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ABSTRACT

This research aims to evaluate the effects of the presence of obstacles on turbidity currents hydrodynamics. Nine physical simulations
of a poorly sorted mixture of water and coal (Cvol = 5%; D50 = 47 um) were run in a laboratory test channel with three flow discharges
(5,10 and 15 L.min™) in three different topographic configurations: runs without obstacles; runs with three 3 cm-high obstacles and
runs with three 6 cm-high obstacles. The results showed that greater height of obstacles leads to greater blockage of the flow, causing
changes on vertical profiles of velocity shape, flow regime (supercritical to subcritical), geometry and flow circulation in the zone
between obstacles. Obstacle height reduction by 50% led to similar behavior of the turbidity current as the no-obstacles condition.
After passing over the sequence of the obstacle, the turbidity current tended to regenerate a hydrodynamic structure comparable to
the no-obstacles conditions.

Keywords: Physical modeling; Sediment gravity flow; Topographic obstacles.

RESUMO

Esta pesquisa visa avaliar os efeitos da presenca de obstaculos na hidrodinamica das correntes de turbidez. Nove simulagbes fisicas
de uma mistura mal selecionada de dgua e carviao (Cvol = 5%; D50 = 47 pm) foram executadas em um canal de acrilico medindo
4.00 x 0.49 x 0.24 m. Foram utilizadas trés vazdes de injecio (5, 10 e 25 Lmin™) em trés configuragdes topograficas diferentes: canal
sem obsticulos, canal com trés obsticulos de 3 cm de altura e canal com trés obsticulos de 6 cm de altura. Os resultados mostraram
que quanto maior a altura dos obstaculos, maior o bloqueio do escoamento, causando alteragoes nos perfis verticais da forma, da
velocidade, do regime de escoamento (supercritico para subcritico), da geometria e da zona de recirculacio entre os obstaculos. A
reducdo da altura em 50% (3 cm) indica que a corrente de turbidez desenvolveu um comportamento semelhante a condicdo sem
obstaculos. Apoés ultrapassar a sequéncia de obstaculos, o escoamento tende a regenerar sua propria estrutura hidrodinamica da mesma
forma que a condi¢do imediatamente anterior aos obstaculos.

Palavras-chave: Modelagem fisica; Fluxo gravitacional de sedimento; Obstaculos topograficos.
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Effects caused by obstacles in the hydrodynamics of turbidity currents: an experimental approach

INTRODUCTION

Density currents are a relative movement between two or
more fluids of different densities, generating mixing interfaces
(Simpson, 1969). Typically, these currents are composed of dissolved
substances (temperature difference or salinity difference) and by
suspended particles (Alavian, 1980).

Middleton & Hampton (1973) states that turbidity currents
are a most common type of sediment gravity flow among the
sedimentary processes in oceanic basins, because their initiation is
linked to slope instability and bed remobilization. The interaction
between sedimentary grains, turbulence, suspension and sediment
mixing results in a phenomenon that has intrinsic hydraulic
characteristic (Kneller & Buckee, 2000).

The two main parameters used to characterize turbidity
currents are the velocity and the concentration profile. Current
velocity and sediment concentration are parameters that respond to
flow conditions and, therefore, express the hydrodynamic behavior
of turbidity currents in space and over time (Altinakar et al., 1996;
Mulder & Alexander, 2001; Manica, 2009).

The velocity profile of a turbidity current is divided into
two regions: above and below the maximum velocity of the profile
(Kneller & Buckee, 2000). Below maximum velocity, a region
presents a positive-gradient exponential shape, whereas above
a region presents a negative logarithmic shape (Altinakar et al.,
1996; Manica, 2009).

The turbidity currents that flow into the ocean basins
interact with the bed and topographic features of the sea floor,
including salt diapirs, seamounts, volcanic islands and depressions
(Wynn et al., 2000; Gee etal., 2001). These features become obstacles
and cause resistance to the flow, blocking either totally or partially
the flow, either confining or unconfining the transported sediment
load. Furthermore, the hydraulic response of this interaction can
be recorded in the generated deposits (Gee et al., 2001; Kneller
& Buckee, 2000; Morris & Alexander, 2003; Patacci et al., 2015;
Cumberpatch et al., 2021). Obstacles also deflect turbidity currents,
causing them to follow different trajectories (Gee et al., 2001).
These effects are more significant for higher obstacles and for
concentrations of fine particles. Then, a partial blocking of
the turbidity current occurs and a return current analogous to
a translation wave is generated (Bursik & Woods, 2000; Kubo,
2004). Pari et al. (2010) observed that obstacles with a height
between 2 and 2.75 times the height of the turbidity current can
generate total blockage of the current. The effects of the obstacle
are reduced as the density Froude number is increased, because
there is sufficient inertial energy to be transformed into potential
energy, ze., to overcome the obstacles. Flows with a densimetric
Froude number less than one (subcritical) present a lower energy
and overcome this topographical resistance (Kneller & Buckee,
2000; Pari et al., 2010; Oshaghi et al., 2013). When the obstacles are
positioned in sequence, a recirculation may occur (Yaghoubi et al.,
2017). Recirculation does not appear to be a static and permanent
phenomenon, and is strongly influenced by the concentration of
particles in the flow (Tokyay et al., 2011; Yaghoubi et al., 2017).

Understanding how turbidity currents interact with the
ocean floor helps the description of regions where there will be
hydrodynamics changes, deposition and remobilization of substrate
in the field. However, monitoring is sometimes made difficult
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by the magnitude of these events (Gee et al.,, 2001). Due to this
natural restraint, the experimental approach in the laboratory
is an auxiliary tool to understand this natural process. Manica
(2012) stated that physical modeling under controlled conditions
allows the direct evaluation of the hydrodynamics and sediment
transport currents.

Thus, this work aims to experimentally evaluate the effects
of the presence of obstacles in the hydrodynamics of turbidity
currents. Three different discharge runs passed above three
identical obstacles with isosceles triangle shapes at two different
heights of obstacles. The results are compared with a similar
series of runs without obstacles. The objective is to understand
the hydrodynamic interaction of the turbidity current with the
bottom obstacles.

EXPERIMENTAL SETUP

The turbidity currents experimental runs were carried
out at NECOD-IPH-UFRGS laboratory. A simulation acrylic
channel was used, measuring 4.00 x 0.49 x 0.24 m and installed
inside another external constant-level tank (Figure 1). An auxiliary
reservoir (4 m-high) fed by gravity into the channel a mixture of
water and sediment through a pipe and an electromagnetic flow
meter (Siemens).

Nine physical simulations were performed, containing a
mixture of water (p, = 998 kg m?) and coal (p_ = 1140 kg m™) at
volumetric concentration of (Cvol) 5%, poorly selected and median
(D50) = 47 pm. Three discharges were applied (5, 10 and 25 L.min™)
in three different topographic situations: Series 1 - control runs
without obstacles; Series 2 - runs with three 3 cm-high obstacles
with isosceles triangles shapes; Series 3 - runs with three 6 cm-high
obstacles with isosceles triangles shapes. The three obstacles were
installed at 220 cm, 270 cm and 320 cm from the injection point.

To characterize and evaluate the flow properties, five
UVP — ultrasonic velocity profiler device — were positioned at 45°
and 40 cm above the floor (Koller, 2020) and at 105 cm, 190 cm
(before obstacles), 260 (between obstacles), 320, and at 370 cm
(after obstacles) from the injection point. In addition, a video
camera GoPro® was positioned inside an external tank, laterally
to the channel (by the first obstacle) to register the turbidity
current development.

The experiments consisted of the continuous injection of
100 liters of water and sediment mixtures into the channel through
a diffuser. Before and after the experiments, sediment mixture
were sampled to calculate the bulk volumetric concentration of
the mixture injected. The flow meter recorded the discharge and
volume. Then, the UVP and the video-camera recorded the data
of current passage along the entire channel. After the injection
finished, the tank remained still for a couple of hours and then
the external tank was slowly drained to avoid remobilization of
the generated deposit (not evaluated here).

RESULTS

For all runs, the discharge measured with the magnetic
flow rate had high correlation with the predicted value (Table 1).
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Figure 1. Lateral view of experimental apparatus.

Table 1. Predicted vs measured discharge for the runs.

P.redlcted Measured (mean) Standard
discharge Q (L. min™) deviation
(L. min™) ]

5 4.89 0.08

10 9.59 0.29

25 22.60 1.70

The mean value and the low standard deviation in all
discharges demonstrated good control of the injected flow
parameter. Only the high discharge presented a value slightly lower
than predicted, without unvalidating the flow analyses.

From the data obtained with the five UVP installed along
the channel, the mean velocity (U ) in each section was calculated
to verify flow development along the path. The mean velocity (U)
was calculated considering a time-averaged data from the beginning
of injection until the turbidity current stopped flowing into the
channel a few minutes after cessation of injection (Figure 2). Then,
the mean velocity (U ) in each section was spatially averaged (U_)
considering all five probes along the entire channel. Besides, data
from thickness of flow (H ), maximum velocity of the current
(U,,) and height at the maximum velocity (H ) were determined
from the vertical profiles of the velocity. In sequence, several
parameters were calculated the mean densimetric Froude Number
(Frd_ ) and Reynolds number (Re ). In addition, we calculated
the densimetric Froude Number (Frd_ ) and Reynolds number

(Re_ ) considering the maximum velocity (Table 2 and Table 3).

max
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The densimetric Froude number (Frd) (Kneller & Buckee,
2000) is the ratio of inertia forces to gravitational forces, which is
reduced by the density difference between the current and ambient
fluid, as presented in Equation 1.

U, or Upax

Frd =

where: U_or U mean (or maximum) velocity of the turbidity
currentin m.s™; g = acceleration of gravity in m.s? H_= height of
the turbidity current in m; p_= current density in kg.m?; p, = density
of the ambient fluid in kg.m™. The Reynolds number is the ratio
of inertia forces to viscous forces, as presented in Equation 2.

_UcorUnmax - 1,
Re= ” ©)

whete: v = kinematic viscosity of the mixture (m™.s) calculated
by the equations presented in Castro et al. (2021).

The results show an initial deceleration after the injection
point up to reaching the first obstacle. Then, the flows accelerated
in the final part of the channel, regardless of the presence of
obstacles. However, the flow became more intense in series 2 and
3 of runs (with obstacles) and flows of 10 and 25 L.min™ (Q, and
Q,, respectively). The increase in the mean velocity of the flow
is likely related to convective acceleration (e.g., accumulative
stage sensu Kneller, 1995) at the center of the current (reducing
its thickness) as the current exit the flume and start to spreads
on the unconfined external tank (dissipation zone not evaluated
here). Yet, Pohl et al. (2019) described a relaxation behavior when
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Figure 2. Turbidity current mean velocity through time averaging from injection point start to the complete dissipation of the current
(U,) at five measurement points along the channel. (a) series 1 of experiments with no-obstacles; (b) series 2 with 3-cm obstacles and;
(c) seties 3 with 6-cm obstacles.

Table 2. Parameters measured on the experiments runs.

Series 1 Series 2 Series 3
Parameters El11 E1.2 E13 E2.1 E2.2 E2.3 E3.1 E3.2 E3.3
No obstacles Obstacle (h =3 cm) Obstacles (h , = 6 cm)
Q (L.min™) Q15 Q2 Q3 Q1 Q2 Q3 Q1 Q2 Q3
10 25 5 10 25 5 10 25
Volume 100
Injected (L)
Time of injection (min) 20 10 4 20 10 4 20 10 4
Cvol Mixt. Injected (%0) 5.4 5.2 5.6 5.8 5.8 5.6 53 55 5.5
U_ (mm.s™) 1.4 3.9 6.7 2.5 4.8 9.3 6.3 2.6 4.0
U, (mm.s") 7.7 17.6 19.8 16.3 24.4 28.1 18.5 15.6 16.8
H, (mm) 55 85 120 50 90 130 60 90 150
H_ (mm) 39 62 47 60 51 35 63 69 61
Frd 0.01 0.03 0.04 0.02 0.03 0.05 0.06 0.02 0.02
Frd 0.07 0.13 0.12 0.15 0.17 0.17 0.16 0.12 0.09
Re 43 222 542 83 279 784 247 158 415
Re 252 1035 1536 547 1387 2399 774 901 1590

‘max
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Table 3. Time average mean velocity (U ) and maximum velocity (U_ ) for the five measurements points along the channel.

Q H U_(mm/s) U__ (mm/s)
ob
(L.min™) (em) 105 190 260 320cm 370cm  105cm 190 cm 260 cm 320 cm 370 cm
cm cm cm

E1.1 5 - 1.20 0.68 1.03 1.61 2.52 10.09 243 7.01 7.24 11.71
E1.2 10 - 4.01 4.03 1.54 8.07 1.95 24.04 18.63 10.63 19.70 14.85
E1.3 25 - 7.82 6.19 3.35 9.08 7.06 25.66 17.11 9.46 23.67 23.06
E2.1 5 3 3.65 2.70 2.15 2.85 1.24 19.52 16.06 15.96 14.75 15.33
E2.2 10 3 4.87 2.81 2.14 12.01 2.10 28.79 20.04 20.02 26.19 27.01
E2.3 25 3 11.43 7.50 3.38 12.79 11.27 46.54 23.24 15.59 28.23 27.03
E3.1 5 6 3.85 6.53 5.22 12.42 3.31 18.91 18.23 13.20 28.14 14.02
E3.2 10 6 3.15 5.24 0.89 2.45 1.43 20.08 18.05 6.80 15.03 18.24
E3.3 25 6 4.22 4.88 3.31 5.10 2.68 19.63 14.59 7.89 19.85 22.30

the current gets unconfined and this process could be related
to the unconfinement. However, this hypothesis needs further
investigations.

The velocity profile of turbidity currents represents the
ability to consolidate hydrodynamic, geometric and sedimentometric
information of the turbidity current (Manica, 2012). From the
velocity time series (UVP data) for each measurement point along
the channel, we performed a time averaging consider the total
time of the experiment (from injection until the current ceased)
for the local velocity (u) in each height (z) of the current. Then,
Figure 3 shows the dimensional mean vertical velocity profiles
of the turbidity currents for all experiments (series 1, 2 and 3),
with height (z) in millimeters and mean local velocity (u) in each
height in mm.s™.

Figure 3a shows development of a “classical shape” velocity
profile for diluted turbidity currents (sens# Altinakar et al., 1996;
Khneller & Buckee, 2000; Manica, 2012), with the two regions of
the flow profile and the effect of the flow jet on the upstream
part also identified. The increase of discharge affects the flows
with maximum velocity (nose of the current — Simpson, 1972)
for higher discharges.

Figures 3b and 3c present the results considering the obstacles
(vellow in the graph). We noticed the influence of the first obstacle
on the shape structure of the profile after a passage of the flow
(third profile from left to the right). For series 3 (h = 6 cm),
the mean velocity values present a reduction of values, indicating
recirculation of the flow between these obstacles. This recirculation
indicated more mixture and turbulence (green arrows on Figure 3)
making the mean values constant along the vertical direction
(Yaghoubi et al., 2017). For the Series 2 (h,, = 3 cm), we could
observe the obstacles affected the shape of the vertical profile
(red arrows on Figure 3) reducing the mean values. However, the
series 2 flows still present a maximum velocity nose. After the
passage over the obstacles, the flows tend to regenerate in relation
to their shape and magnitude displayed in the previous conditions
(before obstacles), as also reported by Rossato & Alves (2011).

To help identify the effects caused by the presence of
obstacles on the hydrodynamics of the current, the non-dimension
velocity profiles are presented in Figure 4. The mean local velocity
(w) was divided by the mean flow velocity (U ) and the height (2)
divided by the thickness of the current (H).
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For the flow condition Q1 (5 L.min-1) (Figure 4a), the
presence of obstacles (220 < x < 320 cm) resulted in non-
significant effects either upstream or between the obstacles (profile
x = 260 cm). However, after this point (x > 320 cm), there was a
reduction in the intensity of the velocity profile, mainly for flows
E3.1 (Q1 with obstacles of 6 cm).

As the discharge increases, consequently, the energy of
the flow also increases. The interaction of turbidity currents
with obstacles becomes more noticeable (Figures 4b and 4c).
Particularly for discharge Q3 and higher obstacles (ze. E3.3 —
green line), strong deceleration of the flow occurs along the
length of the channel (lower values compared with red and blue
lines). The Figures 4b and 4c also report changes in shape of the
vertical profile among the obstacles and the regeneration after
passing above them (x = 320 cm and x = 370 cm), as could be
seen also on Figure 3 (green arrows).

In addition, the non-dimensional profiles present similar
shape distribution between experiments without obstacles and
experiments with 3 cm-high obstacles (blue and red lines) for
higher discharges (Figures 4b and 4c). The results suggest that the
height of the obstacle causes a reduction on the non-dimensional
velocity of the flows, from values around 1.0 (x < 260 ¢cm or x >
260 cm) to values around 0.5 (x = 260 cm), but not cause significant
changes in the hydrodynamic behavior of the current (shape of
the profile). However, the same behaviour was not observed for
lower discharges (Figure 4a), where all the three profiles showed
distinct values and shapes. The Series 1 experiments (no-obstacles
- blue line) presented the low-velocity values, indicating that for
this less energy flows, the turbidity current decelerates thought
the deposition of the particles along the flume (waning flows
sensu Kneller, 1995). Series 2 (3 cm obstacles — red line) and Series
3 (6 cm obstacles — green line) did not show significant changes
caused by the obstacles (except run 3.1 - green line at 260 cm
— Figure 4a). The values and shape of the velocity profiles were
alike, when we compare vertical profiles before (x < 260 cm) and
after (x > 260 cm) the obstacles.

The densimetric Froude number (Equation 1) was applied
as the characteristic parameter to understand the obstacle effects
on the development of the turbidity current. We chose use the
maximum densimetric Froude number (Frd ) to better represent
the locally properties of the flow, once the mean values are usually
time and spaced averaged and this processes could smoothed the
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Figure 3. Mean velocity vertical profiles for each section obtained from UVP data through time averaging from injection point to
the complete dissipation of the current: (a) Series 1 without any obstacles in the bed; (b) Series 2 with 3 cm obstacles; and (c) Series
3 with 6 cm obstacles.
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Figure 4. Non-dimensional mean velocity vertical profiles of turbidity current runs: (a) Series 1 without any obstacles in the bed (blue
line); (b) Series 2 with 3 cm obstacles (red lines); and (c) Series 3 with 6 cm obstacles (green lines).

data. Figure 5 shows the maximum densimetric Froude number
(Frd ) values for all runs along the five measurements points
of the channel.

Figure 5 consolidates the understanding that the presence
of obstacles is capable of changing the hydrodynamics of the
flow. The reducing maximum densimetric Froude number is
observed (x ~ 260 cm) causing by reduction of mean velocity
(U,) and an increase of height (H). The low Frd _ before the
obstacle, at x = 190 cm, indicates the blocking effect of flow
in the first obstacle positioned at x = 220 cm (left dashed line).
After the flow surpasses the obstacles, the turbidity currents tend
to return to the original upstream conditions, as the maximum
densimetric Froude number after the obstacle is similar to those at
x = 105 cm. This behavior was also discussed by Rossato & Alves
(2011) and Yaghoubi et al. (2017). However, Figure 5 do not show
a clear trend on the values from no-obstacles data (blue points) to
6 cm-high obstacles data (green) in each section of the channel.
The 3 cm-high obstacles (red points) presented higher values in
almost all zones along the distance, while the no-obstacles (blue

RBRH, Porto Alegte, v. 27, €20, 2022

points) and 6 cm-high obstacles (green points) are scatter together.
The same behaviour happens to the discharge marks (tringle to
circle marks), as a not clear trend on the data points was observed.

In order to better visualize the individual effects of the
discharge and the height of the obstacles on the entire flow, we
space-average the maximum densimetric Froude number (Frd_ )
along the channel and we related with the non-dimensionalized
mean velocity by the maximum (U_/U,_ ) for the three series of
the experiments (Figure 6).

The relationship between the non-dimensional velocity
(U_/U_) and the mean maximum densimetric Froude number
(Frd_ ) shows similar trends (blue and red handed fit dashed
lines) of the values for the runs without obstacles (blue) and with
3 cm-high obstacles (red). The no-obstacle situation present low
values comparing to the 3-cm obstacles, reinforcing the results
demonstrated on Figure 5. On the other hand, the runs of the
series 3 (green points and dashed line) shows a completely unlike
behaviour (Figure 6a). We observed the reduction of the values
from Q2 = 10 L.min" to Q3 = 25 L.min" (green dashed line)
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similar trend to the previous series 1 (blue) and 2 (red) (apart the
lower values). However, the run Q1 = 5 L.min™ (green triangle
marked dashed circled) not follow any trend (like an outlier point).
In fact, this condition of the flow seem to suffer the presence of
the 6 cm-obstacle most along the channel.

Figure 6b shows the same relationship data, however
highlighting the effect of the discharge on the flows. As expected,
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Figure 6. Relationship between the non-dimensional velocity
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number (Frd_ ) for the three series of experiments. The colors
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cm obstacles). And, the triangle, square and circle marked are the
discharges (from low to high). (a) colored dashes lines were handed
fit linking the same obstacles height points; (b) Black dashes lines
were handed fit linking the same discharges points.
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the highest discharge flows (circle points) presented the highest
values of the non-dimensional velocity data, while the low discharge
(triangles) the low ones. We observe the same trend lines (dashed
lines) for the higher discharges Q2 = 10 L.min" (squares) to
Q3 =25 L.min"' (citcles), where occur an increase of the values
up to height of the obstacle equal to 3 cm, and then, a reduction
of the values for the 6 cm obstacles. In fact, for the high obstacles,
the hydrodynamics properties of the flow were modified along the
entire channel (see also Figure 4 and 5). Again, the low discharge
with a high obstacle point (green triangle marked dashed circled)
not follow the same trend, indicating a completely changed on
the flow behaviour for that flow condition.

Figure 7 presents the relationship between the maximum
densimetric Froude number (Frd ) and the non-dimensional
dimension heights (H __/H ), where H__ is the height of
maximum velocity.

Again, the region in the green dashed region (h = 6 cm
— green points) presented the lowest maximum densimetric
Froude numbers in relation to the runs with 3 cm-high obstacles
(red dashed region). This result corroborates the influence of the
height of the obstacle on the relationship between inertia and
gravitational forces of the turbidity current. For higher obstacles,
more kinetic energy of the turbidity current was converted into
potential energy with the flow tending to be subcritical.

Sediment flux (q) is a parameter to verified the sediment-
transport behaviour of the turbidity currents along the distance
with (ot not) topographic/bed alterations (i.e. obstacles). Thus,
the obstacles act as flow controllers, as they have the ability to
partially or totally block the turbidity current. Sediment flux (q) is
calculated multiplying the mean average (U ) by the thicknesses of

the flow (H ) and the reduced gravity [MJ & Figure 8 presents
P4

the sediment flux (q) calculated for the five measurements point
along the channel, as well as, the space-averaged sediment flux (q).

According to Farizan et al. (2019), the sediment flux is strongly
altered by the presence of obstacles. The Figure 8 corroborates
with this, as we observed on the data at x = 260 cm, a significant
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Figure 7. Relationship between the maximum densimetric Froude
number (Frd__) and maximum non-dimensional heights (H__ /H_)
for the two series considering obstacles. Red points are for 3 cm
obstacles and green points for 6 cm obstacles.
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reduction of values compared with initial position on the channel
(x <190 cm). As expected, the results indicated that turbidity
currents with higher discharges (QQ3) tends to transport more
sediments along the channel. However, the presence of the
obstacles (6 cm high obstacles — green columns) changes the
hydrodynamics of the current reducing the mean sediment flux
values as a considerable part of the turbidity current is partly
blocked by the first obstacle. Then, the sediment flux tends to be
reduced. On the other hand, the turbidity currents that flowed in
the channels without obstacles (blue columns) or with obstacles
of 3 cm height (red columns) suffering less resistance from the
obstacles, showed similar trend of growth values of mean sediment
flux (q) as also identified by Brunt et al. (2004).

DISCUSSION

The experiments performed in this work seck represents
natural turbidity currents flowing over ocean basins interacting
with the bed and topographic features of the sea floor (Simpson,
1987; Wynn et al., 2000; Gee et al., 2001; Parsons et al., 2007).
Kneller & Buckee (2000) stated the characterization of turbidity
currents through hydrodynamic parameters (e.g. velocity and
concentration profile, turbulence, Richardson and densimetric
Froude number) are fundamental to understand the effects of the
influence of obstacles on the flow, and provides a view of cause
and consequence between the hydraulics of movement and the
depositional process. In this sense, the experiments carried out
here sought to highlight these differences on the results present
above. However, we only focused on temporal and spatial means
values (Altinakar et al., 1996; Kneller, 1995; Manica, 2012), then,
we could not evaluate the effects of flow turbulence itself. On the
other hand, the densimetric Froude number applied on the results
(Middleton, 1966; Edwards, 1993; Choux et al., 2005; Oshaghi et al.,
2013; Koller, 2020), even using the maximum velocity was an
enlightening parameter in order to see the effect of the obstacle
in the turbidity current hydrodynamics (see Figure 5).

The effects of the densimetric Froude number of the
turbidity current on obstacles have an inverse relationship with

Mean values

Figure 8. Sediment flux (q) calculated for the five measurements
point along the channel, as well as, the space-averaged sediment
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the height of current (Kneller & Buckee, 2000; Pari et al., 2010;
Rossato & Alves, 2011; Oshaghi et al., 2013). This means that the
effects of the obstacle are reduced as the density Froude number
increases, since there is sufficient inertial energy to be transformed
into potential energy, ., to overcome the obstacles. This situation
occurred in the experiments of Series 2, as the results indicated
a higher densimetric Froude Number (Frd__) and sediment flux
(q) values, as can be seen on Figure 5 and Figure 8.

According to Oshaghi et al. (2013), turbidity currents flowing
over obstacles can result in three types of behavior (Figure 9), as
follows: I) turbidity currents in a subcritical state with no change
in the flow regime; (I1a) partially blocked turbidity current with
stationary hydraulic jump downstream of the obstacle; (ITb) turbidity
current partly blocked with transient hydraulic jump downstream
of the obstacle; (III) turbidity current in supercritical state without
regime change; and the extreme condition of totally blocked flow.

The results presented in this work are plotted in the
Oshaghi et al. (2013) diagram to check for type of turbidity current
generated in the runs (Figure 9).

From Figure 9, we observe that a series of experiments
with the lower height obstacles (red points) had a predominantly
subcritical behavior without changing the flow regime (Figure 10a).
Only experiments with Q1 = 5 L. min-1 developed a relationship
close to that characterized by region Ila (partially blocked turbidity
current with stationary hydraulic jump downstream). The low
discharge (less energy of the flow) is the main reason for this
particular behavior (Kneller & Buckee, 2000; Oshaghi et al., 2013).
Those results corroborate with those found in Figures 4, 6 and 8,
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Figure 9. Relationships between the densimetric Froude number
and the dimensionless height of the obstacle, according to the
diagram proposed by Oshaghi et al. (2013).
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-

t=4s
b) Region ITa —E3.1 - Q1 =5 L min! and Obstacles h,= 6 cm
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t=20s
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= 110% t=125s

Figure 10. Images of the flow between obstacles (images taken at 220 cm from the source): (a) Subcritical Flow; (b) Partially blocked
turbidity current with hydraulic jump (white dashed line). The first image considered time equal zero.

which showed close hydrodynamic behaviour of experiments with
no-obstacles, that is, subcritical turbidity currents.

For runs with 6 cm-high obstacles (series 3 — green points),
the behavior of turbidity currents suffered the influence of the
obstacle. The Froude number was reduced (Q2 and Q3), while
for the lower discharge run (Q1 - E3.1) present partially blocked
with stationary hydraulic jump downstream (Figure 10b). Yet,
turbidity current changed the flow regime when surpassing the
obstacle from subcritical (before) to supercritical. Figure 10b
displays the occurrence of a hydraulic jump (recirculation zone)
modifying the typical flow structure (Komar, 1971; Tokyay et al.,
2011; Yaghoubi et al., 2017), with a very thin flow over the
downstream slope of the obstacle and then a thicker, turbulent
roll downwards (42's, 111 s and 125 s after the turbidity current
arrived on the top of the obstacle - Figure 10b). After the passage
from all three obstacles, the turbidity currents returned to the
subcritical regime. This sequence occurred in all three obstacles
along the channel. In addition, this recirculation could explain
the outlier point (green circle dashed) present in Figure 6, that
was completely away of any trend showed. The vertical profile
presented on the Figure 3 and 4 also indicates the presence of
recirculation between obstacles for the higher discharges (Q2 and
QQ3). However, only experiment Q2 (green square) are on the
threshold line between regimes I and I1.

The presence of obstacles acts as resistance to the flow
of turbidity currents, causing the deceleration of the flow. These
effects are accentuated when the obstacle is sufficient high, causing
a return current similar to an open-channel flow translation wave.
Concomitant to this process, the flow tends to gain energy until
it overcomes the obstacle, with the critical flow occurring at the
crest of the obstacle (Correia, 2012). As consequence, a partial
blockage of the turbidity current occurs (Edwards, 1993; Bursik
& Woods, 2000; Kubo, 2004; Correia, 2012). In our experiments,
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we observed evidence that the translation wave and the critical
flow have acted in the experiments of the series 3 (6 cm-high
obstacles), mainly in the E3.1 and E3.2 experiment (Figure 10b).
The Series 3 flow parameters (e.g velocities and Densimetric Froude
number) always present lower values (see also Figures 3 to 8), not
following a growing trend of values, such as showed in series
2 (3 cm-high obstacles) for instance (see Figure 6a and Figure 8).
Finally, the 6 cm-high obstacles, despite 100% higher than series
2 of experiments, was unable to totally block the flow, as the flows
were higher than the obstacles (Pari et al., 2010).

Regarding the flow turbulence (see also Table 2), higher flow
runs (Q2 and Q3) were turbulent (Re > 500), while the lower flows
indicated preponderant viscous forces (mainly E1.1). In physical
modelling at the laboratory, this last behavior is predictable, because
the dimensions are usually smaller (Middleton, 1966; Middleton,
1993; Paola et al., 2009, Talling et al., 2012). However, the mean
velocity was calculated as time-averaged and spaced-average
throughout the experiment, which may reduce the bulk Reynolds
Number. Yet, at some location in the flows, e.g., proximal region
and between obstacles, the turbidity currents presented higher
inner turbulence (close to bottom to H_ _ of the current).

CONCLUSIONS

The results of the controlled experiments presented here
demonstrate the effect of the presence of obstacles in turbidity
currents hydrodynamics. The turbidity current properties are
strongly influenced by discharge and the height of the obstacles.
Obstacle increase (6 cm height) leads to partially blocked flow,
causing change in flow regimes (supercritical to subcritical)
between obstacles. On the other hand, when the obstacle height
was reduced by 50% (3 cm), turbidity current velocity developed
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a behavior similar to the condition with no-obstacles. Therefore,
the flow resistance of this last obstacle (3 cm high) did not lead
to a significant hydrodynamic response of this interaction, and a
threshold value between 3 cm and 6 cm was determined for this
particular set of experiments.

The same behavior occurs with discharges. From the three
values proposed, the higher discharge causes significant changes
in the hydrodynamical properties and the lower discharge suffer
most the effects of the obstacles. The experimental approach
resulted in dimensionless relationships between the different
flow parameters. Then, turbidity currents showed a reduction in
the densimetric Froude number in the region between obstacles,
mainly caused by the recirculation zones.

Finally, the controlled experiments performed on this work
confirmed that physical modeling is a valuable tool to study physical
processes. Simplifications of the runs are involved (cause-effect),
but we advanced the understanding of hydrodynamic interactions
between turbidity current and bed topographic features.
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