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Abstract

In artificial and natural reservoirs, turbidity cemts can be an important mechanism for
transporting fine sediments to the deepest areheofreservoir, where they settle. A solid
obstacle can be placed at the bottom of the reseiv@artially block or divert the turbidity
current flow preventing the deposition of sedimerdar intakes and other structures. A series
of experiments were undertaken to investigate tHaance of obstacles on turbidity currents
flow dynamics, in particular, in the currents veativelocity profiles and front velocity. Two
series of laboratory tests with different obstdwéghts were carried out in a channel 16.45 m
long and 0.30 m wide with variable bottom slopes. generate the turbidity currents a
mixture of water and silica flour was used, considge different initial values of suspended
sediments concentration. The results showed a tieduof the front velocity with the
increasing obstacle height while the characteristitos of the velocity profiles remained
constants.

1. Introduction

Sediment deposition in artificial or natural res®erg can cause environmental, technical and
economical problems. This natural process cause$os of reservoir storage capacity and
consequently the reduction of its long-term viapiliTurbidity currents can play an important
role in the deposition of fine sediments in reses/orhese gravity currents are formed when
the sediment-laden river enters into the lake dodges beneath the clear water forming a
dense underflow that moves downstream along thtorobf the reservoir. Their driving
force is just gained from the suspended fine sedisnthat made the fluid heavier than the
still water above it.

Over the last decades, advances have been madaracterize the turbidity currents flow
(Parker et al., 1987; Garcia, 1993; Altinakar et H996; Hosseini et al., 2005; Alves, 2008;
Sequeiros et al., 2010). These laboratory studiessed on the mean flow properties and on
the vertical structure of the currents, namely, impe of the velocity and suspended
sediment concentration profiles, on the occurreideydraulic jumps and bed forms.

In recent years, some innovative techniques hawn lgoposed to control and prevent
turbidity currents sediment deposition in resersolWith the purpose of partially block or
divert the turbidity current flows, the use of sbAnd permeable obstacles were studied by
Oehy and Schleiss (2007) and the use of watebje@ehy et al. (2010).

The influence of obstacles on gravity flows hadieen studied in the past. Long (1970)
considered the case of different velocities in tthe layers fluids; Lane-Serff et al. (1995)
studied the process considering three differeneégypf upper flow. It was observed that the
complete obstruction of the current occurs whendbstacle height is approximately twice
the approaching gravity current height. Prinos @9%orked with different obstacles
geometries and found no important effects on th@weur of the turbidity currents with the
obstacle geometry. Oehy and Schleiss (2007) litddeokratory tests and 2-D numerical model
results to study the velocity profiles and the sesht layer thickness with solid and
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permeable obstacles. Leite Ribeiro et al. (200&)ist two technical solutions to manage the
sedimentation in Livigno reservoir, respectivelywarderwater barrier close to the inlet and a
permeable screen. Asghari Pari et al. (2010) iny&tsid the effects of different obstacle
heights on controlling the density currents produicg a saline solution.

Based on laboratory experiments, this paper exarime influence of the obstacle height on
the hydrodynamics of plunging turbidity currentanrely, on the front velocity and on the
average velocity profiles. The study represents eatension of the initial work by
Rossato (2010).

2. Experimental Setup
2.1 Experimental Installation and Procedures

The experiments were carried out at the Hydraubcsl Environment Department of
Laboratério Nacional de Engenharia Civil (LNEC),Liisbon. The channel is 16.45 m long,
0.30 m wide and 0.75 m maximum deep, with variddo#om slope. In Figure 1 a schematic
view of the experimental setup is given. For a itkrladescription, the reader is referred to
Alves (2008) and to Rossato (2010).

Transducers
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Figure 1: Experimental installation scheme

The configuration of the experimental installatiaiows the simulation of continuous
plunging turbidity currents. The first 4.70 m lorepach of the channel reproduce the entrance
of a river in a reservoir where the deltaic deposi{coarse sediment deposits) occurs and the
sediment-laden flow plunges to form a turbidityremt. The downstream 11.75 m long reach
is the reservoir in which the turbidity currentvdi®ps and flows over the obstacle.

The obstacles used in this study were made witspe&rwith a rectangular shape 0.30 m
wide and 0.009 m thickness. The experiments coeduaith an obstacle 0.20 m high are
designated by “Series A” and the experiments execwtith an obstacle 0.25 m high by
“Series B”. In both series, the obstacle was plaatf.2 m from the entrance of the flume,
3.5 m after the deltaic slope. This position walneel to allow the complete development of
the turbidity current, making possible to measusady flow conditions before the current
reached the obstacle and after the current pakseaubstacle.

Before each experiment, the flume was filled witbac water. The mixture of water and
sediment was supplied to the upstream end of there from a mixing tank with a capacity
of 3.1 n?. At the entrance of the flume, a diffuser reduttesiflow velocity and allowed the
distribution of the dense fluid across the entinarmel width. At the end of the channel a
drainage valve and an overfall weir assured a eomstater level during the experiment.

The overall time of each experiment was approxitgaid minutes, during which several
samples of water and sediment were taken closédaaliffuser to characterize the initial
volumetric concentration of the suspended sedimédrite discharge of the water-sediment
mixture was controlled by a valve and a calibradtzttromagnetic flowmeter placed in the
hydraulic circuit. Time measurements of the poaritdd the front of the head of the turbidity
current were taken with a chronometer.
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Velocity profiles were measured with an Ultrasowelocity Profiling (UVP) system by
Met-Flow. Seven transducers were used; five weaequ before the obstacle (at sections
4.3 m,4.7m,5.7m, 6.2 mand 6.7 m from the infehe channel) and two after the obstacle
(at sections 10.7 m and 11.7 m from the inlet sagti

The fine sediment used in the experiments wasaasgibur with a density of 2650 kgfhand

a particle mean diametei§& 20 um.

2.2 Experimental Parameters

Table 1 lists the initial conditions of the expeeints, namely, @= inflow water-sediment
discharge, & = inflow suspended sediment concentration,= density of the water inside
the flume,pm, = density of the mixture angy =g(py, —pPw)/Pw = initial reduced gravity.

Table 1: Summary of the inflow conditions of thepesiments

Test Qo Cso Pw Pm 9o 530 Rio Froo Re
[/s] (6] [kg/m’] [kg/m’] [m/s] [cm*/s’] [-] [-] [-]

A.01 0.70 0.444 998.34 1005.68 0.0721L 168.2 0.62 271.| 1882
A.02 0.70 0.657 998.42 1009.27 0.1065 248.5 0.91 051.| 1882
A.03 0.70 0.232 998.50 1002.33 0.0376 87.8 0.32 6 1.7 1882
A.04 0.70 0.369 998.61 1004.70 0.0598 139.4 0.51 401.| 1882
A.05 0.70 0.795 998.78 1011.91 0.1289 300.7 1.10 950.| 1882
A.06 0.70 0.590 999.10 1008.85 0.0957 223.2 0.82 101.| 1882
A.07 0.70 0.317 998.95 1004.18 0.0514 120.0 0.44 511.| 1882
A.08 0.70 0.416 998.95 1005.81 0.0674 157.2 0.58 321.| 1882
A.09 0.70 0.790 999.01 1012.06 0.1281 298.8 1.10 950.| 1882
B.01 0.71 0.178 999.10 1002.04 0.0288 68.3 0.24 2.04 1909
B.02 0.71 0.337 999.10 1004.66 0.0546 129.2 0.45 8 1.4 1909
B.03 0.71 0.119 999.10 1001.06 0.0193 45.6 0.16 2.50 1909
B.05 0.73 0.232 999.10 1002.93 0.0376 91.5 0.30 1.84 1962
B.06 0.75 0.395 999.10 1005.62 0.0640 160.0 0.48 5 1.4 2016
B.07 0.69 0.530 999.10 1007.85 0.0859 197.5 0.76 5 1.1 1855
B.08 0.70 0.453 999.38 1006.86 0.0734 1712 0.63 6 1.2 1882
B.09 0.70 0.316 999.38 1004.60 0.051p 119.4 0.44 115 1882
B.10 0.70 0.614 999.10 999.10 0.0995 232.1 0.85 1.08 1882

In the table, B= buoyancy flux at the entrance of the flume, Rinitial Richardson number,
Frpo= initial densimetric Froude number and Re = ihiaynolds number, defined by

Bo = 9040 (1)
. 1 “h
Rig = —~— =900 @
FrDo Uo
Re=20M0 3)
\Y)

where @ = discharge per unit width and,Jy = initial height and velocity of the flow,
respectively, and = kinematic viscosity of the fluid.

For the turbidity current flows presented here; Riless than unity which corresponds to
supercritical flows at the entrance of the reservekxcept in tests A.05 and A.09 where
subcritical conditions are present. The Reynoldslmer is greater than 1000 in all the tests,
ensuring turbulent flow conditions at the entraotéhe reservoir.
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3. Resultsand Discussion
3.1 Description of the Turbidity Current Flow over the Obstacle

A sequence of photographs showing the evolutioa tyfpical turbidity current flowing over
an obstacle is presented in Figure 2. When theditybcurrent approached the obstacle
(Figure 2a,b), the head of the current deceleratedi climbed up (Figure 2c). Some of the
dense fluid flowed over the obstacle while anotient formed an internal bore that travelled
upstream (Figure 2c,d,e) with a clear front. Thbeees moved up like a hydraulic jump
(Figure 2e). Downstream the obstacle, the turbidityrent is re-established and travelled
along the flume with a head well defined (Figurg 2ffter this first impact on the current,
steady flow conditions were established downstré@nobstacle and on the whole obstacle
area until the end of the test. It should be ndited, in the experiments reported in this paper,
the relation between the obstacle height and tlezage current height was less than two,
which means that the turbidity current flow was tatally blocked and part of the current
travelled over the obstacle.

f)

e) - =
Figure 2: Photographic sequence of a turbidityentrflowing over an obstacle

3.2 Front Veocity

In a previous laboratory study conducted in the esdacility (Alves, 2008) with turbidity
currents but without obstacles, it was concluded the variation of the front velocity along
the flume is small. Hence, it was assumed thatctneents travelled with constant front
velocity (U4). As observed by various authors the front vejogt related with the initial
buoyancy flux by a constant relation given by theameter |

— 1
| =Ug/Bot3 4)
Table 2 presents the average values of | obtaméus study considering the front velocity of

the oncoming turbidity current upstream the obstclt can be seen that the values are in
agreement with other studies.
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Table 2: Average values of | obtained in differitoratory studies

Author Type of current Number of values By
Altinakar (1988) Turbidity current 47 0.91
Oehy (2002) Turbidity current 9 1.01
Alves (2008) Turbidity current 23 0.88
Present study Turbidity current 17 0.88

In the present experiments, the obstacle effecthenfront velocity of the turbidity current
head can clearly be seen on Figure 3. In this digar comparison between values of the
turbidity currents front velocity upstreamyWand downstream (&) the obstacle is presented
for both series of experiments conducted with twistacle heights. As expected, both
obstacles induce a deceleration in the turbidityenus front. The decrease of front velocity is
due to buoyancy flux loss as a result of the sedindeposition upstream the obstacle. The
loss of sediments reduces the density differen¢edsn the current and the ambient fluid
which is the driving force of head of the turbiddyrrent.
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Figure 3: Relation between current front velocitipstream (iJ) and downstream (&) the obstacle

For similar values of front velocities of the appcbing flow, the reduction of the head
velocity is clearly higher in Series B (obstacl2®m high) than in Series A (obstacle 0.20 m
high). It also seems that the decrease of the fveidcity is more accentuated with the
increase of the oncoming head velocity. In the gamegxperiments, downstream the obstacle
the relation between the front velocity and theiahibuoyancy flux (\4/Bo*®) decreases to
0.65 in Series A and to 0.56 in Series B, configrtime influence of the obstacle height.

3.3 Velocity Profiles

Figure 4 presents a typical velocity profile of thedy of a continuous turbidity current
flowing along the channel without the obstacleuefice. Within the body of the current the
velocity increases from zero at the bottom to aimar value (Uhax) at huax and then
decreases to zero at a distangeThe velocity profiles exhibit a reverse flow (ret flow)
produced by the shear stress at the interface batwiee current and the clear water. As
observed in previous investigations (Altinakar et 2996; Alves et al., 2008) the velocity
profiles of turbidity currents are similar to thees of a wall jet: the wall region is defined
between the bottom and the point of maximum veypahd the jet region from this point to
the position of the interface between the currextthe ambient water. Experimentally, it was
found that the relationsvax/h, Uuax/U and lh are almost constant.
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Figure 4: Typical velocity profile of a turbidityucrent

The average velocity (U) and height (h) of the eats body where obtained from the average
velocity profiles, using the following moment egoat:

h,
Uh = [ udz (5)
0
h,
U%h= [ uZdz (6)
0

where u = point velocity and z = vertical coordmat

Although velocity profiles were measured in sevectisns of the flume (see Figure 1), only
the results of the transducers placed downstreaen pthnging region (T3 to T7) are

considered here. Moreover, for the characterizabothe approaching flow to the obstacle,
the velocity profiles measured upstream the obstdaking the internal bore development
were excluded. Figure 5 shows the dimensionlesscitglprofiles for A.02 and B.09 tests

(obstacle heights 0.20 m and 0.25 m, respectivebtpined by the use of z/h and u/U.

z/h z/h
3.0 - ¥

—13

a) -05 0.0 0.5 1.0 L5 WU p) -05 0.0 0.5

Figure 5: Dimensionless velocity profiles in A.02daB.09 experiments

It is clearly seen that the velocity profiles cpad into a single curve. It means that the
structure of the velocity distribution does not mhe along the channel. Furthermore, the
presence of the obstacle has no effects on the stoyam velocity profiles of the turbidity
currents (T6 and T7). Based on the velocity prefikhe average ratioskc/h, Uuax/U and
h/h were calculated and summarized in Table 3, thighresults of other laboratory studies of
density currents. The results of this study argaad agreement with values of previous ones.
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Table 3: Average values of;

k}(/h, UMAxlU and h’h

Parameter Altinakar Garcia Altinakar | Bestetal.| Hosseiniet| Alves | Sequeiros etal.| Present
(1988) (1993) etal. 1996)| (2001) al. (2005) | (2008) (2010) study
hvax / h 0.32 0.15 - 0.3( 0.30 0.30 0.31 0.22/0.36* 0.28
Umax /U 131 1.30 131 145/1.35* 1.36
h/h 1.30 1.30 1.29 145/135* 1.33

(*) The first values were obtained in experimenithaut bed forms and the second ones in experinweitiisbed forms

In Figure 6 average velocity profiles obtained xperiments with different obstacle heights
but identical initial conditions are presented. Fbese comparisons two sections of the
channel are considered: T4 at 6.2 m and T6 at mOfifom the channel entrance. These
measurements allow the characterization of thecitglprofiles of the oncoming flow and of
the current downstream the obstacle. Although tietazle height seems not to influence the
relations yax/h, Uuax/U and kh, the reduction of the maximum velocity \Ak) in T6
profiles is more accentuated for Series B tests iBhdue to the higher retention of sediments
upstream the obstacle in Series B that causessaolothe density difference between the
mixture and the clear water.
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450 - 450 -
wrms e A0S (T | - === A07(T4)
400 400 - !
A.03(T6) A.07(T6)
350 1 F3 - - == B.05(T4) 350 - -~ -~ B.09(T4)
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250 { X7,
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100 -
50 - Sy
; 0 | - e |
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Figure 6: Comparison between velocity profiles tgzsh (dashed lines) and downstream the obstacle
(solid lines) for experiments conducted with diffiet obstacle heights and with similar initial
conditions: a) A.03 and B.05 and b) A.07 and B.09

4. Conclusions

The influence of an obstacle height on turbidityrents front velocity and velocity profiles
was experimentally investigated. The experimentsewsnducted with similar discharges
varying the concentration of suspended sedimerdgtan obstacle height. The front velocity
of the turbidity current is noticeably reduced witihe increase of the obstacle height,
especially for higher values of the front veloafythe approaching current.

After the turbidity current passed the obstacles durrent flow is re-established and no
significant influence of the obstacle was detededhe shape velocity profiles: the relations
huax/h, Uuax/U and h kept constant along the channel. For simildiowfconditions, the
reduction of the maximum velocity is more pronouhder the tests conducted with the
higher obstacle.
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