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ARTICLE INFO ABSTRACT

Keywords: Fouling in heat exchangers is the buildup of deposits on the solid surfaces. These deposits reduce the eco-
Ultrasonic efficiency of the processing equipment and increase the risk of subsequent surface contamination with the
Coda wave interferometry formation of biofilms. In the agro-food and water supplier sectors, which are our main concern, fouling on the
E?:algilig hot walls of processing heat exchangers is a common occurrence and requires frequent cleaning cycles to ensure

hygiene requirements are met. This results in a considerable ecological footprint. Sensors and diagnostic tools for
monitoring fouling are thus of utmost importance to ensure the rational validation of the cleaning end-point and
to decrease the environmental impact of the cleaning cycles.

In this paper, a non-destructive ultrasonic monitoring technique using coda waves and the associated signal
processing was tested to monitor the evolution over time of a deposit layer on a solid wall during cleaning. To
ascertain the feasibility of the method, a piece of wax of controlled thickness was deposited to simulate the initial
fouling state and a cleaning cycle was launched. The decorrelation coefficient was used as an indicator to
monitor fouling. This article presents the principle of this unprecedented technique for measuring the degree of
fouling.

The results of the experiments show that this non-destructive monitoring technology is sensitive to changes in
fouling and that the decorrelation coefficient curves are in agreement with the cleaning kinetics captured using a
video camera, thus ascertaining the pertinence of the diagnostic tool proposed.

1. Introduction

Fouling in heat exchangers is generally defined as the unwanted
formation of thermally insulating materials or deposits from process
fluids on heat transfer surfaces [1].

Fouling leads to a rise in energy costs due to an increase in the
thermal (and mechanical) energy required to overcome the additional
heat transfer resistance (and pressure drop) induced by the presence of
the deposit. The decrease in heat transfer due to fouling leads to
oversized heat exchangers and/or energy losses. For example, in the
food sector, fouling deposit formation on the surface of heat exchangers
arising from the thermal treatment of foodstuffs, including pasteuriza-
tion or ultra-high temperature processing of egg and milk products for
sanitization, is still a major industrial problem. It requires frequent,
drastic, and expensive cleaning measures to avoid any risk of con-
tamination, thus resulting in the excessive use of rinsing water and
harsh chemicals (sodium hydroxide and hydrochloric acid solutions).

Cleaning processes are often highly automated and use cleaning in
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place (CIP). In the food sector, cleaning takes several hours and thus
constitutes a large proportion of the total production time. In the dairy
and egg products industry, plant downtime allocated to CIP ranges from
4 to 6 h per day. This also means that supplementary investments are
required (additional, oversized heat exchangers for food processing,
cleaning lines, and additional maintenance costs...).

Nowadays, the major drawback of fouling in the dairy sector with
regards eco-efficiency is not only the excess energy used but also the
amount of water and detergent used in the cleaning procedures
(Australia, source: Eco-efficiency manual for the Dairy Processing
Industry, UNEP working group for Cleaner Production in the Food
Industry, Aug. 2004). Cleaning generates excess effluent, which sig-
nificantly contributes to the environmental footprint of the plant.
Cleaning operations account for 50 to 90% of the wastewater sent to the
wastewater treatment plant. This represents between 0.5 L and 5 L of
water per liter of processed milk regardless of the type and size of the
plant or equipment [2]. NIZO food research [3] attributes 80% of
production costs to the consequences of fouling and cleaning in the
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dairy industry.

In the food industry, cleaning processes are frequently used but
rarely optimized [4].

Nowadays, the eco-efficiency and improvement of these cycles is a
challenge with a high economic impact. Beyond the sanitary and eco-
nomic impacts, environmental and social concerns are no longer neg-
ligible. Even in Europe, water availability is a limiting factor for further
economic development. European consumers have embraced the en-
vironmental value of products; they increasingly want to be sure that
the food they consume is not only safe, healthy and affordable but also
meets the highest levels of environmental considerations and sustain-
ability. This growing awareness of environmental issues in society is
largely supported by several initiatives launched at national (France,
UK, Germany) and European (Food Sustainable Consumption and
Production Roundtable 2009-2011) levels to assess the environmental
footprint of individual foods and unit operations.

It is widely recognized that CIP can be rationalized through the
online and offline use of sensors and rational indicators to reduce op-
erating times, as well as effluent volume and load [5]. Currently, it is
still very difficult to validate the cleaning end-point in the food in-
dustry, as equipment is generally sealed off and opaque. Consequently,
optical methods are often impossible to use. Moreover, despite the
numerous methods of detecting fouling in heat exchangers reported
[6,7], most of them present drawbacks with regards the accurate
monitoring of the evolution of fouling during the cleaning process and
the optimization of the cleaning cycles.

Fouling can be quantified using experimental or numerical methods.

The following experimental methods are the most common: mea-
surement of the pressure drop [6] and the mass flow of hot and cold
fluids, determination of heat transfer parameters (e.g. heat transfer
coefficient and thermal resistance) [8,9], direct monitoring of varia-
tions in heat flux using sensors [10-12], measurement of changes in
electrical parameters (electrical resistance or conductivity) [10], fluid
dynamic gauging (FDG) [13,14], and acoustic methods.

An ultrasonic sensor [15] is installed on the outer surface of a
substrate to detect fouling on the other side (process side). The acoustic
parameters change when fouling occurs and can be measured in
transmission (one transducer as a transmitter, one as a receiver) and in
pulse-echo mode (one transducer as a transmitter and receiver). The
acoustic properties of fouling deposits are different from the processed
liquid, so the formation of deposits will change the characteristic
acoustic impedance of the medium, the time of flight, and the reflection
coefficient at the interface. Echo energy is also another physical vari-
able that changes when fouling occurs because of changes in the re-
flection/transmission and attenuation coefficients. Thus, damping and
signal attenuation can be also used. Changes in these parameters can be
an indicator of fouling deposits [16]. Ultrasound tests can be divided
into two groups, those based on vibration resonance [17] and those
based on ultrasound propagation. Ultrasonic guided waves are an effi-
cient method of detecting fouling in pipes [18-20]. However, a very
low frequency is required to adapt to the equipment and the test spe-
cimen. In this case, a small deposit is hard to detect. Concerning ul-
trasound propagation-based tests, ultrasonic guided wave methods
[19,20] and acoustic impact techniques [21-23] have been primarily
used to detect fouling formation. Among the acoustic impact techni-
ques, a Mechatronic Surface Sensor (MSS) has been developed to
monitor deposits inside a pipe using the vibration properties of surface
waves such as the amplitude and damping factor [22,23]. These
methods are not very sensitive yet, especially for thin layers. The decay
of echo energy is also used to detect fouling. This method can detect the
presence of layers 800 um thick, but the irregularity of fouling such as
an irregular surface could increase the error of the results.

As far as numerical methods are concerned, a heat exchanger is
considered as a system. First, a model is developed including the
parameters presented in real heat exchangers and the inputs/outputs of
the model are studied continuously to provide an indication of the
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degree of fouling. There are two main approaches: (i) to compare the
outputs of a model fed with real data with the outputs of the actual
system [24]; (ii) to continuously adapt the model to the inputs/outputs
and to analyze the variations in the model parameters. Whichever ap-
proach is considered, the degree of fouling can be assessed by analyzing
the variation in the model parameters or by differentiating the esti-
mated outputs from the actual outputs (analysis of the residuals). Dif-
ferent models have been developed based on various principles: Kalman
filters [25], Fuzzy observers [26], Linear Parameter-Varying (LPV)
systems [27], Subspace-based identification techniques [28], Neural
networks, and nonlinear regressors [29]. Unfortunately, they only
provide a global indication of the degree of fouling and have rarely
been tested in real fouling conditions. Most of these models are “grey
box” models, i.e. the structure and/or model parameters are motivated
by prior knowledge about the physical behavior of the heat exchanger.
This explains why their set-up and the work to ascertain their validity in
real fouling situations are time-consuming. The computational load is
sometimes an additional obstacle to implementing these detection
methods in systems for monitoring fouling in real time.

According to a survey of online methods available for monitoring
fouling, the most common drawbacks of existing tools are reliability,
significance and ease of interpretation of the information contained in
the indicator (local fouling representing the local thickness of the hot
wall layer or global fouling representing the state of fouling in the
entire heat exchanger), as well as sensitivity to thin layers, invasive-
ness, time to establish the fouling diagnosis, computational load for
easy inclusion in any supervision software, and simplicity of the device
for measuring the degree of fouling including set-up, tuning and
maintenance stages, robustness, and economic cost.

Fortunately, of course, fouling diagnostic tools can sometimes pro-
vide total satisfaction depending on the applications. Nevertheless, the
detection of local thin deposits and tiny changes in the deposits in real
time is still a challenge to be overcome. Some methods are not sensitive
enough to describe small changes that occur at the interface and others
need special conditions or equipment, which are not always compatible
with actual applications.

In industry, having a non-invasive, online, fast, reliable, robust, and
inexpensive method to monitor fouling is essential. In addition, the
analysis and signal processing systems must be simple and the fouling
detection methods must be very sensitive. Unfortunately, this is not
currently the case and consequently, the cleaning cycles are frequently
unsupervised. Industrial CIP procedures currently rely on practical ex-
perience with excessive safety margins in terms of duration and en-
vironmental footprint, but this situation is no longer acceptable. Tools
must be proposed to enable the online diagnosis of fouling to help the
decision-making process and revamp the cleaning cycles based on ra-
tional knowledge.

One major issue is to avoid placing fouling sensors on the process
side (in the bulk or on the inner surface of the heat exchanger in contact
with the processed fluid). Industrials are often reluctant to use sensors
in direct contact with the products being processed as this may result in
additional hygiene problems and false positives since fouling strongly
depends on the substrate. Therefore, this should be definitively avoided
in the food industry. Moreover, embedded sensors would not have a
long service life with such severe online operating conditions (tem-
perature, shear stress due to flow rate, chemical agents).

The aim of this contribution is to help resolve this issue. In this
paper, non-destructive ultrasonic monitoring technique using coda
waves is presented. Acoustic wave signals can be divided into 3 parts:
ballistic waves, coda waves, and noise. Ballistic waves are the first to
arrive and propagate directly from the source to the sensor. Coda waves
are the latter part of the signal and have a small amplitude. The noise is
the part after the coda waves and is much attenuated. Coda waves are
strongly scattered in the test specimen, so it is difficult to analyze the
paths of each wave in the same way as direct waves [30]. However,
coda waves propagate multiple times in the specimen, which means the
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information they carry is much more sensitive than that of direct waves
[31-33].

Recently, coda waves have been used in numerous domains such as
seismic monitoring [34-36] and concrete monitoring [37-41]. These
studies show an excellent sensitivity to changes in the specimen. To
date and to our knowledge, coda waves have not yet been used to
monitor changes in fouling deposits. This article proposes to use a
highly sensitive technique to monitor fouling using ultrasonic coda
waves called coda wave interferometry (CWI). The principle of CWI is
to compare the initial state with other perturbed states. By analyzing
the difference between the coda waves at different instants, it is pos-
sible to predict changes in deposits. Consequently, the continuous
measurement of fouling is possible.

First, the theory of CWI is briefly reminded. Then, the protocol of
the experiments conducted in controlled fouling and cleaning condi-
tions, including the instruments and the operating conditions, is de-
tailed. The difference between the monitoring results with and without
wax is then discussed.

2. Materials and method
2.1. Principle of the ultrasonic coda waves method

2.1.1. Description of coda waves

As evoked in the introduction, acoustic signals can be measured
experimentally to study the information in the specimen (medium in
which fouling layer is to be characterized). These acoustic signals can
be divided into three parts: direct waves, coda waves, and noise. Coda
waves are the latter part of the signal after the direct waves. Direct
waves propagate directly from the source to the sensor (Fig. 1) whereas
coda waves are strongly scattered in the medium and decay more
slowly than direct waves (Fig. 1). Since coda waves propagate multiple
times in the medium, they are much more sensitive to any changes than
direct waves. Coda waves are a combination of waves that propagate
along numerous paths and are difficult to separate. However, they are
not random. If there is no change in the medium, there will be no
change in the path of each scattered wave either. Conversely, if the
medium is disrupted, the paths of the scattered waves will change.
Experimentally, a reference signal, which generally corresponds to an
initial state, is measured. The signal is then measured after disruption of
the medium and compared with the reference signal. Small changes in
the medium result in few differences in the direct waves (Fig. 2(b)).
However, the differences in the coda waves are obvious (Fig. 2(c)).
Therefore, the evolution of a specimen can be monitored with good
sensitivity by analyzing the evolution of coda waves at different times.

2.1.2. Calculation of the decorrelation coefficient

Most of the acoustic parameters frequently used such as time-of-
flight and reflection coefficients, are difficult to extract from coda
waves. An indicator representing the global change in coda waves is
therefore proposed to analyze the information carried by the coda. This
indicator is called the decorrelation coefficient and represents the de-
gree of dissimilarity between two signals. The decorrelation coefficient
is given by equation (1).

. Direct waves
Deposit

Coda waves
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¥y 51,52 (O)

N Fs1,s1 (0) Fs2,52 (0) (1)

where s, is the reference signal in a given specimen state; s, is the signal
of a subsequent perturbed state.

Fa,52(0)is the cross-correlation coefficient of s, s, at zero lapse-time
and ry 51 (0) and r» 2 (0) are the auto-correlation coefficients of s, and s,
respectively, with no shift.

In our application, s; and s, are specific time-windowed, band-pass
filtered parts of the whole signal. It is commonly accepted that a time
window of width AT that is at least 10 times the period corresponding
to the excitation frequency is appropriate [42]. In order to describe
correctly the frequency content in these time-windowed signals, the
filtering frequency range Af must satisfy the classical condition Af > 1/
AT [43].

The aim of the denominator is to normalize the inter-correlation
coefficient between —1 and 1, so the decorrelation coefficient is within
the interval [0, 2]. The smaller the decorrelation coefficient, the fewer
changes appear in the medium. Conversely, higher decorrelation coef-
ficients correspond to substantial changes.

D1,2 = 1 -

2.2. Protocol for monitoring deposit cleaning

2.2.1. Presentation of the cleaning loop and positioning of the fouling
deposit

In the experiment, a wax layer of controlled thickness was used to
represent the industrial deposit in a cleaning loop (Figs. 3 and 4)
comprising two parts: a water bath and a rectangular duct made of
stainless steel and measuring 51.5cm * 11 cm * 0.8 cm. The top plate of
the duct, which could be opened, was used as the substrate on which
the wax layer was placed. Wax was chosen here as the fouling material
essentially for practical reasons: it is soft, cheap, and easy to obtain. It
melts easily when heated and solidifies when cooled. A piece of wax can
be placed on a clean substrate by solidifying liquid wax; the shape is
easy to control mechanically during or after the solidification step.

The piece of wax was placed on the inner surface of the substrate as
follows: after cleaning the substrate surface with alcohol and acetone, a
rectangular stencil consisting of a hole measuring 6 cm by 3.2 cm in a
metallic plate 6 mm thick was put on the substrate and filled with liquid
wax. After several minutes, the wax solidified and the stencil was re-
moved leaving a 6-mm thick rectangular piece of wax on the substrate.
This represented the initial fouling state.

A water bath was used to heat the water and keep the cleaning
water circulating inside the duct at a fixed temperature (70 °C here).
The water flow was about 16 ml/s. The average circulation velocity was
18 mm/s. The bath and the duct were connected by hosepipes. The
input and output temperatures were monitored using thermometers
installed at both extremities of the duct. The cleaning process was
monitored using acoustic sensors to show the feasibility of the CWI
method as detailed below.

The signal acquisition system consisted of a laptop computer, an
amplifier, an acoustic generator (Function/Arbitrary Waveform
Generators, Keysight 33600A Series), a USB acquisition board
(PicoScope 5000 Series), and two sensors (one for measuring the
cleaning and the other used as a control) glued to the outer surface of

Fig. 1. schematic diagram of the propagation paths of direct waves and coda waves.
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Fig. 3. Diagram of the monitoring system (top); Photo of the cleaning system
(bottom), 1: water bath; 2: duct; 3: measurement sensor with wax; 4: control
sensor without wax; 5: connection of duct and hosepipe with thermometer.

the duct using a strong adhesive. The sensors used in the experiment
were piezoelectric transducers consisting of two concentric active parts
(Fig. 5). The active inner part was for emission (ultrasound source). The
other part was for acquisition (receiver). The generator created a pulsed
signal of one sinusoid period that was sent to the emission transducers.
The source transducer converted the electrical signal to an acoustic
signal, which was emitted into the substrate. The acoustic waves

—Reference and the perturbation signal is obvious.

the difference between the reference signal
\ — Perturbation|

51 51.5

time[us]

(c)

Sensor 2

y/m
Rectanguw

————— &

Fig. 4. Diagram detailing the inside and the outside of the duct. The hot water
flows through the duct from left to right. A small support is placed under the
right side of the duct to create a slight angle. Sensor 2 measures the evolution of
the wax in the cleaning system. Sensor 1 records the data without wax as a
control.

propagated, reflected, and scattered inside the substrate, the deposit,
and the duct. Part of these waves was intercepted by the receiving
transducer and recorded using the acquisition board. There are 3
channels of acquisition board used in the experiment: one was used to
monitor the source signal from the generator, and two were used to
receive the signals from the sensors. The sampling frequency was
125 MHz. The amplifier was connected between the acquisition board
and the sensors to amplify the signals received and filter out any low-
frequency noise caused by the vibration of the support. The signal data
in the acquisition board was transmitted to the PC for further proces-
sing (Fig. 3).

2.2.2. The cleaning protocol

The duct was cleaned with alcohol before each measurement. The
wax was placed on the inner surface of the duct beneath sensor 2
(Fig. 4). The physical parameters of the paraffin wax used were as
follows: density 900 kg/m>; Young's modulus 61.4 MPa; sound velocity
1300 m/s. After installing the wax, the duct was sealed and inserted in
the water circulation loop at a slight angle and the cleaning process was
started. This angle was designed to help the water flow and rapidly
expel any air bubbles remaining in the duct. The temperature of the
water bath was set to 70 °C. Simultaneously, the acquisition system
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started recording the data measured by the sensors. Sensor 2 was used
to monitor the wax cleaning process. Sensor 1 recorded the data at
another position without wax located upstream in the duct, which
served as the control. The delay between two acquisitions was 15s.

2.2.3. The wax cleaning process

The entire measurement sequence lasted for about 3 h. During the
measurement, two thermometers monitored the water temperature at
the inlet and outlet of the duct. There was a slight drop in temperature
at the beginning, but it stabilized at 70°C after 15 min. During that
time, a lot of air was exhausted from the duct, which could have a
negative effect on the measurement. Therefore, to ensure neither the
temperature nor the air had an influence, the acquisitions at the be-
ginning of the measurement were ignored. After acquisition, the
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(d)

circulation of the hot water was stopped and the duct was opened to
visually confirm the result of the wax cleaning process. After each
cleaning sequence, it was observed that the piece of wax on the inner
surface had indeed disappeared.

In order to obtain further information on the dynamics of the wax
cleaning, additional cleaning cycles were performed after replacing the
stainless steel top plate of the duct with a transparent glass plate of
similar dimensions. A video of the cleaning sequence was captured and
the images were processed. In the video, it appeared that the wax had
totally disappeared after about 2.2 h.

After cooling down the circulating water, the wax dispersed in the
water could be observed. This observation was expected as the cleaning
process with hot water had progressively melted the wax in the duct,
which then solidified as the water temperature decreased.
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Fig. 9. The stable value (maximum value) of the decorrelation coefficient as a
function of the center of the windows. The windows are always 10 pus wide.

3. Results and discussion
3.1. Ultrasonic signal acquisition

Fig. s 6-(a) and (c) show typical echograms received by sensors 1
and 2, respectively. Sensor 2 was located on the upper side of the
surface fouled with wax while sensor 1 (control) was placed on the
upper side of a clean surface.

For both sensors (Fig. 6-(a) and (c)), it could be observed that the
signal amplitudes of the direct waves were rapidly attenuated whereas
the attenuation of the signal was more progressive for the coda waves.

The signals in the time window [20-22 ps] are presented for both
sensors (Fig. 6-(b) for sensor 1 and Fig. 6-(d) for sensor 2), which shows
the coda wave signals in more detail. Each colored curve in Fig. 6-(b)
and Fig. 6-(d) corresponds to an echogram obtained after a different
period in the cleaning cycle: 0 h (immediately after starting signal ac-
quisition), 0.75h, 1.5h, and 2.25h. The signal to noise ratio at
[20-22 ps] was about 30 dB, which was good enough for the analysis.
Here, an average of 10 signals measured continuously was used to re-
duce the noise level for all the other signals recorded.

For sensor 2 (Fig. 6-(d)), the signal varied in both amplitude and
time shift according to the stage of the cleaning protocol.

For sensor 1 (control), regardless of the period in the cleaning cycle,
the signals looked very similar and could be superimposed. This trend
was expected, as sensor 1 was placed on the upper side of a clean
surface, the state of which was not supposed to change during the
cleaning protocol. This result illustrates the fact that coda wave inter-
ferometry can show any change in the state of the sample, provided
there are no other perturbations in the acoustic propagation field
(temperature variation, flux variation, loud noise...).

For all the graphs in Fig. 6, the sinusoid period of the source signal
was 3 MHz. The aim of the band-pass filter was to adjust the sensitivity
to the specific conditions and reduce the influence of noise. As the
emission signal was a single sinus period, its spectrum was wide band.
However, in the spectrum of signals received (Fig. 7), there was only a
narrow peak at 3 MHz, which is the excitation frequency. The high-
frequency bound of 5 MHz simply corresponds to the highest frequency
in the received signal spectrum. The lower bound of the band-pass filter
(2MHz) was selected so that the central excitation frequency was
3MHz. In addition, after testing several frequencies, the optimum
decorrelation sensitivity was obtained for the band [2-5 MHz].

3.2. The decorrelation coefficient with and without wax

The decorrelation coefficient was used as an indicator to quantify
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the evolution in fouling compared to a reference state. As highlighted
before, the decorrelation coefficient provides a global overview of the
dissimilarity between two signals. Here, the dissimilarity between the
coda signals measured at time t and the initial state (fouled state) was
computed and served as an indicator of fouling. In this work, 720 sig-
nals were recorded over about 2.75h, which corresponds to the dura-
tion of the cleaning protocol.

Only part of the coda signals was used to compute the decorrelation
coefficients. Hence, five different time-domain windows 10 us wide
were tested ([0-10 ps], [4-14 ps], [8-18 ps], [12-22 ps], [16-26 ps]) to
find out which parts of the echogram were more sensitive to the degree
of fouling. In our case, the width of the time window was 30 times the
excitation signal period and the chosen band-pass filter was such that Af
‘At > > 1, which fully satisfies the conditions mentioned in Section
2.1.2. Fig. 8 shows the evolution of the decorrelation coefficient for
sensors 1 and 2 for the five different time-domain windows.

For sensor 2, the evolution of the decorrelation coefficient depended
on the time-domain window used for the analysis. For the last three
time-domain windows ([8-18 us], [12-22ps], [16-26 ps]), a drastic
increase in the decorrelation coefficient with cleaning time was ob-
served, then a plateau was reached. This increase in the decorrelation
coefficient was correlated to the decrease in wax fouling. Furthermore,
the fact that at that time the substrate surface was almost clean and all
the wax in the duct had been washed away could explain the plateau.

Conversely, for the first two time-domain windows chosen
([0-10ps], [4-14 ps]), no increase in the decorrelation coefficient was
observed during the cleaning process.

Theoretically, the sensitivity of different parts of the coda waves
varies because of differences in overall propagation distance in the
specimen. In our case, it is clear that the time-domain window
[16-26 ps] was more sensitive and likely to inform us of any change in
fouling state. Conversely, the first two time-domain windows
([0-10ps], [4-14ps]) were not suitable for detecting any change in
fouling state.

For the first two time-domain windows chosen ([0-10 ps],
[4-14 ps]), the signals analyzed were very similar to the direct waves,
so it is logical that the sensitivity was not remarkable and that the
decorrelation coefficient did not evolve.

For sensor 1 (control), the decorrelation coefficient was relatively
stable whatever the time-domain window, as expected.

The window selection corresponds to a compromise between

sensitivity and signal-to-noise ratio. Indeed, the latter parts of the coda
should theoretically correspond to a better decorrelation sensitivity.
However, since the amplitudes are lower, the SNR is lower too, re-
sulting in a mitigation of the sensitivity gain when using later coda
windows. Fig. 9 shows the sensitivities of the different parts of the
signals. The width of the windows was 10 ps. The center of the windows
shifts from 5 ps to 45 ps. The maximum decorrelation coefficient after
2.25h was chosen as an indicator of sensitivity. From Fig. 9, it appears
that the time window [16-26 ps] corresponds to the best compromise.
The oscillation of the maximum value after 20 us comes from the
narrow peak at 3MHz in the spectrum (Fig. 7), which implies some
periodicity in the received signals, and the decrease in the SNR, as
explained above.

Hence, the decorrelation coefficients for sensors 1 and 2 have been
plotted simultaneously on the same graph (Fig. 10) using the time-do-
main window [16-26 ps].

In addition, several pictures extracted from the video at different
times during the cleaning process are also presented to show the evo-
lution in fouling over time. These pictures confirm that the evolution of
the decorrelation coefficient is directly related to the state of cleanli-
ness.

Of course, it was not possible to ascertain that the two cleaning
processes for the two similar ducts were rigorously identical, as the
adhesion properties of wax on glass and on stainless steel plates could
be different. In addition, slight variations in flow could have led to
differences in the elimination process of the wax. However, the digital
images obtained with the transparent duct are still pertinent and give
an idea of the evolution of fouling over time.

Fig. 10 clearly illustrates the capacity of the proposed monitoring
tool to capture the evolution of the fouling state.

4. Conclusion

In this paper, an ultrasonic method based on Coda Wave
Interferometry for monitoring the cleaning of fouling deposits on
stainless steel ducts is presented. This method shows that the evolution
of fouling can be captured non-invasively in an opaque channel.

Two sensors were installed to ascertain the feasibility of this in-
novative method, presented here for the first time. Sensor 2 was used to
monitor the wax cleaning process, while sensor 1 was used as a control,
with no wax deposit in the detection area.
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The decorrelation coefficient was used as an indicator of a change in
the acoustic signal during the cleaning process. The variation in the
decorrelation coefficients obtained with the control and during cleaning
is clear. A valuable advantage of this method is the capacity to adjust
the sensitivity. Indeed, both the band-pass filter and the time-domain
window chosen for the analysis have a direct influence on sensitivity.
By adjusting these parameters, the correct sensitivity to achieve accu-
rate detection according to the conditions can be obtained. Moreover,
there are no critical requirements concerning the quality of the sensors.
Hence, the cost would be low.

In future research, the suitability of the method to follow the for-
mation of biofilms and the elimination of whey protein deposits in the
dairy industry will be addressed.
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