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A novel acoustic imaging tool for monitoring the state
of rapid sand ﬁlters
Nihed Allouche, Dick G. Simons, Paul Keijzer, Luuk C. Rietveld
and Joost Kappelhof

ABSTRACT
A new technology based on acoustic waves is developed to monitor the state of sand ﬁlters used in
drinking water treatment. Changes in the sand ﬁlter, due to the removal of suspended particles from the
water and their accumulation in the pores, result in an increase of the bulk density and acoustic speed
of the granular material. Consequently, the reﬂected acoustic response changes as the ﬁlter is in use. To
monitor these changes, an instrument composed of an omnidirectional transmitter and an array of
hydrophones was built. With frequencies ranging between 10 and 110 kHz, high resolution is achieved
in the vertical direction enabling the detectability of clogged layers with a minimum thickness of 1 cm.
The novel instrument is tested by conducting a monitoring experiment in a ﬁlter used in practice.
A 2D scan over a part of the ﬁlter was performed and repeated every 2 hours over a period of 10 days. An
analysis of the data revealed a local increase of the reﬂected acoustic response with increasing ﬁlter run
time. The changes in acoustic signal are mainly observed at the upper 5 cm of the sand bed. It is also
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clear that the ﬁlter bed is slowly compacting as a function of time. The total compaction after a period of
10 days reached 3.5 cm. The ﬁlter bed is expanded again during the cleaning procedure. Once the
procedure is completed, the upper 30 cm of the ﬁlter becomes more transparent, showing small
accumulations of material at greater depth. The observed changes in the ﬁlter bed demonstrate the
potential of this acoustic-based tool to monitor the state of rapid sand ﬁlters and optimise their
performance. The new tool can be used to evaluate the cleaning procedure and is valuable in detecting
lateral variations in the ﬁlter bed. These variations may indicate local clogging that needs to be removed
effectively to avoid deterioration of the overall performance in the long term. This type of information is
difﬁcult to obtain from the monitoring techniques currently used in drinking water treatment.
Key words
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INTRODUCTION
Drinking water companies usually use sand ﬁlters for water

anthracite. Deep-bed ﬁltration occurs where particles

treatment. Sand ﬁltration is a rather simple process: the

accumulate over the entire depth of the ﬁlter bed. The

water is passed through a sand bed and suspended particles

ﬁlter grains are considered as collectors, whereas the accu-

and microorganisms including bacteria are retained by the

mulated particles will act as additional collectors, making

sand grains (Huisman ). These particles affect the prop-

the ﬁltration step more efﬁcient during the start-up phase

erties of the ﬁlter and can cause its performance to

(ripening period). The ﬂuid velocity within the pores will

deteriorate by blocking the water ﬂow through the sand

increase as the particles accumulate and ﬁnally detachment

bed. Graded sand with an effective grain size of 0.35 to

will occur. Thus, in a ﬁlter layer that has reached a saturated

2.6 mm is normally used for this purpose, sometimes with

but metastable conﬁguration of deposits, attachment and

an additional coarser layer of material on top such as

detachment
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(Amirtharajah ). Finally ﬁlters are cleaned by reversing

sediment-water interaction through ion exchange on acous-

the ﬂow direction, a procedure known as backwashing.

tic wave propagation (Li & Pyrak-Nolte ). Here, a

Employed often in drinking water production, rapid

reduction in the acoustic wave amplitude was correlated

sand ﬁltration is part of a wider water treatment process

with a decrease in the total number of ions in the pore water.

that needs to be monitored continuously. Typically, this is

In this paper, we explore the potential of acoustic waves

done by controlling the quality of the efﬂuent by monitoring

to monitor sand ﬁltration by measuring the effect of clog-

turbidity (Kim & Tobiason ). An increase in turbidity is

ging. An instrument, composed of an omnidirectional

associated with deterioration in the ﬁlter performance.

broadband transmitter and an array of hydrophones, was

Pressure measurements are conducted as well in order to

developed in order to test the method in practice. A monitor-

monitor the state of the ﬁlter. Generally, this type of

ing experiment, using this novel instrument, was conducted

measurement serves as an indication of the amount of clog-

on a full-scale sand ﬁlter during a complete ﬁlter run.

ging in the ﬁlter bed. When a critical value is reached, the
cleaning procedure is started. However, the pressure
values are averaged over the whole ﬁlter bed and hence

ACOUSTIC IMAGING OF SAND FILTERS

information on the local distribution of particle accumulations is not provided.

Acoustic imaging is a widely used technique based on the

Some attempts were also made to record events in ﬁl-

propagation of sound waves. These waves are mechanical

tration and backwashing by applying video endoscopy (Ives

disturbances that are carried through the inspected object

). However, these endoscopies have limitations in the

and reﬂected at boundaries separating layers with contrast

optical resolution (Ives ). Samples from the sand bed

in density ρ and sound speed c. For a sand ﬁlter, these

are frequently taken to the laboratory for a more detailed

boundaries can either represent a sand layer with a different

analysis. This can take a few days whereas real time charac-

grain size and porosity or an accumulation of impurities that

terization is essential to reduce the risks and costs involved

resulted locally in the clogging of the pores. The amplitude

with water treatment. Long-term effects such as mixing of

of the reﬂected signal depends on the contrast in acoustic

sand layers and the formation of mud balls are also not

impedance, i.e. the product of the sound speed and density,

detected with the controlling and monitoring techniques

whereas its arrival time is affected only by the sound speed.

used in practice. Therefore, Ives () suggested using

Attenuation through homogeneous layers affects signiﬁ-

other techniques, such as tomography, to study ﬁltration.

cantly the amplitude and the frequency content of the

Acoustic imaging is a more suitable method to reveal the

signal. Sound waves are attenuated by intrinsic absorption

spatial distribution of clogging over the ﬁlter in time. Acous-

inherently present in the homogeneous medium and also

tic waves carry information about the media they travel

by small-scale scattering (Lurton ). An increase of

through. They are reﬂected at boundaries representing a

local accumulations in the sand layer is expected to result

change in medium parameters. For a sand ﬁlter, this can

in stronger attenuation of the waves, thereby reducing

either be a layer with a different grain size, grain material

their penetration depth.

or a local accumulation of suspended particles in the

In the water treatment process, suspended particles and

pores. Despite their great potential, acoustic-based tech-

colloidal solids are removed from the water and accumu-

niques are not yet fully explored as a monitoring tool nor

lated in the pores, which reduces the pore volume in the

widely applied for water treatment. Nevertheless, a few
applications can be found in the literature. Acoustic waves

sand ﬁlter and hence the porosity. Consequently, the saturated bulk density of the sand, ρsat is expected to change

were used by researchers to detect the distribution of immis-

with increasing run time of the ﬁlter. The saturated bulk den-

cible liquids such as NAPL in a tank ﬁlled with sand (Geller

sity as a function of porosity can be computed using the

et al. ). They showed that small NAPL saturations are

equation

easily detected from the amplitude of the acoustic waves.
Another example involves a study of the effect of
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where n is the fractional porosity, ρw is the density of the

the state of a ﬁlter while in use. Figure 1 shows a schematic of

pore water and ρg is the bulk density of the mineral grains.

the instrument, which is composed of an omnidirectional

The porosity affects also the sound speed as indicated by

transmitter and a receiving hydrophone array. Both the

the Wood equation

signal emitted by the transmitter and the signal measured by

csat

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Kg Kw =ð½nKg þ ð1  nÞKw Þ
¼
ρsat

each hydrophone are recorded. A dedicated software package
ð2Þ

has been developed to gain control of the parameters of the
transmitted signal and visualize the recorded response. The
transmitter sends out a chirp with linearly increasing fre-

where Kw and Kg denote the bulk moduli of the water and

quency. This type of signal is chosen over a single frequency

the sand grains in N/m , respectively (Stoll ). Both the

pulse in order to improve the vertical resolution of the

saturated bulk density and the sound speed are expected

images. In the case of a linear chirp, the vertical resolution

2

to increase as porosity decreases (Hamilton ). This
implies that the amplitude of the acoustic wave Ar, reﬂected

Δz ¼ c=2B

ð4Þ

at the top of the sand bed, also increases as shown by the folis inversely proportional to the bandwidth B, whereas the ver-

lowing equation:

tical resolution of a single frequency sinusoid depends linearly
Ar ¼

ρsat csat  ρw cw
ρsat csat þ ρw cw

ð3Þ

on the pulse duration. We typically sweep the frequency from
10 to 110 kHz. Assuming an average sound speed c of
1,500 m/s, this range of frequencies allows us to achieve a ver-

where cw denotes the sound speed of the water (Lurton

tical resolution of approximately 1 cm. This implies that

). In theory, this relation can be used to quantify the

clogging in the ﬁlter bed of similar size can potentially be

changes in density due to the ﬁltration process from the

detected by the instrument.

measured acoustic response.

The reﬂected signals are recorded by ﬁve hydrophones
arranged along two perpendicular lines. The single hydrophones are omnidirectional. Using an array instead of a

EXPERIMENTAL SET-UP

single hydrophone improves the sensitivity in the vertical

Instrument description

in this case, from the sides of a ﬁlter. The response function

direction and helps suppress undesired reﬂections arriving,
of this array depends on the distance between the hydroBased on the acoustic imaging principles described in the pre-

phones, the frequency of the transmitted waves and the

vious section, we developed an instrument that is able to image

direction of the incoming wave.

Figure 1

|

W

A sketch of the developed instrument: an omnidirectional transducer sends a signal out which is then recorded by a hydrophone array with a beam opening angle of 34 .
Reﬂections arriving outside the beam opening angle are strongly suppressed. The recorded acoustic signal is subsequently processed to a ﬁnal image.
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The distance between the hydrophones is 1.25 cm, cor-

and is variable during the ﬁltration process. The instrument

responding to l/2 at a frequency of 60 kHz, with l being

was placed on top of the ﬁlter as shown in Figure 2. The

the wavelength. The 3 dB points of the response function

monitoring experiment was conducted over a period of 10

deﬁnes the beam opening angle θ, which equals 34 at

days where the state of the ﬁlter was imaged before the

60 kHz. The beam opening angle directly relates to the hori-

cleaning procedure and continued until a full cycle (period

zontal resolution of the instrument via

between two clean states of a ﬁlter) elapsed. A scan along

W

the x-direction, indicated by the line in Figure 2, was
Δx ¼ 2d tanðθ=2Þ

ð5Þ

repeated every 2 hours. The sensors were positioned
45 cm below the water surface and moved in 1 mm incre-

where d is the distance between the target and the hydro-

ments. A 90 cm long scan took about 15 min to complete.

phone array. Extending the size of the array by adding
more hydrophones will improve the horizontal resolution.

Processing of the data

The transmitter and the hydrophone array are attached
to a robot which can move in three directions along an alu-

The signal emitted by the transducer is a 2 ms long chirp

minium frame. The robot is controlled via the computer and

with a frequency range of 10 to 110 kHz. The chirp is com-

can be programmed to perform a scan in two directions and

pressed by applying a speciﬁc processing ﬂow aimed at

repeat it over a given period in time.

enhancing the vertical resolution of the recorded data. To
this end, we use deconvolution to recover the impulse
response and then apply a lowpass ﬁlter to reduce the arte-

Monitoring experiment

facts introduced at the high frequencies. This is described by

To assess whether the developed instrument is able to detect

the following equation:

changes in a ﬁlter used for water treatment, we performed a
monitoring experiment in a rapid sand ﬁlter put at our disposal by a Dutch water company. The ﬁlter is used at the early

RðfÞ ¼ FðfÞ

DðfÞ
SðfÞ

ð6Þ

stages of the water treatment process and is typically 156

where S( f ) is the spectrum of the chirp, D( f ) is the spectrum

hours in use before the cleaning procedure is started. The

of the recorded signal, F( f ) is a low pass ﬁlter and R( f ) is

ﬁlter is about 10 m long and 5 m wide and is divided into

the result. The processing steps are summarized in Figure 3:

two compartments separated by a channel built to drain

the chirp and the recorded signal are combined to obtain the

water used in the backwashing procedure. The ﬁlter bed is

ﬁnal reﬂected response. The peaks obtained at the end of the

1.3 m thick and is composed of sand with a grain size

processing ﬂow are related to various arrivals reﬂected at

between 0.8 and 1.25 mm. A stack of sand layers with

boundaries with contrasts in acoustic properties. The

increasing grain size is placed below the ﬁlter bed for support. Table 1 shows the composition of the ﬁlter bed
material. The water height above the ﬁlter bed is 1.25 m

described processing ﬂow is applied to the sum of the ﬁve
hydrophones and is repeated at recordings acquired at a
horizontal increment of 1 mm. Figure 4 shows a typical
image obtained for a 90 cm long proﬁle (i.e. a stack of 901

Table 1

|

Composition of the ﬁlter used in the experiment

transmissions). In this image, the depth axis is computed

Thickness [cm]

Grain size [mm]

130

0.8–1.25

15

1.25–2.0

15

2.0–3.0

15

3.0–5.0

15

5.0–8.0
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1,500 m/s. The reﬂection from the top of the sand bed is
identiﬁed at a depth of 80 cm. Reﬂections from the water
surface and the ﬁlter walls are also detected in the scan.
They have a strong presence because of the large impedance
contrast encountered at the water/air interface and the
water/ﬁlter wall interface.

111

Figure 2

N. Allouche et al.

|

|

A novel acoustic imaging tool for monitoring

Water Science & Technology: Water Supply

|

14.1

|

2014

A picture showing the instrument placed on a sand ﬁlter. The line indicates the location of the scan.

However, they are not interfering with the reﬂection

We start ﬁrst by evaluating the effect of backwashing on

from the sand bed and can thus be removed from the

the ﬁlter. This is done by comparing the images before and

scan. The monitoring experiment started by acquiring a

after the cleaning procedure. These images are displayed in

scan of the ﬁlter which was already 4 days in use. After

Figure 5. It is clear that the amplitude of the signal, reﬂected

cleaning the ﬁlter by backwashing, the scans were repeated

at the top of the sand, decreased after backwashing. This was

every 2 hours until it was cleaned again after 10 days.

more the case in Figure 5(d) than in 5(b). This can be
explained by the fact that the latter was scanned directly
after the backwashing whereas the ﬁrst scan was performed

RESULTS AND DISCUSSION

a few hours later. Another explanation could be that the
cleaning procedure was shorter at the start of the experiment

The results of the monitoring experiment are discussed in

and therefore not all the impurities were removed.

detail in this section. The changes in the measured acoustic

Lateral variations in the amplitude of the reﬂected

signal, as a function of time and position in the ﬁlter bed, are

response were observed at the top of the sand bed. Some

presented. The observed acoustic changes are compared to

spots, indicated by the white circles, appeared to be more

pressure measurement and interpreted to obtain infor-

clogged than others. However, the locations of these spots

mation on the ﬁltration process and the state of the ﬁlter

were variable. They are impurities probably originating

bed. The interpretation is supported by an acoustic model-

from deeper parts of the ﬁlter which were not entirely

ling study which provides insights on the effect of clogging

removed due to the limited duration of the cleaning pro-

on the acoustic signal. The results are ﬁnally summarised

cedure. When the ﬂow direction was reversed, they ended

in a sketch illustrating different stages of the ﬁlter bed

up at a different location in the ﬁlter bed. From the data, we

during the experiment.

observed that these spots get clogged faster than other parts

Downloaded from https://iwaponline.com/ws/article-pdf/14/1/107/415367/107.pdf
by guest

112

Figure 3

N. Allouche et al.

|

|

A novel acoustic imaging tool for monitoring

Water Science & Technology: Water Supply

|

14.1

|

2014

Processing ﬂow applied to obtain a scan. The chirp (top left) and the recorded signal (top right) are transformed to the frequency domain where we apply deconvolution. The
obtained spectrum is subsequently ﬁltered and transformed back to the time domain.
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An acoustic image of the ﬁlter obtained after processing and converting the arrival time to depth. The colour denotes the amplitude of the reﬂected signal. Four reﬂections are
labelled: the direct wave, reﬂections from the water surface, top of the sand bed and the ﬁlter wall.

of the ﬁlter. This is because they acted as additional collec-

direct wave and the wave reﬂected at the water surface are

tors, making it easier for suspended particles to be retained

included in the ﬁgure to evaluate whether changes in the

from the water (Amirtharajah ). As the ﬁlter was in use,

emitted signal or the water level have taken place. A clear

the rest of the sand bed got clogged as well, increasing the

trend, showing a slow compaction of the sand bed, can be

amplitude of the reﬂected response as shown in Figure 5(c).

observed, i.e. reﬂection from the top of the sand bed is

Small-scale variations in acoustic response corresponding to accumulations of impurities were distributed over
the top 20 cm of the sand bed as it can be seen in Figure 5(b).

placed at greater depths.
This effect is reversed when the cleaning procedure is
started. The sand bed is then expanded.

These accumulations, with sizes in the order of a few centi-

A few hours after backwashing was completed, the

metres, were only detectable shortly after backwashing. In

depth of the ﬁlter bed stabilized. The variation in the

the remaining scans of the ﬁlter they were masked by the

depth of the sand bed as a function of time is plotted in

strongly reﬂecting clogged top of the sand. The relative

Figure 7(a). Over a period of about 200 hours, the total com-

‘transparency’ of the ﬁlter occurs only at the early stage of

paction was 3.5 cm. The changes in the ﬁlter bed depth

the ﬁlter run when the pores in the upper 5 cm of the

correlate well with changes in the pressure difference

ﬁlter were not clogged, allowing more acoustic energy to

measured between two levels in the sand (Figure 7(b)).

penetrate the deeper parts of the ﬁlter.

The water level, estimated from the acoustic wave reﬂected

Scans of the ﬁlter were repeated every 2 hours. Figure 6

at the water surface, is plotted also in Figure 7(c). The water

shows the changes in acoustic response with respect to time,

level is generally constant except for some jumps. The ﬁrst

averaged over the length of the proﬁle for all scans. The

jump, also visible in the pressure measurement, is associated
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Acoustic images of the ﬁlter: (a) at the start of the monitoring experiment, (b) after backwashing, (c) after 10 days of ﬁlter use and (d) after backwashing again.

with the backwashing of an adjacent ﬁlter. When one ﬁlter
is not in use, more water is distributed over the remaining
ﬁlters, thereby increasing the overall water level. There
was a slight drop in the water level before it increased
again at the end of the ﬁlter run time resulting in a large
peak. This peak, which preceded the backwashing, can
also be identiﬁed in the pressure measurement.
Due to lateral variations in the sand bed, the amplitude
trend in Figure 6 is less obvious than that of the depth.
Figure 8 shows an average image of the 90 cm long proﬁle
repeated for all days of the experiment. As the ﬁlter was in
use, the clogged layer at the top of the sand bed became
thicker as small-scale accumulations stuck together (compare Day 2 and Day 3). In the last 2 days of the ﬁlter run
time, deeper clogging became more aligned forming another
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(a) The average depth of the ﬁlter bed plotted for each scan. (b) The difference in pressure measured during the monitoring experiment. (c) The water level height above the
sensors determined at each scan.

Figure 8

|

Scans of the ﬁlter bed averaged from all measurements taken during 1 day.

clogged layer. As more pores were clogged in the upper part

clogging of the rapid sand ﬁltration system mainly occurred

of the sand, the pore ﬂow velocity increased and fewer solids

in the top layer of the ﬁlter bed and the clogging zone gradu-

accumulated there. Deeper parts took over until the ﬁlter

ally expanded when saturation occurred (equilibrium

resistance reaches a maximum. We observed that the

between attachment and detachment) (Amirtharajah ).
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This is also indicated by the, more or less, linear increase of

sands. The latter is not visible due to the intrinsic absorption

the pressure drop, since cake ﬁltration on top of the ﬁlter

in the sand layer. This explains as well why the reﬂection

bed will result in an exponential increase (Ives ) and

from the supporting layer in the full-scale sand ﬁlter was

strictly deep bed ﬁltration in a quadratic increase.

not visible in the data. Lower frequencies are required to

Using acoustic modelling techniques, we can support the

detect it.

observations described above. The wavenumber integration

During ﬁltration, most of the particles were retained ﬁrst

method, also known as the reﬂectivity method, is selected

at the top of the sand bed as shown in Figure 8. This resulted

for this purpose (Kennett ; Ursin ). Theoretically,

in a thin layer with acoustic properties different from those of

the ﬁlter bed can be modelled as a stack of homogeneous

the clean sand bed. Corresponding changes in porosity affect

layers with different acoustic properties. Attenuation is

the acoustic response. Figures 10(a) and 10(b) show the result

accounted for by making the sound speed complex valued.

of decreasing the fractional porosity from 0.37 to 0.3, 0.2, 0.1

For simplicity, we model only the case of a plane wave inci-

and 0.05 for two layer thicknesses, 1 and 5 cm, respectively.

dent vertically on the layered sand ﬁlter. A schematic of the

When the clogged layer is as thin as 1 cm, the amplitude of

sand bed used for the modelling is shown in Figure 9. Similar

the wave reﬂected at the top of the sand bed increased as

to the real ﬁlter, a 1.30 m thick sand layer with a grain size of

the pore volume was reduced. This is consistent with the

0.8 mm and a porosity of 0.37 is placed on top of a sand layer

acoustic images shown in Figure 5 where the amplitude of

with coarser grains. The acoustic properties of the sand layers

the ﬁlter bed reﬂection increases with time as a result of clog-

are taken from the literature ( Jackson & Richardson ).

ging. The same effect occurs when the layer thickness is 5 cm.

The density of the sand grains is 2,670 kg/m3 and the bulk

However, a second arrival with smaller amplitude also

moduli of the water and the grains are 2.2 × 109 and 4 ×

became visible. This corresponds to the reﬂection originating

10

2

N/m , respectively. The source and receiver are located

from the bottom of the clogged layer. The difference between

in the water at 80 cm distance from the top of the sand bed, as

the two ﬁgures is caused by the interference pattern.

10

in the real experiment. The reﬂected response computed for

Obviously, the thicker the layer the better the top and

the chirp with a frequency bandwidth of 10 to 110 kHz is

the bottom are separated acoustically. In the experiment,

also displayed in Figure 9. Three arrivals are visible: the

this thickening of the clogged layer at the top of the sand

direct wave, travelling directly between source and receiver,

bed occurred quite quickly (after a few hours). From

the reﬂection from the top of the sand bed and the reﬂection

Figure 10(b), it can also be noticed that the reﬂection from

from the interface separating the ﬁne and coarse-grained

the bottom of the clogging was arriving earlier in time as
the porosity decreased. The difference in travel time is
caused by an increase in acoustic speed as predicted by the
Wood equation (see Equation (2)).
Based on the above observations, provided by the acoustic measurement and supported by the modelling study, we
can make a qualitative construction of the state of the ﬁlter
during one run. First of all it must be noted that a small
mass increase caused by the deposits, about 1–2% of the
ﬁlter mass and resulting in a large hydraulic resistance
(Mays & Hunt ), can be detected by the acoustic
measurements. Further, Figure 11 illustrates different stages
in the ﬁlter, starting after backwashing when small particles
were left behind. As the ﬁlter is in use, more particles were
accumulated in the sand but mainly at spots where the pore

Figure 9

|

The three-layered model used for the computation (left). The positions of the
source and receiver are denoted by a circle and a triangle, respectively. The
modelled acoustic response (right).
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The effect of porosity on the acoustic response reﬂected at the top of the sand layer for a clogged layer with a thickness of 1 cm (a) and 5 cm (b).

ﬁlter, described in detail in this section, demonstrates the
great potential of the acoustic-based instrument as a monitoring tool. Images of the ﬁlter bed can be obtained anywhere in
the ﬁlter bed. This can help in detecting local clogging that
can cause the overall performance of the ﬁlter in the long
term to deteriorate, e.g. through the formation of mud balls
that are formed at the top and, in time, grow and sink to
the bottom, clogging the water collection infrastructure
(Brouckaert et al. ). The new tool can also be deployed
to evaluate and optimise the cleaning procedure. In contrast
to the pressure measurements, the information obtained is
not averaged over the whole ﬁlter bed.
In the future, further improvements can be made to
extract information from the deeper part of the ﬁlter and
more effort can be put into the quantiﬁcation of porosity
changes and the detection of mud balls.

CONCLUSIONS
Figure 11

|

A schematic illustration of the different states of a rapid sand ﬁlter starting
shortly after backwashing (a) and ending when the upper layer is clogged (c).

An acoustic-based instrument was developed as a monitoring tool for a water treatment process. This instrument,

from water and accumulated in the upper part of the sand.

composed of a broadband transmitter and an array of hydro-

Slowly this part became clogged and particles were deposited

phones, was tested in an experiment conducted in a rapid

in deeper parts. The ﬁlter bed was slowly compacting. In the

sand ﬁlter used in practice. The state of the ﬁlter was mon-

ﬁnal stage, various clogged layers with decreasing thick-

itored for a period of 10 days. As supported by the

nesses were formed. The information on the state of the

modelling study, an overall increase of the reﬂected acoustic
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