on the underwa-
ter terrain. To represent the flow systems observed in the field,
Parker et al. (1986) theoretically explained the physical description
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of turbidity currents: sediments entrained from the seabed con-
tinuously supply potential energy to the current, enabling the cur-
rent to persist over a long distance. Many other numerical studies
have assessed the long-range sediment transport system of turbid-
ity currents (Meiburg and Kneller, 2010 and references therein).

In parallel with field observations and numerical simulations, a
number of laboratory studies have examined the inner structures
of turbidity currents to understand long-range sediment trans-
port systems (e.g. Sequeiros et al., 2010, 2018; de Leeuw et al.,
2018; Eggenhuisen et al., 2019 and references therein). In the early
stage, many lock-gate type experiments were conducted because
of the ease of the experimental setup and the high consistency
with numerical analysis (e.g. Kneller et al., 1999; Samothrakis and
Cotel, 2006; Cenedese and Adduce, 2008). Several studies using
lock-gate flumes have confirmed the crucial role of the initial and
boundary conditions in generating effective buoyancy of an initially
organized multi-layer density stratification (Gladstone et al., 2004;
Amy et al., 2005). The aim of the majority of these laboratory ex-
periments was to visualize the outline of the current; i.e. the bor-
der between the sediment-laden layer and the ambient fluid as a
function of time and space. Several trials have been conducted to
observe the inner flow structure of a density or particle-laden flow
by laser Doppler velocimetry (Kneller et al., 1999) or by particle
tracking velocimetry (Thomas et al., 2003). However, it is difficult
to observe the inner parts of a particle-laden turbidity current be-
cause of its opacity; thus, insights into the inner flow dynamics are
limited.

In contrast, acoustic measurement methods are applicable to
opaque fluids, non-invasive, and measure a wide range of veloci-
ties. Thus, an ultrasound velocity profiler (UVP; e.g., Takeda, 1995)
is an effective tool for turbidity currents, because it can mea-
sure the spatio-temporal velocity distribution along the ultra-
sonic beam. Several previous studies described the use of UVP
for measuring the velocity profiles of turbidity currents in
laboratory flumes (Baas et al, 2005; McCaffrey et al, 2003;
Choux et al., 2005; Gray et al., 2006). Those studies arranged and
traversed ultrasound transducers to detect the inflection points
of the local velocity profile as well as the turbulence intensity.
For example, to measure profiles along ultrasonic beams with
high resolution, Oehy and Schleiss (2007), Oehy et al. (2010),
Sequeiros et al. (2018), and Nomura et al. (2020) installed UVP
transducers at specific angles to the flume bottom. Particle concen-
trations in those experiments were measured by local sampling of
sediment fluids. Felix et al. (2005) carried out combined measure-
ments of the velocity and concentration of turbidity currents by
applying UVP and an ultrasonic high concentration meter to mea-
sure the velocity and concentration profile simultaneously.

Since 2005, the capability of UVP has been extended to enable
measurement of dispersions and interfaces involved in multiphase
flows (Murakawa et al., 2008; Murai et al.,, 2010; Hitomi et al.,
2017; Park et al., 2019). For a flow with a high sediment concentra-
tion, the degree of attenuation of the ultrasound beam can be used
to estimate the spatial distribution of the flow. For bubbles and oil
droplets in water, reflection and attenuation theory can be used in
combination to reconstruct the dispersion distribution, as exam-
ined by Murai et al. (2009), Dong et al. (2015), Su et al. (2017),
and Shi et al. (2019). For solid particles much smaller than the ul-
trasound wavelength in water, the echo intensity and its attenua-
tion has been recently discussed while also considering the acous-
tic impedance of the particles (Rice et al., 2014, 2015; Bux et al.,
2017), thereby highlighting the potential for further innovative in-
vestigations using UVP.

In this study, we present an interpretation of the flow mech-
anism by making use of the precise measurements facilitated by
the extended utility of the UVP and the framework of momentum
conservation in multiphase flow. In the first half of this paper, we
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explain the experimental facility used to produce the turbidity cur-
rents, the particle properties, and the details of the measurement
method utilizing UVP. In the second half, we report the visualized
flow characteristics and quantify the flow structure inside the main
body of a turbidity current. Data analysis, coupled with basic equa-
tions of turbulent dispersed two-phase flow, provides the turbulent
shear stress profile in the main body of the current, which is a
key factor for understanding long-range current migration in natu-
ral systems.

2. Experimental Method
2.1. Experimental Facility and Conditions

A schematic diagram of the experimental facility is shown in
Fig. 1. The test section is an inclined (1.38°) rectangle flume 4548
mm long, 210 mm high, and 143 mm wide. The side and bottom
walls are made of smooth acrylic material, and the top boundary is
a free surface. The front wall is transparent, whereas the back wall
is coated with a non-reflective black film to produce a dark uni-
form background for the visual assessments. The region enclosed
by a dotted line in Fig. 1 indicates the visualization area for captur-
ing the interface between the turbidity current and ambient water.
A lock gate made of a plastic plate is placed approximately halfway
along the flume. As an initial condition, the left (higher) side of the
flume is occupied by a particle-laden heavier fluid with bulk den-
sity py, while the right (lower) side is filled with tap water with
density pw as an ambient fluid. The temperature and density of
tap water are almost constant, 8.0°C and 999.9 kg/m?3, respectively;
thus, the viscosity of water wy is 1.385 mPaes. After gate opening,
the heavier fluid intrudes under the ambient fluid with front ve-
locity Us because of the density difference between the two fluids.
The horizontal rightward displacement of the current is defined as
the x axis and the height from the bed is the y axis.

Quartz particles mainly composed of SiO, (Carlo Bernasconi
S.A., Switzerland) were used as suspended particles in the left side
of the flume. The particle-size distribution measured with a Mas-
tersizer 3.0 (Malvern S.A., United Kingdom.) is shown in Fig. 2. The
mean diameter of the particles is dsg = 12.2 um. The specific grav-
ity of the particles is 2.65, and the weighted settling velocity vs in
water can be estimated by Stokes’ law as follows (Altinakar et al.,
1996):

o« Gi(op — pw)g

s = 18/1«W Di (1)

where dp;, pp, and g (= 9.8 m/s2) are the particle size, particle
density, and gravitational acceleration, respectively. The value of v
from Eq. (1) is 0.38 mm/s, which is too small for significant depo-
sition to occur during the experiment; thus, sedimentation effects
are negligible in this research. The volume fraction of quartz parti-
cles fs in heavier fluid is 0.5%, resulting in the mixture density py
being 1008 kg/m?3.

Although we conducted a series of flume experiments with dif-
ferent types of particles, particle size distributions, and concentra-
tions (i.e. 0.25%-2.00%), here we focus on quartz particles for the
above-mentioned conditions because this setup well represents the
quasi-steady structure inside the turbidity current within the lim-
ited downstream length of the flume.

2.2. Velocity Profile Measurement

As shown in Fig. 3, a single turbidity current can be roughly
classified into two parts: the head region, which is in an unsteady
state and generates particle uplift, and the body region, which
exhibits quasi-stationary stratified layers following the head re-
gion. To measure the velocities in both regions, a pair of 4-MHz
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Fig. 1. Experimental apparatus used to generate and observe a turbidity current by the lock-exchange technique.
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Fig. 2. Particle-size distribution of the quartz particles used in the flume experi-
ments.
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Fig. 3. Schematic diagram of the arrangement of ultrasound transducers, where up,
denotes the maximum streamwise velocity, y = hy, is the corresponding height, and
y = h; is the zero-crossing point.

UVP transducers is used, which has the advantage of measuring
velocity profiles without mechanically traversing the transducers
(Finelli et al., 1999; Dombroski and Crimaldi, 2007). The selection
of instruments depends on the data to be extracted. In our ap-
proach, we employ UVP to resolve the vertical distributions of flow
velocity and particle concentration, which is difficult to achieve us-
ing ADV (Acoustic Doppler velocimetry) (Cossu and Wells, 2012).

The transducers are installed at inclinations of & = 25° to the
y axis and individually connected to two UVP Duo devices (Met-
Flow S.A. Switzerland). In contrast to a multiplex system, this
setup enables us to obtain two measurements simultaneously with
no switching time. Two measurement lines along the transduc-
ers cross at (x;, y;) = (1005 mm, 15 mm). Here the intersectional
height y, is selected to be almost the height of the maximum ob-
served velocity obtained from preliminary tests. The starting time
of the two-UVP measurement is synchronized with the gate open-
ing.

Table 1

Parameters applied in the UVP measurement.
Basic frequency 4 MHz
Speed of sound in water 1480 m/s
Maximum velocity range 179.1 mm/s
Velocity resolution along the beam  1.399 mm/s
Maximum measurement length 358.2 mm
Number of channels 285
Number of profiles 4096

Sampling period for each profile 50 ms (20 Hz)

Window start 8.88 mm
Window end 219.04 mm
Wavelength (i.e. Channel distance) 0.74 mm
Special resolution 0.74 mm
Number of cycles 4
Repetition 32

The horizontal and vertical velocity components (u; and v;) at
the intersection are derived from the velocities along two measure-
ment lines u; and u, as follows (Lhermitte and Lemmin, 1994):

U (yr, t) —ua (¥, t)

2sin6 ’ (2)

u,(y,, f) =

u ) +u Jt
Ul(yl,t):_ 1(y1 Z)COSQZ(yI ) (3)

To obtain the horizontal and vertical velocity profiles of (u, v)
along the y axis at x = x;, we proposed a time correction method
of velocity distributions using a front velocity Uy Nomura et al.,
2018, 2019). This interpolation is applicable in the case that the
turbulence statistics are conserved in the measurement region. The
details of Uy are described in section 3.1. The turbidity current pro-
gresses with almost constant Uy in the case of high-volume release
(the initial volume of the heavier fluids is relatively similar to that
of the ambient fluid). On the basis of this concept, Eqs. (2) and ((3)
are modified as follows:

Uiyt — At) —up (v, t + At)

ue.H = 2sin6 (4)
upht— A Fup(y.t + Ab)

v t) = - 2 cos0 (5)

where

Ar O —yntand (6)

Us

Here, the interpolation quantity is varied due to y. The UVP mea-
surement parameters (Takeda 2012) are presented in Table 1. From
the UVP parameters applied in this experiment, the resolution in
the vertical direction and the temporal resolution are 0.67 mm
and 50 ms, respectively. As the velocity resolution of UVP was
1399 mm/s and the UVP inclination was 25°, the vertical and hor-
izontal velocity resolutions were 1.399/(sin 25) = 3.31 mm/s and
1.399/(cos 25) = 1.54 mm/s, respectively. There is inevitably some
inaccuracy in resolving the turbulence, due to the non-uniformity
of turbulence structures during the time between crossing the two
separate beams (Eq. (6)), which was estimated to be negligibly
small in this experimental setup.
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Since dsg (12.2 pum) is less than one-tenth of the wavelength
of the ultrasound echo of 4 MHz frequency in water (0.74 mm;
Table 1), Rayleigh scattering, which is almost isotropic scatter-
ing, is generated. In ordinary UVP measurements, the adequate
diameter of the tracer particles acting as reflectors of the ultra-
sound wave is appropriately quarter to half of the wavelength.
Hitomi et al. (2018) evaluated whether velocity measurement can
be performed correctly using the same particles as in this study
and a 4-MHz transducer. They confirmed that the equipment can
capture the correct velocity profile for volume fractions of 0.01%-
5.00% by comparison with measurements obtained using tracer
particles of adequate size.

2.3. Particle Concentration Profile

Ultrasound echo amplitude distributions scattered by sus-
pended particles provide useful information on the parti-
cle concentration (e.g. Lee and Hanes, 1995; Thorne and
Hanes, 2002; Hurther et al.,, 2011; Pedocchi and Garcia, 2012).
Simmons et al. (2020) applied the technique to observe turbid-
ity currents in a natural environment. Under Rayleigh scattering
conditions, Thorne and Hanes (2002) suggested the relationship
between the mean-square amplitude of the echo signal <V?> re-
ceived by ultrasound transducers and the mass concentration M in
kg/m?3 at 7, the distance from the transducer, to be:

2 2
M(n) = (v2)< ‘”’7) elon = (v2)< ‘”") e(awn+ g EMmdn) — (7)

KsKi KsK;

where ¥ is the spreading effect of acoustic waves in the near field
of a transducer and «yy is the attenuation constant in clear water
presented as a function of the temperature, as follows (Fisher and
Simmons, 1977):

aw = 107"2(55.9 — 2.37T + 4.477 x 107°T? — 3.48 x 10 *T°)F?
(8)

where T is temperature (°C) and F is the acoustic frequency (Hz).
The sediment attenuation constant £ can then be written as

R (9)

- 4(15,0p
where as is the acoustic attenuation constant. x is the normal-
ized total scattering cross-section (Thorne and Hanes, 2002), rep-
resented as

— 1.1-4.0.18(kas)*
1+ 1.3(kas)* + 4 - 0.18(kas)*

where k is the wave number of the acoustic wave in water, Ks is
a function of the scattering properties of the suspended sediment,
and K; is a constant for the ultrasound system. Pedocchi and Gar-
cia (2012) applied this theory to the echo distributions obtained
by UVP, where the echo signal is the result of the acoustic Doppler
conversion for velocity profiling. In the UVP Duo, the echo signals
are represented as voltage variations with 14 bits within the range
+2.5V (8191 = 2.5 V; —8191 = 2.5 V). The device adopts time-
variable gain values to amplify the echo signal by linear absolute
gain with start Gs and end Ge. According to the technical manual
for the device, the actual echo intensity V recorded as an electric
voltage is derived as

(10)

n-n

Vump Gs ﬁ
V= — 11
() a
where Vamp is the amplified echo signal, and ns and 7ne are the
minimum and maximum measurable distance from the transducer,
respectively. The detailed characteristics of amplification by UVP
Duo are summarized in Table 2.
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Table 2
Gain factors to amplify UVP echo signals (courtesy of Met Flow Corp.).

Gain factor Gs [ Ge  Basic frequency of ultrasound transducer 4.0 [MHz]

0.91
1.76
3.41
6.67
15.00
25.00
60.00

O o~ U bW

Because of non-linearity in the original form of Eq. (7), the solu-
tion for M must be acquired by iterative analysis, whereas Lee and
Hanes (1995) proposed an explicit form by introducing the con-
centration at an initial point M; by differentiating the logarithm of
Eq. (7) with respect to 1 as follows:

dM(n) znd‘/d%iz)ww/(vz)
dn ny/(vV?)

+4aw | M(n)

= 4EM(1)° (12)

where ¥(n) in Eq. (7) is assumed to be a constant for the
case of measurements in the far field of an ultrasound wave
(Downing et al, 1995), and disappears by the differentiation
in Eq. (12), as do Ks and K;. According to the general solu-
tion of Bernoulli differential equations, the analytical solution of
Eq. (12) can be presented as

(V2>n264awn
C—4& [(V2)n2etowndn

where, C denotes the integral constant.

A boundary condition is required to determine C in Eq. (13).
Here we assume that the heavier fluid intruding into the am-
bient fluid as a turbidity current maintains its initial concentra-
tion close to the bed. This condition is reasonably applicable, ac-
cording to previous reports by Felix et al. (2005) and Theiler and
Franca (2016). The boundary condition, Mg = 1008 kg/m> at the
bottom and 7 = ng, is thus provided, and C is derived as follows:

M(n) = (13)

r§<V2)364"W’B s
=——23 14 / r2(V2\edawrdr 14
w4t [ P() (14)
Applying Eq. (14) to Eq. (13), we have:
r2<v2>e4awr
M) = 35 3 aaawn Ts 12 (/2 pdorwT (15)
M—BrB(V ygetowrs 4+ 4& [P r2(V2)edowrdr
By discretizing Eq. (15), we finally obtain
202\ phawr
M, = "V )ne (16)

Migré <V2>Be4awrg
+4ATE Z{'V:nﬂ (ri2<V2)ie4awri + ri27] <V2>i_le4otwr14)

where n represents the order of measurement (i.e. i -th) points
from the transducer.

3. Results
3.1. Front Advection Velocity

Images extracted every 1.5 s from 16.5 s after opening of the
gate are shown in Fig. 4. The movie was taken with a digital cam-
era (Nikon D5500) from the side window of the flume at 20 frames
per second. The shooting area is around x; in Fig. 1. The frame rate
was purposely set to be the same as the profile sampling rate of
the UVP (temporal resolution 50 ms).
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Fig. 4. (a) Snapshots of the experimental turbidity current from t = 16.0 to 23.5 s and (b) the template image that was used for correlation with other images to measure

the front velocity.
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Fig. 5. Temporal evolution of the location of the front of the turbidity current. The
abscissa and ordinate indicate the elapsed time At from t = 16 s and the displace-
ment of the detected head position from the initial position, respectively.

In the images obtained, unsteady interfaces were observed from
the front edge to the upper boundary with the ambient water. This
finding is in agreement with the observations of Simpson and Brit-
ter (1979). To measure the front velocity Uy, pattern matching was
applied to the sequential images. A template image with 451 x 451
pixels was prepared from the image at t = 16 s (Fig. 4(b)), and
the corresponding head position of the turbidity current was deter-
mined every 250 ms by computing the image correlation between
the template and the visualized images. To confirm reproducibil-
ity, the experiments were repeated six times using the same initial
and boundary conditions. The head positions with time are shown
in Fig. 5. In all cases, similar migration of the head position was
observed with small deviation, proving experimental reproducibil-
ity of the current.

In Fig. 5, the slope gradient remains constant with time. This
result implies a steady state of the current between the gravity-
driven hydrostatic force and the flow resistance caused by the
counterflow that balances the buoyancy force along the upper
boundary of the current. The front velocities Uy of each experimen-

tal run were determined from the slope angle using least squares
(Table 3). The obtained values of U; are similar; the average value
is 50.6 mm/s with small fluctuations of 0.41 mm/s. As turbidity
currents are regarded as a type of gravity current, the densiomet-
ric Froude number Fr’ of the flow and the Reynolds number Re
(following Simpson and Britter, 1979; Kneller et al., 1999) can be
calculated as follows:

U

Fr' = ﬁ (17)
UH

Re = 17 (18)
w

where H is the height of the heavy fluid and g~ is the reduced
gravitational acceleration. In the produced currents, the height H
converged to a stable value in the downstream region. At the mea-
surement window x = x|, the current height was H = 79 mm, giv-
ing Fr’ = 0.63 and Re = 4.0E3 in this experiment. These values of
the non-dimensional numbers indicate that the flow was fully tur-
bulent and subcritical (e.g. Kneller et al., 1999).

3.2. Visualization of the Inner Flow

3.2.1. Velocity profile

The spatio-temporal distributions of horizontal and vertical
velocities (u and v) of a typical run are shown in Fig. 6.
This illustration was produced based on the theory described in
Section 2.2 and transformation of the time series into a represen-
tation of the 2D flow structure. As shown by the image of the ve-
locity magnitude, u is dominant in the bottom half of the flume;
i.e.,, y ~ 0-70 mm. Due to intrusion of the flow, positive v (i.e. up-
ward flow) is observed at t = 20-25 s, representing lifting up of
the ambient water. As the lock-exchange flume is a closed system,
a counter flow of ambient fluid is generated and a negative hori-
zontal velocity is observed at y ~ 50-70 mm. As the lower mea-
surement limitation in this system is a particle concentration of
0.01% (Hitomi et al., 2018), the velocity values above that height
are fluctuating and unreliable. The distribution of u describes a
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5 6 Ave. Std. Dev.

Table 3

Summary of front velocity values computed by pattern matching.
Exp. Number 1 2 3
Ur [mm/s] 50.0 50.0 509

506 51.0 509 506 041

100
Unreliable zone due to lack of particle for UVP —
.
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£
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Fig. 6. Spatio-temporal distribution of the horizontal (upper illustration) and ver-
tical (lower illustration) velocity components. y = height above the bed. Measure-
ment data above y = 70 mm are unreliable due to the lack of particles.

120 50
'E‘ Unreliable zone due to lack of particle for UVP g
£ 2
= k] 0
= 60 £
2
ok B -50
1008
E
)
= 1004
s
1000

Time from gate release [s]

Fig. 7. Spatio-temporal distribution of the backscatter echo intensity (upper illus-
tration) and bulk density of the particle-suspended fluid computed from echo in-
tensity (lower illustration). Measurement data above y = 70 mm are unreliable due
to the lack of particles.

quasi-periodic fluctuation in the main body of the current with
time. This fluctuation can be attributed to the vortex structures
emerging near the upper boundary of the current, which are also
observed in the vertical velocity v.

3.2.2. Concentration profile

The concentration profile of quartz particles was obtained from
the spatio-temporal echo distribution measured by UVP by means
of the algorithm explained in Section 2.3. To reduce the influence
of measurement noise on the echo, the mean-square amplitude of
the echo signal <V2> was calculated from 5 x 5 measurement
points, yielding an equivalent resolution of 3.4 mm x 0.25 s in the
space-time domain as follows:

2 2

V), =< l 5 Y [V aij+ai)] (19)
Ai=-2 Aj=-2

where i and j represent discrete coordinates in time and space, re-

spectively.

The spatio-temporal density distribution of the quartz suspen-
sion calculated using Eq. (1 and the measured values are depicted
in Fig. 7. The head region of the current has a high density of al-
most 1008 kg/m?3, corresponding to the initial density of the heav-

— Unreliable region of UVP

T T T T T T T T T

120

O Experiment

100 | ---- Fitting result

80

60 ¢

y [mm]

40

20

Fig. 8. Time-averaged distribution of the horizontal velocity component (i) in the
body region for 35 < t < 70 s. The hatched area indicates the region for which the
data are unreliable due to the lack of particles for UVP measurement. The heights
he and hy, are defined as the positions at zero-cross velocity and maximum velocity,
respectively. The error bars indicate 95% confidence interval of the sample mean for
the horizontal velocity in the sampled period, which becomes large at y>70 mm
due to lack of particles necessary for UVP measurement.

ier fluid, consistent with the findings of Felix et al. (2005). This
result supports the hypothesis that the turbidity current lifts up
particles in the front part of the current to raise its own poten-
tial energy. In addition, particles are fed to the front bottom part
from the lower high-density layer that slides from upstream; this
process is visible as vertical stepwise stratification in Fig. 7. The
combination of these structures in a turbidity current is consis-
tent with previous reports (e.g. Pantin, 1979; Parker et al., 1986;
McCaffrey et al., 2003; Pantin and Franklin, 2011); i.e., uplifting
of heavier fluid at the front and re-supply of the density differ-
ence between the main body of the current and the ambient fluid
(Nomura et al., 2019).

3.3. Data Analysis and Discussion

3.3.1. Velocity and Concentration Profiles of the Body Region

This section focuses on the body region, which is recognized
as a local quasi-steady flow behind the head (Kneller and Buc-
kee, 2000 and references therein). Previous studies provide no
clear criteria to distinguish the head and body regions, because
they observed mainly the outline of the sediment layer. We fo-
cused on the distribution of v to define the beginning of the body
region and concluded that this region arrives by t = 35 s, because
the influence of the uplifted flow of the head region disappears
after t ~ 35 s in Fig. 6. Fig. 8 shows the profile of the mean hori-
zontal velocity (i) in the body averaged for 35 s after t = 35 s. The
profile shows the zero-crossing point on the y axis at y = hy = 50
mm, which corresponds to the thickness of the current defined
by velocity. The maximum velocity uy, = 80 mm/s is observed at
y = hym = 14 mm, which is located in the lower half of the current
(i.e. hm < hy/2). This velocity is 1.6 times as high as the front ve-
locity Uy; this difference results in recirculation of the flow within
the body region. Outside the current at y > hy, a layer of reverse
flow takes place as a counter flow.
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Table 4

Summary of computed values of the friction velocity and the zero-velocity roughness height.
Exp. Number 1 2 3 5 6 Ave. Std. Dev.
u* [mm/s] 9.2 11.8 12.8 123 11.1 10.8 113 1.2
Yo [mm] 0.404 0925 0.948 0825 0725 1.110 0.820 0.220

100
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A M
’
O Experiment at
€ 10| | ---- Fitting result .
E
>

,9
1t i 4
’
0.5.1.’01.1.1.1.
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Fig. 9. Fitting result with log-law profile (Eq. (20)) for the averaged horizontal ve-
locity profile (ii) in the lower shear layer of the body region for 35 < t < 70 s. The
error bars indicate the confidence interval the same as in Fig. 8.

Altinakar et al. (1996) reported that the profile of i is similar
in shape to that of a jet flow parallel to a wall consisting of two
vertical regions: a wall region (y < hy) and a free jet region (hy <
¥y < ht). They suggested a model fitting for the wall region with a
logarithmic profile of turbulent boundary layers:

i) =Lmd (20)

where u* and y denote the friction velocity and the zero-velocity
roughness height, respectively. Assuming a smooth bed condition
(e.g. Zordan et al., 2018), substitution of the von Karman constant
k = 0.41 in Eq. (20) yields the values presented in Table 4 for six
runs of the same current. The average values are u* = 11.3 mm/s
and yo = 0.82 mm. The value yj is larger than the expected value
for the smooth floor of the flume, implying a rough wall effect re-
sulting from particle deposition on the floor. The logarithmic veloc-
ity profile with these constants is indicated by the broken line in
Fig. 8 on a normal scale and Fig. 9 on a semi-logarithmic scale; the
fitting curve seems to represent the experimental data reasonably
fory < hp.

The time-averaged distribution of the normalized particle con-
centration C [%] = (p; — pL)/(py — pL) x 100 from M for 35 s af-
ter t = 35 s is shown in Fig. 10. The value decreases monotonically
with respect to y from the maximum concentration at the bottom,
and approaches zero at y = ht. The solid curve in Fig. 10 shows i,
which is also illustrated in Fig. 8. These vertical gradients (Fig. 11)
reveal a more precise structure, which appears to exhibit multiple
steps in the concentration profile. The profile of C has three major
inflection points that divide the whole structure into four layers:
the wall shear layer at 0 < y < hp; the second layer at hy, <y <
hs = 25 mm; the third layer at hs <y < h¢; and the outer region at
¥y > ht. As is visible in the profile of i, the second and third layers
exhibit a negative velocity gradient (dii/dy < 0). This result implies
that particle diffusion takes place non-analogously due to momen-
tum diffusion inside these layers. The details of the mechanism are
discussed in Section 4.2.

u [mm/s)
0 20 40 60 80 100
120 T T T T T T T
100 |{ 4
80 4
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Fig. 10. Time-averaged profiles of particle concentration (C) in the body region for
35 < t < 70 s, relative to the time-averaged velocity profile. The error bar for par-
ticle concentration is estimated from the r.ms. of temporal fluctuations in echo in-
tensity, V'rms, reflecting to variation of C in Eq. (14).
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Fig. 11. Time-averaged vertical gradients in particle concentration and horizontal
flow velocity in the body region for 35 < t < 70 s. The velocity gradient is com-
putable only at h < h.

3.4. Momentum Conservation Law for the Body Region

To discuss the shear stress profile in the body region, we incor-
porate two-fluid model equations that are local volume-averaged
descriptions of the momentum conservation equation for two
phases:

d fupLu
% + V- fipomu = —fiVp+ My + Mg, (21)
a fspstt

fspsts + V- fspsusus = —fsVp + Mss + Mis (22)

at
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where the subscripts L and S denote liquid and solid phases, re-
spectively. The primitive variables f, u, and p are the volume frac-
tion, velocity vector, and pressure, respectively, as local volume-
averaged quantities. The terms M;; and Msg represent the inner
phase momentum transport (e.g. Murai and Matsumoto, 2000),
which is modeled in the case of particle-laden flow as follows:

My + Mss
=V {Vu + (Vu)' = 3(V-u)} + fimg
2
+V. MS{VUS + (Vug)" - §(V : us)} + fspsg (23)

where 1 and g are the viscosity and the acceleration due to grav-
ity, respectively. The slip velocity between u; and ug can be esti-
mated by the following equation for the Stokes number:

_ deﬁUo
~ 18uwlo

St (24)

where Uy and Ly are the characteristic velocity and length, repre-
sented by the time-averaged values of the layer-averaged velocity
i and the thickness of the current h;. This equation yields St val-
ues on the order of 10~ << 1, which proves that the phases have
a common fluid velocity field u; = us = u. Hence, Eq. (16) can be
rewritten as

2
My + Mss = V‘MH{VIH‘ (Vu)" - §(V'")} + fioL8+ fspsg

(25)

where uy is the effective viscosity of a particle-suspended fluid,
which was empirically modeled by Davidson et al. (1977) as fol-
lows:

= pw (1 - 1.35f5)7>° (26)

Ms; and Mg in Eqgs. (21) and (22) represent mutual phase mo-
mentum transfers and satisfy the following relation due to New-
ton’s third law (regarding action and reaction):

MSL + MLS =0. (27)

Taking the sum of Eqs. (21) and (22), the total momentum con-
servation equation in terms of total mass can be described as

YAAOI L - (fipu+ fops)um = —(fi+ fs)VD

2
+V.MH{Vu+(Vu)T— %(V'u)}+(fLPL+fsPs)g (28)

For mass conservation, the following relations apply to the
present incompressible particle-laden flow:

fit fs=1 (29)

frou+ fsps = pu (30)

Rewriting Eq. (28) to incorporate Eqs. (29) and (30), we obtain

8,0].[“
at

2
+V.pgyuu=-Vp+V. ,u,H[Vu-i-(Vu)T - §(V . u)}-i—pHg.
(31)

For an incompressible divergence-free fluid velocity vector field,
Eq. (31) can be further simplified as

8,0Hu

o, + Vo putt = —Vp+ V2(uutt) + pug. (32)
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Finally, the horizontal component of Eq. (32), which dominates
the turbidity current in the body region, is described as follows:

dpyu  dpyuu  dpyuv  Jpyuw
ac T ox oy Tz
_9p | (9Pupu | 3Pppu | 3pyu
_—8X+< FI + 372 + 922 +F (33)

where w is the spanwise velocity. Fg denotes the external force due
to gravity.

3.5. Shear Stress Components

We separate the primitive variables into time-average and fluc-
tuation components (analogous to Reynolds decomposition for
two-phase flow; e.g., Murai et al., 2006) in the following manner:

PH = PH + Py (34)

Mu = [H + Ly
Substituting these values into Eq. (33), an equation describing

the shear stress balance is obtained:

2 (PATT + pruY + 2 p{u't + pju't)

-+, (PHUD + PRUY + p[V'T + U’V + pu'V)

+ 2 (PHUW + DHU'W' + p[W'T + pU'W + pjju'w)
o (i) o (mweniw) 0 (mE )

= dx2 + dy? + 022

(35)

ap
-5 t

In the body region, there is no mean current other than the
horizontal current to apply ¥ =w =0 in Eq. (35) and the gradient
of the momentum in the streamwise and spanwise directions is
negligible; consequently, we have

9, — — 02 (mpu + L) 9
Jy (PHUV + VT + pju'V') = —( 5y - ) + —8§ + Fs.
(36)

Eq. (36) is rewritten to explicitly show the terms balancing with
the streamwise pressure gradient:

ap
0x

0 (Omau | dpl e
_8y( 3y + 3y — PRUV — pyVU — pyuv | +F. (37)

Consequently, we extract five components that comprise the
shear stress profile inside the turbidity current as follows:

T = 8’5;” (viscous shear stress), (38)
.’

r= e (39)

73 = —ppt/t/ (Reynolds shear stress), (40)

Ty = —pVL, (41)



J. Hitomi, S. Nomura, Y. Murai et al.

10 M I i I N I .
o 5l 1

0.8 A Bl Ty -
o 5/l |
U AR

0.6 o -
+ rg/ rw

y! h[-]

04
Upper layer

Lower layer
0.2

Fig. 12. Shear stress distributions computed from UVP measurements, dominated
by the viscous shear stress 7; and Reynolds shear stress t 3. The symbols for 7,
T 4, and T5 overlap; the values of these parameters are less than 1% of the wall
shear stress. Error bars are estimated from the spatial resolution of UVP. Error bars
indicate the 95% confidence interval of the sample mean for measured local stress.

Ts = —pu'v. (42)

Note that the term Fg in Eq. (37) is negligible, because the current
is driven by a horizontal pressure gradient caused by differences in
hydrostatic pressure between the far upstream and far downstream
parts of the body region.

3.6. Shear Stress Characteristics

The computed results of the five components of shear stress are
shown in Fig. 12. The ordinate denotes the height from the bed
normalized by h; and the abscissa plots the shear stress normal-
ized by the wall shear stress T\, The wall shear stress is computed
from the formula for friction velocity u*:

Tw = PHUA. (43)

The estimated wall shear stress ty is 0.086 Pa. The broken
line in Fig. 12 indicates the position of hy/h: = 0.28, which sep-
arates the lower and upper shear layers of the turbidity current.
The results demonstrate that the viscous shear stress 7 and the
Reynolds shear stress t3 govern the whole structure. Furthermore,
these two parameters take opposite values above hp, implying
balancing of the shear stress in the upper shear layer. In the
lower layer, only the viscous shear stress t; dominates, except
near the flume bottom. This indicates significant suppression of
the Reynolds shear stress 73, which is attributed to relaminariza-
tion caused by a high density of particles smaller than one-tenth of
the estimated integral scale of turbulence (Gore and Crowe, 1989;
Crowe et al., 1996). Cossu and Wells (2012) also found relaxation
of Reynolds shear stress in the lower layer as a result of parti-
cles. Their particles were 30 um in mean diameter, whereas ours
are 10 um diameter. This size difference reduced the particle set-
tling velocity in our experiments to (10/30)%2 = 1/9 times that
of Cossu and Wells (2012), resulting in further effective relami-
narization in our experiments. In contrast, the rest of the stress
terms, Ty, T4, and Ts, are almost zero, meaning that the turbidity
current is less affected by coupling of velocity fluctuation with lo-
cal fluid properties; i.e., density and effective viscosity fluctuations

(1y; and pp,).
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Fig. 13. Distribution of the sum of five shear stress components, showing signifi-
cant shear stress relaxation in the upper layer at y > hy. Error bars indicate the
95% confidence interval the same as in Fig. 12.

The total shear stress profile calculated by taking the sum of
the five stress values is depicted in Fig. 13. Due to the mutual bal-
ancing of t; and t3, the shear stress disappears in the range 0.3
< y/ht < 0.8. The friction characteristics are mostly determined by
the lowest layer of the current at y/h; < 0.2, which balances the
streamwise pressure gradient.

A small negative total stress may be present close to the bor-
der of the current at y/h; > 0.8, where we observed slow density
propagation against the main stream due to a counter flow. This
negative total stress is derived from an effect of the counter flow
induced in the finite flume used in our experiments, and is not
discussed further in this paper.

A key finding from the present study is the fact that the layer at
0.3 <y [ ht < 0.8 induces a positive Reynolds shear stress against
the negative mean velocity gradient. This result is consistent with
the observations of Kneller et al. (1999). This effect means that
negative momentum transfer can occur in a density-stratified
medium; i.e. density increases with depth in the fluid with shear
(Kneller et al., 2016; Sequeiros et al., 2010). In thermal stratifica-
tion of single-phase flow, Komori et al. (1983), Piccirillo and van
Atta (1997), and Nagata and Komori (2001) found similar nega-
tive momentum transfer. According to Komori et al. (1983), such
an inverse-gradient diffusion can be explained by a density wave
overshadowing shear-induced waves at a frequency lower than

fi = /pi . 'O”Eipw ~ 1.25Hz. (44)
W t

Here, fr = 1.25 Hz is the estimated frequency under the present
conditions. As most of the turbulence scales in our case satisfy f;
< 1.25 Hz (see v-component in Fig. 6), analogy to the turbulence
in thermal stratification is inferred. In shear flows, the following
Richardson number describes the stability of the density stratifica-
tion:

Ri = i% ~ Mg(hti_zhm) — 0.00SM
pw (9u/dy)”  Pw  Um 0.08
=0.6~0(1) (45)

In the present experiment, Ri takes O(1) in the upper
shear layer, meaning that Richardson waves interact with tur-
bulent shear. A similar conclusion was obtained by Stacey and
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Fig. 14. Schematic diagram of the flow structure inferred from the present experimental results.

Bowen (1988), Kneller et al. (1997), and Sequeiros et al. (2010) for
density destratification caused by shear. Dorrell et al. (2019) found
the emergence of an anti-frictional layer that sharpened a gravity
current. In their explanation based on a real long-distance current
measured on the sea floor, the density gradient enhanced nega-
tive turbulent momentum transfer to form a jet-like stream as the
flow moved downstream. Our flume experiment yielded analogous
results to that study at a point in a slowly developing turbidity
current.

A summary of the present findings for the body region is il-
lustrated in Fig. 14. According to the simultaneous measurement
of flow velocity and particle concentration profiles, the body re-
gion consists of four layers: the near-bed layer, the lower shear
layer, the upper shear layer, and the outer region. In the near-
bed layer, there is a high particle concentration with spatial fluc-
tuations, which acts as a rough wall. This roughness induces lo-
cal Reynolds shear stress to have a turbulent frictional stress on
the wall. The lower layer, which is between the near-bed layer and
the maximum flow velocity height, maintains a laminar-like quasi-
steady state with relatively minor turbulence. This behavior is at-
tributed to relaminarization of turbulence caused by the particles
being much smaller than the integral scale of turbulence. In the
upper shear layer, Reynolds shear stress takes the opposite sign to
the viscous shear stress, canceling out the total shear stress. This
result could be explained by the excitation of a Richardson wave
in the vertical density gradient field with shear because the ellip-
tic fluid motion of the wave enhances backward momentum trans-
fer from lower- to higher-velocity regions (counter-clockwise rota-
tion in Fig. 14). Dorrell et al. (2019) suggested an analogous mecha-
nism for a turbidity current in nature, and this proposal is verified
by the shear stress profiles obtained from the present laboratory
flume experiments.

4. Conclusions

Turbidity currents reproduced in a laboratory flume were visu-
alized by means of UVP that was extended to capture 2D velocity
and particle concentration profiles. Subsequently, we focused on
the inner flow structures of the body of the current, in which the
mechanism of reduced flow resistance was revealed. On the basis
of the results, we obtained the following conclusions.

(1) We successfully explored the internal two-phase flow struc-
ture of the optically inaccessible turbidity current by means of
UVP. The use of two measurement lines for ultrasound Doppler
signals enabled simultaneous measurement of both horizontal
and vertical velocity components. Ultrasound echo amplitude
was used to detect the particle concentration as a function of
time together with velocity measurement. The combined infor-
mation for all three components was used to reconstruct the

10

two-phase flow field of the current. In the head region, we ob-
served a rapid ascending flow that lifted up the particle-laden
suspension supplied from the bottom layer. In the main body
region, the current could be divided into layers on the basis of
the measured velocity and concentration distribution. The par-
ticle concentration exhibited steep stratification in the bottom
layer, stepwise stratification in the upper shear layer, and con-
vergence to zero in the outer layer.

From two-fluid model equations for particulate two-phase
flows, five kinds of two-phase turbulent shear stress were ex-
tracted. Substituting the data obtained by UVP, the internal flow
resistance inside the body region was quantitatively assessed.
We detected two features of the current from the analysis. One
feature is negative momentum transfer against the mean shear
that is induced in the upper shear layer and associated with a
Richardson wave; i.e., the shear rate and the density wave inter-
act to enhance the sharpening of the flow velocity profile. This
result supports the mechanism observed in nature reported by
Dorrell et al. (2019). The other feature is suppression of turbu-
lence in the lower shear layer, where only viscous stress dom-
inates the flow resistance except in the near-bed layer that is
influenced by particle deposition. Both features explain the re-
duction of flow resistance within the body region of the turbid-
ity current that is maintained downstream.

(2)
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