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ABSTRACT  

The present experimental research looks for ways to improve fine sediment 
transport measurements with ADV by further investigating the factors influencing the 
backscatter intensity of the acoustic wave. The optimal instrument settings are 
determined in order  to maximally extend the region of increasing response to fine 
suspended sediments in the sampling volume and a spectral correction is used to 
obtain turbulent sediment concentration fluctuations. 

INTRODUCTION 

Simultaneous measurements of turbulent fluctuations of both flow velocity 
and sediment concentration using laser techniques, such as Particle Image 
Velocimetry, is limited to flows with high translucency. Therefore, in turbid flows 
carrying high concentrations of fine-grained sediments, acoustic techniques are the 
methods of choice. However, the application of the Acoustic Doppler Velocimeter 
(ADV) for measurements of mean and fluctuating sediment concentration is still 
under debate and different authors have raised concerns on range limits, background 
noise, influence of flocculation and grain size distribution (e.g. Zedel et al., 1998, Ha 
et al., 2009 and Salehi et al., 2011). 

MATERIALS AND METHODS 

Two different vessels are equipped with frames on which ADV (Lohrman et 
al., 1994) and optical (Argus Surface Meter, ASM) backscatter instruments are 
installed as well as sampling equipment. Two different probes for the Nortek ADV 
have been used, with four different acoustic settings, to carry out measurements in 
suspensions of three different minerals. 

Two types of clay have been included in the experiments: kaolin and 
bentonite, of which the latter consists mainly of montmorillonite clay. The third 
mineral included is quartz powder, consisting of mechanically ground quartz sand, 
used in the experiments for its absence of flocculating electrical charges and its 
particle size distribution being comparable to clays. Particle size distributions have 
been determined using a Mastersizer laser diffraction equipment, see Table 1. 



Table 1: Particle size distributions 

 d10 [µm] d50 [µm] d90 [µm] 
Kaolin clay 0.5 3.7 12.2 
Bentonite clay 1.3 9.1 33.1 
Quartz powder 1.4 13.7 38.6 

 
Still water experiment 

In a large cylindrical vessel (width: 2 m, water volume: 5 m³) sediment is 
added step-wise to increase the sediment concentration. After each addition, a system 
releasing compressed air is activated for mixing of the suspension. After deactivating 
the system, the air bubbles in the mixture are allowed to escape for 3 minutes, after 
which 4 measurements are taken with ADV, using four different settings for Transmit 
Pulse length (TL) and Sampling Volume Height (SVH). Here, the ADV field probe 
with the sampling volume at 10 cm from the transmitter has been used. ASM 
measurements were taken as a reference and are running continuously. During the 
mixing period and the 3 minute dissipation period, flocs are allowed to form freely. 
Suspended sediment concentrations are increased gradually from 1 mg/l to 2 g/l. 

Mixing vessel experiment 

A 0.3 m³ cylindrical mixing vessel has been designed, capable of keeping a 
mixture of fine sediments in suspension, while providing sufficient free space for 
instruments to be installed. A 7,500 l/h submersible pump is installed for this purpose 
near the bottom of the vessel, with its nozzle positioned in the centre and blowing 
towards the bottom from a height of 10 cm, generating the required circulation at a 
measured total shear stress of about 2.5 Pa in the center of the vessel. ADV and ASM 
are installed in the vessel with a sample intake pipe positioned near the ADV 
sampling volume. Both ADV field probe and lab probe (sampling volume at 5 cm) 
are tested. Since the lab probe has a shorter distance to the sampling volume, signal 
saturation is expected to occur at a higher concentration, therefore the sediment 
concentration is varied between 1 mg/l and 20 g/l in this case. 

ACOUSTIC THEORY 

The ADV instrument emits pulse pairs to the sampling volume where 
particles scatter the acoustic wave. The portion scattered  at a 30° angle arrives at four 
receivers. The volume backscatter intensity at the instrument receivers, I, can be 
described by the sonar equation (Lohrman et al., 1994): 

 

where I0 is the emitted intensity, C is the particle concentration, αw is the water 
absorption, αr is the attenuation of acoustic energy by suspended particles, R is the 
acoustic propagation path length, Sf describes the particle properties and Sa contains 
the instrument specific properties. For scattering at a wave number k of about 4.3e+4 
m-1 and a particle diameter of about 4 µm, Rayleigh scattering theory is valid since 



rk<1, with  r the particle radius. Using Rayleigh scattering theory with a scattering 
angle of 30° and an infinite particle refractive index, the volume backscatter intensity, 
Br, can be written as: 

 

with ρs the particle material density and ϕ containing geometric information on 
sampling volume and acoustic path. Rearranging and combining with the sonar 
equation, the following relationship can be found between sediment concentration 
and the acoustic signal received: 

 

Here, the signal to noise ratio SNR = 20log(I/N), with N the noise level, is the 
expected echo intensity corrected with the instrument’s inherent noise levels. K 
contains the spherical spreading term and the acoustic attenuation in water, which are 
added to the output signal by the ADV and can thus be excluded from calculations. 
The integral of sediment attenuation can be linearised if assumed that the sediment 
concentration is constant over the acoustic path. Sa , also known as the backscattering 
parameter, can be written as follows: 

 

with fb=1.1 k²r² the form function (Thorne & Hanes, 2002). The expression for the  
sediment attenuation coefficient αr is used as defined by Hoitink & Hoekstra (2005) 
and is a linear function of sediment concentration. The < > operator denotes 
averaging over the particle size distribution. 

An attempt is made to compute directly the echo levels in the instrument 
output using the above equations, including the sediment attenuation. The only 
remaining unknown, instrument parameter Sf, was taken as log(Sf)≈1. The full particle 
size distribution is used (Figure 1). Overall, the Rayleigh scattering theory 
corresponds well to the signals in the ADV output, as does the sediment attenuation 
correction, with in both signals a saturation level around 10 g/l for the lab probe with 
sampling volume at R= 5 cm from the emitter. 



 

Figure 1: Computed echo levels in SNR (left, full line) and Amplitude (right, dashed 
line) using full particle size distributions compared to measured levels (markers) in the 
mixing vessel experiment. 

RESULTS 

Optimization calibration range 

 Varying the settings of the ADV pulse pre and post processing leads to a 
maximum extent of the range in which the signal can be calibrated against sediment 
concentration. The power level is set to Low+ since Salehi et al  (2009) found it leads 
to a calibration range for kaolin of an order of magnitude higher than for the High 
Power setting. Four combinations of different pulse Transmit Lengths (TL) and 
Sampling Volume Heights (SVH) have been tested. It appears that the SVH does not 
influence the amplitude level, neither the saturation significantly. A longer pulse TL 
does increase the backscattered energy, and reduces the maximum sediment 
concentration at which the signal increases (Figure 2, left). At higher TL the 
amplitude signal saturates at a kaolin concentration of about 1 g/l, while at the lower 
TL it does at 2 g/l. Also for bentonite and quartz powder, the saturation point lies at a 
factor 2 or 3 higher with the shorter TL. Therefore, the shorter pulse TL was chosen 
to conduct the remainder of the experiments. 

 

 
Figure 2: ADV Amplitude versus kaolin sediment concentration curves as a function of 
TL and  SVH (left) and as a function of sampling distance R (right). 



As expected from the dependency of the backscatter intensity on acoustic path 
length R in the sonar equation, the probe type has a significant influence on the 
saturation of the signal. Since R is multiplied with sediment attenuation in the 
exponential function of the sonar equation, the reduction of the signal starts at smaller 
sediment concentration. From range tests in the mixing vessel, it can be observed that 
the calibration range can be extended further to 10 g/l in case the smaller lab probe 
(R=0.05 m) is used rather than the field probe (R=0.10 m). 

Flocculation 

By comparison of results in both tanks, the influence of the amount of 
flocculation on the acoustic response of the sediment can be observed. Both the 
kaolin clay and the quartz powder have been tested, where kaolin has an important 
cation exchange capacity (causing particles to flocculate when brought together) 
whereas the inert quartz powder has not. It is observed from the experiments that 
quartz powder responds identically in the lower energy still water tank and in the 
high-energy circulated mixing vessel. Kaolin clay, to the contrary, shows a 20% 
higher backscatter amplitude in the more flocculated state compared to the heavily 
mixed suspension. ASM measurements of the concentration profile showed a sharp 
settling front in the still basin, allowing the determination of a settling velocity of 0.9 
mm/s. Assuming the flocs are in equilibrium, measurements by Winterwerp et al. 
(2006) indicate this corresponds to a floc size of order 100 µm. When this value is 
entered together with a floc density of 1100 kg/m³ in the Rayleigh/sonar equations, a 
theoretical response is found similar to the experimental results. 

Calibration 

After determining the optimal settings, material and ADV probe, the 
optimised calibration range is found to extend from 10 mg/l to 10,000 mg/l. Instead 
of inverting the implicit sonar equation with sediment attenuation – which still shows 
imperfections against measurements - a fourth order S-type curve is fitted to the 
amplitude signal from measurements in kaolin clay with TL=0.6 mm and 
SVH=7.3 mm, resulting in a coefficient of determination of 0.99 (Figure 3, left). 

 

Figure 3: AMP-log(SSC) calibration curve for kaolin clay (left panel). Still water 
background (grey), raw (dashed) and corrected (full) plume spectra (right panel). 



Turbulent sediment concentration fluctuations 

The high-frequency suspended sediment concentration signal C can be 
decomposed into a mean and a fluctuating part, C = Cm+c’ . Since the ADV produces 
pink noise on the amplitude signal in a still water suspension, nearly identical for all 
concentrations, the spectrum obtained as such is deduced from the spectrum obtained 
in a turbulent environment, in this case in a negatively buoyant sediment plume 
(Figure 3, right). The corrected spectrum shows a cascade close to the -5/3 power law 
in the range 4-10 Hz and can be used to compute the rms turbulent sediment 
concentration fluctuations. The turbulent sediment plume experiment shows a 
maximum c’rms value of 0.37 times the concentration at the plume axis, which is in 
close agreement with earlier research (e.g. Papanicolaou, 1988). 

CONCLUSIONS 

Rayleigh scattering theory including the sediment attenuation term is shown 
to explain the acoustic backscatter signal strength up to higher concentrations than 
possible with the linear region only, provided the particle or floc size distributions are 
stable. Turbulent sediment concentration fluctuations can be resolved using the ADV 
amplitude signal, of which the frequency spectrum is corrected with the background 
noise spectrum. 
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