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Abstract

Low density turbidity currents have been investigated in a laboratory flume. An Acoustic Doppler Velocimeter (ADV) was used to
measure the velocity. The dimensionleseély profiles were compared with previous seslto check the accuracy of acoustic measuring
techniques for turbidity currents. Successful use of the ADV to measure the current velocity has led to interest in the technique of using
acoustic sensors to estimate concentrations. Acoustic backscattesiggemnare used for estimating the sediment concentration in turbidity
currents. With this approach, concentration measurements can be reasonably well represented by a similarity profile. Using this technique,
an accurate estimation of the concentration close to the bed, where obtaining reliable concentration data by sampling techniques is difficult,
is possible. The results show that a power relation is a good estimate for the concentration distribution in this region, for which no reliable
expressions have been provided previously.

Successful estimation of the velocity and concentration, in the presgatiments, indicates that this technique could be appropriate and
useful for determining the flow structure in turbidity currents.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction Various methods have been considered for measuring
flow velocity in sediment-laden gravity currents. Flow mea-

Gravity or density currents are flows driven by density Surements werearried out primarily using intrusive equip-
differences. Turbidity currents are types of gravity currents ment that disturbed the flow, e.g. micropropeller current
where thedriving force is gained from suspended sediments meters £,11,12, and so only mean flow properties were
and turbid water made heavier than the clear water abovedeternined rather than turbulérvelodty measurements.
it. Geobgical observations show turbidity currents to be a Using ahot film probe fails due to particle impingement
common form of sediment transport in many sedimentary on the sensor so this instremt is usually used in saline
basins (lakes, reservoirs, seas, oceans, dfc.) [ density currents]3]. Instantaneous velocity measurements

Unfortunately, natural turbidity currents are hard to have been made using dyed materibB|[ Laser-Induced
observe and study, owning to their large-scale and often Fluorescence (LIF)14], and electromagnetic current meters
destructive naturel]. So, experimental study is one of [15 but one of the linitations is due to their spatial
the best means of understanding the dynamics of gravity resoluion [16].
currents. A large number of experimental studies on gravity  In recent years the application of new experimental
currents can be seen in the literatu2e-14. techniques, such as Laser Doppler Anemometry (LDA), use

of the Acoustic Doppler Velocimeter (ADV), and Ultrasonic

Doppler Velocity Profiling (UDVP), has allowed turbulent

" * Corresponding author. Tel.: +98 21 6164186; fax: +98 21 6014828,  V€l0dty measurements. LDA does not operate in turbid
E-mail addressataie@sharif.edu (B. Ataie-Ashtiani). water because incident laser beams are rapidly attenuated
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and the light diffused by the particles is spread when the A mixing tank with a maximum capacity of 2 hwas
saliment concentration is a few hundred milligrams per liter. used to prepare a mixture of sediment and water. When the
LDA operates in saline density currents efficient-J]. sadiment was thoroughly mixed with water in the mixing
The ADV is attractive for measuring instantaneous tank, a gate valve on the supply pipe was opened and
velocities, while it is non-intruse remote sensing system. the experiment was started by allowing the dense fluid
In recent years it has been replacing previously developed(suspension) to flow into the main tank and the turbidity
flow meters (e.g. electromagnetic current meters, propellercurrent generated. At the end of the tank the turbid water
meters, hot film and hot wire) after validation through was drained out thorough the bottom drain.
comparison with themi[4,17]. In all of the experiments, kaolin with the specific gravity
Measurements of concenti@n in gravity currents have  of 2.65 was used as the suspended material. The mean
also been carried out and the general characteristics ofpaticle diameter isDsg = 0.02 mm. The mean falling
the concentration profs have been described},12]. velocity of the suspended sediments, calculated through
Conventional methods for measuring concentration require the anpirical relation proposed by Dietricl2§], is Vs =
routine sample collection at different heights in the current 0.36 mnys. The initial bulk density of the dense fluid is
and subsequent analysis of the water samplE0f13. lessthan 1008 kgm?, in all experiments, and the mixture
However these methods are not safe and are increasinglyis considered as a Newtonian fluid.
being forsaken in favor of accurate and safe methods forreal The total of 27 successful experiments are carried out.
time monitoringof sediment concentration. The initial conditions for the experiments, as well as some
Acoustic backscattering measurement is non-intrusive of the experimental results, are summarizedable 1 Inlet
technique for determining sediment concentration with a conditions include: slopes; sediment concentra@gnflow
high degree of temporal and spatial resolutidr@f21. dischargeQ; flow velocity Uo; and reluced gravityg,,
Acoustic backscattering measurements of suspended sedi- Fig. 2 shows thepattern of longitudinal and lateral
ments have been used in marine, ocean, open channel flowspreading of the turbidity current after its initial release.
and fluvial environment2R—-23. Longitudinal &), transversey(), and vertical £) diredions
The objectives of this paper are to study experimentally are shown inFig. 2 The advacing front disturbs and
the physical structure of ctinuous and weakly depositional entrains the surrounding fluid during spreading and a
turbidity currents with an emphasis on the velocity uniform, steady (quasi-steady) flow take place upstream
and concentration structure, using the ADV technique. of the front (in the body of the current), as shown in
Moreover, the appropriateness and accuracy of the ADV Fig. 2 It is dso observed that the body height of the
technique for this kind of flow are investigated. Applying current remains relatively constant along the basin length.
backscattering analysis, measment of the concentration The height of the body is approximately constant. Flow
without interfering with the current and synchronized to velocities are measured in the steady dense layer flow (body)
velodty data gathering is tried. behind the initial front (head). Velocities are measured
simultaneously in two vertical profiles at 5.0 and 6.0 m from
the opening where entrance tlisbances and reflections at
the outlet have nonfluence on the measurements. Two
ADV’s ae mounted on the carrier, used for measurement.
Measurements in the body of the current with ADV’s began
when the head of the current reached the end wall of the

is continuously released from an opening with a rectangular 2@sin. After 20-30 s of data acquisition, the probes are

cross section and spreads down a sloping surface in a tankT0ved downward to the next measurement position until the
of fresh water. A Plexiglas gate controls the opening. The profile is completed. The total duration of each experiment

size of theopening can be regulated with a gate. In all the 'S @Pout 60 min. The ADV measurements are supplemented
experimental runs, the opening was set to 1 cm high and with direct water sgmpllng with S|ph.0n|ng in order to obtain
10 cm wide. The entire tank ishdded into two sections. 1€ Supended sediment concentration. ,
The shorter upstream section is an inlet box with an opening. | N€S€ Series of experimentverecarried out to obtain
in the middle of it for introducing the denser fluid to produce _ Instantaneous velocities, mean flow properties, and velocity
a curent. profiles without interfering in the turbidity currents.
The turbid water is released from a gate valve on the A0, using backscatteringnalysis and signal amplitude
supply pipe into the inlet box. The input rate is controlled COMParison, concentration files were obtaied for these

by a flow meter and fixed at a constant rate. In this way, S<Periments.

the curent could be in a quasi-steady condition. The second

section of flumes the resevoir or basn in which the density 3. Acoustic Doppler Velocimeter and measurements
currentis found and the measuring sections are located. The

slope of this sectio (bash) can be adjusted in the range of The ADV is attractive for measuring instantaneous
0% to 3%. velocities, while it is a non-itrusive remote sensing

2. Experimental set-up and procedure

A laboratory apparatus was designed to study the
structure of three-dimensional, inclined turbidity currents.
The experimental set-up is illustratedhig. 1 Turbid water
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Fig. 1. Three-dimensional view of the experimental set-up.

system. ADV’s can fulfill the oles of other flow meters, of velocity along each beam. Factory calibration of the
including electromagnetic cumémeters, propeller meters, ADV permits conversion of along-beam velocity into an
hot film and hot wire probes1§,17]. It is a useful orthogonal coordinate system. The error in the prediction
tool for measuring all three components of velocity in of mean velocities is no greater than2.5 mm/s +1%.
laboratory and field environmentg4,27]. This instrument Other performance characdisics are as follows: acoustic
is commercially available and in recent years it has been frequency 10 MHz; velocity rangg-0.03, 0.10, 0.30, 1.0,
replacing the previously developed flow meters. ADV's or 25 my/s; velocity resolution A mnys; velocity bias
have quickly become valuable tools for laboratory and field £0.5% with no measurable zero-offset in the horizontal
investigations of river flow, canals, reservoirs, oceans, anddirection; sampling rate between 0.1 and 25 Hz; random
around hydraulic structures and laboratory scale models.noise approximately 1% of the velocity range at 25 Hz
This instrument is relatively rugged, easy to operate and cansampling rate; sampling volume less tham2® cne;
be readily mounted and maneuvered with the flow field. minimum distance from the sampling volume to the
A 10 MHz 5 cm Nortek acoustic Doppler velocimeter boundary 5 mmZ2§].
was wed for measuring velocities in the experimental An important advantage of the ADV is its ability to
runs. It uses a technique known as pulse-to-pulse coherenmeasure the flow in a small sampling volume (approximately
Doppler sonar for measuring the velocity vect®g|| 0.25 cn?) that is bcated 5 (or 10) cm away from the sensing
The phase shift between successive backscattered signalslements. So, although the probe is inserted into the flow,
sanpled at each receiver is converted to a measurementthe sensing volume is several centimeters away from all
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Table 1
Summay of the initial conditions and the experimental results

EXp. Slope Cy Q Up 9 Hm Um Ht u H Re Ri Fr’

no. (%) (em3)  (/min)  (cmys)  (cnys?)  (cm)  (cmy/s)  (cm) (cm/s)  (cm)

No. 1 3 0.005 15.0 25.00 1.89 4.2 1.9 12.60 1.43 9.70 1275.9 8.99 0.33
No. 2 3 0.005 8.0 13.33 1.89 3.35 145 10.30 1.12 8.00 824.2 12.08 0.29
No. 3 3 0.005 4.0 6.67 1.89 1.66 0.6 5.60 0.46 4.30 181.9 38.49 0.16
No. 4 3 0.01 16.5 27.50 3.30 3.3 2.58 11.10 1.99 8.60 1546.5 7.16 0.37
No. 5 3 0.01 12.0 20.00 3.82 2.55 2.42 9.30 1.83 7.15 1229.9 8.16 0.35
No. 6 3 0.01 3.0 5.33 3.82 1.43 0.68 4.90 0.51 3.80 182.2 55.81 0.13
No. 7 3 0.01 45 7.50 3.64 1.7 1.25 6.00 0.95 4.70 414.2 18.97 0.23
No. 8 3 0.015 20.0 33.33 4.11 3.6 3.361 11.80 2.55 9.10 1910.9 5.75 0.42
No. 9 3 0.015 15.0 25.00 4.70 2.8 2.9 9.50 2.20 7.25 1416.3 7.04 0.38
No. 10 3 0.015 10.0 16.67 4.44 1.85 2.35 6.40 1.80 4.90 762.4 6.72 0.39
No. 11 2 0.005 10.0 16.67 1.43 3.4 1.487 10.60 1.12 8.20 812.3 9.36 0.33
No. 12 2 0.005 15.0 25.00 1.56 4.8 1.85 14.50 1.42 11.30 1438.5 8.74 0.34
No. 13 2 0.005 20.0 33.33 1.73 5.8 1.93 20.00 1.49 15.30 2071.6 11.88 0.29
No. 14 2 0.01 10.0 16.67 3.64 2.45 1.68 8.30 1.26 6.32 738.6 14.50 0.26
No. 15 2 0.01 15.0 25.00 3.00 3.3 2.6 11.30 1.98 8.75 1525.0 6.70 0.39
No. 16 2 0.015 10.0 16.67 4.87 2.13 2.15 6.90 1.63 5.37 787.2 9.84 0.32
No. 17 2 0.015 15.0 25.00 4.87 3.65 2.837 11.10 212 8.55 1630.1 9.26 0.33
No. 18 2 0.015 20.0 33.33 4.87 4.2 3.187 13.00 2.40 10.05 2169.2 8.49 0.34
No. 19 1 0.005 10.0 16.67 1.56 3.85 1.325 12.00 1.02 9.27 847.4 13.90 0.27
No. 20 1 0.005 15.0 25.00 1.56 6.1 1.67 18.20 1.29 14.20 1642.1 13.31 0.27
No. 21 1 0.005 20.0 33.33 1.24 6.7 1.75 22.20 1.33 17.10 1948.9 12.00 0.29
No. 22 1 0.01 10.0 16.67 3.08 3.12 1.69 10.80 1.27 8.27 932.0 15.78 0.25
No. 23 1 0.01 15.0 25.00 2.78 35 2.15 12.20 1.66 9.40 13211 9.49 0.32
No. 24 1 0.01 20.0 33.33 3.13 6.25 2.25 20.70 1.73 16.40 2531.3 17.15 0.24
No. 25 1 0.015 10.0 16.67 5.39 2.4 1.8 8.40 1.35 6.43 812.0 19.02 0.23
No. 26 1 0.015 15.0 25.00 4.70 3.3 2.6 11.30 1.96 8.60 1496.6 10.52 0.31
No. 27 1 0.015 20.0 33.33 4.87 3.57 3.25 12.35 244 9.30 2040.7 7.60 0.36

physical parts of the probe; therefore the presence of theas follows: x positive downstream along the main flow
probe generally does not disturb the measurement. This is an(velocity componentu), y positive in the cross stream
important advantage for studying density currents, becausedirection oriented to the left bank (velocity componeit
the sensing element is placedcalm water (ambient fluid)  and z positive upward toward the water surface (velocity
and measures the velocity of the current beneath itself. componentv).

There are three limitations when applying ADV’s The instantaneous velocity recorded by ADV probes
in sediment-laden flow (turbidity currents) that require should be checked for unreliable data and if necessary
additional considerations. Firstly, the ADV (like any corrected before calculating tiflew characteristic. Finally,
acoustic sensor) measures the velocity of acoustic targetscorrected velocity data weresed to calculate the mean flow
(e.g. sdid particles) but not the fluid velocity. It is assumed propaties. Mean velocities are calculated from the temporal
that the sediment and fluid travel at the same velocity. This averaging of the recorded time series at each point.
assumption is likely to be valid only when considering
fine sediment, d_ominantly in suspepsion, as in our study. 4. Experimental resultsand analysis
For coarser particles (e.g. sand) this effect may introduce
additional uncertainty[7,22,24]. The second problemisthe 4.1. Mean velocity profile
spatial changes in density and density stratification within
the current and therefore change in the acoustic velocity. Many researchers have deseitthe general characteris-
Whereas the sediment conceatipn in dense fluid has a tics of the velocity profiles of density currents previougly [
value up to 86 (or 15 g/l) and thedensity of the dense  7,10]. A typical profile of a downstream velocity and some
fluid at this concentration is approximately 1008/ k¢, the terms useda definedensity currents are shownhig. 3[7].
change in acoustic velocity is not an inherent problem and is Experimental studies have shown that the velocity profile
less that the error limits within this techniquEr] for these in gravity currents hs a shape similar to that of wall jets.
cases. Thirdly, when the sediment concentration increasesSo the gravity currestinclude two regions: an inner region
up to 50 gl, acoustic waves are absorbed in sediment-laden and an outer region that are separated through the maximum
flow and attenuated. So the ADV cannot operate properly. velocity (Umy). The nner region (wall region) has a positive

The right-handed coordinate system was used in velodty gradient ad theouter region has a negative velocity
measurements and data arsdy The coordinate system is gradient that reflects theackflow of amient fluid.
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The mean downstream velocity) was calculated by
temporal averaging of theecorded time series at each
point for all of the vertical profiles. The velocity maximum
(Um), as the chracteristic velocity, and the height of the
velodty maximum (Hy,) and the depth-averaged thickness
of the current(H), as length scales, were used to obtain
the non-dimensional form of the velocity profiled(].
Dimensbnless velocity profiles are shown ifig. 4a.

As seen, velocity distritions can be reamably well
represented by similarity profiles. The upper and lower
boundary drag and shear at these two boundaries and the
velodty gradient affect the velocity profile; so the total
profile was separated into twpartsand the flow behavior
in each region was considered for the proposed profiles.
Within the inner region of current that is placed below
the velocity maximum{Up,), the drag at the lower boundary
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Fig. 4. Dimensionless velocity profile.

is the main parameter and the expression for the velocity of these coefficients are used, the inner and outer vertical

profile is a logarithmicelation, as follows7,10]:
u(2) . 1

Inz+ Cons

1
™ (1)
The logarithmic velocity profile can be simplified to an
empirical power relation]Q]:

Uz ([ z\™
- (&)

Un @

whereUn, is velocity maximum,Hy, is height of velocity
maximum,u(z) is mean downstream velocity at distarce
above the bed, ang, is empirical exponent.

The effect of the upper drag boundary on the velocity
profile was modeled by a densigyraified layer of finite
thickness between mhomogeneous fluidg]. The welocity
distribution in the outer region is given by a near-Gaussian
relation [10]:

u(2) Z— Hm

52— exp| - (5 )] ®

whereg, is a coefficienty, is an empirical exponent and
is the depth-average thickness of current.
Egs. @ and @) were fited to the velocity profiles

measured inside the inner and outer regions for different

experimental cases. Best-fit curves with respect to the
exponents ¢, andy,) and cefficient (8,) were obtained

profiles are simlified as follows:

@ [z 0.34 @
Un (Hm)

u@ Z— Hm \??

U—m = exp[—l.s (7H — Hm) } . (5)

Comparison between the depthesageheight of the current
(H) and the height of the velocity maximuiy,) in the
next section shows that

and Eg. ) is simgified to
u@ z 22
U—m = exp[—O.S (H_m - 1) } . 7

Summation of Egs. ) and @) (or (2) and @)) can yield a
profile for the entire flow:

v = >34y (L —n)
+exp[-0.5(n — D??] y(n — 1) ®)
1 n< 1}

wheren = H—Zm v = % andy is the unit step function or

using the least squares method. The results of these curve fitdleaviside function.

show that,, y,, andg, have valued the ranges of 0.24 to

Measured dimensionless velocity profiles have been

0.42,1.91t02.6,and 1.2to 1.6, respectively. If average valuescompared with the proposed velocity profile of E) (n
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Fig. 4b. Good agreement between the values of Bj.ahd These results are in good agreement with the values obtained
measured data can be observed. by previous studiesl,17].

On the basis of the measurements, three regions are
defined for the gravity current={g. 3a): the inner region  4.3. Estination of mean concentration
between the bed and velocity maximum, the outer region
between the velocity maximum and zero velocity, and a  One of the most widely meased parameters of density
shear—diffusion Iger where the particles are affected by currents is the concentratio@oncentratio measurements
shear and diffusion. In this par a new region in velocity ~ for suspended sediments are crucial to the study of erosion
profiles is introduced. Velocity values in this region have and deposition processes.
negative values{ < 0). The proposed velocity profile The ADV works by measuring the reflection of an
given by the above equation (E¢8)) is vdid only up acoustic signal from particulate matter in water. While this
to the outer rgion where the velocity is approximately instrument is primarily used to measure the velocity of the
equal to five per cent of the velocity maximum. The particles, it can also provalinformation about the quantity
dimensionless velocity profile shows that measurement dataof sediment present. This formation is neasured in the
inside the shear—diffusion layexhibit large scattering; thus ~ form of the intensity of the redictions received, also referred

no equation can be suggested for this region. to as the backscattering strength or signal amplit@@ [
A standard ADV system provides a signal amplitude, as
4.2. Depth-averaged flow parameters part of its output record, which is measured with the same

frequency andin the same sampling volume as the velocities.
The Signal Amplitude (SA) value obtained by the ADV is

proportional to the logarithm of the intensity of the acoustic
signal that is backscattered from small particles within the
sampling volume. The intensity backscattered by particles

The depth-averaged velocity ) and the thickness of the
turbidity currents(H) can be calculated from the measured
velodaty profiles using thedllowing equations9J):

o0 Ht . . . . . _
UH — / U(2)dz = / U(2)dz ) in the sampling volumd,, is edimated using22-2527)
0 0 | o 10004345A (17)
00 Ht
U%H = / U’ (z)dz = / U°(2)dz (10) In this sudy, | is given as the average of three intensity
0 0

vaues obtained by three receivers. The backscattered
wheret(z) is the mean downstream velocity at distarzce  intensity, |, is a function of the pticle type, concentration

above the bed, anid; is the height at whiclu(Hy) ~ 0. and size of particles. The simplified relation between the
The calculated averaged velocity) and height(H) intensity, |, and sdiment concentratiort, can be expressed
for different experiments are summarizedTiable 1 The as
derived values were used to calculated the flow Reynolds 10CSt S eXp [ 2r (o + s)]
number Re) and the llk Richardson numbeRi): I = > (18)
Re— poUH (11) wherelg is the transmitted intensitg,is the mass sediment
I concentration,S; contains all system specific parameters
. QoH such as transducer size, efficiency, probe geometry, and
Ri = vz (12) receive sensitivity, §; holds all the particle specific
. 9(po — pa) parameters (size, agdticity, and density)qy is the water
o=—_ " (13) absorptiongs is the absorption due to particle scattering,
pa andr is the acoustic mpagation path.
where pg is the initial current densityy is the dynamic For low corcentration, the particle attenuation is
viscosity and gy is the initial reduced gravitational pegligible. Since the acoustic frequency of the ADV is
acceleration, angs is the ambient density. high (10 MHz), o is constat, approximately. So, there is

From the measured velocity profiles, the velocity a rearly linear relationship between the concentration
maximum(Um), total current thicknesgHy), and tte heght  and intensity(1). Outsile thelinear range, the intensity is
of the velocity maximuniHm) were extracted and these are 3 non-linear function of the concentration and the values

summarized inTable 1 The rdios betweerk®, 1, andHﬁ should not be used for sediment analysis. General experience
were also calculated. The average values of these parametefgdicates that the linear region corresponds to a sediment
are as follows: concentration of about 10/4[29].

% ~13 (14) For the experiments o the present work, initial

U ’ concentrations have values up to 15 g/l, but through lateral
H¢ and vertical entrainent, the concenttmn reduces and in

H ~13 (15) the working section it would be below the limit. Collected
Hm samples prove that the concentration values are less than

H, ~03. (16) 10 g/l after the spreading of turbid water.
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well- mixed fluid with a lower density exists at the top (upper
averge current thickness> H).

The general characteristic$ the concentration profiles
have been described previous®4,10]. All these measure-
ments are based on a point sampler using siphoning. As
shown inFig. 3, the @ncentration measurements of both
turbidity currents 2,10,11] and séine currents $,9] present
two main types of sediment concentration distributions. The
first type of concentration distribution has a stepped con-
centration profile fig. 3b) and usually occurs in erosional
currents 1] or for currents inferred with high entrainment
rate at the upper boundary][ The second type of con-
centration profiles & snooth profiles Fig. 3c), and are
commonly seen in low concentration, weakly depositional
current or in saline current,p,10]. The maximum density

So, based on the above illustrations, the intensity of the gradient in these currents is observed near the base of the

acoustic signall ) from sediment parties within the ADV

current, decreases around the averaged current hgight

sampling volime can be used as a surrogate measurementnd reaches zero at the total current thicknéds and
of suspended sediment concentration in experiments. Wein shear—diffusion layer.

simplify Eq. (18) for low concentr&ion results:
la o C o (1QPO434SA | 1(P0434SA | 1 (0434SA

where SA, SA2, and SA are the signal amplitudes obtained
by three receiving transducers ahgdis the average of three
intensity values obtained by three receivers.

The acoustic backscattering intensity of the ADV
was cdibrated in the laboratgt usirg the seiment
concentration measured conventionally from the siphon
sampling. The concentration was measured by siphon
sampling at themiddle height of the currents. The collected
samples were ovenrigéd and weightedfor determining
the concentration. The measdr concentration was used
for producing a calibration curve relating backscattering
intensity and sediment concentration.

Fig. 5 shows the relatinship between the mean of the
avemmged acoustic intensitil ;) and the mean of the mass
sedim@t concentratioric). As seen, thealibration curve is
almost linear with zero offset. So we have

(19)

T=Axla (20)

where is the calibration coefficient and is unique to each
ADV.

The coefficienti is primarily influenced by particles
in the size rangeof 0.02-0.1 mm, as the ADV is most

The height of the velocity maximuniHy) and the
concentration at this heighi€,) are used to obtain dimen-
sionless forms of concentration profiles. Dimensionless con-
centration profiles for the experiments conducted are shown
in Fig. 6a. As seen, the concentration distribution can be rep-
resented by similarity profieas well as thevelodty. The
overall shape of the concentration profiles is in good agree-
ment with publishedesults for saline or weakly depositional
turbidity currentsig. 3) [4,10]. Nearly no sediment depo-
sitions wereobserved at the end of the experimental runs.

Similar to the velocity profile case, two expressions are
suggested for concentration profiles in the inner and outer
regions. Within the inner region of current that is placed
below velocity maximum,(Uy), the epression for the
concentration is an empirical power relation as the velocity

profile:
Z\"
Hm

where ac an empirical exponent;,Cy, is the mean
concentration at the height of the velocity maximum
(C(Hm)), andc(2) is the mean concentration at distarce
above the bed.

Eq. (21) is applcable in the range.05H; < z < Hp

@

o = (21)

sensitive to this range, and these can be considered ass, due to near-bed deposition, the concentration increases

ideal backscattering medi24,25]. This range of particles

and falls outside the range of the linear relationships of

(0.02-0.1 mm) overlaps the dominant range of suspendedintensity and concentration. So the signal amplitude cannot
particles used in this study. The same technique has beerbe used for sediment analgsAlso an ADV has a limitation

successfully used byhevenot et al.30], Kawanisi et al. 22,
23], and Nikom et al. P4,25 to gudy sediment dynamics.

In this paper Eq.40) was ugd to determine the mean
sediment concentration at téfent heights above the bed.
In all cases the flow is density stratified. A dense basal
layer with hgh density gradient can be observed in the
lower part of the flow (from the bed to the depth-averaged
current thickness O< z < H), and a more homogeneous,

for measuring signal amplitude in places that are very
close to the bed. To the authors’ knowledge, E{) (s a
new expression for concentratialigribution in a turbidity
current in a wall region. As it is difficult to obtain reliable
concentration data in the wall region (close to the bed)
with sampling techniques, no relationship can be found
for the concentridgon distribution in this region in the
literature [LQ].
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O measurement

== proposed by Eq . (23) and Eq . (24)

z-H, 1.5
-H,
0.5
z=Hy .
c zZ -07
=—={c—")
Z/Hm 05 Hm
0
b 4.5 O  measurement

= proposed by Eq .

(23) and Eq .. (25)

Fig. 6. Dimensionless concentration profile.

A Gaussian-type relation similar to the velocity profiles Summation of Eq. 23) and @5) (or (21) and @2)) leads to a
can approximate the concentration distribution in the outer profile for the entire flow:

region: 07

@ Ho\ w () = () '[w(l—n) 1

@ _ ool —p. (2= Hm \™ +exp[-2.0(n — D3]y (n — 1)

i _exp[ ﬂc(H_Hm) } (22) 1200 (26)

YA =m =, n>1
whereg is a coefficienty. is an empirical exponent arid
is the depth-average thickness of current.

Egs. 1) and £2) were fited to the concentration profiles
measured inside the inner and outer regions for different

experiments. Best-fit curvesith respect to the empirical e (Eq. @)). Estimated dimensionless concentration
exponents ¢ and yc) and cefficient () wereobtained  yigyinytions have been compared with the proposed
using the least squares method. The result curves show tha

) Loncentration profile through Eq2€) in Fig. 6b. Good
ac, yc, andpc have values in the ranges of 0.4 10 0.95, 1.03 4 eement between EQG) and the neasured concentration
to 1.65, and 2.25 to 4.5, respectively. If average values of

. ; can be observed.
these coefficients are usedetinner and outer concentration Direct measurement of thett height of the turbidity
profiles can be sinijfied as follows:

current (Hy) is very difficult because there is no clear

wheren = Him w = C;Cm andy is the unit step function or
Heaviside function.
Eq. 6) is simlar to the equation for the velocity

<) 2 \~07 interfacg between the depsmrrent and ambient fluid.
- = (H—> (23) The estimated concentration at the shear layer between
m m the turbid water and andnt fluid and inside the
c@ _ ox [_3 5( Z— Hn )1'3} (24) sediment-diffused ambient fluid (backflow) is nearly zero,
Cm P “\H - Hp, ) whereas concentration weds drop rapidly outside of

the dense layer current, so the resulting concentration
Replacement of the average current thickness with the heightprofiles can be successfully used to determine the actual
of maximum velocity H = 2.6Hp,) resuts in a simplified dense layer height. The actual dense layer heights based
form of Eq. 4): upon concentration profiles are introduced where the
B 13 concentration is approximately zero and this height is
@ _ exp[—Z.O (i 3 1) ] (25)  usually less than the vertical extent of the motion. The

proposed concentration profile of EQ6] is vdid for the

m m
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