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RESUMO

Um dos principais aspectos para o controle operacional das Esta¢cdes de Tratamento de
Esgoto (ETESs) esté relacionado ao gerenciamento do lodo. Os sistemas de tratamento de esgoto,
aerdbios ou anaerdbios, necessitam de um controle adequado da concentracdo de sélidos em seus
reatores. A falta desse controle pode gerar uma sobrecarga de s6lidos que deteriora a qualidade do
efluente tratado e, consequentemente, o corpo hidrico receptor. O monitoramento em tempo real
de sdlidos pelo sensor ultrassonico (sensor US) diretamente nos reatores bioldgicos de tratamento
de esgoto € uma alternativa a medicao manual e possibilita uma resposta mais rapida ao operador,
menor mao-de-obra e um menor custo energético. O sensor US se baseia na técnica pulso-eco
para determinagdo da concentracao de sélidos atraves da atenuag@o do sinal ultrassonico. Para
0 uso mais adequado do sensor, a determinacdo dos fatores intervenientes a sua medicao foi
realizada. Testes em escala de laboratério mostraram que o tipo de sélido, temperatura e a
presencga de bolhas podem interferir na leitura do sensor. Para temperatura, o proprio sensor
pode medi-la e corrigir sua medi¢do, no entanto, um modelo ainda precisa ser consolidado para
a compensac¢do considerando uma coleta continua de dados. Em testes em escala real foram
avaliados primeiramente um reator UASB (Upflow Anaerobic SLudge blanket), de grande escala,
porém nao houve correlacdo de sélidos totais (ST) com a atenuacio do sensor. O sensor esteve
localizado na regido lateral do reator UASB, possivelmente o posicionamento do sensor seja um
fator importante a ser considerado, uma vez que foi testado com sucesso em um reator UASB
escala demonstracdo, sendo posicionado ao centro do reator. O sensor foi também aplicado
em duas ETEs na Holanda, em sistemas de lodos ativados. Nesse caso ele foi posicionado em
unidades de carrossel e comparado com um sensor de s6lidos dptico comercial. Na primeira ETE
(ETE Grou), de pequeno porte, o sensor mostrou medi¢des compativeis com o teste gravimétrico
de sélidos suspensos totais (SST) duraten o periodo de uma semana. As medi¢cdes mantiveram
compativeis durante testes da ETE Leeuwarden, uma ETE de médio porte. Considerando um
periodo de 5 semanas, a estimativa de SST pelo sensor ultrassdnico obteve um erro relativo de
1,14% , enquanto o sensor optico 1,02% em relacdo ao teste gravimétrico. Apds a terceira semana,
no entanto, o US sensor apresentou uma superestimativa da concentragao de SST, apresentando
valores de até 0.08%, enquanto o sensor Optico e o teste gravimetrico mantiveram medi¢des
proximas de 0.3%. Esse resultado € um indicativo da necessidade de calibracdo mensal do sensor.
Um dos principais problemas encontrados na aplicacdo em escala real foi o acimulo de s6lidos
no tubo de suporte do sensor, notadamente fios de cabelo, que demandam uma limpeza frequente
por parte dos operadores. Testes com um suporte para a superficie refletora do sinal mais limpa
e com menos possibilidades de aderéncia dos s6lidos devem ser realizados. O sensor US se
mostrou uma tecnologia ainda promissora para competir no mercado com sensores de baixo
custo, com a manutengdo e comunicagao facilitada por se tratar de uma tecnologia nacional.

Palavras-chave: tratamento aerébio do esgoto, tratamento anaerébio do esgoto, moni-

toramento de sélidos em tempo real, tecnica pulso-eco, gerenciamento do lodo



ABSTRACT

One of the main aspects for the operational control of Sewage Treatment Plants (STPs)
is related to sludge management. STPs with aerobic or anaerobic treatment requires proper
control of the solids concentration in their reactors or settlers. The lack of a proper control can
generate the solids washout, that deteriorates the quality of the treated effluent, thus polluting the
water body. Real-time monitoring of solids by ultrasonic sensor (US sensor) is an alternative to
manual measurement, which allows a faster response to the operator, less labor and lower energy
consumption. US sensor is based on the pulse-echo technique which determine the concentration
of solids through ultrasonic attenuation. Laboratory scale tests showed that the type of solid,
temperature and the presence of bubbles can interfere with the sensor reading. For temperature,
the sensor itself can measure it and correct its measurement, however, a model still needs to be
consolidated for that. Full-scale tests were evaluated in a large-scale UASB reactor in Brazil,
which failed to show correlation of total solids (T'S) with ultrasonic attenuation. The sensor was
located on the lateral region of the reactor. The positioning of the sensor is an important factor to
be considered, since it was successfully tested in a demonstration-scale UASB reactor, being
positioned at the center of the reactor. The sensor was also applied in two STPs in the Netherlands,
in activated sludge systems. The sensor was positioned in a carousel unit and compared with a
commercial optical solids sensor. In the first small-sized STP (STP Grou), the sensor showed
measurements compatible with the gravimetric test of total suspended solids (TSS) for the
period of one week. The measurements remained compatible during tests at STP Leeuwarden, a
medium-sized STP for a period of 5 weeks. During that period the US sensor had an relative error
of 1.14%, while the optical sensor 1.02% compared to the gravimetric test. After the third week,
however, the US sensor showed an underestimation of TSS concentration, presenting values
of up to 0.08%, while the optical sensors and the gravimetric test maintained measurements
close to 0.3%. This result probably indicates the need for monthly sensor calibration. One of the
main problems encountered in full-scale application was the US sensor fouling. Mainly hairs
were adhered to the reflection surface support causing the complete attenuation of the signal. For
further tests, a cleaner design is recommended to avoid the adherence of solids on the support.
Furthermore, the US sensor showed to me a promising technology for the real time monitoring
of solids in biological reactors of STPs. Further tests should be done to complete the sensor
development and it is expected to be an alternative for low-cost sensors, with the advantage of the
know-how allocated in Brazil, which may facilitate maintenance issues and the communication
with the developers.

Keywords: Anaerobic sludge. Aerobic sludge. Ultrasonic sensor. Solids real time moni-

toring. Signal attenuation, sludge management
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1 INTRODUCTION

Sewage Treatment Plants (STPs) have an important role in preventing the pollution
of water courses and the spreading of waterborne diseases. Such systems can have a rather
complex operational routine, and normally demand continuous monitoring of different variables
to guarantee its stable functioning. A very important aspect of such plants is sludge management,
which involves solids monitoring, settler drains, dewatering, digestion (in some cases) and trans-
portation/destination. According to Andreoli, von-Sperling and Fernades (2014) such activities
can represent 20-60% of the STP OPEX (Operational Expenditure).

The most used technology for sewage treatment in Brazil are the UASB reactors (Upflow
Anaerobic Sludge Blanket), representing 37% out of 3668 reported STPs in the country. While
activated sludge is the most used technology in the world, in Brazil, it represents 10% of the
total reported STP. Nevertheless, in terms of sewage treated volume, activated sludge system
are still the most used technology in Brazil (ANA - AGENCIA NACIONAL DE AGUAS E
SANEAMENTO BASICO, 2020).

Moreover, several reports include operational problems in UASB reactors, such as
the solids washouts due to excess of solids in the settling compartment. The solids washout
can deteriorate the quality of the effluent, thus, it compromises the efficiency of the sewage
treatment (CHERNICHARQO, et al., 2018). In activated sludge the demand of a more complex
and sophisticated operational occurs, and the problem of solids washouts occurs as well, specially
in developing countries. Abusam and Mydlarczyk (2018) reported aeration problems and organic
overload in the aeration tank in Kuwait. In Brazil, Oliveira and von-Sperling (2005) evaluated
166 STPs in the states of Minas Gerais and Sdo Paulo. Despite most of the plants had an organic
removal within an expected range, for TSS removal results were below the expected. However, it
is relevant to notice that the research was realized in 2005, and a global panorama of the STP
performance in Brazil still require more studies.

In order to provide an appropriate control of a STP, it is essential to realize solids
monitoring control. The standard method for the examination of water and sewage recommends
the gravimetric analytical method for this purpose (APHA/AWWA/WEEF, 2017). However, the
gravimetric test are usually not realized in an appropriated frequency. Real time solids monitoring
is, therefore, currently seen as an important tool to guarantee a good functioning of STPs and
allow fast and objective actions of the operators. Moreover, data acquisition for the proper
control of the solids in STP’s can provide not only an operational improve but also an operational
cost reduction (LEONEL, 2016; COLLIVIGNARELLI et al., 2018). Many sensors for solids
monitoring are already present in the market. Nevertheless, most of them have a high-cost and
are imported products, therefore maintenance is more complicated and may become a barrier
for their implementation in the STPs from Brazil. Real time monitoring of solids, despite it
may increase sewage treatment efficiency, demands a regular cleaning routine of the sensors to
prevent fouling which can result in errors on the measurements.

A partnership between the National Institute of Science and Technology in sustainable
STPs (INCT ETEs Sustentaveis), NHL Stenden University of Applied Sciences, YNOVIO
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B.V and Lamp-ion BV was established to improve time response for the sludge discharge in
STPs with a national technology. A low-cost ultrasonic sensor (US sensor) was developed to
estimate the total solid (TS) concentration in UASB reactors and provide a real time monitoring
possibility for the operators. Neves et al. (2021) tested the sensor in a demo-scale and reported
a determination coefficient of 0.97 with the values measured by the sensor compared with the
gravimetric test of solids. The present work aims to extend this study to a full-scale UASB
reactor and activated sludge systems and to give more technical information regarding the factors
that can interfere in the sensor reading. Furthermore, it is expected in the future that the sensor
can become a national product for real time monitoring and possibly an automation tool for the
STPs in Brazil.

1.1 Research structure

This research was structured in chapters for a better understanding of the results that had
different setups, therefore different methodology and specific concepts regarding each chapter.
A general introduction with contextualization of the theme and its importance was presented
on chapter 1. Further items of the introduction will contain the literature review of the main
fundamentals used on this research. The second chapter will, then, present the research objective.
The next chapters will contain their own introduction, with a short literature review, methodology,
results and discussion and conclusion. The two final chapters will contain a general conclusion,
with a summary of the main results found on this research, and recommendations for future

researches.

1.2 Solids and sludge characteristics in domestic sewage

Raw sewage contents 0.1% of total solids and 99.9% of water. Except dissolved gases,
all the water pollutants contribute to compose the 0.1% of solids. Therefore, it is mandatory to
treat properly the solids present in sewage in order to preserve the quality of the water bodies or
to maintain the viability for water reuse (VON SPERLING, 2014).

The solids classification from the physical aspect’s perspective, can be divided by the
size of the particles. On this perspective, solids are classified as total suspended solids (TSS), for
the retained solids of a 2 ym pore filter (some clays and colloids, may pass through the filter).
Particles below 2 um, that passes through the filter are considered total dissolved solids (TDS)
(APHA/AWWA/WEEF, 2017). It is relevant to notice that TSS and TD concepts can probably
suffer alterations throw the years. With the technology advance, new techniques can be used
to measure solids, for instance, suspended nano- particles. Therefore, different classification of
solids should occur in the future.

From a chemistry perspective, solids can be volatile when the composition is primarily
organic, or fixed solids, when its composition is mainly inorganic matter (VON SPERLING,

2014). The distribution of solids in sewage can be seen at Figure 1:
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Figure 1 — Typical values of solids distribution in sewage

Total Solids (TS) |

| ) |

Suspended Solids Dissolved Solids
(8S) - 350 mg/L (DS) - 650 mg/L
Fixed Volatile Fixed Volatile
Suspended Suspended Dissolved Dissolved

Solids (FSS) - Solids (VSS) -
50 mg/L 300 mg/L

Solids (VDS) -
250 mg/L

Solids (FDS) -
400 mg/L

VON SPERLING (2014)

The solid phase of the sewage treatment has as main compound the sludge, which can
variate according to the technology and process steps. The primary sludge, a sub-product of
the primary settler, for instance, will need to pass through all the sludge’s treatment steps. The
first step is the sludge thickening, which is used aiming at the volume reduction for digestion.
Thickening is accomplished in gravity thickeners, dissolved air flotation units, or even in primary
sedimentation tanks. It is desirable to have solids concentrations in the raw sludge fed to digestion
in the order of 4% to 8%. Higher solids concentrations can be used, as long as the feeding and
mixing units are able to handle the solids increase. Solids concentrations lower than 2.5% are
not recommended, as excess water has a negative effect on the digestion process. (ANDREOLI,
VON-SPERLING; FERNADES, 2014). The second step is the sludge’s stabilization. This
procedure is used to eliminate offensive odors and reduce the potential for putrefaction. The third
step is the dewatering procedure, which is used to remove the moisture content in the sludge and
make its transport feasible (METCALF & EDDY, 2003).

It is known that in non-digested sludge from aerobic systems the relation VS/TS is
equal to 0.75-0.80, which means a majority of organic solids, while in digested sludge VS/TS
drops to 0.60-0.65 (ANDREOLLI; VON SPERLING; FERNANDES; 2014). Unlike most of
aerobic treatments such as conventional activated sludge and trickling filters, anaerobic sewage
treatment, for instance UASB reactors, provides a thick and stabilized sludge. Therefore, the
sludge produced by UASB reactors requires only the dewatering procedure if the final destination
is to landfills, which is a common route in Brazil. However, to transform the sludge into a biosolid,
and allow that it can be used directly at the soil as a fertilizer or to recovery degraded areas, it has
to pass through a disinfection step (CHERNICHARO, 2016; ANDREOLI; VON SPERLING;
FERNANDES, 2014). In Brazil, the resolution Conama 498/2020 establishes several criteria for
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the disposal of biosolid in the soil (BRASIL, 2020). In Europe, most of the countries have the
sludge destination to landfills prohibited, however several countries such as The Netherlands,
also cannot apply biosolids directly in their fields, thus the most common practice is the sludge
incineration, or even the exportation of this material to other countries (COLLIVIGNARELLI e?
al., 2019). This restriction in The Netherlands occurs mainly because ground water level is high,
thus it is more susceptible to pollutants.

The legislation that determine the standard for effluent discharge in Brazil is CONAMA
430/2011 (BRASIL, 2011). In which concern about solids, the legislation points that solids
sedimentation should occur up to 1 mL.LL~!. For the discharge into lakes and ponds, settleable
materials must be virtually absent. It is also prohibited the presence of floating materials. For
the discharge of sewage into submarine emissaries, coarse solids should be absence and the
minimum TS removal of 20% should occur before it reaches the sea.

Besides the attendance to the effluent discharge, it is mandatory that the STP respects
the standard of the water bodies receptors. In Brazil, it is determined by CONAMA 357/2005
(BRASIL, 2005). The standard depends on the waterbodie’s class, which can vary from special
class to class IV. The classification also depends on their type (saline water, brackish water,
fresh water). For solids in fresh water for all water bodies classes, it is established a limit of 500
mg.L_l of total dissolved solids (TDS).

1.3 Solids monitoring in wastewater

For the proper monitoring and control of solids in STP, the standard method recommends
gravimetric test (APHA/AWWA/WEF, 2017). For TS determination, the analysis consists on
drying the sample at 103-105 °C oven, cooling dish in a desiccator until room temperature is
reached and then the sample can be weighted. The procedure should be repeated until the weight-
ing values have a difference below 0.5 mg. It is important to mention that the result obtained
from the gravimetric test represents a sample of T'S concentration inside the reactor, but there is
no perfect mixed system, so the actual value could vary depending on the region that the sample
was collected. It will depend on how representative are the collected samples. Nevertheless, the
time between two weightings must be at least 1 h. The minimum time consumption for the TS
determination, therefore, is 2 h plus the preparation and cooling time. However, in several places,
mainly research centers like in the Federal University of Minas Gerais (Brazil) and in Water
Application Center (WAC) located in Van Hall Laurenstein University (The Netherlands), the
time for TS determination takes usually around 24 h due to the labor of checking the samples in
a short time period during the same day.

TS or TVS (total volatile solids) test are usually the parameters used for monitoring the
sludge in UASB reactors (CHERNICHARO; BRESSANI-RIBEIRO; LOBATO, 2019), since
the high concentration of the sludge make the suspended solids measurement more complicated,
considering the high possibility of clogging of the membrane. In UASB reactors, Chernicharo,
Bressani-Ribeiro and Lobato (2019) reported sludge concentration of almost 5% (50 000 mg.L~!)

of TS at the bottom of the reactor, which illustrate the difficult on TSS measurement within the



Chapter 1. INTRODUCTION 23

reactor.

Nevertheless, total suspended solids (TSS) determination can also be a parameter control
for the STP. When TSS test can be applied it is usually preferable, since it is necessary only 1
hour to dry the suspended solids (APHA/AWWA/WEEF, 2017). In UASB reactors it is used for
the efficiency control of the system, by measuring the influent and effluent concentration. In
activated sludge system, TSS measurement is performed not only for the efficiency determination,
but also for the process control. A daily monitor of TSS in the mixed liquor is recommended
(VON-SPERLING, 2016). The concentration range of the mixed liquor for TSS (MLSS) is
between 2000 mg.L~! and 4000 mg.L~'(METCALF EDDY, 2003). Despite the use of mg.L~!
or g.L.7! to express solids concentration is the most accurate form to express it, on this research
% of solids will be adopted, considering 1% of TS or TSS equivalent to 10 000 mg.L~!.

Monitoring frequency will depend on each plant characteristic. However, in general,
UASB reactors have to monitor the solids content in the sludge weekly (CHERNICHARO, 2016).
However, several UASB reactors in Brazil do not monitor solids at is ideal weekly frequency.
Moreover, even STPs that monitor at an ideal frequency, do not use the data for a proper routine of
the sludge withdrawal, necessary for a well functioning reactor (CHERNICHARO; BRESSANI-
RIBEIRO; LOBATO, 2019). In activated sludge system the frequency of monitoring of solids

can be seen in Table 1.

Table 1 — Monitoring program for activated sludge systems in terms of suspended solids

Place Frequency Sampling type
Raw sewage weekly composite
Primary effluent weekly composite
Reactor daily or continuous simple/sensor
Return line daily composite
Final effluent weekly composite

Source: Adapted from Von Sperling, 2016

A more detailed review of UASB reactors and activated sludge systems are present on
chapter 8.

1.3.1 Real time monitoring in wastewater

Depending on the purpose of the treatment there are several parameters that have great
importance for the operational control of a STP. For the secondary treatment, the objective is the
organic matter removal (VON-SPERLING, 2016). However, is also relevant to monitoring the
physical characteristic of the sewage and the biological characteristic in therms of pathogens.
For a tertiary treatment, nutrients should be monitored and controlled (METCALF EDDY, 2003).
More recently micropollutants are also becoming a problem for water quality, thus new forms
of monitoring them are emerging. In order to monitor all the parameters to promote a good
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control of the effluent quality, sample collection and laboratory analysis are recommended by
the standard method (APHA/AWWA/WEF, 2017).

For a well function of a STP, proper operation of the system is essential. Real time
monitoring can be a valuable tool therefore. Compared to manual operation it can provide a more
rapidly response so the operator can take action. Furthermore, it can provide a more representative
data over time for the STP diagnostic compared to simple samples analysis. Moreover, it also
opens the possibility of automating several actions, with feedback and feedforward mechanisms
which can promote a better control of the plant and reduces costs from laboratories analysis.
For the dewatering process, for instance, the use of polymers can reduce up to 50% with the
automation of a system (WEF - WATER ENVIRONMENT FEDERATION, 2019). Despite all

the benefits of the real time monitoring and automation of the systems, the WEF pointed that:

As is true for all mechanical systems and control elements, the sensors must be installed
correctly, maintained, and calibrated to yield accurate, useful data. It is recommended
that interested facilities check maintenance requirements and installation details from
other installations where these sensors and control systems have been successfully
used (WEF - WATER ENVIRONMENT FEDERATION, 2019, p.3) .

1.3.2 Data acquisition and transmission

One relevant aspect for the well functioning of a real time monitoring device is the data
acquisition system (DAS). “Data acquisition is the process of sampling signals that measure
real world physical conditions and converting the resulting samples into digital numeric values
that can be manipulated by a computer’ (MURUGAN; SUMATHI, 2017, 1). For an ultrasonic
sensor, for instance, one of the mechanisms for DAS is to convert the ultrasonic signal into
electrical energy, which can be done by a transducer. The electrical signal can be transmitted
by an Unshielded Twisted Pair (UTP) cable until a proper device to transform the analog
electrical signal into a digital signal, thus the data can be manipulated by a computer. Besides
wired transmission, wireless technology has been reported to be an alternative for the data
collection and transmission. It can be done by several kinds of short-range transmission such
as Bluetooth (IEEE 802.15.1), Ultra-wideband (IEEE 802.15.3), ZigBee (IEEE 802.15.4) and
Wi-fi (IEEE 802.11a/blg), each one with a different level of security, transmission time and
power consumption (LEE; SU; SHEN, 2007). Furthermore, it is ideal for a proper monitoring
to have a storage device to save the acquired data, power supplies for the network function and
management tools for the proper use of the storage data (CHEN; NI, 2018).

1.3.3 Available parameters and cost comparative

There are several sensors available on the market for the real time monitoring of different
parameters in a STP (BOURGEOIS; BURGESS; STUETZ, 2001). Despite developed countries
have a majority of STP that are equipped with real time monitoring devices, in developing
countries such as Brazil this is still far away to be achieved, mainly due to economic barriers
and the lack of national technology for an easier maintenance of the products. The price of the

sensors can greatly differ from each other, depending on the parameter, technology that was
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used, and the brand. Table 2 show examples of different sensors. It is notable that the most used
technology for TSS concentration was optic. Optic sensors function in a similar way compared
to US sensors, the difference is that while US sensors measured due to sound attenuation, optic
sensors function by the attenuation of light. One crucial difference between light and sound is
the sound capacity of avoiding obstacles, which will depend on the sound frequency. However,
multiple light beams with different angles can be installed so high concentration of solids can be

detected by an optic sensor.

Table 2 — Cost comparative between different sensors for real time monitoring in STPs

Sensor Description
Brand *Price ($)

) Mobile device; Paramteres: pH, ORP, DO, EC, temperature,
Multiparameter

$1,491.64 salinity; data transmission: cable (until 100 m without noisy
probe - A Hanna .
interference).
Multiparameter
$1,447.67 Parameters: COD, TKN, total Phosphorus.
probe - B Boqu
Multiparameter
$25,823.54 Parameters: COD,TOC, DOC, TSS.
probe - C Witw
Dissolved
DO measurement, Temperature range: 5-50 °C; power supply
oXxygen sensor $1,000.00 )
A Boqu DC 24 V. Optical sensor.
Dissolved )
DO range: 0-10 mg.L™", temperature: 0-45 °C; accuracy:+
OXygen sensor $999.00

B Boqu 3%; output RS 485 Modbus. Optic sensor
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Sensor Description
Brand *Price ($)

Nitrate-Nitrogen concentration range: 0.1-40.0 mg.L~!;

Nitrate sensor .
$5,499.00 Accuracy +5%; repeatibility: +2%; output RS485 Modbus;

uv

V) Boqu life time: 2-3 years

Nitrate sensor $929.00 Nitrate measurement range: 0.02-1000 mg.L~!; accuracy:

(ion) Boqu ' 5%; cable length5 meters; life time: 6 months.

Phosphorus Measurement range: 0-500 mg.L.~!; measurement period:

real time $6,399.00 minimum of 30 minutes; sewage must be pumped into the
Boqu

analyzer analyzer, or a sample must be taken.

Optic Sensor

$4,587.67 TSS concentration; Range: 0-50 000 mg.L~'.

Optic Sensor $1.999.00 TSS Range: 0-50 000 mg.L~'; suitable temperature : 5-60
TSS-B Boqu T °C. Output signal: 4-20 mA.

TSS Range: 0.01 - 250 000 mg.L~!. Communication RS485

Optic Sensor L .
$1,048.00 Modbus. Life time of 10 years. Suitable temperature: -5 °C to

TSS-C i
Winmore 40 °C. Self-cleaning. Bubble compensation algorithm.
Sludge blanket
g $6,404.02 Ultrasonic sensor for measuring the sludge blanket level.
level Hach

*quotes from different companies from 2021 and 2022

Most of the sensors presented a high-cost, however, TSS optic sensor from Winmore
presented a lower cost compared to others TSS sensors. Despite the lower cost, the brand
is not consolidated in the market as Hach or Hanna, for example, but the sensor could be a
promising low-cost alternative to compete with the US sensor. The advantage for the US sensor
is that the technology would be national, and Winmore is from China, thus, maintenance and
communication from the US sensor would be facilitated in case of the use in Brazil.

It is relevant to notice that there was a wide variation of models for TSS determination,
but most of the asked quotations did not receive a response. However, temperature compensation
and bubbles compensation were two aspects that were on the sensors descriptions and will
be evaluated on this work. Moreover, even the sensors with self-cleaning descriptive had the
recommendation of weekly cleaning. The TSS optic sensor (A) was used for the comparison

with the gravimetric test and the US sensor performances in two activated sludge systems that
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will be detailed on chapter 8.

1.3.4 Real time monitoring of solids in STP

Several techniques can be used for real time solid concentration monitoring in a STP.
Microwaves, ultrasonic sensors, electromagnetic probes, optic probes, image pattern, are some
examples of non-destructive methods, that are important to maintain the biological system intact
(PARRA et al., 2018; ROCHER et al., 2018; WEF - WATER ENVIRONMENT FEDERATION,
2019; NEVES et al., 2021; BOURGEOIS; BURGESS; STUETZ, 2001).

Optic sensors are widely used for solids concentration evaluation. Parra er al. (2018)
developed a low-cost turbidity sensor, that can differentiate sediment matter, and two species
of algae: brown and green. However, scattering at high levels of solids concentration may
greatly reduce the light signal received by optic sensors, increasing the error in the sensor
measurement. Winata et al. (2019) conclude that in photo bioreactors the biomass algal control
can be done in real time by image pattern technique. Furthermore, Rocher et al. (2018) developed
an electromagnetic transducer composed by two coils and a microprocessor module, a low-cost
system for solids monitoring in real time. Nevertheless, the presence of metals, even in low
concentration could interfere on the sensor measurement for solid concentration.

For dewatering and thickening solids evaluation, WEF - WATER ENVIRONMENT
FEDERATION (2019) reported the use of microwave “time-of-flight” flow-through devices to
measure TS in the solid processing unit feed line, thickened solids outlet from thickeners, or
dewatered cake; optical devices to measure TSS in filtrate/centrate/pressate; and microwave
resonance devices to collect, convey, and measure cake solids moisture content (dry solids, or
DS) in dewatered cake.

Ultrasonic sensors for real time monitoring of solids in STP are largely reported in the
literature. In activated sludge system, Abda et al. (2009) developed a method using an ultrasonic
transducer to predict the profile of the settling velocity in real time. Locatelli et al. (2015) reported
settling velocities in secondary sedimentation tanks of activated sludge system, moreover the
solids concentration of the top layer of the sludge blanket (7800 — 8600 mg.L~!) and the bottom
layer (30 030 — 33 100 mg.L~!). More recently, Neves ef al. (2021) reported a good linear
correlation between the results from the gravimetric test and the attenuation measurement of the
ultrasonic transducer in bench scale, in a range of 0-1% of TS. Moreover, in the same research,
in a demo scale UASB reactor the linear correlation observed in the range of 0-1% of TS had
an R? coefficient of 0.97 and accuracy of 0.1%. However, most of the data were obtained in
the upper part of the reactor, 2.1 m from the ground, corresponding to a range of 0-0.2% of TS.
Furthermore, Neves et al. (2021) points out that despite the control of solids in STP by means of
an ultrasonic sensor is promising, the hydrodynamics of biological reactors may bring challenges
to their implementation, requiring adjustment in the processing of the ultrasonic signal for a
full-scale application.

Real time monitoring in STP is already a reality in many developed countries, but are

usually quite expensive. Currently, many promising technologies for real time monitoring at a
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low-cost are emerging. In developing countries the main concern in STPs is still the removal
of organic matter, since universalization of sewage collection and treatment did not occur yet.
However, most of the STPs still need to achieve a proper operational routine. Regarding that, the
ultrasonic transducer that was used by Neves ef al. (2021) showed that it can be a useful tool for

the brazilian reality with a national technical staff following its development.

1.4 Ultrasonic technology: fundamentals, development and application

The next sub-session will explore the fundamentals of this technology and how it was
developed.

1.4.1 Physical principles of sound waves

The physical properties of sound are relevant to understand the variables that can interfere
in the signal emitted by the ultrasonic transducer that is going to be used in this work.

Sound is the energy produced by the vibration of material bodies. For sound waves to
propagate it is necessary a medium (solid, liquid or gaseous) which means that in a vacuum there
is no sound. When sound waves propagate in a medium, they cause successive compression and
rarefaction. The wavelength is given by the distance between two successive compression, while
the frequency is given by the inverse of the wavelength. The human ear is capable perceiving
sound in a frequency range between 20 and 20 000 Hz, although those values can vary from
one individual to another. Frequency bands below 20 Hz are defined as infrasound, while bands
above 20 000 Hz are defined as ultrasound waves. The intensity by which the wave is propagated
is related to the energy transport capacity it has. The amplitude of the wave is one of the factors
that can make it more intense, as well as the frequency. High frequencies and amplitudes are
capable of transmitting a greater amount of energy, therefore require more power per unit area to
be produced. On the other hand, a bigger distance from the source carry out in a smaller intensity
of the sound for the observer (BORGES; RODRIGUES, 2017).

The velocity of sound depends on the characteristics of the medium in which it propagates,
such as density, structural organization and rigidity (CHEEKE, 2002). Depending on these
characteristics, the sound waves can propagate in different ways, which can be observed by
surface wave velocity, longitudinal wave velocity, transverse wave velocity and flexion wave
velocity (BOLLER; CHANG:; FUJINO, 2009).

According to Morais et al. (2017), more than one type of wave propagation can occur
simultaneously in the same material, resulting in different velocities for each one. Ultrasonic
techniques can provide these different forms of propagation, in order to draw conclusions about
the structure of the target material. However, in liquids and gases, the transverse waves, the
flexion waves and the surface waves are very weak due to the low stiffness and shear of the
medium in these physical states (CHEEKE, 2002)

A sound wave, when impacted an object, can cause three different phenomena: reflection,

diffraction and refraction. Reflected sound waves, when target an object returns totally or
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partially to the original means of propagation. When the reflected wave returns to the source in a
period less than 0.1 seconds, there is the specific phenomenon of reverberation, which acts as
a reinforcement of the sound. The refraction occurs due to the change of medium propagation,
hence, is possible that the direction, velocity and wavelength changes as well. The frequency,
however, remains the same. Usually, part of the wave is reflected and another part is absorbed,
depending on the type of material on which the wave is impacting. Smooth substances tend to
reflect better (eg. glass), while porous substances tend to absorb / refract better.

Another important characteristic of the sound wave is its diffraction capacity, that is the
ability to circumvent obstacles and extremities. The degree of diffraction is greater the greater is
the wavelength of the sound wave emitted and lesser, the smaller the width of the object to be
circumvented by the wave (BORGES; RODRIGUES, 2017).

1.4.2 Techniques and applications with ultrasound

Ultrasonic sensors have different uses. According to Wade (2000) some uses for ultra-
sound are: speed of a submarine determination, measuring the flow rate of a liquid, motion
detection, catalyst in chemical reaction, investigation of the viscosity of materials, investigation
into living cells, locating schools of fish, and for counting and sorting items in an assembly line.

The sinking of Titanic in 1912 due to an unseen iceberg which promote the death of 1517
people, was a big motivator for the developing of ultrasound systems to ensure a more secure
navigation (WADE, 2000). More recently, in the medicine field, ultrasonic techniques are used
to promote non-invasive methods for abdominal, cardiac, maternity, gynecological, urological
and cerebrovascular examination, breast examination, and small pieces of tissue as well as in
pediatric and surgical operational review (CAROVAC; SMAJLOVIC; JUNUZOVIC, 2011). For
the sanitation sector, the most relevant applications are the possibility of determining the particle
size of solids, water and sludge blanket level, concentration of solids, sedimentation velocity,
detection of fractures in water and sewage pipes, flow rate of a liquid, cell lysis and more recently
acoustic fields for the selection of particles in water (POWLES et al., 2018; PETRIER, 2015;
KANDEMIR et al., 2020; ABDA et al., 2009; BAMBERGER; GREENWOOD, 2004). Martin
(2012), also reports that ultrasonic waves, through the surface waves known as creeping, can be
used to identify internal or external corrosion of a structure. This can be quite useful in sewage
treatment technologies that uses anaerobic digestion and are susceptible to this kind of adversity.

Ultrasound measurements have been applied to characterize solids, liquids and gases
for over 60 years. Ultrasonic sensors can provide information in real time and work through
compact, robust and low-cost systems (BAMBERGER; GREENWOOD, 2004).

Several ultrasound techniques have been developed over the years. The A-scan visu-
alization is a technique derived from the echo pulse technique. It is capable of receiving and
interpreting the arrival of longitudinal and transverse waves, in order to allow the inference of de-
fects in the analyzed structure, such as cracks, geometry of target objects, size and location. Over
the years, it was possible to improve the technique, making it possible to obtain two-dimensional
(B-scan and D-scan) and three-dimensional (C-scan and S-scan) ultrasonic images (MARTIN,
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2012; CHEEKE, 2002).

The B-scan and C-scan resulted from an improvement in the pulse-echo technique, which
resulted in the technique known as ToFD (Time of Flight Diffraction). In this technique the
interpretation of the travel time occurs not only by the reflected waves, as in the pulse-echo, but
also by waves originating from diffraction (MORALIS et al., 2017).

The development of computing since the 1970s and the drop in the cost of piezoelectric
electronic components, enabled the emergence of a third ultrasonic technique, called Phased
Array. This technique consists on the additional use of a guided wave, that is, a parallel wave with
low potential to suffer attenuation. Phased Array function can be described as the automation
of multiple ultrasonic heads, so that the angles of attack and flight of the ultrasonic waves
can be determined by means of an algorithm. This technique allows high-resolution B-scans
and C-scans, from larger areas and in a short time. However, despite this technique has been
commercially available since the beginning of the 21i century, acquisition and operational costs
are still very high, compared to the echo-pulse technique and ToFD (OLYMPUS, 2007 apud
MORAIS, 2017).

From the 1990s with the consolidation of the guided wave technique a new type of
ultrasonic transducer was created, no longer piezoelectric, but capable of causing excitation of
sound waves by means of electromagnetic force. These were called electromagnetic acoustic
transducers. They are capable of generating longitudinal, transverse and surface waves, but the
great advantage over piezoelectric transducers is the absence of contact between the surface
of the transducer and the inspected surface, which allows the inspection of surfaces with high
temperatures (MORALIS et al., 2017; OLYMPUS, 2007; HIRAO; OGI, 2003).

1.4.3 Intrinsic and external variables for the attenuation coefficient

In ultrasonic tests, the attenuation occurs due to the loss of sound energy. The main
factor for that loss is through absorption (i.e. conversion of sound energy into thermal energy)
by the suspended solids and through scattering that they provoke. The attenuation coefficient
arindicates the level of attenuation, and depends mainly on the frequency of the signal and the
characteristics of the media through which that the signal is getting through (STAKUTIS et
al., 1955; ZHANG et al., 2021). In theory, it can be calculated according to the equation 1.1
presented by Stakutis et al. (1955):

= IO.eZ.T.x.a (11)

Where 1 is the final intensity and I, the initial intensity of the beam in parallel planes x m
apart. o can also be determined by the sum: ar=ap+ o, where apis the attenuation coefficient of
the solids particles’ andor is the attenuation coefficient of the fluid medium. Attenuation can
also be determined by the sum of absorption coefficient and scattering coefficient (BOUDA;
LEBAILI; BENCHAALA, 2002). Zhang et al. (2021) reported that the greater the frequency

of ultrasonic signal the greater the attenuation coefficient. Despite high attenuation coefficient
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provide a lower superior limit for suspended particles’ detection, small variations in solids
particles’s concentration can be easier detected.

There are several aspects that can interfere on the ultrasonic signal. Some of them are in-
trinsic to the sound source, such as frequency and amplitude. However, there are external aspects
that may interfere on such measurements. This work will approach four aspects: temperature,
bubbles, solids concentration and different types of solids. These topics will be discussed in
further chapters.

Table 3 shows different velocity and attenuation coefficient for different media. As the
media density decreases, the media increases its capacity to attenuate the ultrasonic signal,
considering the same source frequency. In STPs the presence of fat and bubbles could be quite
big , which can cause a greater attenuation than predicted by an ultrasonic sensor, for example.
Nevertheless, Treeby et al. (2009) reported that the influence of temperature on ultrasonic
attenuation depends on the frequency range, which may also be applied for other variables such
as bubbles, density and different type of solids. Moreover, the elevated coefficient attenuation
of air, shown in Table 3 indicates that the presence of air bubbles can greatly contribute for the
attenuation of the signal.

Table 3 - Velocity, attenuation coefficient and frequencies of ultrasound waves for different fluids

Velocit Densit Attenuation Frequenc
Sample (ms l)y (el lgl coefficient (MI(‘]IZ) ¥ Reference
: & (dB.m™ 1)
Distilled (MCCLEMENTS;
water 1483 997 0.87-7,82 2.1 FAIRLEY, 1991)
(ITIS FOUNDATION,
0.20 * 2021)
Water 1483 1000 1.0 (ALPEN, 1998)
(ALPEN, 1998)
Fat 1440 900 63.00 1.0 (ITIS FOUNDATION,
2021)
. . (MCCLEMENTS;
Olive Oil 1464 917 46.90 2.1 FAIRLEY, 1991)
(ITIS FOUNDATION,
2021)
Air 343 1.3 1200 1.0

(ALPEN, 1998)

*water indicates a quadratic frequency depending on attenuation

Errors greater than 20% were observed due to diffraction in ultrasonic attenuation
methods. However, Error Diffraction Correction (EDC) can be applied in pulse-echo techniques,
hence the method could have a greater accuracy (JONATHAN et al., 1995). Diffraction correction
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should be done especially in small transducers that use low frequencies, since diffraction will

occur greatly as wavelength is bigger than the obstacle that sound wave is going through.
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2 OBJECTIVES

2.1 General objectives

Evaluate the application of the US sensor as a real time monitoring tool for solids control
in full-scale aerobic and anaerobic STPs.

2.2 Specific objectives

* Evaluate intrinsic and external variables that can interfere on the US sensor signal.
* Determine the sludge blanket level with the US sensor.

* Evaluate the US sensor performance in full-scale activated sludge system reactor com-

pared to the gravimetric test and a commercial optic sensor.

 Evaluate the application of the US sensor position in the lateral part of a full-scale UASB

reactor.
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3 INSTRUMENTATION AND DATA TREATMENT FOR THE SIGNAL
3.1 Introduction

Echo-pulse technique needs, in summary, three items: a transducer, a device to amplify
and filter the analog signal and a device to convert the analog signal into digital so it can be
treated. Transducer is a device which converts one form of energy to another form. Electrical,
mechanical, chemical, kinetic and thermal energy are some example of energy forms. A piezo-
electric transducer, specifically converts electric energy into mechanic energy (such as ultrasonic
waves) and vice versa in a specific resonance frequency. A proper piezoelectric material for
transmitting and/or receiving the ultrasonic wave includes stability, piezoelectric properties, and
the strength of the material (SHUNG; ZIPPURO, 1996).

Amplifier has an essential function for echo-pulse analysis, because it can provide high
amplifications gain, thus a better visualization of the signal. However, it is also necessary to filter
the signal, since noise must be avoided (SANCHEZ et al., 2012).

Two devices for data collection by the US sensor are a microcontroller and an oscilloscope.
Microcontrollers can be defined as a system that can control features and actions of a device
(RAFIQUZZAMAN, 2011). They have both hardware and software components (GRIDLING;
WEISS, 2006). Microcontrollers can be found in process control systems, medical devices,
automobile engine control systems, remote control systems, industrial instrumentation devices,
voltmeter, office equipment, electronic appliances and power tools (GUVEN et al., 2017). Most
of these devices and products are automatically controlled, have dedicated input devices and
tiny LED/LCD display outputs. They are used mostly because of the low-energetic consumption
and because they are programmable and reusable. The most known microcontroller is Arduino,
which is a open source hardware and software enterprise. Unlike most microcontrollers Arduino
is an inexpensive platform and is used for innumerable application (KONDAVEETI et al., 2021).

An oscilloscope is a basic tool for measuring electrical quantities, as well as studying all
types of waveforms. Generally, measurement of a quantity is regarding peak voltage, frequency,
phase difference, pulse width and delay time (PANDIN, 2021).

On this work, data collection occur with both Arduino and oscilloscope. The difference
between both is related to data collection duration and data treatment. Oscilloscope can provide
a more malleable data, since it gives the raw signal that can be treated in different ways.
Nevertheless, data is not continuously generated. Arduino, on the other hand, can provide a
continuously data, however it must follow a pre-determinate routine for data treatment, thus is

not possible to add new routines for its treatment.
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3.2 Methodology
3.2.1 Configuration of the system

Since most of the data produced was used with the same instrumentation, this chapter
characterizes the main compounds of the setup used for the signal analysis and explains how the
sensor works and how it was tested.

For the solids measurement in real time it was used an ultrasonic sensor that can measure
the attenuation and the velocity of the signal. The sensor can be described as a single piezoelectric
ultrasonic transducer, that can be used either as an emitter and a receiver of the signal. The
transducer (¢ 50 mm) was attached to a hollow PVC tube (¢ 55 mm).The tube contained a
parallel reflection surface made of glass at a distance face-to-face of 25 cm from the transducer.

A picture of the sensor can be seen in Figure 2.

Figure 2 — US sensor

...~ Ulfrasonic fransducer

s> PVC fube

reflection surface
made of glass

For the data collection of the signal two different configurations were used, one from an
oscilloscope and the other from an Arduino Nano. The transducer was connected to a homemade
control box (design to receive 12 V), which has the objective of filter and amplify the incoming
signals in the frequency of 200 kHz. The control box also contained an Arduino Nano that was
responsible to provide the data in real time. One output of the control box was connected to
the laptop via USB to store the data from the Arduino by using the software Realterm. For
the oscilloscope reading it was used two probes connected from the oscilloscope on the pin
gates of the control box’s board. The oscilloscope was connected to the laptop via USB. For
the oscilloscope reading it was used the software picoscope. The power was supplied only by
the laptop via USB connection or either the laptop and a 12 V plug connection to continuous
current circuit system. Both forms were adopted because the amplification level of the signal was
over ranged in the oscilloscope, thus it was used only the laptop power until the amplification

level was adjusted by a potentiometer reduction. A scheme of the configuration’s system for data
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collection can be seen on Figure 3.

Figure 3 - Different instrumentation of the US sensor for data collection. 1 - Data generated by Arduino and
stored by a data logger (no laptop is needed); 2 - Data generated by Arduino and sored by the
software Realterm; 3 - Data generated by oscilloscope and treated on MATLAB
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Instrumentation of the US sensor data collection

This setup will be used for the determination of the variables that can interfere on the US
sensor signal and on full-scale tests that will be further detailed. On this chapter, the sensor was

submerged on still water for a better understanding of its basics functioning.

3.2.2 Signal treatment

The transducer functions as either an emitter and receiver of the signal. The emitted
signal reflects into a reflection surface back to the transducer, which correspond to the first
reflection peak. A second reflection was observed in bench scale tests. Depending on the media
characteristic, signal attenuation may occur. The oscilloscope operates in alternating current

mode (AC) and generates 1 out of 500 images for further treatment.

3.2.3 Second reflection peak evaluation

In order to evaluate the second reflection peak generated by the US sensor, the signal

between the reflection surface and the setup walls was blocked with the author’s hands .
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3.3 Results and discussion
3.3.1 Data treatment

Since the potential signal follows a senoid distribution, with positive and negative val-
ues,the module of the signal was used for a better treatment in MATLAB (Figure 4). For the
oscilloscope data, attenuation was measured according to the maximum potential of the first
reflection peak. The routine elaborated in MATLAB consists in an average of 500 images of the
maximum potential observed on the first reflection peak. For the Arduino data it was calculated
the correspondent area of the first reflection peak, since the Arduino routine could not change

during the experiments, otherwise the obtained data would not be comparable.

Figure 4 - Visualization of the module of the signal for still water and peak locations
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3.3.2 Power supply

There were three forms to provide power to the US system. Power source only from the
laptop, only from a 12 V connection to a plug and from both. While the power from the laptop (5
V) may be more unstable and provide a lower power signal, the power provided from the laptop
and the plug together (5 V+12 V) assures better stability for the signal. It is important to notice
that depending on the power supply configuration the signal will have a different peak value, as
seen in Figure 5, Figure 6 and Figure 7. In the figures the signal from all configurations were

taken at 19.2 °C with the sensor in still water.
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Figure 5 - Signal visualization for still water with the power supply source from a USB connection to a
laptop (5 V)

1.5

051

Voltage (V)
=

Al 1 ‘5 1 ] 1 1 ] 1
0 1000 2000 3000 4000 5000 6000 7000

Time (160/10%) sec

Figure 6 — Signal visualization for still water with the power supply source from a 12 V plug connection
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Figure 7 — Signal visualization for still water with the power supply source from a USB connection to a
laptop and a 12 V plug connection
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3.3.3 Internal reflection from the setup

When the author’s hand was placed in between the reflection surface and the setup
walls, the second peak immediately responded with complete attenuation. However, the first
peak remained intact. This short experiment clarifies that the second peak is originated from
setup walls reflections. Furthermore, the interference that the setup walls may play into the
first peak is not completely understood, since sound waves propagates in every direction. It is
known, however, that either a constructive or destructive interference on the first peak may occur
depending on the reflections conditions and distances from the wall. To guarantee no interference
at all on the first peak, there must be no reflection surface in a 25 cm ratio, since that is the
distance from the transducer to the reflection surface. Its is relevant to notice that in bench scale
such conditions are very difficult to be avoided due to the small setups available.

The interpretation of the signal peaks obtained by the oscilloscope considering the sensor

submerge in still water in bench scale, can be seen in Figure 8
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Figure 8 — Signal visualization of still water on MATLAB
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Signal visualization for water on MATLAB

3.4 Conclusion

MATLAB treatment routine of the oscilloscope data was developed considering the
module of signal. For both Arduino and oscilloscope data collection, power supply greatly
influence the data. For application in STP, 12 V plug connection without a USB connection is
recommended. The first peak may suffer interference from internal reflections of the setup walls
in small setups. Considering that in bench is very difficult to avoid those situations, every result

should be critic analyzed considering these possibilities.
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4 ECHO RESPONSE TIME APPLICATION

4.1 Mechanical adjustment for the signal amplification
4.1.1 Introduction

Amplification level of the signal can variate according to electrical or mechanical ad-
justments. For electrical adjustment, a potentiometer can be used to increase or decrease the
resistance in the circuit, thus change the amplification level (greater or lower values for the
voltage detected by the sensor). This item will evaluate the possible mechanical adjustment.

Attenuation increases or decreases depending on the course made by the emitted signal
(STAKUTIS et al., 1955). Greater distances means the energy loss during the signal course will
be greater as well. For that reason attenuation coefficient it is written as dB.m~!. Using this
principle, it is possible to increase or decrease the amplification of the signal by changing the
distance between the reflection surface and the transducer.

4.1.2 Methodology

In order to evaluate the attenuation for different distances between the transducer and
the reflections surface, it was build a specific support for the US sensor (Figure 9). The support
contained a metal reflection surface that can be fixed in different heights compared to the position
of the transducer. The tests were performed in the physico-chemical laboratory of UFMG, in the
city of Belo Horizonte (Brazil). The control box used in that test did not have an Arduino, thus
the oscilloscope was the only way to retrieve the data from the sensor. The power supply of the
system was a laptop, connected to it with a USB connection. This setup was arranged because in
Brazil the control box did not posses an output for 12 V plug connection.

The US sensor was placed inside an acrylic reactor with dimensions of 14.4 cm x 14.4
cm x 44.5 cm (Figure 10). 10 liters of distilled water was added to the system. The minimum
distance of the reflection surface from the transducer was evaluated considering that the reflection
peak does not cause overlays with the internal reflection peak.

The distance was adjusted outside the reactor and for each new adjusted distance the
sensor was placed inside the reactor again. After 10 minutes the sample from an oscilloscope
was taken and 300 images were saved and analyzed in the software MATLAB, as described in
chapter 3. A home made routine in MATLAB calculated the maximum potential of the reflection

peak and the ERT (Echo response time).
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Figure 9 — Transducer case for different distances from the reflection surface

Figure 10 — Setup used for different distances from the reflection surface

It was tested the hypothesis whether the coefficients from day 1 and day 2 were signifi-
cantly different from each other or not, so repeatability of the data can be evaluated. Gao et al.
(2008) pointed that parametric and non-parametric variance analysis (F-Test and Mann Whitney)
can produce reliable results with a “n” superior to 15. Therefore, F-test was performed in order
to compare repeatability of the measurements evaluating the slope coefficient.

HOsMP: The slope coefficient from day 1 and day 2 for the linear regression of maximum
potential x distance are not significantly different for a confidence level of 99%.

HAsMP: The slope coefficient from day 1 and day 2 for the linear regression of maximum

potential x distance are significantly different for a confidence level of 99%.
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HOsRT: The slope coefficient from day 1 and day 2 for the linear regression of ERT x
distance are not significantly different for a confidence level of 99%.

HASRT: The slope coefficient from day 1 and day 2 for the linear regression of ERT x
distance are significantly different for a confidence level of 99%.

For the statistical analysis it was used the software STATGRAPHICS 19 for the compari-

son of the coefficients from the linear regression.

4.1.3 Results and discussion

The visualization of the signal for different distances between the reflection surface and
the transducer can be seen on Figure 11. If the distance between the transducer and the reflection
surface is too small, it will happen an overlay of signals. Internal reflection from the transducer
will interfere in the first reflection peak as shown in the yellow signal of the figure. It was found

that a safe distance to avoid the overlay is 23 cm.

Figure 11 — Visualization of the signal in MATLAB for 15 cm distance (yellow), 23 cm (orange) and 32 cm
(blue) from the reflection surface to the transducer.
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The results obtained from the linear regression for either the maximum potential and
the ERT (Figure 12, Figure 13 and Figure 14) provide important information regarding a wider
application of the US sensor. The graphics correspondent to ERT were not in the same figure
because the points overlay each other. Moreover, the starting values from x and y-axis were
adjusted to improve the visualization of the linear regression and the data tendency. One important

aspect is that distance variation between the transducer and the reflection surface carry out in a
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linear variation of the maximum potential and ERT in a range between 22 cm and 34 cm. Despite
greater distances decreases the amplification level, it can provide to the operational system a
more representative data, covering a higher area of influence. Therefore, mechanical adjustment
can be used to regulate the distance between the transducer and the reflection surface in order to
adjust not only amplification level but the representative of the measurements.

Figure 12 — Echo response time (ERT) for different distances between the reflection surface and the
transducer (day 1)
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Figure 13 — Echo response time (ERT) for different distances between the reflection surface and the
transducer (day 2)
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Figure 14 — Correlation between the maximum potential reflection peak and the distance of the reflection
surface to the transducer for day 1 and day 2
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A second aspect, is that different ERT for each distance may indicate that the US sensor
is also capable to estimate the distance between a reflection surface from the transducer. This

can be calculated knowing the in loco velocity of sound in the fluid, which will depend on
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the temperature, and the time of the signal trajectory until the first reflected signal back to the
transducer. The bases of the routine used for this is experiment will be used for the sludge blanket
level measurements in section 4.2.

Results obtained from Table 4 showed a high R? (coefficient of determination) value for
either maximum potential x distance and ERT x distance. All the linear regression also presented
a low RMSE, which indicate a good accuracy of the data. A summary of the hypothesis test
regarding the repeatability of the experiment can be seen on Table 5. The hypothesis had the null
hypothesis regarding the slope coefficients were not rejected by a confidence level of 99%, with
p-value superior to 0.12. The results indicate that distance estimation and maximum potential
prediction from distance between the reflection surface and the transducer are repeatable and

precise to be performed by the US sensor.

Table 4 — Linear regression coefficients for time response and maximum potential (day 1 and day 2)

Regression Slope Intercepts N R? RMSE
ERT (day 1) 28.4518 0.7453 300 0.9965 14.80
ERT (day 2) 31.4845 -0.0150 300 0.9836 31.89
Maximum potential (day 1) -4.264 2.32 300 0.9486 0.04
Maximum potential (day2) -4.733 2.34 300 0.9474 0.04

Table 5 — Hypothesis tests summary for the linear regression ERT x distance and maximum potential x

distance
. Mean ) P- . .
Hypothesis F-ratio Decision Conclusion
square value
HOsMP/ D(.) not The slope coefficient from day 1 and day
reject 2 for the linear regression ofmaximum
HAsMP 0.3302 216.17 0.4528 . . -
HOsMP potential x distance are not significantly
different for a confidence level of 99%
HOsRT/ D(.’ not The slope coefficient from day 1 and
reject day 2 for the linear regression of ERT x
HASsRT 0.0316 2.00 0.1830 . o .
HOsRT distance are not significantly different

for a confidence level of 99%

4.1.4 Conclusion

ERT can be used to predict distances from the transducer and the reflection surface
in a range of 22 cm to 34 cm. For the same range, maximum potential also showed linear
dependence to the distance variations. A minimum distance of 23 cm between the transducer
and the reflection surface is recommended to be use in order to optimize the maximum potential

and avoid overlays into the first reflection peak.
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4.2 Sludge blanket level detection
4.2.1 Introduction

Sludge blanket depth are an important parameter to evaluate the performance of the
clarifier (primary or secondary). The variations on the sludge blanket in a STP (clarifier) with a
consistent operation are usually low (0.3 - 0.6 m). An abrupt change in the blanket level may be
caused by an increased amount in the influent flow rate or a malfunction in the sludge withdrawal
system (WEF, 2005).

In primary clarifiers, sludge blanket depth is one of the main parameters that triggers
initiation of sludge withdrawal. In secondary clarifiers, this parameter can be influenced
by a number of activated sludge system performance changes, and its fluctuations over
time provide critical information for the overall health of the activated sludge system.
Therefore, sludge blanket depth is one of the most frequently monitored parameters in
wastewater treatment plants (WEF, 2005, p.601) .

The measurement of the blanket level can be done manually or automatic. In UASB
reactors, to maintain anaerobic conditions, the reactor must operate closed. In that way, manual
measurements of the blanket level it is not recommended, but are not critical, since by monitoring
the solids content in the digestion compartment it is already an appropriate operation routine.
Manual measurement is the most common measurement in full-scale activated sludge systems.
To check the blanket level the operator usually use a clear plastic tube (core sampler) until the
bottom of the settler tank. After removing it, solids will be adhered at the tube until a certain
level which will give the operator the blanket level measurement. Manual measurement of the
blanket is cheap, easy to operate and is recommended especially for small STP (WEF, 2005).

On the other hand, the automated sludge blanket level measurement are recommended
for medium and large STP. Dakers (1985) found that sludge volume could be reduced by
approximately 50% if automated sludge blanket control is used instead of manual clarifier
desludging. Automatic control could provide a more efficient system to remove the excess
sludge, hence generate the sludge production reduction. Many other authors reported about the
benefits of using automatic sludge measurement (WEF, 2005).

Optic and ultrasonic sensors are the most used systems for automatic blanket level
detection, but they still have a high cost. Both ultrasonic and optic sensors have a similar
accuracy (4 1%) and range (between 1 m and 11 m) (WEF, 2005). More recently, Schewerda,
Forster and Heinrichmeier (2014) reported good approximation from the manual measurements
in a full-scale plant (secondary clarifier) by using a low-cost technique based on the different
pressure on the sludge zone and the clean water zone. The same authors also pointed that
ultrasonic sensor failed several times and the pressure technique fitted better with the manual
measurement.

WEEF (2005) pointed that the ultrasonic sensor use for the blanket level measurement
works better when the sludge present good settleability. A sludge with bulking or floating issue
compromise the reading of the sensor, since this type of sludge does not have a well-defined

echo. In that case, optic sensor, despite the higher cost, are recommended.
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4.2.2 Methodology

In order to evaluate a wider use of the low-cost ultrasonic sensor from this research, it
was evaluated the measurement of the blanket level in the laboratory located in the WAC in
Leeuwarden. The frequency used by the already commercial ultrasonic sensors are unknown,
however the high prices indicate that it is probably used a higher frequency compared to the US
sensor (200 kHz).

For the test it was used a plastic bucket, and the sensor was fixed in a position at 55 cm
from the bottom (Figure 15). The bucket was filled with water, and the peak position was saved to
serve as a parameter for the different sludge blanket measurements. To have such measurements
it was added sludge from the recirculation line of the activated sludge system of Leeuwarden,
which has an average concentration of 1.0 % of TSS. Temperature was measured inside the

bucket as well, since it may affect the peak’s position.

Figure 15 — Setup for the sludge blanket level measurement
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One hour after the sludge was added to the system, when it was already settled at the
bottom, the signal from the sensor was saved and treated on MATLAB. The blanket level was

estimated according to the equation obtained in section 4.1 (Figure 13).

4.2.3 Results and discussion

The estimation by the US sensor for the blanket level detection did not occur as expected
(Table 6). The results did not correspond to the resolution of 0.03 m present in WEF (2005).
Temperature measured were in the same range, except for water (blanket level equal to 0.00
m), thus it is probably not a reason to explain the difference on the manual and estimated

measurements.
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Table 6 — Blanket level estimation by the US sensor

Temperature (°C) Manual blanket measurement Blanket level estimation by the US
(m) sensor (m)
14.6 0.00 0.00
18.2 0.05 0.03
18.0 0.06 0.05
18.3 0.07 0.03
18.6 0.08 0.07
19.2 0.10 0.05

It is important to notice that the reflection peak in between the initial peak and the
reflection from the bottom of the bucket only appeared after the position of the sensor was
adjusted inside the bucket. Depending on the sensor position (but maintaining the height level)
only its reflection from the bottom appears. Probably the regions that has bubbles adhered into

the sludge blanket carry out in the earlier reflection compared to the bottom (Figure 16).

Figure 16 — Reflections of the signal for a sludge blanket of 10 cm
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It is relevant to notice that the range tested for the sludge blanket level were between 0.05
and 0.10 m of height. A wider range is recommended for further tests, considering that typical
variations on the blanket level are between 0.3-0.6 m (WEF, 2005). For a better precision of the

sensor, probably a higher frequency must be used for the transducer, which means a higher cost
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for the sensor. Moreover, the real necessity of investigating a low-cost US sensor for the sludge
blanket detection should be better evaluated, considering the efforts necessary, the limitations
(frequently cleaning routine) and the presence of others low-cost alternatives such as pressure
technique reported by Schewerda, Forster and Heinrichmeier (2014).

4.2.4 Conclusion

Sludge blanket level determination in real time is an effective way of controlling the
sludge from clarifiers of primary and secondary sedimentation tanks. However, the US sensor
did not shown a positive correlation with the manual test, although it was only tested for the
range between 0.05 and 0.10 m. The results are still inconclusive, but if a higher precision is
necessary, probably the sensor will need to use a higher frequency which will carry out in a
higher cost for the sensor. In that case, testing the US sensor with a wider range and expecting a
lower accuracy may be a better option for further tests.
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5 TEMPERATURE EFFECT ON THE ULTRASONIC SIGNAL
5.1 Introduction

Temperature is a parameter that is usually relevant for most applications regarding sensors.
For the analysis of the signal from the ultrasonic sensor, two aspects are relevant to evaluate,
velocity of sound and the attenuation of the signal.

Sound propagation velocity depends on the characteristics of the medium in which it
is being propagated, such as density, structural organization and rigidity (CHEEKE, 2002).
Depending on these characteristics, the sound waves can propagate with different velocities. In
water, main component of sewage, one of the factors that can interfere on the velocity of sound
is temperature due to the shift of the viscosity (BOLLER; CHANG; FUJINO, 2009).

Several studies reported the dependence of temperature and ultrasonic attenuation, mainly
for medical application in bones or tissues (TECHAVIPOO et al., 2004; CUCCARO et al., 2015).
In sanitation application, temperature dependence on attenuation may be very relevant. In Brazil
the amplitude of sewage temperature can be above 10 °C. For example, in the city of Curitiba
(Parana-Brazil) during one year of monitoring, it registered a minimum temperature in the
effluent of 14.8 °C, while the maximum was 23.8 °C, (PAULA, 2019). In Teresina (Piaui-Brazil)
the temperature registered on the influent of the current STP was a minimum of 30.0 °C and
a maximum of 34.5 °C (MARCAL; SILVA, 2017). In the Netherlands, the temperature in the
mixed liquor variates more according to the seasons. During this research within the STP of Grou
and Leeuwarden, temperature of the mixed liquor had variate gradually from 9 °C to 22 °C during
the months of March, April, and May of 2022. Due to the household heating system of the water,
the minimum temperature rarely reach values below 8°C, even in the winter, according to one of
the operators from Rioolwaterzuiveringsinstallatie (RWZI - “STP”’) Grou (The Netherlands) .

This chapter has as objective to evaluate the temperature influence on the signal treatment
generated by an ultrasonic transducer. In order to achieve this objective is necessary that the sensor
can also measure temperature, which is possible by calculating the velocity of sound. Depending
on the range of temperature Lubbers and Graaf (1998) recommend different coefficient to be
used for the estimation of temperature. For the range of 15-35 °C in water they recommend the
equation 5.1:

c=1404.3+4.7T —0.04T? (5.1)

where, c is the velocity of sound and T the temperature of water.

5.2 Methodology
5.2.1 Setup

Temperature analysis was evaluated inside of the WAC laboratory, located in the city of

Leeuwarden (Netherlands). The US sensor was used according to the set showed on Figure 2.
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Only the oscilloscope data was evaluated. The US sensor was fixed inside a warm bath with
recirculation of water. The recirculation increases the homogeneity distribution of temperature
inside the warm bath, to simulate a dynamic system and, therefore, a more representative system.

An external temperature sensor was placed inside a warm bath (accuracy of 1 °C) and
it was double-checked with the warm bath its self temperature measurements. The range of
temperature evaluated was 21.7-35.0 °C. Lower temperature was not evaluated because 21.7
°C was the minimum temperature of the water in the laboratory. The test was repeated in two

different days (day 1 and day 2) to evaluate its repeatability.

5.2.2 Data collection and signal treatment

For each selected temperature a sample was taken containing 500 images of the signal
by the software picoscope, the resolution of the images were set in 1 V AC (alternate current).
Samples were collected after the temperature was stabilized. Further details of the instrumentation
can be found on chapter 3.

The generated files were treated with a homemade routine in MATLAB, that evaluate
two aspects of the signal. Firstly, it was determined the ERT, which indicate an estimation of the

velocity of sound (equation 5.2).

distance
velocity = ——— (5.2)
time
Since the ultrasonic signal goes to the reflection surface and get back to transducer, the distance
considered was 25 cm x 2. Time was measured considering the location of the reflection peak for
the maximum value of the signal measured by the oscilloscope. Secondly the maximum potential

response from the US sensor was evaluated for temperatures from 21.7 °C to 35.0 °C.

5.2.3 Oscilloscope resolution selection

It was evaluated the sound velocity measurements by the oscilloscope with a resolution
of 1 V (higher detail level) and 2 V. (lower detail level). The tests considered the measurements
obtained in day 1. The objective aimed to evaluate if a lower resolution could be used for the
velocity determination. While the resolution of 2 V allow the visualization of all signal, resolution
of 1 V allows only the visualization of the first reflection peak, considering the adopted signal

amplification level.

5.2.4 Statistical analysis

A linear regression was made correlating temperature and the signal maximum potential
median. For each temperature a sample of the signal (500 images) was saved and the mean value
of each sample was the output for this variable. In that way, temperature was the independent

variable and the maximum potential the dependent variable.



Chapter 5. TEMPERATURE EFFECT ON THE ULTRASONIC SIGNAL 53

For the temperature estimation by the sound velocity, a comparison was made between
the estimated temperature by a linear regression and the estimated temperature considering

equation 5.1.
* Normality of the data

To evaluate the normality of data a routine in MATLAB execute a code for Shapiro-Wilk
or Shapiro-Francia test, depending on the sample being Leptokurtic (kurtosis>0) or Platykurtic
(kurtosis<0). The Shapiro-Wilk and Shapiro-Francia null hypothesis is: “the sample is normal
with unspecified mean and variance.” While the alternative hypothesis indicate that the sample do
not have a normal distribution (BENSAIDA, 2009). The test was applied with a significance level
of 5%. The result of this test will be presented in this section, since the normality of the data is a
necessary information in order to choose a proper statistical test (parametric or non-parametric)
for further analysis.

The null hypothesis of normal distribution for the data of attenuation and temperature
estimation were both rejected for a significance level of 5%. Hence, a non-parametric hypothesis

test was used.
¢ Confidence level of the data

To evaluate if there is significant difference between the attenuation for different temper-
atures, the medians of the maximum potential from each sample (500 images) were compared,

considering the corresponding temperature. The hypothesis for this test are:

1) Hp:Maximum potential signal median is not significantly different for different tempera-

tures for confident level of 99%.

2) Hu: Maximum potential signal median is significantly different for different temperatures
for confident level of 99%.

Since the data is not normally distributed and the samples are independent, Kruskal-
Wallis hypothesis test was applied on MATLAB. For day 1, it was compared the amplitude of the

signal for 7 different temperatures. For day 2, the comparison was for 7 different temperatures.
* Repeatability

To evaluate the repeatability of the experiment a statistical hypothesis test was performed
(F-test). First evaluating the slope of both linear regression for day 1 and day 2, and secondly for
the interception coefficient.

Attenuation analysis

1) HgAp: Linear regression slope of day 1 and day 2 for the signal maximum potential x

temperature are not significantly different for confident level of 95%
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2) HsA,4 : Linear regression slope of day 1 and day 2 for the signal maximum potential x

temperature are significantly different for confident level of 95%

3) H;Aj : Linear regression interception coefficient from day 1 and day 2 for the signal

maximum potential are not significantly different for confident level of 95%.

4) HjAj4 : Linear regression interception coefficient from day 1 and day 2 for the signal

maximum potential are significantly different for confident level of 95%.

The statistical hypothesis were performed by the software STATGRAPHICS 19.

5.3 Results and discussion
5.3.1 Oscilloscope resolution selection

The medians readings from the oscilloscope showed a considerable difference for the
sound velocity calculation at the temperature of 26.4 °C and 35.3 °C when using alternating
current (AC) with a resolution of 1 V or 2 V for day 1 (Figure 17 and Figure 18). Besides the
median values, the variability of the data is noticeable greater for the set resolution of 2 V, which
can be observed by the greater amplitude of the interquartis box-plot. Hence, the set resolution
of 1V, because it shows a linear correlation with the median velocity of sound x temperature

without outliers, was the configuration adopted for temperature analysis.

Figure 17 — Variability of the sound velocity detected by the US sensor - resolution of 2 V - day 1
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Figure 18 — Variability of the sound velocity detected by the US sensor - resolution of 1 V - day 1
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5.3.2 Temperature estimation by ERT

Temperature effect on attenuation and sound velocity can be visually seen by the oscillo-

scope image in Figure 19. The difference between the signal at 21.8 °C and 33.3 °C can be seen

either for signal (maximum potential) amplitude and the ERT because of the sound velocity shift.

Figure 19 — Raw signal obtained from the oscilloscope at a temperature of 21.7 °C and 34.9 °C

Voltage (V)

057}

-05

-1.5

ERT )
B S — :
Maximum
potential of |
the signal
(it 7
Waterat21.8°C|
— Waterat 33.3°C
0 1000 2000 3000 4000 5000 6000 7000

Time (160/10°%) sec



Chapter 5. TEMPERATURE EFFECT ON THE ULTRASONIC SIGNAL 56

ERT values were used for sound velocity calculation. The equation obtained from the
linear regression generated from the sound velocity x temperature (day 2) measured in day 2
carry out in an equation to estimate temperature.The results obtained from Table 7 show that the
model predicted by Lubbers and Graaf (1998) had a more reliable output, comparing to the linear
regression output, although both had a good match comparing with the measured temperature in
the range of 23.7-35.0 °C. Considering the oscilloscope data collection, variation of temperature
could be auto corrected during the application of the sensor. However, two aspects still need a
better investigation: effect of temperature when the US sensor is placed in sewage (not water) and

the development of an Arduino routine for the continuously correction of temperature influences.

Table 7 — Temperature estimation by sound velocity (day2)

Temp.
estimation Standard Standard
- tandar
Measured Temp.estimationin  in°C E li Error ERT Sounq
o s rror (linear  (LUB- o  velocity
temp. C (linear (LUBBERS:  regression) . (160.10 .
°O) regression) & BERS; seconds) In water
g GRAAF, GRAATF, (m.s‘l)
1998) 1998)
21.7 21.2 21.9 24 1.0 3087 1488.1
23.4 23.0 23.4 1.6 0.1 3081 1492.5
25.1 25.5 25.6 1.7 0.58 3073 1498.3
26.3 26.5 26.4 0.6 0.4 3070 1500.5
28.4 28.7 28.5 0.9 0.2 3063 1505.7
31.1 31.5 314 1.3 0.8 3054 1512.4
33.2 33.1 33.1 0.3 0.2 3049 1516.1
34.9 34.7 35.0 0.5 0.4 3044 1519.9
»=93 >»=49

5.3.3 Temperature effect on attenuation

Figure 20 shown the variability of the signal for different temperature in day 2, the
variability occurred similarly in day 1 (Figure 21). From the box-plot it seems that temperature

variations considering 500 images for each temperature, was similar in both days.
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Figure 20 — Temperature effect on attenuation - data distribution (day 2)
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Figure 21 — Temperature effect on attenuation - data distribution (day 1)
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The results obtained from the linear regression analysis for the maximum potential x
temperature (Figure 22 and Figure 23) show that all observed measurement were within a
confidence level of 95% for the estimated value of y. The residual distribution can be seen in

both Figures, and indicates that the linearity principle of the residuals was attended.
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Figure 22 — Maximum potential x temperature (day 1) - linear regression and residuals

e
o))
a1

Maximum potential (\/)
(=
>

0.55

0.02

0.01

-0.01

Residual error

-0.02

Figure 23 — Maximum potential x temperature (day 2) - linear regression and residuals

0
=)
B

0.62

=
[}

0.58

0.56

Maximum Potential (V)

0.54

Residual error

-5

™ . Maximum potential vs. Temperature
= | inear regression

— — — -Interval confidence level of 95%

i -
22 24 26 28 30 32 34
Temperature (°C)
| —* Linear regression residuals
: |
22 24 26 28 30 32 34
Temperature (*C)

L Maximum potential vs. Temperature

g Linear regression
= .. |7 — — " Interval confidence level of 95%

22 24 26 28 30 3z 34
Temperature (°C)
%103
B |—' Linear regression - residuals| |
] T
22 24 26 28 30 32 34

Temperature (°C)




Chapter 5. TEMPERATURE EFFECT ON THE ULTRASONIC SIGNAL 59

The R? from day 1 and day 2 show that most of the data can be explained by the linear
regression model, and the low value of the RMSE, confirms a good fit of the model (Table 8.

Table 8 — Linear regression - Amplitude of the signal x Temperature

Day SSE R-Square DFE Adjust R-square RMSE
1 0.0012 0.9103 5 0.8923 0.0154
2 0.0002 0.9802 6 0.9769 0.0059

The results from kruskal-Wallis and Dun test (Table 9) indicate that there is a significant
difference between the potential detected by the sensor in different temperature for a confidence
level of 99% in day 2 and day 1. This result reinforces that temperature have a significant effect

on attenuation.

Table 9 — Kruskal-Wallis ANOVA table (MATLAB) - Difference of the signal amplitude for different

temperatures
Number of
Day groups chi-square p-value Decision Conclusion
compared
Maximum potential signal
median is significantly
1 7 3125 <0.001 Reject Hy different for different
temperaturesfor confident
level of 99%
Maximum potential signal
median is significantly
2 8 3820 <0.001 Reject Hy different for different
temperaturesfor confident
level of 99%

Despite attenuation x temperature was proven to be correlated,a multi linear correlation
it is recommended to be tested. For example, considering TSS, bubbles and temperature as
variables of the regression. For that, the variables must not be auto correlated (VON-SPERLING;
VERBYLA; OLIVEIRA, 2020). Therefore, further test should evaluate temperature in real

application, considering other variables.

5.3.4 Repeatability

The results presented on Table 10 show that HSA( cannot be rejected, with a p-value
of 0.5917. Hence, there is no significantly difference from the linear regression of day 1 and
day 2, considering the attenuation variation due to temperature swift. These results show that

the attenuation is proportional in two different independent tests, therefore an indication of
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measurements repeatability. However, more tests are necessary for a more conclusive result

about repeatability.

Table 10 — F-test for attenuation and temperature estimation (linear regression analysis)

. Mean
Hypothesis
square

F-Ratio

p-value

Decision

Conclusion

HsAo/HsA,  0.00004

H;Ao/HjA» 0.00126

0.31

9.80

0.5917

0.0096

Do not reject
HsAo

RejectH;Ag

Linear regression slope of
day 1 and day 2for
thesignal maximum
potential x temperature are
not significantly
differentfor confident level
of 95%

Linear regression
interception coefficient
fromday 1 and day 2for the
signal maximum
potentialare not
significantly differentfor
confident level of 95%.

5.4 Conclusion

The results indicate that it is possible to predict the attenuation due to temperature and to

estimate the temperature as well, following Lubbers and Graaf (1998) equation. Furthermore,

these predictions can support a more precise estimation of solids concentration by attenuation,
since the swift of temperature can greatly affect attenuation, which was the parameter used to
estimate solids concentration on this work. Although MATLAB routine for ERT was successful

for sound velocity calculation, the routine have to be adapted and tested with an Arduino system,

so it can be applied in full-scale reactors. Visual analysis indicate a repeatability of the tests,

however, more samples should be analyzed statistically in order to confirm its repeatability.

Further tests should evaluate temperature in real application, considering other variables and its

possible auto correlation.
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6 AIR BUBBLE EFFECT ON THE ULTRASONIC SIGNAL
6.1 Introduction

The influence of air bubbles in attenuation was already reported by several researches
(BHASKARAN, 2014; RAVEAU, 2016; HAN et al., 2020). Han et al. (2020) found out the
attenuation of bubbles were smaller at ultrasonic frequency between 50 kHz and 100 kHz, and
greater in the frequency below 40 kHz and above 100 kHz. The same research also reported
the influence of the size on attenuation, and found out that larger bubbles contribute to greater
attenuation. Besides bubbles size, it influences with different air flow was rarely discussed at the
frequency of 200 kHz. The presence of air bubbles influence the attenuation signal measured by
the transducer, because air has a high attenuation coefficient (ALPEN, 1998).

This chapter has the objective of evaluating the response of the ultrasonic signal for
different air flows in water and sludge.

6.2 Methodology
6.2.1 Setup

To evaluate how the air bubbles may influence the signal attenuation for water and sludge
measurements a setup was built in Water Application Center, located in the city of Leeuwarden
(Netherlands). The setup was a reactor made of glass, of 120 cm of height, and internal diameter
of 9.92 cm. The reactor contained a drainage tube with a control valve to drain the sludge outside
the reactor after the test was completed. For the bubbles supply a tube of pressurized air was
used, and connected to a manual air flow meter, which was attached to a spherical diffuser made
of stone, inside the reactor. The pressure of the air could be controlled by a regulation valve and
the flow meter had a range of 0.19-1.62 L.m~2.min"!. The reactor also contained an external

layer for temperature control. The image of the setup can be seen in Figure 24.
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Figure 24 — Vertical reactor with air bubble diffusion

Bubbles effect were evaluated in three scenarios. In the first scenario 4 liter of water was
placed inside the reactor and the air flow varying from 0.19 L.m~2.min"! to 1.62 L.m~2.min~!
at 22 °C. Second scenario contained 4 liters of sludge with a concentration of 0.3% of TS
varying to 0.19-0.71 L.m~2.min~! at 22 °C. The third scenario kept the air flow constant at
0.58 L.m~2.min"" as the sludge concentration varied from 0.11% to 0.57% of TS. The sludge
used was obtained from the anaerobic digester of the STP of Leeuwarden, and the different

concentration was obtained through a dilution serial.

6.2.2 Signal treatment and sample collection

Before each signal reading there was a time interval of 10 minutes so that the signal
could be stabilized. The data of the sensor was obtained in two ways. Firstly, through an Arduino
that calculated the area of a specific region on the reflection peak (Y). The average of the area
calculated in the interval of 10 minutes was the final output indicator of the sensor for this sample.
The second way was through a MATLAB routine that calculated the average of 500 images of
the reflection peak of interest in a specific region. The images were collected two times, first one
on the beginning of Arduino collection time, and the second one after the 10 minutes.

In order to calibrate the sensor reading with the solids concentration present inside the
reactor, the gravimetric test was performed in duplicate, before and after 10 minutes of data
collection by the Arduino. The samples were obtained through a beaker at the same height where

the upper part of the sensor was located.
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6.3 Results and discussion

When the bubbles were attached to the transducer (Figure 25), which was located against
the ascendant bubble flux, the signal was completely attenuated. That probably explain why
NEVES (2020) reported that the signal was completely gone in some occasions in the demo scale
UASB reactor, that contained a certain quantity of biogas bubbles. In that case, after swinging
the sensor the signal appeared again. In that sense, if the sensor is perpendicular to the flux, it is

unlikely that the bubbles will be attached to the sensor surface.

Figure 25 — Bubbles attached to the ultrasonic transducer surface

The results obtained on Figure 26 and Figure 27 showed that the attenuation increased
together with the air flow. The main reason for that is because air has a high attenuation coefficient
(ALPEN, 1998), therefore, more air will cause greater attenuation of the sensor signal. Between
0.32 L.m 2.min~! and 1.62 L.m 2.min"! the attenuation seems to reach its maximum level,
probably because the amount of bubbles that fits in the reflection surface of glass was saturated.
It is relevant to notice that the minimum area detected by the sensor, in air, is below 200 a.u,
considering the area calculated by Arduino. Therefore, this stabilization did not occur because of
the lower detection limit of the sensor, considering the test with water. Furthermore, the standard
deviation of the signal area represented on the graphics decreases as the air flow increases, which

make sense considering that the saturation of bubbles will stabilize the signal at that point.
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Figure 26 — Signal area in water for different air flow
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Figure 27 — Signal area in aerobic sludge with 0.3% of TS for different air flow
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The tests made with sludge carry out in a much lower area value, since attenuation was
greater, compared to the tests evaluated in water (Figure 26 and Figure 27). The results confirm
previous tendency of attenuation by solids concentration. Despite the difference on attenuation
with mixed water and sludge, it was not possible to correlate the TS of the anaerobic sludge
with the signal area, with a flow rate of 0.58 L.m~2.min~! (Figure 28). The explanation to that
is that besides absorbing the ultrasonic waves, bubbles can also provoke scattering, which can
increase or decrease the echo signal back to the transducer. In that sense, with the tested Arduino

routine, it was not possible to establish a good correlation between TS and the signal attenuation
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in a high flow rate of bubbles. However, Neves ef al. (2021) found a good correlation with TS
from sludge and attenuation with the presence of bubbles’, but the flow rate and bubbles’ size
were not reported. It was probably a lower flow rate, thus the area calculation in such conditions
may still be a simple and effective way to correlate attenuation and TS. Furthermore, even with
a high flow rate, a more complex routine could probably be adapted to eliminate the bubbles’
interference.

Figure 28 — Correlation between the area of the signal and the TS concentration at 22 °C and flow rate of
0.58 L.m~2.min !
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Several sensors already present the bubbles’ compensation algorithm on their software,
however, as shown in this chapter, it depends on the flow rate. Therefore, for air diffusion in the
aeration tank of an activated sludge system, for instance, the flow rate can be easily controlled.
However, in UASB reactors, the biogas production is variable and certainly with a much lower
flow rate compared to aeration tanks.

6.4 Conclusion

The effect of bubbles on the sensor reading was confirmed on this test. Mainly three
conclusion could be drawn from the results. First, that the accumulation of bubbles in the
transducer can blind the sensor if there is no way for the bubbles to “escape”. Second, that
the attenuation is proportional to the air flow rate until a saturated point. And third, that the
correlation of the signal attenuation and TS concentration was not possible with the tested
Arduino routine in a high flow rate (0.58 L.m 2.min !). Moreover, tests with lower flow rate
and different type of gases are recommended, so a more compatible comparison can be done
with the biogas effect from UASB reactors.
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7 SIGNAL ANALYSIS FOR DIFFERENT TYPE OF SOLIDS
7.1 Introduction

Solids particles present different characteristics. The main characteristic that it is known
that can interfere in ultrasonic attenuation are the physical properties of the particles (e.g shape,
density and size) (YOUSEFIAN et al., 2018; BOUDA; LEBAILI; BENCHAALA, 2002). The
attenuation coefficient is well-known for different type of liquids and tissues, especially because
of its application for medicine (CAROVAC; SMAJLOVIC; JUNUZOVIC, 2011; ALPEN, 1998).
However, the effect of the physical properties of the particles on the ultrasonic signal also
depends on the ultrasound frequency. For the frequency of 200 kHz, that is used for the US
sensor, there is a lack of information about its effects on the signal attenuation due to the solids
characteristic.

7.2 Methodology
7.2.1 Setup and materials

It was evaluated the behavior of the signal and the attenuation for anaerobic sludge,
aerobic sludge, sludge ash and soil, all of them separately mixed with tap water. Anaerobic
sludge was collected from the digestors of the STP of Leeuwarden. Anaerobic sludge grain
size reported by NEVES (2020) was mostly below 0.3 mm. Sludge ash was obtained from
SusPhos project (Figure 29) that was occurring inside the WAC in the city of Leeuwarden.
Souza and Agostinho (2022) reported the ash composition that can be seen in Table 11. The
soil was collected at the parking lot of Van Hall Larenstein university, in Leeuwarden (The
netherlands) and sieved with an opening of 4.5 mm (Figure 30). A general characterization of
the soil composition was considered for this analysis according to Romkens and Oenema (2004)
and can also be seen in Table 11. An open reactor made of glass and two mechanical stirrers
were used to mix the materials with water at 100 rpm (Figure 31 and Figure 32). The US sensor
was suspended inside the reactor by the transducer’s transmission cable and a rope glued in the
back of the reflection surface. A temperature sensor was installed inside the reactor. Temperature

variate from 17 to 19 °C in all experiments.
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Table 11 — Substrates characteristics

Materials VS/TS  Particle size Mainly composition
. Organic matter (20%), clay, Cd, Pb, Hg, As,
Soil 0.21 <4.5 mm Cu, Zn, Ni, Cr*
Sludge ash 0.00 <0.06 mm Al 03, Fe, 03, P,0s, SiO2, SOz (>90%)
Anaerobic Organic matter (71%) and inorganic matter
sk
sludge 0.71 <0.30 mm (29%) present in sludge ash

*ROMKENS, 2004; ** NEVES, 2020;

The tests were performed in the water application center (WAC) in the city of Leeuwarden
(The Netherlands).

Figure 29 — Sludge ash used for the tests

Figure 30 — Soil used in the tests
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Figure 31 — Setup - mechanic mixing

7.2.2 Correlation between attenuation and solids concentration

For better understanding the correlation between TS concentration and the signal attenua-
tion three different substrates were tested: anaerobic sludge, sludge ‘s ashes and soil. Anaerobic
sludge contains a high value of organic matter, sludge’s ashes is the same sludge without the
organic fraction and soil was choose due to its different type of solid and greater amount of
metals. After the substrates were added to the system, two samples were collected for the gravi-
metric test. The time was marked immediately after the substrate‘s addition. The first sample
was collected at the minute 1, and the second at the minute 10, as a duplicate. At the minute 7
a sample of the signal was collected and saved for the MATLAB calculation of the maximum
potential of the reflection peak. For that, it was considered an average between the maximum
potential of 500 images generated from the oscilloscope.

Ideally the tests should cover the TS correspondence from a low concentration, when the
signal amplitude is high, until it is completely attenuated (TS superior limit detection). However,
that was performed only for soil (range concentration 0-0.2%). For the anaerobic sludge the

signal increased after a certain TS concentration level, therefore, the signal was not completely
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attenuated even for a sludge concentration higher than 1%. For the sludge ‘s ashes the limit access

to it carry out in a maximum range until 0.5% of TS for that substrate.

7.2.3 Signal behavior over time

In order to see the behavior of the signal over time it were evaluated 5 different substrates:
anaerobic sludge, aerobic sludge, sludge‘s ash, and soil, that were mixed with distilled water.
An Arduino routine was used to calculate the area of the first reflection peak with a homemade
routine. The software realterm stored 4 values in every second. The US sensor started to measure
after the substrate was added to the system. The durability of the test were different from each

other, depending on the velocity recover of the signal.

7.2.4 Aerobic sludge still and mixing comparative

In order to evaluate the signal from the carousel of the RWZI Grou, two liters of sample
were collected from the carousel. The sludge was added to the same setup already described
in this chapter in the Water Application Center. Distilled water was added to the system so the
sensor could stay underwater. The fresh aerobic sludge collected was tested in four scenarios.
First, with water, as a standard comparative. Second, with the sludge still. Third, with the sludge
mixing for one hour. Four, with the sludge still after one hour of mixing (10 minutes later).

Two aspects were evaluated during these experiment, BRP (Before reflection peak) region

peak sums, and the maximum potential correspondent to the first reflection peak.

Figure 33 — Signal module identification of BRP and maximum potential region
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7.3 Results and discussion
7.3.1 Correlation between attenuation and TS concentration

The results obtained from three different type of solids (anaerobic sludge, sludge ash and
soil) showed a different attenuation coefficient. Mixing water and soil (Figure 34) resulted in
a high attenuation of the signal, since TS concentration below 0.2% showed almost complete
attenuation. In contrast, sludge ash (Figure 35) and anaerobic sludge (Figure 36), showed a similar
attenuation level for the same TS concentration range. It is relevant to notice that sludge ash
has a much smaller particle size compared to anaerobic sludge. The differences and similarities
from the attenuation can be confirmed by the angular coefficient of the linear regression from
Maximum potential signal x TS of all substrates. While sludge ash and anaerobic sludge share
similar composition, regarding inorganic components, the soil has a greater presence of metals.
Therefore, solids presence that are not sludge in the reactors, for instance, sand (mainly at grit
chambers and at the bottom of UASB reactors), plastic and hair, may greatly interfere in the
signal, even with a small relative concentration. Nevertheless, the synergistic effect of the solids

in full-scale have to be tested, with all variables simultaneously.

Figure 34 — Correlation between TS of soil and the signal potential of the US sensor
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Figure 35 — Correlation between TS of sludge ash and the signal potential of the US sensor at a range below
0.5%
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Figure 36 — Correlation between TS of anaerobic sludge and the signal potential of the US sensor at a range

below 0.5%
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During laboratory analysis, internal reflections provoked by the setup perhaps were
crucial for incomprehensible results. For example, in Figure 37, anaerobic sludge start to increase
the signal maximum potential after a TS concentration level of 0.5%, which is completely against
attenuation theory predictions. Furthermore, real scale test have a much larger space for signal
scattering and most of the structures are built with concrete which do not have good reflection

properties. Therefore, it is expected better results on full-scale application.
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Figure 37 — Correlation between TS of anaerobic sludge and the signal potential of the US sensor (until
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7.3.2 Signal behavior over time

After the substrates were added to the system, in every case, a high attenuation level was
detected at the begin of the measurements followed by a signal recovery. Probably the greater
attenuation at the beginning is related to settleable solids that could not maintain suspended
with the chosen mix rotation level. However, settling may explain only part of it, since, TS
concentration was measured by the time attenuation was high and low, and presented similar
concentrations. Air bubbles captured by the solids may be another factor that explains the
decrease following by increasing of the signal, as they could be released after some time of
mixing.

Greater attenuation can be seen in Figure 38 where it was possible to identify two
different concentrations of soil. A higher concentration of soil and sludge ash showed greater
attenuation and greater recovery time of the signal (Figure 38 and Figure 39). When suspended
particles concentration is small, approximately < 1% v/v, the particles settle with negligible
impact on each other (IWA, 2022). Hence, settling effect on soil and ash can be considered
discrete sedimentation. Considering that, sedimentation for a TS concentration of 0.07% and
0.10% of soil should have the same velocity, thus the recovery signal should be similar and it
is not what happened. Therefore, air bubbles captured by the solids may be another factor that
explains the decrease following by increasing of the signal, as they could be released after some
time of mixing. In that case, greater TS will carry out a larger presence of bubbles within the
setup where the sensor is measuring

Considering the larger particles from the soil that contained heavy metals, it was expected
a faster settling by the soil, thus a faster recovery of the signal area. However, sludge’s ashes
presented a much faster signal recovery. However, smaller sizes from the ashes (<0.06 mm)
could explain the signal longer recovery time when it is compared to soil (<4.5 mm). Probably
larger particles have a better capacity of trapping air, which can explain the signal longer recovery
time by the soil.
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Figure 38 — Signal area over time for soil compared to water
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The result obtained from ash and anaerobic fresh sludge (Figure 39 and Figure 40)
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indicate that, if the air theory is correct, then probably the sludge grain particles do not have
effect on attenuation in the frequency of 200 kHz, as the signal after some time return to the
same level as water. Considering that anaerobic sludge was fresh, it could not have air trapped in
the particles. However, dissolved methane from anaerobic sludge could be released as mixing
occurred. Nevertheless, a synergistic effect that occur in a full-scale STP with hair, plastic, sludge
and chemical reactions (eg. Transformation of organic matter into water and CO, for aerobic
treatment or transformation of organic matter into biogas and other subproducts in anaerobic
treatment) may be sufficient to indicate, by ultrasonic attenuation, the TSS or TS concentration

present in sewage.

Figure 40 — Signal area over time for anaerobic sludge compared to water
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7.3.3 Aerobic sludge still and mixing comparative

In Table 12 it is notable that still sludge BRP region was greater than the mixing sludge.
On the other hand, reflection peak maximum potential was greater than the sludge still. Greater
values for the BRP region area while the sludge is still, could mean that sludge physical
characteristic in this situation provide a greater reflection of the signal back to the transducer. At
the same time, it reduces the signal amplitude (maximum potential), since most of the signal
could not pass through the sludge present between the transducer and the reflection surface. Even
when the sludge is mixed for a short time (10 seconds) and returns to the still status, physical
properties probably do not return for the original configuration. That can be inferred by the

similar results obtained for the sludge (1 hour mixing) and sludge mixed and still.
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Table 12 — Signal analysis for the sludge still and mixing compared to water

Maximum

. Maximum . BRP ERT ERT -

Matrix potential potential potential BRP- Std (160.10 %sec) Std
-Std
V)

iﬁi"blc sludge ) 176 0.001 8.99 0.12 3167 38.40
Aerobic sludge ) 0.001 3.54 0.29 3090 7.40
(mixed and still)
Aerobic sludge ) 5 0.031 3.76 0.22 3100 0.39
(1h mixing)
Water 1.382 0.025 11.85 0.24 3078 0.35

ERT values also confirms that the presence of sludge in still state increases time necessary
for the signal return from the reflection surface. Probably part of the signal is refracted in the
sludge particles and part of it, due to diffraction, increase the distance traveled by the signal. It
is notable that the ERT for water is lower compared to all the situations with sludge, which is
expected since there is no obstacles in water for the signal. Furthermore, ERT standard deviation
(ERT - Std) had a large variation comparing to mixing status. This is probably and indicative of

settling, since at mixing status most of the solids were maintained suspended.

7.34 Conclusion

Different type of solids have different acoustic response from ultrasonic emitter. Attenua-
tion from sludge ash and anaerobic sludge (for TS up to 0.5%) showed similar attenuation within
the same TS concentration range, regarding a similar composition (slope coefficient -3.2132
and -3.3016, respectivaly). Probably volatile solids do not interfere in the signal as inorganic
matter does, since the content of organic matter in sludge ash is almost null. Nevertheless, greater
concentration of anaerobic sludge (TS of 2.1%) presented similar attenuation compared to water,
which indicates that the setup could probably interfere in some in loco sludge characteristic. This
behavior was confirmed by the anaerobic sludge analysis, which, with TS concentration above
0.5% started to decrease attenuation. Sludge still, and mixing differences, confirms that probably
synergistic effect within a biologic reactor is essential to make the US sensor measurement
viable. Moreover, for further tests the solids should be placed at same conditions, since sludge’s

ash and soil were dried and then mixed in water, and the sludge was mixed previously in the STP.
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8 US SENSOR FULL-SCALE APPLICATIONS

This chapter will evaluate the US sensor application in 3 STPs in full-scale. It was
firstly tested in Brazil, in a UASB reactor (STP Betim), with an older version of the US sensor,
thus only with the oscilloscope data collection system, and the results were compared to the
gravimetric test. Then the US sensor was improved in the Netherlands with an Arduino system,
thus continuously data collection was possible. The US sensor was installed in a small STP in
Grou (The Netherlands) and a medium STP in Leeuwarden (The Netherlands), both in a carousel
unit of an activated sludge system. The applications in the Netherlands were compared with a

commercial optic sensor and double-checked with the gravimetric test.

8.1 UASB reactors
8.1.1 Introduction

In Brazil, UASB reactors began to be deployed on full-scale in the 1980s, after a success-
ful bench-scale test carried out in the city of Cali, in the 1970s (LETTINGA, 2014). Moreover,
the experiences acquired and the evolution of research in the sector, have provided relevant
contributions, which result into the resumption of confidence in this technology, mainly with the
Basic Sanitation Research Program (PROSAB) carried out between 1997 and 2007 and later
the contributions by the National Institute of Science and Technology in Sustainable Sewage
Treatment Plants (INCT ETEs Sustentaveis), starting in 2017 (CHERNICHARO et al., 2018).

The UASB reactors work through anaerobic digestion, which can be explained, in
summary, by the conversion of organic matter by anaerobic microorganisms into methane,
carbon dioxide, water, hydrogen sulfide, ammonia, and the addition to new bacterial cells. In
matter of solids, UASB reactors don’t present uniform solids concentration along the digestion
compartment (Figure 41), therefore samples should be taken in different heights in order to
determine the vertical solids profile of the reactor. Thus, at the upper layer of the sludge blanket,
there is a lower concentration of solids compared to the bottom of the reactor, at the sludge bed
(CHERNICHARO; BRESSANI-RIBEIRO; LOBATO, 2019; CHERNICHARO, 2016).Currently,
Brazil has the largest park of UASB reactors in the world, 40% of the STP uses the technology
in the South, Southeast and Midwest regions of Brazil (CHERNICHARGO, et al., 2018).
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Figure 41 — Sludge sampling points along the digester compartment in UASB reactors
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Notably, many UASB reactors operate with a high concentration of solids due to the
lack of systematic routines for sludge withdrawal. Hence, solids washout compromises not only
the quality of the final effluent, which can harm the post-treatment steps, but also compromises
the sludge retention and storage capacity inside the reactor (CHERNICHARO; BRESSANI-
RIBEIRO; LOBATO, 2019). For this reason, it is essential that the sludge is discharged before
the loss of solids to the settling compartment occurs (LOBATO et al., 2018a). Furthermore, the
washout of the lighter biomass can also be consequence of a high upflow velocity and decreased
filtration capacity of the sludge bed , which can cause besides the loss of solids throw the effluent,
an organic overload in post-treatment steps and inhibition of the methanogenic activity (LEITAO
et al., 2006). The inhibition of methanogenic activity may reduce the biogas recovery potential,
which can be used for energetic purpose. The reasons for the lack of routines or proper routines
for the sludge withdrawal can be seen in Table 13 :

To prevent solids washout in UASB reactors, the sludge’s mass in the reactor should be
controlled and operate in a specific range. A minimum sludge’s mass it is essential to maintain the
microorganism activity on the reactor. The minimum sludge’s mass (SM,,;,) can be determined
dividing the removed organic load (ROL) and the specific methanogenic activity (SMA) as shows
the equation 8.1 according to Lobato et al. (2018a).

ROL (Kg.COD.d™ ")
SMA (Kg.CODcps.Kg=!.TVS—1.d~1)

SMA can be defined as the maximum capacity of methane production in a controlled lab

(8.1)

min —

environment. SMA represents the capacity of the sludge to produce methane from an organic
substrate (CHERNICHARO, 2016).

Determine the maximum sludge’s mass within the UASB reactor is essential to avoid the
solids washout. For that, is necessary to trace the sludge profile and infer which is the maximum
sludge’s mass that carry out in the effluent deterioration (CHERNICHARO, 2016). Lobato et
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Table 13 — Main factors that can affect the management of sludge from UASB reactors treating sewage

factors that can affect the operational routine of sludge management

Non-
compliance
source

Sludge sampling points, used to monitor the growth and
concentration of the sludge along the height of the reactor digestion
compartment, are insufficient and/or installed in the wrong position

Sludge withdrawal pipes in insufficient numbers or poorly
distributed along the height of the digestion compartment

Manuals or operating guidelines for UASB reactors and dewatering
systems that do not provide adequate detail on the procedures to be
followed by the operators.

Lack of systematic removal of excess sludge from UASB reactors
and drying beds because of logistical and administrative problems
(e.g. service contract for sludge transport incompatible with the
required frequency, preventing sludge withdrawal from the reactor)

Failures in the designs of drying beds or mechanized dewatering
systems, with capacity below the need to process the sludge
produced in the STP or incompatible with the characteristics of the
sludge to be dewatered, as important factors were not considered,
e.g. local specificities, climatic and operational conditions, such as
the time scale of the operators, transport of sludge, availability of
chemical products and spare parts, need for preventive maintenance,
possibility of shutdowns because of corrective maintenance, and the
like.

Equipment of the mechanized dewatering system (e.g. sludge
pumps, polymer doses, centrifuges, and the like) not in operation
owing to difficulties with preventive and corrective maintenance.

Design and
construction

Design and
construction

Design

Operational
management

Design and
operational
management

Operational
management

Chernicharo et al., 2019
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al. (2018b) recommends discharging the sludge on the top and bottom layers of the blanket,
with at least 50% of the excess sludge mass from the upper piping (1.00 to 1.50 m above the
bottom), which represents a more diluted sludge. A smaller portion should be discharged from
the bottom (higher concentration of TS) in order to preserve the sludge bed and reduce the sludge
withdrawal volume. However, the lack of sampling points or its inappropriate distribution along
the digester compartment represent a barrier for this application. Because of these limitations
Lobato et al. (2018) recommends to monitoring TS concentration at the highest point at the
digestion compartment, just below the deflectors, at a maximum TS concentration of 0.5% (5000
mg.L~1). Therefore, when TS concentration is above 0.5% in the upper part of the reactor, sludge
withdrawal shoud be done to avoid the soilids washout.

The withdrawal of sludge on the top layer and on the bottom has different implications.
On the top of the sludge blanket, the solids are more diluted, therefore, it is necessary a greater
sludge volume discharge, which demands a bigger and more expansive dewatering system. The
sludge bed, located at the bottom of the reactor, is more concentrated and can retain several
inert solids such as sand, depending on the quality of the preliminary treatment, that need to
occasionally be removed from the reactor. Thus, the discharge of a more concentrated sludge
can be an advantage because it removes several inert solids and also requires lower areas for
the dewatering system. However, sludge bed has usually greater settleability quality, and the
microorganisms’ activity are usually higher and essential for sludge stabilization. Moreover, the
denser sludge at the bottom of the reactor can function as a ’filter’ that prevents inert solids to get
into the reactor. Ozgun et al. (2019) reported that the sludge stabilization level in a UASB reactor
with anaerobic membrane variate according to the height that the sludge is located through the
blanket. While Mahmoud et al. (2004) reported the VS/TS relation through the sludge blanket
was constant in a UASB reactor without post-treatment.

Furthermore, there are some recent auxiliary tools to the sludge management in a UASB
reactor that can be used in different scenarios. The Integrated System of Sludge Management
(SIG-Lodo) it’s a software which can carry out different strategies for the sludge management,
considering the interface between the production sludge unit (UASB reactor) and dewatering
sludge process, therefore, being a helpful tool for the manager choose an effective sludge
discharge plan (EMRICH et al., 2021). For the proper function of SIG-Lodo tool, it is mandatory
that data input is collected in a certain frequency and real time monitoring would be ideal for a
better accuracy of the software.

8.1.2 Methodology

The test was evaluated on full-scale UASB reactor in ETE Betim Central (STP Betim),
located in the city of Betim (Brazil). The sewage treatment plant is composed by anaerobic
technology (UASB reactors) and an aerobic technology (conventional activated sludge system)
(Figure 42). The average inflow rate during the analyzed period was 478 L.s~!.
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Figure 42 — ETE Betim Central (STP Betim) - 1: location of the ultrasonic sensor (UASB reactors), 2:
aeration tank (activated sludge system), 3: Secondary sedimentation tanks

The instrumentation was the same as used by Neves ef al. (2021), only an oscilloscope
and a laptop were used for the data collection and gravimetric test for TS were realized at the
correspondent height in which the sensor was installed. It is important to notice that this was
the first test realized in this research, from 30 July until August 27 of 2021, therefore the new
sensor with the Arduino was not available and some aspects that interfere in the signal were
unknown by that time. The lack of time for this research was an impeditive for further tests with
the upgraded sensor already with the Arduino for the real time data collection in UASB reactors.

There was mainly four differences from the tests evaluated by Neves et al. (2021). Firstly,
the position of the sensor that was previously installed in the center of the UASB reactor close
to the reactor’s walls, just below the deflector. The change happened because the sanitation
companies involved in the project advise it would be easier and safer to install the sensor there,
since in the center it is located most of the biogas produced by the reactor. Secondly, the support
of the sensor was previously a metal bar that kept the sensor still, this time it was used two
flexible cables, thus the sensor have some movement due to the reactor’s flow. The change occur
also because of a demand of the companies. According to them, a rigid bar would not be viable
to reach the desire height (just below the deflectors). The third difference, would be the support
of the reflection surface. In both cases it was the same material, a PVC tube. What changed
was the distance of the reflection surface from the transducer. Previously the distance was 45
cm, and for this test, the distance was 20 cm. The different values was an attempt to measure
higher concentration of TS, since the limit detection of the sensor reported by Neves et al. (2021)
was 1% of TS. The fourth difference is the system itself that the sensor was installed. While
the sensor was installed previously in demo-scale UASB reactor, this time it was installed in a
full-scale UASB reactor, that also receives excess sludge from the activated sludge system. A

scheme of the evaluated test can be seen on Figure 43.
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Figure 43 — UASB reactor Betim Central scheme - 1: Ultrasonic sensor position; 2: Support cable; 3:
Transmission cable; 4: Gas-Liquid-Solid separator; 5: Deflector; 6: Oscilloscope and control box;
7: Laptop

During the sludge removal from the UASB reactor, it was compared the signal measure-
ment at its beginning and after one hour in order to test the sensibility of the sensor for the

removal of solids from the reactor.

8.1.3 Results and discussion

The correlation between the attenuation of the signal and the TS gravimetric measure-
ments did not present a good match on the few samples made during the period of one month.
However, there are a large number of reasons that can explain it. Firstly, it was found that the
reactor was operating with an overload of coarse solids in the upper part of the UASB reactor,
which was reported by the operators from the plant after emptying the reactor. Secondly the
recirculated sludge flow from the activated sludge system may exceed the UASB reactor capacity,
which could cause a disorder on the stratification of the sludge blanket.

Furthermore, the sensor itself was moving freely inside the reactor and close to the
reactor’s structures. Such characteristic could influence the signal, for example, if the sensor was
located in a dead zone of the reactor, which has a greater possibility of occurrence at the side
part of the reactor comparing to its center. Moreover, the reflections from the reactor’s structures
could also cause some interference, as it occurred in laboratory scale. Nevertheless, there was
no visual indicative of such reflections (Figure 44), although a low resolution signal was used
during the UASB test and data collection was not continuously obtained. Therefore, as the sensor
moves in the reactor, interference reflections could have occurred while the oscilloscope was

not collecting the data. In that sense, a continuous data obtained from an Arduino would be a
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valuable result for full-scale application in UASB reactors.

Figure 44 — 1 out of 500 images from the ultrasonic sensor for TS gravimetric measurement of 0.1% at the
same height position of the sensor location inside the UASB reactor of ETE Betim Central
obtained by an oscilloscope
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During the sludge removal process of the reactor that last for 6 hours, it was measured
the signal at its beginning and after one hour (Table 14). The greater difference between both
situation may be explained because of adhered bubbles at the solids, that could be released after
the sludge withdrawal begins. The sludge without the adhered bubbles, or at least with less
adhered bubbles, could greatly increase the maximum potential mean, since bubbles greatly
increase attenuation as seen in chapter 6. Moreover, the decrease of solids within the reactor
probably also contributed to increase on the maximum potential mean. However, the gravimetric

test were not possible to be performed during that time.

Table 14 — Signal amplitude before and during the sludge withdrawal in a UASB reactor

Maximum potential mean

Status Standard deviation
V)

Before sludge withdrawal 0.25 0.05

One hour after the sludge withdrawal 161 0.08

begin
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After the period of two months, the sensor was removed from the reactor, with a great
amount of solids adhered around its support. Different design and position of the sensor should
be tested in order to evaluate the cleaning frequency. This result showed another challenge
when testing in full-scale STPs compared to the demo-scale test reported by Neves et al. (2021).
Cleaning routines of a sensor installed in a UASB reactor could be quite laboriously, since the
reactor need to be closed to avoid air entrance. A cleaner design was developed already for
further tests (Figure 9), however a better solution would be to use the US sensor in the settling
compartment of the UASB reactor, that have a lower amount of solids. Self-cleaning sensors
already exist in the market, nevertheless, manual cleaning is always necessary and recommended,

besides the self-cleaning device.

Figure 45 — Solids accumulation on the US sensor after two months inside the UASB reactor from ETE
Betim Central

8.1.4 Conclusion

A low-cost ultrasonic sensor was previous tested in a demo-scale with promising results
regarding it correlation with gravimetric test, however, full-scale application showed to be quite
challenging and this correlation was not possible observed. Further tests with the sensor with
an Arduino control is recommended in order to generate a continuous data, therefore a more
representative data. Moreover, the tests in full-scale carry out in important lessons for furthers
researches and tests. For example, the possible difference on the application of the US sensor in
the lateral position of the UASB reactor and in the center. Two sensors in the same reactor (at the
side and the central location within the reactor) could bring more consistent results and eliminate
uncertain regarding the possible interference on the sensor reading. The cleaning demand is also
a relevant aspect to be evaluated, since a high cleaning frequency could simply replace the work

regarding the gravimetric test.



Chapter 8. US SENSOR FULL-SCALE APPLICATIONS 84

8.2 Activated Sludge
8.2.1 Introduction

Conventional activated sludge treatment, unlike UASB reactors, occurs by the aerobic
digestion of the organic matter. This technology was named in 1914, when Ardern and Lockett
published a paper that carried out that the production of an activated mass of aerobic microor-
ganisms can increase the stabilization of organic matter in wastewater (ARDERN; LOCKETT,
1914). The effluent is usually aerated by diffusers or the system is mechanically aerated. This
discovery was greatly impacted by Clark and Adams research, few years before, that found out
that the injection of air could increase the purification of wastewater (CLARK; ADAMS, 1914
apud METCALF EDDY, 2003).

Activated sludge system contains mainly 3 components. The aeration tank, in which
the microorganisms are kept suspended homogeneously receiving oxygen; liquid-solids sep-
aration (e.g clarifiers); and a recycle system for the returning of the solids removed from the
sedimentation tank back to the aeration tank (METCALF EDDY, 2003). Usually conventional
activated sludge systems are preceded by primary sedimentation tanks, that can remove most of
the settleable solids. However, depending on the robustness of the preliminary treatment, some
plants dispense the use of primary settlers.

Aeration can be provided by several forms and is always an energetic cost involved on it.
The type of aeration will depend on the geometry, function to be performed and installation cost.
The main types of aeration are: diffused-air systems, mechanical aeration and high purity oxygen
systems (METCALF EDDY, 2003). Aeration has a secondary objective of mixing the sewage,
thus the substrate-micoorganism relation can be balanced over all the reactor (VON-SPERLING,
2016).

In order to increase the solids retention in the system, the sludge from the secondary
sedimentation tank is returned to the aerated tank. For the proper operation of activated sludge
system, it is essential that the return ratio keeps on a range between 0.7 and 1.2. The typical
values of TSS in the aerated tanks are between 2000 mg.L~! and 4000 mg.L~!, while the typical
concentration on the return line is between 6000 mg.L~! and 12 000 mg.L~!. In general, the
more concentrated the sludge from the secondary sedimentation tank, the lower the return sludge
flow need to be, which is an important control factor for the sludge age of the system (VON
SPERLING, 2016).

For the solid control in the activated sludge system, several methods can be applied. The
Sludge Volume Index (SVI) indicates the settleability of the sludge, and is a usual parameter to
indicate the presence of a bulking sludge. Thus, it is possible to increase or decrease the sludge
return ratio in order to improve the settling in the secondary sedimentation tank. Furthermore,
a principle of controlling the return sludge flow according to the sludge blanket in secondary
sedimentation tanks is very effective against the loss of solids to the effluent. Whenever the
sludge blanket reaches a specific height in the settler, a sensor can detect it and send a signal

so that the sludge outlet valve in the sedimentation tanks opens more, increasing the sludge
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flow. This procedure can be done manually, which is more common in Brazil (VON-SPERLING,
2016).

Furthermore, several parameters in matter of settling theory can be useful in an activated
sludge system. For instance, when the applied flow in the settler is superior to the limit flow
and the hydraulic application rate is superior to the sludge’s sedimentation velocity, then the
secondary sedimentation tank has an overload in the thickening and clarification issue (VON
SPERLING, 2016). Therefore, the sedimentation velocity of the sludge is an important parameter
to maintain an appropriate control of the system.

The excess sludge from conventional activated sludge, unlike UASB reactors, need to be
stabilized and thickened before the dewatering process (LEITAO et al., 2006). If the activated
sludge is a post-treatment of the UASB reactor, the aerobic excess sludge can be returned into the
UASB, where it will be stabilized and thickened. However, the returning fraction concentration
has to be compatible with the solid capacity of the UASB reactor (LOBATO et al., 2018).

More recently, at the end of century XX, activated sludge systems were adapted to remove
nutrients, mainly nitrogen and phosphorus (METCALF EDDY, 2003). For nitrogen removal,
nitrification-denitrification process can occur with a component called selector, that can operate
in anoxic or aerobic condition (VON-SPERLING, 2016). The ammonia content in sewage can
be converted into nitrite and nitrate by aeration process (nitrification), then it can be converted
into gas nitrogen in anoxic condition (denitrification) as shown in the equation 8.2 reported by
EPA (2007):

NH3+ 0, — NO, +3H™" +2e (nitrification) (8.2)

6NO; +5CH3;0H —; 5C0O; + 3N, + TH,0 + 60H ™ (denitrification)

The adherence of nitrogen bubbles at solids is considered a problem, for example, when
they enter to the secondary sedimentation tank unit and fluctuate instead of settle, thus it is
recommended to mix or aerate it before going to the settling units (VON-SPERLING, 2016).

Modelling of activated sludge processes has become a common part of the design and
operation of STPs. Activated sludge models (ASM) started at the 80s, helped researches to
achieve more efficient experimental designs and operators to better organize and understand
information available at their plants. This occurred for several parameters, including nitrogen
and phosphorus removal. TSS were introduced into the biokinetic models in order to compute
their concentration via stoichiometry. Since phosphorus removal and precipitation introduce
mineral fractions into the activated sludge, prediction of TSS is important (HENZE et al.,
2000). Modelling is a valuable tool to control automation in STP by feedforward systems. The
feedforward control is an efficient strategy in activated sludge process because of the high
hydraulic delays. Feedforward control advantage is to act on the process when the influent
disturbances appear and before they cause major changes in the effluent. Feedforward control
can also be combined with slow feedback control to compensate for model approximations.
(VRECKO; HVALA; CARLSSON, 2003).
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Abusam and Mydlarczyk (2018) reported that operational issues in activated sludge are
rarely discussed in developing countries. However, they found out huge operational problems
in a waste water treatment plant in Kuwait. The STP’s was operating with overload of solids
and the transfer of oxygen to the system was not enough. In Brazil, most of activated sludge
system are located in big cities (ANA - AGENCIA NACIONAL DE AGUAS E SANEAMENTO
BASICO, 2020), which means a great amount of sewage is treated by this technology, however

most of them do not have an automation regarding solids control.

8.2.2 Methodology

A more detailed explanation about the instrumentation and data collection can be seen in

chapter 3.

8.2.2.1 STPs overview

8.2.2.1.1 Overview of RWZI Grou (small STP)

The STP of the city of Grou (RWZI Grou) treat the sewage of an equivalent population
of 17 000 people. An overview of the STP can be seen in Figure 46. The US sensor was installed
in the end of the aeration step of the carousel, ash sown in Figure 47, thus probably a region that
may occur denitrification. The aeration begin at the mixers position, and the dissolved oxygen
decreases as the mixed liquor gets away from the aeration mechanic machine (located in the
selectors position). The US sensor was installed in the same height (50 cm from the surface) and
close to the optic sensor for TSS that the STP already had (Figure 48). A wire of 5 meters length
connected the US sensor to a control box, which was connected to a laptop that was responsible
for collecting and storing the data with the software realterm. The laptop and the control box

were inside a house, protected from rain and wind.
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Figure 46 — RWZI Grou: 1 - Preliminary treatment; 2 - Carousel units; 3- Secondary sedimentation tanks; 4
- Sludge thickener; 5 - Sludge dewatering units

Google maps, modificado (2022)

Figure 47 — RWZI Grou carousel unit: 1 - Mixers; 2 - Position of the US sensor and optic sensor for TSS.

Google maps, modificado (2022)
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Figure 48 — US sensor (on the left) and optic sensor (TSS) in the carrousel

8.2.2.1.2 Overview of RWZI Leeuwarden (medium STP)

RWZI Leeuwarden is a medium STP located in the capital of Fryslan (The Netherlands).
The plant was design to treat sewage of an equivalent population of 200 000 inhabitants (Figure
49. The US sensor was installed in a carousel unit with a 10 meters cable connected to a control
box and a datalogger (EL-USB-4). The carousel unit works similarly to RWZI Grou. Control
box and the datalogger were kept inside a safe house. US sensor was located around 68 meters
from the already installed optic sensor (for TSS measurements) (Figure 47) and 40 cm below
typical surface level (Figure 51). Samples for the gravimetric test (TSS) were collected at the
same height where US sensor was located.
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Figure 49 — RWZI Leeuwarden: 1 - Preliminary treatment; 2 - Carousel units; 3- Sludge thickening,
dewatering, anaerobic digestors and biogas treatment; 4 - Secondary sedimentation tanks. The
circulated area correspond to the carousel unit where the sensors were installed.

autosiaperij en .
Schrootianas! meiier




Chapter 8. US SENSOR FULL-SCALE APPLICATIONS 90

Figure 51 — US sensor in RWZI Leeuwarden, on the right

While in RWZI Grou instrumentation follow the scheme previously described with a
laptop to record the data (Realterm software), the control box (with the arduino), and the US
sensor (Figure3), in RWZI Leeuwarden the configuration was different. Since the laptop stopped
recording the data for unknown reasons, a datalogger EL-USB-4 was used instead. The new
configuration is more similar to the US sensor real application, since no laptop is needed.

Since the transducer was damaged because the water entrance in RWZI Grou, a new
transducer was used in RWZI Leeuwarden. It was added Beral uni-seal on it, in order to protect

the new transducer interior from water (Figure 52)

Figure 52 — Beral uni-seal added to the transducer for water-tight protection

8.2.3 Calibration

The US sensor was calibrated with results obtained from TSS gravimetric test done
according to APHA/AWWA/WEF (2017). In RWZI Grou MLSS kept in a short range level of
0.31% - 0.35%, thus calibration was performed with approximately the same level of solids
concentration. TSS gravimetric test were compared with the arduino routine calculation for the
peak area measured by the US sensor. For RWZI Leeuwarden calibration could be done with
more points, since it was tested for a longer time and the variation of solids in the mixed liquor
was greater during that period (0.28%-0.41%) according to the gravimetric tests performed. TSS

gravimetric test was compared with the current measured by the US sensor and stored by a data
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logger. In both situations tap water was used as reference for 0% of TSS. Calibration curve in

Grou and Leeuwarden can be seen in Figure 53 and Figure 54.

Figure 53 — US sensor calibration in RWZI Grou
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Figure 54 — US sensor calibration in RWZI Leeuwarden
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* Hypothesis statistical tests - Correlation of parameters

For both STP descriptive statistic was evaluated for the measurements of US sensor, optic
sensor, inflow rate and gravimetric test (MLSS). Shapiro Wilk test on MATLAB was used to
determine the normality of each data (BENSAIDA, 2009). In order to evaluate the correlation
between the parameters, spearman coefficient and pearson coefficient were calculated, regarding
the data normality. Spearman coefficient is used for non-parametric data, while pearson for
parametric data (VON-SPERLING; VERBYLA; OLIVEIRA, 2020).
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The hypothesis created for the statistical analysis were, (for TSS parameters x TSS
parameters) :

Hy: correlation between both analyzed parameters is < O for a confidence level of 99%.

H,4 : correlation between both analyzed parameters is > 0 for a confidence level of 99%.

The hypothesis created for the statistical analysis were, (for inflow x TSS parameters):

Hy: correlation between both analyzed parameters is 0 for a confidence level of 99%. Hy
: correlation between both analyzed parameters is different from 0 for a confidence level of 99%.

Hy is the null hypothesis, and Hy is the alternative hypothesis.

For all statistic analysis, measurements from US sensor and optic sensor were consid-
ered below 0.46% of TSS. High TSS estimation values are most probably because of solids

accumulation in both sensors.

8.2.4 Results and discussion
8.2.4.1 RWZI Grou

In the oscilloscope view of the signal (Figure 55) it is noticeable that after the reflection
peak, no other peak appeared. In lab scale, after the reflection peak, others peaks appeared

because of the setup reflection.

Figure 55 — Signal visualization from the oscilloscope in Grou - 17-03-2022
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Distribution of the data was evaluated within a period between March 24 and April 1 of
2022. Figure 56 indicates a normal distribution by the ultrasonic measurement during the period
of one week in RWZI Grou. MLSS estimated concentration around 0.34% were more frequent.

It is a different tendency when compared to the application of the US sensor in still water (Figure
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57). Hence, as the variation of the US sensor measurement occur in a smaller scale with still
water, the variability of the MLSS estimated by the US sensor in the plant is probably because of
real variations on the MLSS concentration.

Figure 56 — Frequency distribution of US sensor MLSS estimation from 24/03/2022 to 01/04/2022 - RWZI
Grou
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Figure 57 — Frequency distribution for the US sensor estimation of TSS in still water
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The US sensor and the optic sensor presented similar performances during the testing

period. However, the ultrasonic sensor presented bigger data variance, even though the standard
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deviation is still very low (Table 15). The descriptive statistic of the measurements indicate a
similar range between the MLSS average and the gravimetric tests, the optic and ultrasonic
sensors, all of them with a low standard deviation. The variation of the TSS estimation by both
sensors in a time series can be seen in Figure 58. Although there were only a few gravimetric
analyses done in the period, they match well with the values estimation by both sensors. It is
expected that the variation of the TSS values observed in the ultrasonic sensor data probably
reflects real variations of the solids concentration in the mixed liquor, even though more solids

analysis would be necessary to prove this hypothesis.

Table 15 — Descriptive statistics of the optic sensor, ultrasonic sensor and the inflow rate

Parameter(s) Mean Standard deviation Maximum  Minimum n
Optic sensor (MLSS %) 0.32 0.01 0.34 0.31 178
US sensor (MLSS %) 0.34 0.02 0.40 0.28 178
Gravimetric test (MLSS %) 0.34 0.01 0.35 0.33 4
Inflow rate (m3.h~ 1) 124.00  112.08 755.70 0.70 178

Figure 58 — Time series of the MLSS measurement for the ultrasonic sensor, optic sensor and gravimetric
test - RWZI Grou
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Figure 58 shows that TSS range in the effluent stayed within expected values of 0.20-0.40
% (METCALF EDDY, 2003) during the tested period. von-Sperling (2016) reported that MLLSS
should maintain in a range below 0.45-0.50 % as bigger values may cause overload of the

secondary sedimentation tanks.
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Most of the data obtained by the ultrasonic sensor in a UASB reactor kept in the range
of 0.1-0.2 % of TS (NEVES et al., 2021). The application in the carousel had an average TS
concentration of 0.5 %. Such results reinforce previous prediction in which the sensor could be
used within a range of 0.1-0.5 % of TS. For activated sludge, however, TSS is a more typical
parameter to monitoring solids. The already commercial optic sensor was already calibrated to
give the measurements in terms of TSS, therefore, the same was done for the US sensor.

* Statistical hypothesis tests - Correlation of parameters

The low spearman and pearson coefficient and the low covariance (cov) indicates that the
correlation between the US sensor and optic sensor is low, although the correlation is greater than
0 for a confidence level of 99 % (Table 16). However, since MLSS was kept in a similar range
level during the analyzed period, the variations were too small for a more complete evaluation.
Inflow rate was also an important information in order to confirm, whether the sensor is affected
by it or not. From march 24, until march 31, the inflow rate variate in the range of 0.7 m3.h~!-
300 m3.h~!. On April 1, the inflow rate raised to values around 600 m3.h~!. Nevertheless, the
shift in the inflow rate did not correlate to either US sensor measurements or optic sensor. Low
covariance and the non rejection of Hp even with a high number of samples (n), explain this
conclusion. Furthermore, the correlation with both sensors with the gravimetric measurements
had a high p-value, thus, Hy could not be rejected. This result can be explained because of the
low number of samples collected for the gravimetric test during the analyzed period. Moreover,
although gravimetric test is more trustable than both sensors, error on collecting a representative

sample could generate a non representative result.
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Table 16 — Correlation parameters in RWZI Grou for a period of one week.

Spearman p- Pearson p-

Cov. Conclusion
coef. value coef. value

Parameter(s)

Reject Hy
(p-value<0.01).
<0.01 Correlation is
US sensor x 025 <001 020 <001 and >0 significantly greater
Optic sensor ' ' ’ ' than O for a confidence
level of 99%, however,
with a low correlation
coefficient.

Hy can not be rejected
(p-value>0.01),
US sensor x 001 086 001 0.86 <0.01 there.for?,, correlation is
Inflow rate and >0 not significantly
different from zero at a

confidence level of 99%

Hy can not be rejected
-value>0.01
Optic sensor x <0.01 Eﬁerefor; (c)(?rriiation is
-0.04 0.60 -0.05 0.48 and .
Inflow rate ~-001 not significantly
’ different from zero at a
confidence level of 99%

Hy can not be rejected

(p-value>0.01),
Gravimetric test 0.00 0.67 034 033 018 there.for?,, correlation is
x US sensor not significantly

different from zero at a

confidence level of 99%

Hy can not be rejected

(p-value>0.01),
Grav1metrlc test 0.63 091 0.8 0.64 0.03 there'for?,, correlation is
x Optic sensor not significantly

different from zero at a

confidence level of 99%

Hy can not be rejected
<0.01 (p-value>0.01),
Gravimetric test -0.80 033 078 022 and >0 there.for(.e, correlation is
x Inflow rate not significantly
different from zero at a
confidence level of 99%

* Mechanical and electronic problems with the US sensor

In the analyzed period both sensors were not cleaned. Solids accumulation on the optic
sensor can be seen in Figure 59, while solids accumulation from the US sensor after one week
can be seen in Figure 60. Most of the solids adhered to the sensors was hair. However, even
that no cleaning was conducted during the tests, no significant change was perceived in the
measurements. MLSS kept in the same range for both sensors, which was confirmed by the
gravimetric test. Probably, solids adhered on the sensor, kept floating on the flow direction,
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which may have avoided the deposit of these solids in the region between the transducer and
the reflection surface. However, if the amount of solids is too heavy, probably the mixed liquor
flow will not be enough to avoid those deposit, which can occur after a longer period of time or a

greater presence of hairs in the mixed liquor.

Figure 59 — Solids accumulation on the optic sensor (RWZI Grou)

8.2.4.2 RWZI Leeuwarden

For a better visualization of the data during the analyzed period it was plotted a time series
of the US sensor, optic sensor and gravimetric measurements (Figure 61). The plot indicates
a good match between the gravimetric, optic and ultrasonic sensor until 08 of June. After that
time, US sensor estimation for MLSS reached a minimum value of 0.08% (Table 17), which is
below typical values in activated sludge system. However, optic sensor measurements continuous
on the range of 0.3%, and the same occurred for the gravimetric test. The amount of nitrogen
bubbles adhered to the solids could be an aspect that may explain this difference, depending
on the denitrification efficiency, since the sensor is located in an anoxic zone. However, more
information is needed to confirm this hypothesis, such as dissolved oxygen, nitrate and the
removal of TKN (Total Kjeldahl Nitrogen) in the unit.
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Moreover, optic sensor by June 12, suffer a great increment on MLSS estimation mea-
surement (up to 1.1%). The responsible for cleaning the sensor was on vacation by that time,
hence, the optic sensor was not cleaned, as it usually is twice a week. Compared to Grou, inflow
rate did not show a good correlation with MLSS concentration as well. Table 17 complement
the tendency of a better match by the optic sensor with gravimetric test pointed on Figure 61,
considering only the measurements when both sensors were cleaned.

Figure 61 — Time series - Ultrasonic sensor, optic sensor, gravimetric test for MLSS measurement in RWZI
Leeuwarden
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Table 17 — Descriptive statistics of the data collected in RWZI Leeuwarden during the period of 18/05/2022

to 20/06/2022

Parameters Median Mean Stal}d:%lrd Maximum Minimum n

deviation
US sensor "
MLSS %) 0.33 0.31 0.09 0.45 0.08 512
Optic sensor "
(MLSS %) 0.34 0.34 0.03 0.45 0.27 751
Gravimetric ) 5 0.34 0.04 0.41 0.28 9
test (MLSS %) ’ ’ ' ’ ’
(T%H)lperamre 19.20 19.42 1.18 22.20 16.80 785
%Eg‘;vf f)ate 70620 1079.90 1147.40 4824.70 109.80 785

*Measurements for US sensor and optic sensor were adjusted (below 0.46), so the solids
accumulation do not interfere on the statistic analysis

The test in RWZI Leeuwarden seems to repeat a unknown behavior that occurred on the
WAC laboratory . From December of 2021 to January of 2022, the sensor was kept inside water in
the WAC of Van Hall Lareinstein University. Surprisingly, signal amplification increased by that
time without any mechanical or electrical adjustment. The same behavior seem to occur in RWZI
Leeuwarden. Strangely, this behavior did not correspond to Neves et al. (2021) results that kept
the same sensor inside a UASB reactor for 25 weeks without new calibrations. Underestimated
MLSS by the US sensor seems to be occurred after one month within the carousel. Hence,
calibration should probably be evaluated at least once a month. Moreover, for further tests,
temperature should be corrected from the US sensor measurement since it can affect the signal as
seen in chapter 5. During one month, however, temperature range kept in the same range (Figure
62).
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Figure 62 — Time series of the mixed liquor temperature in RWZI Leeuwarden
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Considering gravimetric measurements as reference, even thought it may not be represen-
tative, it was calculated the relative error comparing optic and ultrasonic sensor measurements
(Table 18). However, the comparison was made only for the period until June 8, since after that
US sensor seems to require a new calibration as it presented an error greater than 5%. The results
confirm the similar accuracy presented by both optic and US sensor compared to the gravimetric
measurement, with an average relative error (Avge) of around 1% in both cases. Nevertheless, a
high error observed on optic sensor (4.36%), it was probably because the optic sensor was not
cleaned, and solids accumulation masked the result.

Table 18 — Relative error comparative from US sensor and optic sensor in RWZI Leeuwarden

Gravimetric (MLSS  US sensor Relative Error Optic sensor Relative Error
-%) (MLSS - %) (%) (MLSS - %) (%)
0.33 0.38 0.76 0.45 4.36
0.41 0.40 0.02 0.34 1.20
0.35 0.38 0.26 0.36 0.03
0.28 0.38 3.57 0.31 0.32
0.38 0.29 2.13 0.36 0.11
0.32 0.34 0.13 0.30 0.13
Avge =1.14 Avge =1.02

* Statistical hypothesis tests - Correlation of parameters

Statistical hypothesis test were evaluated in which concern the correlation between the

parameters on Table 19. The normality of the data was evaluated with Shapiro-Wilk test on
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MATLAB (BENSAIDA, 2009). Data used for the correlation with gravimetric test (Gravimetric
test x US sensor, Gravimetric test x Optic sensor, Gravimetric test x Inflow rate) carry out
on a normal distribution with a confidence level of 95%, therefore, Pearson coefficient was
considered for those parameters. However, the rest of correlations (US sensor x Optic sensor, US
sensor x inflow rate, Optic sensor x inflow rate) pointed a non-normal distribution, therefore,
spearman coefficient was considered for these parameters. The coefficients considered for the
conclusions about the correlation were underlined on Table 19. The difference on the results
could be explained by the numbers of samples (n) for each group of correlation. All correlation
with gravimetric test had only a number of sample equal to 6, while the correlations that presented
a non-normal distribution had an n equal to 489.
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Table 19 — Correlation between parameters in RWZI Leeuwarden for a period of one month

Spearman Pearson - .
ccl))ef p-value . p Cov. Conclusion

Parameters
oef. value

Reject Hy
(p-value<0.01).
Correlation is

US sensor x <0.01 significantly greater than

Optic sensor 026 <0.01 0.29 <0.01 and >0 0 for a confidence level
of 99%, however, with a
low correlation
coefficient.

Hy can not be rejected
(p-value>0.01),
US sensor x <0.01 therefore, correlation is
Inflow rate 007 011 0.16 <0.01 and >0 not significantly different
from zero at a confidence

level of 99%.

Hyrejected
(p-value<0.01),
Optic sensor x >0.01 therefore, correlation is
Inflow rate 013 <001 015 <0.01 and <0 significantly different
from zero at a confidence
level of 99%.

Hy can not be rejected
Gravimetric (p-value>0.01),

test x US 0.23 033 024 032 <001 therefore, correlation is
sensor —_— — and >0  not significantly different

from zero at a confidence
level of 99%.

Hy can not be rejected
Gravimetric (p-value>0.01),

test x Optic 0.41 0.22 0.17 037 <0.01 there_for?,, correlat}on is
Sensor — — and >0 not significantly different

from zero at a confidence
level of 99%.

Hy can not be rejected
Gravimetric (p-value>0.01),

testx Inflow  -0.22 058  -0.63 007 7001 therefore, correlation is
rate — — and < 0  not significantly different

from zero at a confidence
level of 99%.

In summary all the results presented on Table 19 pointed a low or non correlation between
all evaluated parameters. In spite of a positive correlation between Gravimetric test x US sensor,
Gravimetric test x Optic sensor, US sensor x Optic sensor was significant for a confidence level
of 99%, Spearman and Pearson coefficient were low for all of them. Low correlation can be
explained by the distance between US sensor and Optic sensor (68 m) and mixing conditions.
Moreover, although gravimetric test is more accurate than sensors, manual sampling could be a
reason of a non representative result. Solids accumulation at the sensors could also have a partial

interference on the results, even after eliminating those measurements above 0.46% of TSS by
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the sensors.

Inflow rate correlation with the sensors and gravimetric test presented a curious result.
While the correlation with US sensor and gravimetric measurements was not significantly
different from zero, the correlation with the optic sensor test were. Even more, presented a
negative correlation with the inflow rate. Greater inflow rates are associated with rain, since the
sewage system is unitary in the Netherlands. One possible explanation for the negative correlation
is that rain (greater inflow rate) could dilute solids concentration of the mixed liquor. Gravimetric
test x Inflow rate presented a relatively high negative correlation (Pearson coefficient), which
corroborates with this hypothesis, even though low number of samples were not enough to reject
Hy.

e Mechanic and electronic considerations

Limit detection from the US sensor during full-scale test was 0.49% of TSS. In order
to increase this limit, calibration could be realized only with sludge measurements, not water.
Calibration with water demands a limit amplification of the signal, otherwise the sensor reading
will not correspond with actual scenario. Figure 63 is an example where signal was over ranged,
hence the correspondence voltage is lower than it should be. A scenario only with water represent
the best scenario for higher values of the signal, since there is almost no obstacle to attenuate
it. Therefore, calibration only with sludge allows greater signal amplification without any over

range.

Figure 63 — Example of signal overrate (DC)

0.4 | Limit capacity
| \ f of the US sensor
0.35 bt
il
. 03 ql |
= [ \
S U“ AR
&0.25 i M
= ‘ . 1”','“ f'
= Il WI
0.2 |
| |
0.15 f /
/
|
|
0.1 t
0 500 1000 1500 2000 2500 3000 3500

Time (160/10%) sec

Comparing the solids accumulation from Grou and Leeuwarden on the sensor, it is clear
that plant size and characteristic can greatly influence on the amount of solids adhered to the
sensor. Hence, cleaning routine should be adjusted for each specific STP. Solids accumulation in

Leeuwarden can be seen in Figure 64.
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Figure 64 — Solids accumulation on the US sensor after two days - RWZI Leeuwarden

Depending on the position of the solids accumulated at the sensor, it is possible to detect
and alert operators to clean it. For that, the region before the first reflection peak should be
analyzed and incorporated to the Arduino code. If this region has a high correspondent area
value, it probably means that there is something blocking the signal.

Furthermore, the seal used to protect the transducer seem to work, at least for a period of
two months (sensor was installed in RWZI Leeuwarden one month before data collection). No
damage was observed during that period, while in RWZI Grou, after two weeks water entered

the transducer and damage it.

8.2.5 Conclusion

The US sensor was compared to an optic commercial sensor in a small and medium
full-scale activated sludge system, and showed similar measurements of MLSS double-checked
with the gravimetric test. The relative error from US sensor and the optic sensor compared
to the gravimetric test were 1.14% and 1.02% respectively, during a period of 5 weeks in the
STP of Leeuwarden (medium scale). A cleaning routine of the sensors must be implemented
in both cases and should be adjusted depending on the STP characteristics. Furthermore, at the
medium STP, the US sensor had its signal increased after the third week without any electrical or
mechanical adjustment, resulting on the underestimation of the MLSS (minimum 0.08% of TSS).
Gravimetric test and optic sensor had their measurements around 0.3% of TSS at the same time.
This probably indicate that a new calibration was necessary to maintain the sensor functional.
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9 COST ANALYSIS (US SENSOR X GRAVIMETRIC TEST)
9.1 Introduction

Besides the initial cost for a real time monitoring sensor (Table 2), operational cost
involving monitoring of solids is relevant to be evaluated not only considering the application for
sanitation companies, but also for the research that is done in the universities. This chapter will
evaluate energy consumption between the gravimetric test and the US sensor and the analysis

cost for the gravimetric test.

9.2 Methodology

* Energy costs

In order to evaluate the operational cost of the US sensor for solids monitoring it was
compared the energy cost between US sensor, a drying oven (DO) and water bath (WB) used in
the Federal University of Minas Gerais (UFMG) at the chemical phiysicist laboratory for the
gravimetric analysis.

To evaluate the energy consumption for the gravimetric test for TS it was considered
a weekly frequency during a period of one year with two different scenarios. First scenario
considering 24 hours of drying oven use (the worst scenario - WS), which is a common practice
in a research laboratory and secondly considering 3 hours of warm bath plus 1 hour of drying
oven (the best scenario - BS), which is the faster way to conclude the TS analysis. For the
comparative of the TSS test, it was considered a daily monitoring, which correspond to the
monitoring program for the MLSS reported by von-Sperling (2016). The power from the drying
oven in the university is 1000 W, while the power from the warm bath is 1840 W.

For the US sensor, power was calculated considering the voltage of 12 V and a current of
0.2 A, that was measured with a multimeter. It was considered that the sensor will be functioning
continuously.

The cost considered two tax values, “green flag” which means energy costs do not have
additional taxes and “red flag”, which considered additional taxes for energy payment. The taxes
values were obtained from the Energy Company of Minas Gerais in the year of 2021 (CEMIG,
2021).

* Analysis costs

Analysis costs were evaluated by TS and TSS quotation for each sample by a certified
company in Brazil during the year of 2022. For TSS quotation, it was considered a daily
monitoring, which is typical for activated sludge systems. For TS quotation it was considered a
weekly monitoring, with one sampling point and three sampling point (sludge profile). Sampling
costs were not considered on this analysis, since it will depend on the distance between the

laboratory company and the STP.
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9.3 Results and discussion

* Energy costs

Considering the moment of scarcity of financial resources and with an increasing energy
demand, a comparison was made between the US sensor and the equipment used for the
gravimetric test. Thus, it was evaluated the energy expenditure and its financial cost. The results
can be seen in Table 20. Even gravimetric test for TSS that had the lower energy demand of the
gravimetric tests, showed a much greater energy consumption compared to the US sensor, that
had a very small energy consumption. The US sensor had an energy cost 59 times lower than
the prediction to the gravimetric test, considering the wors case scenario (WS). Greater energy
consumption had an important environment impact, but it depends on the source of the energy. In
Brazil, for example, most of the energetic matrix is hydroelectric, a renewable energy. However,
the dependency of such matrix is a problem in Brazil, since the country is experiencing water
crisis in several places (GRANZIERA; REI, 2015). Moreover, even renewable energy can cause
environmental impacts. Hydroelectric plant demands the construction of dams and causes the
flooding of immense areas, forcing in many cases the local population exodus, which can cause
complex damages to cultural and social values. In addition, irreparable damage to local fauna and
flora, with possible loss of biodiversity and alteration of the navigability of rivers may also occur.
The flood of great areas generates the decomposition of existing vegetation, compromising local
biodiversity and inducing the release of methane gas, responsible for the greenhouse effect and
decrease on ozone layer INATOMI; UDAETA, 2005).

Table 20 — Comparison of energetic cost for TS and TSS monitoring by US sensor and the gravimetric test

Parameter(s) US Gravimetrictest for TS Gravimetric test for ~ Gravimetric test
sensor (WS) TS (BS) (TSS)
Power (W) 1.04 1000 (DO) 1840 (BW) & 1000 1000
(DO)
Annual
consumption 9.15 1248 339 365
(kWh)
Weekly up time 168 4 4 7
(h)
13.00 -
Annual cost (R$) 13.81 771.41 - 819.57 245.73 - 256.80 241.07-256.12

* Analysis costs
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Analysis costs involving the gravimetric test by a certified laboratory in Brazil (Table 21)
showed that for one year of TSS analysis the same value was observed for an already commercial
low-cost optic sensor (Table 2). TS single sample point compared to energy cost had similar
values. Nevertheless, TS monitoring for the sludge profile carry out in a much higher cost
considering laboratory analysis. The estimated costs considered typical monitoring frequency
for each parameter (TS and TSS) regarding the application in activated sludge system (mixed
liquor) and UASB reactors. However, in Brazil most of the STPs do not have a proper routine for

monitoring control, hence, effluent quality is compromised.

Table 21 — Laboratory cost for TS and TSS analysis

Parameter TSS TS (single sample point) TS (sludge profile)
Period (days) 365 365 365

Analysis frequency daily weekly weekly

*Analysis cost (unit) - R$ 15 15 15

Anual cost - R$.year™! 5,475.00 780.00 2,340.00

Quotation from 2022, in Belo Horizonte.
9.4 Conclusion

Lower energy demand is always a positive aspect when sustainability is an objective to
be achieved. Besides lower environmental impact due to energy demand, real time monitoring
also showed to be much cheaper option for the TS and TSS monitoring, regarding operational
costs. That was even more evident when comparing laboratory analysis costs for TS and TSS.
Anual cost for TSS monitoring in an activated sludge system, that usually requires a daily
monitoring was R$ 5,475.00, which is similar to an already commercial optic sensor ($ 950.00)
However, the acceptance and confidence on the technology by the operators and researchers is
an essential requirement in order to change paradigm for either researching (by using more data
from sensors, which can save a lot of time for the researcher evaluate more important aspects of
their researches) and operating (Cleaning routines for the sensor is better than collecting and

processing samples?).
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10 FINAL CONSIDERATIONS

10.1 Signal interference

The research determined how several factors can interfere in the ultrasonic signal. Tem-
perature can be predicted by the ultrasonic sensor, by calculating the ERT, thus, it can be applied
in regions with a large amplitude of temperature. However, a more consolidate model to predict
temperature interference on attenuation should be realized together with other variables such
as solids concentration and bubbles flow rate. ERT can be used to predict distances from the
transducer and the reflection surface. Moreover, depending on the distances, maximum potential
response from the sensor variate proportionally in a range within 20 cm, which can be predicted
as well. The minimum safe distance to optimize the potential signal from the transducer was
found out to be 23 cm.

Attenuation of the signal can vary according to the air flow rate. Low flow rate is
recommended for the frequency of 200 kHz, and the sensor’s position should be horizontal to
avoid the accumulation of bubbles in the transducer surface. However, with the current data
treatment routine, correlation between solids concentration and the presence of bubbles were
not observed, in a flow rate of 0.58 L.m~2.min"!. Furthermore, a model capable of compensate
bubbles effect should be developed for a wider application of the US sensor. Depending on the
type of solids, ultrasonic signal showed different attenuation levels. Therefore, a large variation
on the sludge composition can greatly interfere on the measurements. For instance, a punctual
high concentrated industrial discharge and/or the presence of sand in the mixed liquor, specially

for technologies that do not precede primary sedimentation tanks.

10.2  Sludge blanket level

Sludge blanket level determination in real time is an effective way of controlling the
sludge from clarifiers of primary and secondary sedimentation tanks. However, the US sensor
did not shown a positive correlation with the manual test, although it was only tested for the
range between 0.05 and 0.10 m. The results are still inconclusive, probably the sensor will need
a frequency above 200 kHz for better results which will carry out in a high-cost for a technology
that should be low-cost. In that case, testing the US sensor with a wider range and expecting a

lower accuracy may be a better option for further tests.

10.3 Full-scale application

The ultrasonic sensor was compared to an optic commercial sensor in a small (STP
Grou) and medium (STP Leeuwarden) full-scale activated sludge system in the Netherlands,
and showed similar measurements of MLSS double-checked with the gravimetric test. The
relative error from US sensor and the optic sensor compared to the gravimetric test were 1.14%

and 1.02% respectively, during a period of 5 weeks in the STP of Leeuwarden (medium scale).



Chapter 10. FINAL CONSIDERATIONS 109

A cleaning routine of the sensors must be implemented in both cases and should be adjusted
depending on the STP characteristic. Furthermore, at the medium STP, the US sensor had its
signal increased after the third week without any electrical or mechanical adjustment, resulting
on the underestimation of the MLSS (minimum 0.08% of TSS). Gravimetric tests and optic
sensor had their measurements around 0.3% of TSS at the same time. This probably indicate that
new calibration was necessary to maintain the sensor functional.

Application of the US sensor in a full-scale UASB reactor showed several perspectives
regarding the sensor position within the reactor, despite no correlation between TS and attenuation
were observed. Solids accumulation on the sensor in UASB reactors will be probably more
challenging compared to activated sludge system, since anaerobic reactor are closed and more
difficult to access. However, the application of the US sensor with an Arduino system, and
the continuous data generated, could provide important information regarding its use in UASB
reactors. A comparative between the application in the center and lateral part of the reactor,
above and below the deflectors are recommended.

It is expected in future application of the US sensor that a new design for the reflection
surface will be used. A cleaner design with less surface to prevent sensor fouling in between the
reflection surface and the transducer is recommended. Moreover, the low-cost attraction of the
US sensor and the national domain of the technology can make it dissemination easier, since
maintenance and communication with the producers would be favored. The few alternatives
currently offered on the market for low-cost sensor opens the possibility of the improvement
and conclusion of the US sensor. Such possibility can make the US sensor an important tool
for real time monitoring of solids in developing countries, especially Brazil, which contain the

know-how of such technology.
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11 RECOMMENDATIONS

* Full-scale application in UASB reactors with an Arduino control and a data logger in
two different position simultaneously (central position and lateral position above the

deflectors).
» Temperature correction in full-scale application
* Full-scale application for sludge thickening units and sludge digestors.

* Correlation between biogas production and attenuation from an ultrasonic sensor with a

frequency below 200 kHz in different regions within the reactor.

 Sludge blanket level determination by an ultrasonic sensor with a greater range of the
blanket height (0.3 m - 0.6 m)

» Bubbles effect on attenuation with different type of gases and with a flow rate compatible
to UASB reactors
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