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Resumo 

Os sistemas de tratamento por filtração (e.g. leitos percoladores, leitos filtrantes ou leitos de 

macrófitas) são muito utilizados para o tratamento de águas residuais, em especial em 

pequenos aglomerados populacionais. Normalmente, a medição de caudal está instalada à 

entrada do tratamento preliminar ou à entrada do sistema de filtração, não havendo registo 

de caudal noutros pontos, o que é especialmente útil para o controlo da carga hidráulica, da 

evolução da colmatação e da estimativa da evapotranspiração em leitos filtrantes. Os 

medidores de nível existentes, ou são pesados, ou difíceis de implementar em vários pontos 

de leitos filtrantes além de serem tecnologias caras. 

Com este trabalho pretendeu-se desenvolver um sensor de nível leve, de instalação fácil, 

robusto e com leituras fiáveis, que pudesse ser instalados em vários pontos de um sistema de 

tratamento por filtração. O sistema inclui uma sonda capacitiva, um data-logger e uma 

interface com o computador. A sonda baseia-se num princípio de variação da capacidade que 

se modifica em função do nível de água, e que é medida por um método adequado à 

funcionalidade desejada. O data-logger permite guardar vários registos de capacidade no 

tempo, enquanto que a interface permite enviar os dados para um computador. Foram 

realizados ensaios em laboratório para determinar as curvas de calibração que permitem 

passar os dados de capacidade para alturas de água (ou nível de água). Estas curvas foram 

validadas com medições em laboratório. 

O leito de macrófitas da ETAR de Vila Fernando (Guarda) foi utilizado para medições 

experimentais de nível em 35 pontos de medição. Dado que., à escala real, existem condições 

adversas que podem interferir, quer com a sonda, quer com o data-logger, foram realizados 

ensaios experimentais para avaliar o efeito das características da água residual na qualidade 

da medição, tendo sido concluído que o medidor de nível (sonda e data-logger) responderam 

satisfatoriamente a estas variações. No entanto, serão necessário testes adicionais para 

avaliar o efeito destes parâmetros e outros, como a humidade ou/e a temperatura, na 

qualidade da medição a longo termo. A duração da bateria para alimenta o data-logger é 

outro aspecto que terá de ser melhorado. 

Os resultados de 2 meses de medição permitiram concluir que a sonda fez medições de nível 

adequadas, que seguiram o padrão de bombagens do influente, tendo, ainda, sido possível 

verificar que o leito já se encontra colmatado em três regiões junto à entrada. Ou seja, além 

de medição de nível, este equipamento permitiu, indiretamente, detectar um problema de 

operação que não seria possível de identificar com a medição convencional. 

 

Palavras-chave: medidor capacitivo, meio filtrante, medição de nível, tratamento de águas 

residuais. 
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Abstract 

Wastewater treatment processes by filtration (e.g. trickling filters, filter beds or constructed 

wetlands) are widely used for treating several types of wastewater, being a suitable solution 

for small urban agglomerates. Typically, the flow measurement is installed at the entrance of 

the plant (in the preliminary treatment) or at the entry of the filtration system, and there is 

no registration of flow rate in other points, which could be especially useful for the control of 

hydraulic loads and bed clogging and for evapotranspiration estimates. The existing water 

level meters are heavy to transport or difficult to setup in various points of filter beds and in 

addition may be an expensive technology for replication throughout the bed area. 

This work aimed to develop a light water level sensor, easy to transport and install, robust 

and with reliable readings, which could be installed at various points of a filtration treatment 

system. The developed sensor includes a capacitive probe, a data-logger and a computer 

interface. The system has a capacitive probe that changes depending on the water level. The 

capacitive value is measured with an appropriated method. The data-logger allows saving 

multiple records of capacity in time, while the interface can send data to a computer. 

Laboratory tests were conducted to determine the calibration curves that allow data to be 

converted from capacity to water height (or water level). These curves have been validated 

with laboratory measurements. 

The horizontal subsurface flow constructed wetland of Vila Fernando (Guarda) was used for 

experimental measurements of water level in 35 measuring points. Since at real scale there 

are adverse conditions that can interfere with either the probe or with the data-logger 

readings, laboratory experimental assays were conducted to evaluate the effects of salinity, 

temperature and wastewater characteristics on the quality of measurement. it was concluded 

that the water level meter (probe and data-logger) responded satisfactorily to these 

variations. However, additional tests are needed to evaluate the effect of these and other 

parameters such as humidity, in long-term measurements. The battery lifetime for feeding 

the data-logger is another aspect that has to be improved. 

The results of two months measurements show that the probe measurements were correct, 

fallowing the pattern of the flow pumped from upstream and has also been possible to verify 

that the bed is already clogged in three regions near the entrance. Therefore, in addition to 

water level measurements, this technology allowed an indirect detection of a problem (bed 

clogging), which would not be possible to identify with the conventional water level 

measurement 

 

Keywords: capacitive probe, filtration beds, wastewater treatment, water level 

measurement 
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1 Introduction 

1.1 Purpose and justification 

Wastewater treatment plants (WWTP) have increased significantly in the last 20 years due to 

high investments made in our country under the development plans PEAASAR I (2000-2006) 

and PEAASAR II (2006-2013). These strong investments have pushed up the percentage of 

population served with drainage systems and wastewater treatment to approximately 80%. 

For agglomerates with less than 2000 population equivalents, especially the ones located on 

the country side and in areas with a low population density, the solution was based on 

filtration systems (constructed wetlands and percolating filters). However, most of the water 

companies in these regions do not have many specialised human resources, financial support 

and equipment’s for the properly management of the WWTP, some of which are located at 

long distances from the headquarters. 

Several studies developed by the DECA-UBI in constructed wetlands with horizontal 

subsurface flow (HSSF-CW) have pointed out performance failure due to clogging 

(Albuquerque et al., 2009; Simões,2009), which is referred by several authors (Kadlec and 

Wallace, 2008; Vymazal and Kropfelova, 2008) as one of the main factors that affects 

treatment performance. However, it was not possible to locate the extension of clogging. 

In another study (Amado et al., 2012) it was detected a drop in treatment performance due 

to high variation of the hydraulic loading rate (HLR), which was forecasted based on the 

influent average monthly flow rate and the effective surface area. However, HSSF-CW have 

high evapotranspiration rates that reduce its water volume (Galvão, 2009; Białowiec et al., 

2011), which can only be properly forecasted if the temperature and the water table can be 

monitored in several points of the bed. Most of the WWTP only have flow rate measurement 

at the entrance (normally located at the preliminary stage), since the typical devices for its 

measurement in open channel flow (Parshall flume and ultrasonic or electromagnetic devices) 

are heavy or expensive to replicate in several points of the plant. 

Tracer tests are the most used method to evaluate the hydrodynamic condition in filtration 

systems as constructed wetlands or biofilter technologies (Tchobanoglous et al., 2003; Kadlec 

and Wallace, 2008), as well as to estimate dead volumes and the changes in the hydraulic 

retention time (HRT). However, it is a time consuming method, several times expensive and 

many times does not allow obtaining a good curve for integration as noted in several studies 

(Seguret, 1998; Martinez and Wise, 2003; Albuquerque, 2012). 

Therefore, a smaller and easy to use water flow meter would allow the measurement of 

water table in several points of the bed and the flow rate in points where the use of weirs are 

easy to set up. Measuring the water level along the bed in different points for the same time 
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period would also allow, in certain conditions, estimating the evolution of the hydraulic 

retention time (HRT) along different bed’s sections. Additionally, a smaller device for water 

table measurement in several points of CW beds would allow a suitable control of the 

clogging phenomena over time. 

Water measuring depends on what is intended to quantify, some meters measure the flow 

velocity, others measure just the liquid level and some, especially in closed conduces, 

measure the flow rate. Over the years, the technology for water level measuring has evolved 

and novel methods using optical fibre, thermal resistance and capacitance sensors are now in 

study. These technologies can enable the development of sensors lighter, easier to replicate 

and with the ability to measure the level at various points simultaneously. However, they 

should also be durable and reliable and resisting to factors such as variations in temperature, 

humidity and characteristics of wastewater. 

The capacitive technology has already been used in recent developed water and oil level 

measurement meters. However, there is no known application for the measurements of 

wastewater level in filtration wastewater treatment systems. 

This work is part of a larger project that intends to develop capacitive probes for flow rate 

measurement in open channel and porous media system, and was developed between 

September of 2011 and June of 2012. 

 

1.2 Objectives 

The main objective of this work is to develop a small, easy to use and reliable water level 

measurement sensor (probe, meter and interface for computer), which could be used in field 

work for water level measurement in multiple points over time. A capacitive technology will 

be used to develop the probe. A constructed wetland bed and laboratory devices will be used 

to calibrate and validate the technology, as well to study the effect of the salinity, 

temperature and the characteristics of the wastewater on capacitance measurements. 
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1.3  Outline of the thesis 

The thesis has 6 chapters and 3 annexes. Chapter 1 presents the framework and justification 

of the topic, as well as the objectives and the thesis’s structure. The Chapter 2 shows a 

quickly review on wastewater treatment processes, focusing on the filtration systems and, in 

particular, the constructed wetland technology, since it is the system used for water level 

measurement tests. Chapter 3 describes several types of flow measurement devices, namely 

water level meters for flow rates estimates in open channel flow and an overview on 

capacitive meters development and application. The material and methods are described in 

Chapter 4. Chapter 5 presents the results and discussion and the main conclusions are 

presented in Chapter 6. 
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2 Fixed-film Wastewater Treatment 

process 

2.1 Type of processes for wastewater treatment 

The main goals of wastewater treatment is the removal of pollutants from sewage in order to 

produce an effluent with characteristics within the guidelines established for reuse or 

disposal in water and soil, reducing the risk of environmental impacts or public health 

problems. Biological wastewater treatment processes are those which have both technically 

and economically produced better results for the treatment of urban wastewater, since they 

are very efficient for biodegradable wastewater (Tchobanoglous et al., 2003). 

The removal of pollutants present in wastewater involves a combination of operations and 

treatment processes, which are distributed through several treatment levels of a Wastewater 

Treatment Plant (WWTP): preliminary, primary, secondary, tertiary and polishing treatments 

(Figure 2.1). Additionally, the sub-products of treatment (sludge) are also treated in the same 

WWTP. 

 

 

  

Figure 2.1– Typical stages in the conventional treatment of sewage (adapted 
from Parr et al., 2000). 



15 
 

In the preliminary stage, the wastewater passes through screens, in order to remove large 

materials (such as rags and logs), which can interfere with the next treatment processes. Grit 

chambers are also used to remove grits (sand, broken glass, silt and pebble), which can wear 

and damage mechanical devices in the treatment units. Sometimes, there are also equipment 

to remove coarse material, oils, inert matter and fatty substances (Tchobanoglous et al., 

2003).  

The primary stage includes settling tanks (also called sedimentation tanks or clarifiers) and 

may include flotation tanks if the influent if significant oil and grass are present. 

Approximately 70% of suspended solids and 30% of organic matter are removed in these tanks, 

by accumulating at the bottom in the form of primary sludge, which is then removed by 

mechanical scrapers and pumps.  A thin foam film usually floats on top of the water (grease, 

oil and other floating substances) and is removed by skimming the surface with specific 

equipment. 

Not all of the solids are removed in the primary clarifier due to light particles taking too long 

to settle, thus these small particles and dissolved organic matter will be removed through 

biological treatment in the secondary stage. Biological treatment may include fixed-film 

reactors (e.g. percolating filters, biofilters, biodiscs and constructed wetlands) or completely 

mixed reactors (e.g. activated sludge, stabilization ponds and digesters). The presence of 

oxygen will allow developing aerobic removal pathways (e.g. aerobic removal of organics and 

nitrification), which increase the performance of the reactors in removing organics and 

nutrients. The aeration may be provided naturally (e.g. percolating filters) or mechanically 

(e.g. activated sludge). Different biochemical conditions (aerobic, anoxic and anaerobic) may 

be presented in fixed-film or completely mixed reactors. 

In aerobic biochemical conditions, bacteria and protozoa can use the small particles and 

dissolved organic matter as food, thus producing water, CO2 and inorganic sub-products, and 

more microorganisms, which can then be removed in a final clarifier as secondary sludge. In 

some processes, such as activated sludge, the secondary sludge is recirculated back to the 

aeration tank in order to increase the treatment process (known as returned activated 

sludge). The excess of waste activated sludge is sent to another part of the plant for further 

treatment. In processes such as percolating filters, biofilters and biodiscs, the treated 

effluent may also be recirculated back in order to keep the filtration system irrigated and to 

increase the treatment performance. 

In anaerobic biochemical conditions (i.e. there is no presence of molecular oxygen, but 

oxygen may be present as NOx or SOx) specialized bacteria that is able to live without oxygen 

use biodegradable organic matter as a food source to produce carbon dioxide, methane gas 

and inert organic matter (similar to peat moss), as well as new microorganisms. The most 

known anaerobic treatment process is anaerobic digestion, which, sometimes, recovers the 

biogas for energy production. 
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There are also hybrid processes, such as biofilters, ponds and constructed wetlands, where 

aerobic and anaerobic conditions coexist in the same space. 

The tertiary stage normally includes the removal of nutrients (both through biological or 

chemical pathways). Fixed-film or completely mixed reactor can perform this treatment and, 

normally, is not needed additional treatment units. The removal of nitrogen and phosphorous 

may be carried out in the secondary biological reactors. 

Finally the polishing stage, also known as advanced wastewater treatment, is applied in 

specific conditions when there is need of effluent disinfection (e.g. using UV radiation or 

chlorine) or residual pollutant removal (e.g. using filtration beds), normally when the effluent 

is considered hazardous for public health or when the reuse option is set-up. 

 

2.2  Fixed-film wastewater treatment processes 

Fixed-film or filtration beds (e.g. percolating filters, biofilters and constructed wetlands) are 

very common processes in small and medium sized WWTP, in some conditions are more cost 

effective than completely mixed systems (e.g. activated sludge and ponds). Basically, 

reactors are filled with a filling material for flow percolation (upflow or downflow). Normally, 

the systems are complete with a final settler for solids and biomass separation and a 

recirculation line to keep the bed media irrigated during low flow incoming. Most of the solid 

material is retained by filtration whilst the soluble material (nutrients and organics) is 

removed through removal pathways that occur within the biofilm (biomass developed around 

the media). 

The effectiveness of filtration systems for wastewater treatment is usually based on the 

removal of organic matter, nitrogen or solid matter, using the parameters chemical oxygen 

demand (COD), biochemical oxygen demand (BOD5), total nitrogen (NT), ammonia (NH4), 

nitrite (NO2), nitrate (NO3), total phosphorous (TP) and total suspended solids (TSS). Total 

removal efficiency (in %) or removal rates (g/m2.d or g/m3.d) are normally used. Table 2.1 

presents the typical variation in removal efficiency (RE) for different filtration processes for 

wastewater treatment (Albuquerque, 2008). Preliminary processes and the activated sludge 

process are also included in order to compare the values. 
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Table 2.1 - Removal efficiencies of parameters characterizing wastewater in some operations and 
treatment processes (adapted from Albuquerque, 2008) 

Types of Treatment 
Removal Efficiency (%) 

BOD5 COD TSS TP TN NH4 

Preliminary 
and 

primary 
stages 

Screening and 
grit chambers 

0 – 0.5 0 – 0.5 0 – 1 0 0 0 

Primary 
settlers 

20 – 40 30 – 40 50 – 60 10 – 20 10 – 20 0 

Secondary 
and 

tertiary 
stages 

Activated 
sludge 

(conventional 
systems) 

80 – 95 80 – 90 85 – 90 10 – 30 15 – 50 10 – 15 

Trickling beds 
(low loading 

rate, 
gravel/crushed 

rock media) 

60 – 90 60 – 80 60 – 90 10 – 15 15 – 20 8 – 15 

Trickling beds 
(high loading 

rate, synthetic 
media) 

65 – 85 65 – 85 65 – 85 10 – 15 20 – 40 15 – 20 

Biofilters 
(submerged 

bed) 
70 – 90 60 – 90 80 - 85  10 – 25 15 – 50 8 – 15 

Rotating 
biodiscs 

80 – 90 80 – 85 80 – 85 10 – 25 15 – 50 8 – 15 

Constructed 
wetlands - 
horizontal 
flow beds 

50 – 95 60 – 90 60 – 90 10 – 35 50 – 90 40 – 70 

Constructed 
wetlands - 

vertical flow 
beds 

25 – 99 50 – 90 38 – 85 30 – 90 30 – 90 45 – 95 

 

2.3  Bed media in filtration systems 

The bed media or filling media used in fixed-film bioreactors is essential for biofilm adhesion 

and development, with the ability to remove pollutants (Figure 2.2), as well as for plant 

anchorage in vegetated beds (constructed wetlands). Defragmentation of the bed media is a 

major problem for system operation, since it may cause clogging due to excess of fine 

material, biomass retention, solid filtration and roots development. 

The bed media can be constituted either by layers of natural, recycled or synthetic material 

with depths that ranges from 1 m (constructed wetlands) to 3 m (biofilters with natural 

filling) or 6 m (biofilters with plastic filling).  The most used bed material are (Tchobanoglous 

et al., 2003; Albuquerque, 2003): 

 Natural material: gravel, sand, coarse gravel or pebbles; 

 Recycled material: artificial aggregates (LECA and geopolymers); 

 Synthetic material: polystyrene or polyethylene. 
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Table 2.2 presents a set of bed material used in fixed-film treatment processes. The most 

important properties for a suitable material are: good durability, stabilization in water and 

good mechanical strength, high specific surface area and porosity and void ration above 0.4. 

The effective particle diameter should be between 2 mm and 10 mm (Tchobanoglous et al., 

2003; Albuquerque, 2003; Asano et al., 2007). 

Moreover, much attention has been given to the development of recycled materials for filling 

fixed-film systems. Crini (2006) tested a number of materials from the extractive industry, 

sludge waste and waste from agricultural activities to be reused in filters. 

The particle size should be small and present a high specific surface area, in order to allow 

the development of the biofilm and prevent the rapid clogging of the filling medium. The bed 

media may include layers of increasing particle size or layers with the same particle size 

(homogeneous layers). For instance, if the particles sizes vary too much, the smaller particles 

will obstruct the media pores, consequently reducing the available volume for flow and 

contributing to a more rapid clogging of the bed. 

For a high removal of suspended solids and pathogenic microorganisms, it is recommended to 

use a bed media constituted of smaller/lower particle sizes. Thinner beds allow a greater 

removal of microorganisms and a better absorption of nutrients, however it requires a larger 

implantation area and the risk of clogging increases. On the other hand, more permeable 

beds which are based on gravel and sand are not so effective in removing pollutants and 

microorganisms, but allow the application of higher hydraulic loads and are less susceptible to 

clogging, which is particularly important for the first two years of the bed media/systems life 

(Asano et al., 2007). 

 

 

 

Figure 2.2 – Biofilm on different bed medias; a) Gravel/Crushed rock; b) LECA; (adapted from Silva, 
2010). 



19 
 

Table 2.2 - Characteristics of some types of filling material used in biofilters. 

  

The control of clogging is can be done by using pressure piezometers (not so practical in field 

scale systems) or using tracer tests (Foggler, 1999). In the last case, tracer experiments allow 

to identify the effective hydraulic retention time, which, in case of clogging, is much lower 

than the theoretical one, as well as the identification of the extension of dead volumes. 

 

2.4  Operational parameters 

Filtration systems operation involves the control of several parameters such as the hydraulic 

loading rate (HLR), hydraulic retention time (HRT), organic loading rate as BOD or COD (OLR), 

nitrogen loading rate as TN, ammonia, nitrite or nitrate (NLR), phosphorous loading rate as TP 

or phosphate and solids loading rate (SLR). 

The variation of such parameters usually depends on several factors such as the 

characteristics of the influent wastewater (organics, solids and nutrient loads, temperature, 

pH and dissolved oxygen (DO)), the changes in influent flow-rate, the effective volume of the 

bed (total volume x void ratio), the bed media characteristics (e.g. properties of the filling 

media and height of the media) and the characteristics of the biofilm (e.g. type of 

colonization and thickness). These factors influence directly the distribution of pollutants in 

the bed, as well as their removal rates. 

Material 
Particle 

Diameter 
(mm) 

Void Index 
Specific Surface Area  

Source 
(m2/m3) (m2/g) 

Sand 2 – 3 0.38 – 0.50 700 – 1000 - 
Tchobanoglo

us et al., 
(2003) 

Filtralite 
(expanded 

clay) 
2 – 10 0.4 – 0.55 1000 – 1500 5 

Lekang and 
Kleppe 
(2000) 

Anderson et 
al. (2008) 

Kaldnes rings 9 - 500 - 
Lekang and 

Kleppe 
(2000) 

Gravel/Crushed 
Rock 

5 – 20 0.39 – 0.42 700 – 1000 - 
Tchobanoglo

us et al. 
(2003) 

Biolite beads 2 – 3 0.55 494 - 
Tchobanoglo

us et al. 
(2003) 

Pozzalan 3 – 6 0.42 – 0.52 1300 – 1640 - 
Albuquerque 

(2003) 

Fly ash 0.08 – 2 - - 0.17 – 1 
Ahmarzzama

n (2009) 

Absol 2 – 4 - - 30.3 Afridi (2008) 
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The HLR is normally forecasted using the average flow rate and the total surface area. 

However, recently studies pointed out that the effective area should be used instead of the 

total area, since the available area for reaction is the void area. The same is applied for the 

bed volume. The more suitable volume for controlling the HRT is the effective volume and 

not the total volume as pointed out by some studies (Albuquerque 2003; Asano et al., 2007; 

Albuquerque et al., 2009).  

The HRT is normally forecasted based on the total volume and the average flow rate, what 

does not reflect the changes in the void ratios in the bed. Several studies pointed out for the 

changes in the void ratios over the beds due to clogging, which decrease the retention time 

needed for reaction and for the biofilm transform the pollutants. This occurrence was already 

observed in biofilters (Jimenez et al., 1988; Seguret, 1998; Albuquerque, 2003) and 

constructed wetlands (Martinez and Wise, 2003; Kadlec and Wallace; 2008; Albuquerque, 

2012). 

The growth of biomass related with the accumulation of solids and the defragmentation of 

the filling material may cause a progressive clogging of the medium, thus reducing the 

available area for percolation. During the flow through the media there is loss of energy 

(head loses) either to the media matrix through friction or to areas that create flow 

resistance (e.g. stagnated areas or dead volume). This phenomenon is expressed, in practice, 

by an increment of the hydrostatic pressure due to flow resistance, reproducing the 

development of clogging within the bed, designated generally as a pressure drop. 

Constructed wetlands with horizontal subsurface flow (HSSF-CW) are biofilm reactors where 

clogging is very frequent and is one of the main problem related with performance failure 

(Kadlec and Wallace, 2008; Vymazal and Kropfelova, 2008). Several studies have been 

developed in order to determine the extension of clogging (Munoz et al., 2006) as well to 

determine methods for clogging evaluating (Chazarenc et al., 2003; Turona et al., 2009). 

Clogging in horizontal flow beds interfere with the effective HRT, which is lower than the 

theoretical one defined for the bed project and will interfere with the bed performance. 

Tracer tests are the most used method to evaluate the effective HRT in beds (Kadlec and 

Wallace, 2008). However, it is a time consuming method and, several times, is expensive and 

fails in getting the peak of tracer exit or a good curve for area integration. 

Measuring the water level along the bed in different points for the same time period would 

allow, in certain conditions, estimating the evolution of the HRT along different bed’s 

sections.  

The flow rate is normally measured at the entrance, which is not useful for the control of the 

HLR since the evapotranspiration is important in HSSF-CW and the real water volume inside 

the bed changes according to evapotranspiration rates (Białowiec et al., 2011). However, 

most of the water level measurement equipment used in CW (e.g. Parshall flume and 

ultrasonic or electromagnetic devices) is applied at the entrance and exit of the beds. They 
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are also costly or not suitable to be used inside the beds. Therefore, a more easy to use and 

cheaper sensor is needed in order to allow measurements in several points of the bed.  

The OLR is defined by the mass of organic matter (in BOD or COD) per area or volume unit 

over time. The rate is normally calculated using the daily average flow rate, the average 

organic matter concentration (BOD or COD) and the total volume or the total surface area. 

 

2.5  Constructed wetlands 

CW are fixed-film or filtration bioreactors (also called biofilm reactors) used for the 

treatment of domestic, industrial, agricultural runoff and road runoff effluents. Contrary to 

what happens with conventional systems, CW do not need to be controlled and operated in 

full-time. 

The main advantages of this system when compared to other conventional systems are 

(Kadlec and Wallace, 2008): 

a) Low construction costs. These costs are related mainly to the acquisition value of land 

and implantation, earthworks and excavations, if necessary, as well as the hydraulic 

control structures; 

b) Low operating costs. Practically no chemical reagents are used at any stage of the 

treatment, as well as no many electromechanical devices are applied, what makes this 

systems low cost in which concerns the maintenance costs (human resources, chemicals 

and energy); 

c) Relatively simple maintenance. Since it is a low-tech system it can be maintained by 

unqualified personnel and does not need full time supervision, on the contrary to other 

systems that require specialized technical monitoring personnel due to the technology 

used; 

d) Good landscape integration and ecological. The negative environmental impacts 

associated with CW are virtually null, where only the existence of foul odours from the 

preliminary and primary stages can cause discomfort, especially in warmer weather and if 

the influent has high organic loads. The positive impacts are a good final effluent quality, 

good integration in the local landscape and the creation of a habitat for numerous species 

of local fauna, thus generating after a short time an ecosystem of its own. 

 

Constructed wetlands are systems that generally consist of small depressions dug in the 

ground or small ponds, waterproofed, partially filled with natural aggregates (sandy soil, 

sand, and gravel) or artificial aggregates (LECA and geopolymers), colonized with hydrophobic 

plant species adapted to living in flooded land, known as macrophytes. 
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The classification (Figure 2.3) of these systems is based on several characteristics as follows: 

a) The type of effluent to be treated: 

i. Domestic, industrial, surface runoff, road runoff and agricultural runoff effluents; 

ii. Sludge from wastewater treatment processes; 

 

b) The type of flow: 

i. Superficial; 

ii. Sub-superficial; 

 

c) The characteristics of the plant species colonizing the media (Figure 2.4): 

i. Floating species; 

ii. Submerged species; 

iii. Emergent species; 

 

d) Flow orientation (Figure 2.5) 

i. Horizontal flow; 

ii. Vertical flow (upward or downward); 

 

 

 
Figure 2.3 – Classification of constructed wetlands (adapted from Wallace and Knight, 2006). 
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Figure 2.4 - Different types of macrophytes plants: emerging (I), floating (II) and 
submerged (III). The species present in this illustration are (a) Scirpus lacustris, 
(b) Phragmites australis, (c), Typha latifolia (d) Nymphaea alba, (e) Eichhornia 
gramineus, (f) Hydrocotyle vulgaris, (g) Eichhornia crassipes, (h) Lemna minor (i) 
Potamogeton crispus and (j) Litorella uniflora. (adapted from Brix and Schierup, 
1989) 
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Figure 2.5 - Flow Orientation. 

 

 

The plant species that are mostly used for planting in constructed wetlands are: 

 Common Reed (Phragmites Australis); 

 Club Rush, Bulrush or Tule (Scripus Lacustris); 

 Bulrush, Common Bulrush, Broadleaf Cattail, Common Cattail, Great Reedmace, Cooper's 

reed or Cumbungi (Typha Latifolia); 

In Portugal, typha latifolia are the most commonly used plant species because they are 

relatively abundant in natural wetlands.  

The extensive roots and rhizomes of macrophyte plants contribute with oxygen for creating 

an oxidizing environment in the subsurface areas of CW, which will enhance aerobic removal 

pathways. In addition, the plants contribute for maintaining a suitable hydraulic conductivity 

of the medium by forming flow cannels as its roots and rhizomes grow. The depths of the 

plants are important especially in species with long, vertical roots. For example, the common 

reed (Phragmites australis) has roots that reach up to 100 cm in depth favouring the 

treatment processes for deeper beds.  
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3 Flow Measurement 

3.1  Introduction 

Surface flow can be described as a continuous movement of water in open channels. The 

volume of water that passes in a section of a channel in a period of time is called flow rate or 

volumetric rate of water flow (in units L3/T). Therefore, to estimate the flow rate, is needed 

to measure the flow velocity (L/T) and to multiply the value by the section of the channel 

(L2) or to use a water level meter over a weir with a known water level-discharge 

relationships (e.g. Parshall flume, rectangular, triangular or v-notch weirs). 

The more accurate the water level, the more closer to reality will the data be for problem 

assessment, watershed project planning, calculation of treatment needs, control of HLR, 

design of management measures, and project evaluation. 

 

3.2  Types of flow measurement devices 

There are many types of flow measurement devices (or flow meters) used for quantifying the 

volume of water that flows through a channel section in a period of time, namely: 

 Mechanical devices; 

 Differential pressure flow meters; 

 Optical flow meters; 

 Open channel devices (weirs and water table measurement); 

 Thermal mass flow meters; 

 Vortex flow meters; 

 Electromagnetic, ultrasonic and Coriolis devices; 

 Laser Doppler flow measurement; 

 

Mechanical flow meters 

This type of flow meter measures flow rates from known volumes of fluid run through a series 

of gears or chambers’, consequently causing a positive displacement. A simpler version of this 

measurement is done by flow/water spinning a turbine or rotor (AWWA, 2006). 

The most commonly used mechanical flow meters are: 

 Piston meter/Rotary meter (Figure 3.1); 

 Nutating disk meter (Figure 3.2); 

 Oval gear meter (Figure 3.3); 
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 Turbine flow meter (Figure 3.4); 

 Woltmann meter (Figure 3.5); 

 Single jet meter; 

 Paddle wheel meter; 

 Multiple jet meter (Figure 3.6); 

 Pelton wheel; 

 Current meter; 

 Variable area meter; 

The positive displacement flow meter operates by accumulating a known volume of liquid and 

then by counting the number of times the volume is filled to measuring flow. The 

measurement must be done with clean liquid, in which particles greater than 100 microns in 

size must be removed by a filtering system. This can be considered one of the main reasons 

why positive displacement meters are not recommended for measuring slurries or abrasive 

fluids seen that these types of fluids will wear and tear the meter and thus inaccurate results 

for flow measurement will be produced.  This type of flow measurement meters are usually 

found in many homes as household water meters (Arregui et al., 2007). 

A turbine or rotor flow meter consists of a multi-bladed rotor with each blade angled towards 

the flow, being suspended in the liquid stream on a free-running bearing. The speed of the 

turbine spins is proportional to the volumetric flow rate. The rotation of the turbine can be 

detected either by mechanical sensors or solid state devices. This type of system has a high 

accuracy and reliability factor. The rotation of the turbine can be detected by solid state 

devices, as reluctance (the resistance to magnetic flux offered by a magnetic circuit, 

determined by the permeability and arrangement of the materials of the circuit, Figure 3.4-A) 

or inductance (a property of a circuit by which a change in current induces, by 

electromagnetic induction or electromotive force, Figure 3.4-B). 

 

Figure 3.1 - Oscillation Piston Meter (adapted from OMEGA, 1995). 

http://dictionary.reference.com/browse/which
http://dictionary.reference.com/browse/current
http://dictionary.reference.com/browse/induce
http://dictionary.reference.com/browse/electromagnetic+induction
http://dictionary.reference.com/browse/force
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Figure 3.2 - Nutating disc (adapted from OMEGA, 1995). 

 

 

Figure 3.3 - Oval Gear Meter (adapted from OMEGA, 1995). 
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Figure 3.4 - Turbine flow meter: A) with reluctance pickup coil. B) with Inductance pickup coil (adapted 
from OMEGA, 1995). 

 

 

 

Figure 3.5 - Woltmann turbine meter (adapted from OMEGA, 1995). 

 

 

Figure 3.6 - Multijet flow meter. 
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Differential pressure flow meters 

Measurement of stream-flow is done by using a primary element or restrictions to cause a 

pressure drop and accelerate (the energy of this acceleration is obtained from the fluid’s 

static pressure), thus measuring the differential pressure within a restricted area. Flow rate 

changes with the pressure drop across the primary element. In simpler words, the basic 

operating principle is based on the idea that the drop in pressure across the meter is 

proportional to the square of the flow rate. This is measured using a differential pressure 

transmitter or by observing a scaled ruler. Other means of measurement are done by 

measuring static and stagnation pressures to originate dynamic pressure. This is done by 

stagnating the fluid and transforming all kinetic energy into pressure energy (isentropically). 

Pressure-based meters have a primary and secondary element. The primary element causes a 

change in kinetic energy, causing the differential pressure in the pipe, whilst the secondary 

element measures the differential pressure and provides a signal that is converted to the real 

flow value. 

The most commonly used pressure-based meters are (Ripka and Tipek, 2007): 

 Venturi meters (Figure 3.7); 

 Variable area meter (Figure 3.8); 

 Orifice plate (Figure 3.9); 

 Dall tube; 

 Pitot tube (Figure 3.10); 

 Multi-hole pressure probe. 

Venturi meters are used to measure the velocity at which liquid flow’s in a pipe. The meter 

consists of short length of pipe shaped like a vena contracta (the point in a fluid stream 

where the diameter of the stream is at its least and fluid velocity is at its maximum). A local 

pressure drop is provoked in the throat of the Venturi meter when liquid passes through 

caused by an obstruction that narrows the width of the meter, thus accelerating the liquid. 

By observing this phenomenon and by using Bernoulli’s equation, it is possible to calculate the 

rate of flow of the liquid flowing through the pipe, as shown in Figure 3.7 (B). 

 
Figure 3.7 - Vena Contracta (A) and Venturi meter (B) (adapted from Falkovich, 2011). 



30 
 

The variable area meter measures flow by allowing liquid flow to adjust the opening within 

the meter. This is done by dislocating an internal part. In simpler words, when there is an 

increase in flow the fluid generates more force and dislocates the internal part farther. One 

the most used variable area meters is the rotameter. This meter usually consists of a tapered 

tube (glass) and a “float” (which is actually a shaped weight and does not really float) inside 

the tube. The float is either pushed up by the drag force of the flow or pulled down by 

gravity, whilst the tube is in a funnel configuration, going from a narrow area to a wider area 

as shown in Figure 3.8. 

 

 

Figure 3.8 - Rotometer (adapted from Falkovich, 2011). 

 

An orifice plate is used to obstruct the flow of liquid by narrowing the pipes diameter and 

thus forcing the flowing liquid to constrict, causing a pressure drop which is related to the 

volumetric flow based on Bernoulli’s equation (Figure 3.9). In other words, an orifice plate is 

a sheet of metal with a specific-sized hole bored in it.  The liquid flow is measured by the 

difference in pressure from the upstream side and the downstream side of a partially 

obstructed pipe. Most of the orifice plates are of a concentric type, but eccentric, conical 

(quadrant), and segmental orifice plates are also used, as shown in Figure 3.8 (B). The orifice 

plate is installed between two flanges, it acts as the primary device while it constricts the 

flow of liquid to produce a differential pressure across the plate. To detect the differences in 

pressure on each side of the plate, pressure taps on each side of the plate are used. 
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Figure 3.9 - Orifice plate meter (A), Different types of orifice plates (B) (adapted from Falkovich, 2011). 

 

The Pitot tube (Figure 3.10) is a pressure measuring instrument used to measure fluid flow 

velocity by determining the stagnation pressure (static pressure at a stagnation point in a 

fluid flow) located at the pitot tube entrance. The liquid flow velocity is measured by 

converting the kinetic energy of the flow into potential energy. Thus the utilization of 

Bernoulli’s equation is used to calculate the dynamic pressure and consequently the liquids 

velocity and volumetric flow. The pitot tube is a curved tube with an inlet that points 

towards the flow direction, there is no outlet. On most pitot tubes there is a second pressure 

port on the side of the tube that senses the static pressure. The difference between the total 

pressure and static pressure can be used to determine liquid velocity. 

 

Figure 3.10 - Pitot tube (adapted from Falkovich, 2011). 

 

http://en.wikipedia.org/wiki/Static_pressure
http://en.wikipedia.org/wiki/Stagnation_point
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Optical flow meters 

In this type of meters, light is used to determine the flow rate, in other words, two laser 

beams or infrared diodes are focused at a short distance apart in the flow path in a pipe by 

illuminating optics. This technology measures the actual speed of particles in liquid and does 

so by having laser light scattered when a particle crosses the first beam. Detecting optics 

then collect dispersed light on a photo detector, producing a pulse signal. When the same 

particle passes through the second beam, a second pulse is registered through the same way 

as the first. By measuring the time interval between the two pulses, the velocity is of the 

liquid in the pipe is calculated by dividing the distance between the lasers by the time the 

particle took to cross the that distance, as shown in Figure 3.11. 

They are used for point level sensing of sediments, liquids with suspended solids and liquid-

liquid interfaces. They detect the decrease or change in transmission of infrared light emitted 

either from an infrared diode (LED) or laser. Because the distance between the two lasers 

does not change, there is no need for periodic calibration. Optical flow meters are very stable 

and do not possess any moving parts while delivering a high repeatability for measurement of 

liquid. The optical flow meter can be mounted in very different types of liquids, being those 

liquids aqueous, organic and even corrosive. A common application of this type of sensors is 

used for detecting sludge/water interface in settling ponds. The LED lights are better bet 

because they are cheaper to build and maintain when compared to laser beams. One 

disadvantage is that the optics must be frequently cleaned to maintain performance.  

 

Figure 3.11 - Optical flow meter (adapted from OMEGA, 1995). 

 

Open channel flow 

Flow in open channels is not only common in industrial applications, but are also very 

common in urban applications (irrigation, water and wastewater works), as well as in natural 

streams (rivers). Open channel flow takes place when liquid flows in conduits or channels 

with a free surface. The liquid that runs in culverts or channels underneath streets are also 
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considered open channel flow, as well as liquid flow in sewers and tunnels which are partially 

full and not under pressure. Classical examples of open channel flow are found in treatment 

plants, storm and sanitary sewer systems, industrial waste applications, sewage treatment 

plants and irrigation systems. 

A simple way to understand the difference in open channel flow and closed pipe flow is to 

think of it as the difference between gravity-induced flow and pressurized flow. The 

determination of flow rate may be carried out from two different ways: 

 Using a weir and measuring the water depth (water level or water table) upstream 

the weir, being the flow rate given by the weir equation. 

 By measuring the flow velocity that passes a cross section of the channel, and 

multiplying the value by the section area; 

 Using a tracer experiments; 

A weir consists on an overflow structure which is built across a channel and is perpendicular 

to the flow of liquid (Figure 3.12-A). Some weirs have opening of fixed dimensions cut at the 

top edge (called the weir notch). The overflowing sheet of water is known as the nappe. 

Weirs are designed to change the flow characteristics by causing water to group behind the 

structure, which runs across the channel/river, but unlike a dam it allows water to flow over 

the top.  

 

 

Figure 3.12 - Weir in a natural stream (A) and different shape weirs (B) (adapted from Smajstrla et al., 
2002). 

Since weirs are easy to design and to use, they are used for measuring volumetric flow rate in 

small to medium-sized streams and water works or in industrial applications. Measuring the 

flow rate consists in measuring the water table upstream of the weir (using an ultrasonic or 

electromagnetic meter, for example), followed by conversions to flow rate using the weir 

equation. 



34 
 

There are usually two types of weirs that are most commonly used: the sharp-crested weirs 

and the broad-crested weirs. A sharp-crested weir allow for water to fall cleanly away from 

the weir, they are typically 0.6 cm thick and come in many different shapes such as 

rectangular, V-notch and Cipolletti weirs, as shown in Figure 3.12-B. The sharp-crested weir is 

considered not very accurate or reliable especially when reading and measuring from an 

orifice. The sharp edge in the crest causes the liquid to spring clear of the crest making it 

possible to acquire accurate measurements. The broad-crested weir can be described as a 

flat-crested structure, with an extended crest compared to the flow thickness. Because the 

crest is broad, the streamlines become parallel to the crest invert and the pressure 

distribution above the crest is hydrostatic. 

Practical experience showed that the weir overflow is affected by the upstream flow 

conditions and the weir. Broad-crested weirs are commonly used in hydraulic structures. 

Weirs are usually used to alter flow regime of a river, to prevent flooding, to measure 

discharge and to help make a river navigable, whilst inspecting and checking critical parts of 

weir structures degradation and improper operation are easy, making this type of flow 

measurement an easy solution to upkeep. 

The area-velocity method is a common method in medium-large rivers, where the section is 

not regular. The section of irregular section may be measured using partial measurements 

(depth x width) and applying and integration method for area estimation. The velocity may 

be measured using Doppler equipment or a rotameter device. 

Tracer experiments consist in injecting a known concentration of tracer (saline, dye or 

radioactive reagent) into the liquid and the measurement of tracer concentration at time 

intervals downstream the injection point. If properly executed, an accurate measurement of 

a stream’s velocity and dispersion coefficient can be determined. The dilution factor/rate is 

then utilized to accurately calculate the flow rate for that specific test section. However, it 

is a time consuming method and, many times, is expensive and difficult to replicate for the 

same conditions. 

The Doppler device records instantaneous velocity components at a single point with a 

relatively high frequency by measuring the velocity of particles that pass by. The device sends 

out a beam of acoustic waves at a fixed frequency from a transmitter probe (Figure 3.13). 

These waves bounce off of moving particles in the water and three receiving probes “listen” 

for the change in frequency of the returned waves. The ADV then calculates the velocity of 

the water in the x, y, and z directions.  This type of sensor is based upon the Doppler shift 

(change) effect. 
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Figure 3.13 - Doppler calculating velocity. 

 

Thermal mass flow meters 

The thermal mass flow meters usually use an arrangement of heated elements and 

temperature sensors to measure the difference between static heat transfer and flowing heat 

transfer to a liquid and thus deduces the flow of liquid by knowing the liquids specific heat 

(this has been a priori measured by the device and compensated) and density. If the liquid 

keeps its density and specific heat characteristics constant, then the meter can produce 

direct mass flow readout and no compensation is needed.  

The thermal mass flow meter has two distinctive ways of operating, either by inserting a 

known amount of heat into the flowing liquid and measuring an associated temperature 

change, or by maintaining the probe at a constant temperature and measuring the energy 

required to keep it that way (Ripka and Tipek A, 2007). They usually consist of two 

temperature sensors and an electric heater between them. There are two different methods 

for measuring the quantity of heat that is dissipated, one is known as the “Constant 

Temperature Differential” method, as shown in Figure 3.14, and the second as the “Constant 

Current” method. 

The first method uses two temperature sensors: a heated sensor and sensor that measures the 

temperature of the liquid. Mass flow rate is calculated based on the amount of electrical 

power required to maintain a constant difference in temperature between the two 

temperature sensors. So as liquid flows, heat is dissipated or carried away and as the flow 

rate increases, more current is required to keep the element at a fixed temperature. The 

current requirement is proportional to the mass flow rate. 

The second method uses the same sensors as the first method, a heated sensor and another 

one that detects the temperature in the flow of liquid, the difference lies in how mass flow is 

measured. The power to the heated sensor is kept constant in this case. Mass flow is then 
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measured as a function of the difference between the temperature of the heated sensor and 

the temperature of the flow stream of liquid (AWWA, 2006). The sensors are usually very 

small and fragile, and consist of a heated thin wire element. Hot wire anemometers have a 

quick response time, because they are so small and thin. However, they are fragile for very 

high flows. In all, both these methods thrive from the idea that greater cooling results come 

with higher velocity flows, while both measure mass flow based on the measured effects of 

cooling in the flow stream of liquid. 

 

 

Figure 3.14 - Constant temperature differential probe (adapted from 
http://www.foxthermalinstruments.com/flowmeter-technology.php). 

 

 

Vortex flow meters 

This method is based on the principle of ‘Kármen Vortex Street’ and consists in placing a 

shedder bar, also known as a bluff body (non-streamlined object or broad body with a flat 

front), in the path of the liquid at right angles to the flow stream, thus creating disturbances 

in the flow called vortices or whirlpools and measuring the vibrations of the vortices 

downstream of the object. The vortex generating flow meter is based on simple principle 

where obstructions that are placed in running water generate vortex trails in the flow. 

The vortices will trail behind the bluff body, alternately from each side in sequence. A 

simpler way of putting it is that a bluff body is placed in the path of fast-flowing stream, the 

liquid will then hit the bluff body and alternately divide to pass around the object.  Due to 

viscous adhesion, the boundary layer moves slower than the outer layer and at lower flow 

rates these viscous forces dominate and keep the liquid attached to the wall of the object, 

meaning that the liquid will then recombine in a symmetrical fashion downstream. As the 
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flow rates increase, there comes a point where the flow cannot endure the adhesion pressure 

along the surface of the object and the boundary layer consequently separates from it 

forming rotating vortices that are then carried downstream. The distances between the 

vortices are constant and depend on the size of the object that is used to form the vortices. 

It is important to note that on the side of the bluff body where the vortex is being created, 

the liquid velocity is higher and the pressure is lower, whilst the vortex travels downstream it 

grows in size and strength and will eventually detach or shed itself from the bluff body, as 

shown in Figure 3.15.  

Usually the sensor that is used for measuring the frequency of the vortex shedding is placed 

inside, atop or downstream of the bluff body and a piezoelectric crystal is used, which will 

produce a voltage pulse every time a vortex is created (Ripka and Tipek A, 2007). Other 

methods consist in using a capacitive sensor or ultrasonic sensor to detect vortices. Knowing 

that the frequency of the voltage pulse is proportional to the liquid velocity, a volumetric 

flow rate can be calculated by using the cross sectional area of the pipe and multiplying it by 

the flow velocity. This type of measuring uses three components, a bluff body strut-mounted 

across the flow meter bore, a sensor to detect the presence of the vortex and to generate an 

electrical impulse and signal amplification and conditioning transmitter whose output is 

proportional to the flow rate. 

 

Figure 3.15 - Vortex flow meter (bluff body and sensors) (Adapted from 
http://www.efunda.com/designstandards/sensors/flowmeters/flowmeter_vtx.cfm). 

 

Electromagnetic flow meter 

The principle of operation of the electromagnetic flow meter is based on Michael Faraday's 

Law of Electromagnetic Induction. They are designed to measure the flow of electrically 

charged liquids in a closed pipe and are considered volumetric flow measuring devices, 

meaning that the liquid are obliged to be conductive. In other words, the liquid has to be 

electrically conductive, meaning that when it passes through the pipe it is equivalent to a 

conductor cutting across a magnetic field. This is based on the principle that a voltage is 

induced in an electrical conductor (the flowing liquid), moving through a magnetic field. 

The electromagnetic flow meter (also known as a magnetic flow meter) obtains the flow 

velocity by measuring the changes of induced voltage of a conductive liquid passing through a 

controlled magnetic field (Figure 3.16). By being an electrically conductive liquid, it induces 
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changes in the voltage reading between the electrodes, and while the flow speed gets faster, 

the voltage gets higher. Usually a magnetic flow meter places two electric coils around the 

pipe (inline model) or near the pipe (insertion model) on each side of which the flow is to be 

measured, and sets up a pair of electrodes, which sense the flow-induced voltage, across the 

pipe wall for the inline model or at the tip of the flow meter for the insertion model (Ripka 

and Tipek A, 2007). 

The electrodes should be in a horizontal state to prevent air from breaking the voltage 

measuring circuit, meaning that the meter must be correctly mounted. The meter itself 

consists of a nonmagnetic and nonelectrical conducting pipe, lined with an insulating material 

through which liquid flows through. Usually the meter has electrical circuits to measure and 

transform voltage into a flow rate on a meter dial, whilst flow can be measured in both 

directions. Properties such as temperature, viscosity, density, or even solid particles do not 

change the performance of the meter, however dissolved chemicals can deposit on the 

electrodes and cause some accuracy errors. The magnitude of the induced voltage is 

proportional to the velocity of the conductor (liquid), for a given field strength, thus flow 

velocity is obtained and flow rate can be calculated by knowing the cross-sectional area of 

the pipe (AWWA, 2006). 

Magnetic meters can be useful for measuring untreated water, raw (untreated/unfiltered) 

water, and wastewater, since there are no moving parts clogged or damaged by debris 

flowing through the meter. Stray electrical energy flowing through the flow tube can cause 

inaccurate readings, therefore most magnetic meters are installed with either grounding rings 

or grounding electrodes to divert stray electricity away from the electrodes inside the flow 

tube which are used to measure the flow. 

 

Figure 3.16 - Magnetic Glow Meter (Adapted from 
http://www.efunda.com/designstandards/sensors/flowmeters/flowmeter_mag.cfm). 

 

http://en.wikipedia.org/wiki/Electrodes
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Ultrasonic flow meters 

Usually used for non-contact level sensing for highly viscous liquid like water treatment 

applications for pump control and open channel measurement. The ultrasonic flow meters 

measure the velocity at which the liquid flows by using the principle of ultrasound. By using 

ultrasonic transducers, the meter measures the average velocity along the path of an emitted 

beam of ultrasound, by averaging the difference in measured transit time between the pulses 

of ultrasound propagating into and against the direction of flow. They emit a high frequency 

acoustic waves that are reflected back to the emitting transducer and are thus detected by 

the transducer. 

There are two types of ultrasonic flow meters, one is to measure the traveling times of 

ultrasonic waves and are known as transit time ultrasonic flow meters whilst the other is used 

to measure the frequency shifts of ultrasonic waves, known as the Doppler flow meters, in a 

pre-configured acoustic field in which the flow passes through to determine flow velocity. 

Since the Doppler flow meters where already mentioned and scrutinized above, here 

attention will be given to the transit time ultrasonic flow meters. 

The transit time ultrasonic flow meter is based on the principle that transit time of an 

acoustic signal along a known path is altered by the fluid velocity. It is usually composed of a 

pair or pairs of transducers, each has its own transmitter and receiver and are placed on the 

pipe wall, as shown in Figure 3.17. One set is placed on the upstream and the other set on 

the downstream at a pre-defined angle. The time it takes for the acoustic waves to travel 

from the upstream transducer to the downstream transducer is always shorter than the time 

it takes for the same distance but from the downstream transducer to the upstream 

transducer. This occurs because of the flow direction, whereas sound waves will travel faster 

going downstream than going upstream. The larger the difference between the times, the 

higher the flow velocity is. For an example, if the flow is stationary, the time that it takes for 

the signal from the transducer upstream to reach the transducer downstream is the same for 

the signal from the downstream transducer to reach the upstream transducer. 

When there is flow, the effect will boost the speed of the signal travelling downstream while 

decreasing the signal emitted by the downstream transducer’s speed travelling upstream 

(OMEGA, 1995). Then, by knowing the path angle with respect to the direction of flow, the 

average velocity can be obtained and thus by multiplying the cross-sectional area of the pipe 

by the average velocity, the flow rate can be calculated. This method is not dependable on 

particles or bubbles in the flow stream as the Doppler meter is. 

Ultrasonic flow meters are however affected in terms of response and accuracy by 

temperature, density, moisture, pressures, turbulence, foam, steam, chemical mists 

(vapour), changes in the concentration of the process material and viscosity of the liquid 

flow, but are easy to maintain because they don’t have any moving parts. To ensure the best 
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results, proper mounting of the transducer is required. The speed of sound in liquids is in 

function of both density and temperature and have to be compensated for by calibration 

(AWWA, 2006). 

 

Figure 3.17 - Ultrasonic Flow Meters (Adapted from 
http://www.alicatscientific.com/types_of_devices.php). 

 

Coriolis flow meters 

The Coriolis flow meters are based on the Coriolis Effect which was discovered by Gaspard-

Gustave de Coriolis, when noted that all bodies moving on the surface of the planet tend to 

drift sideways because of the eastward rotation of the planet. For example, in the Northern 

Hemisphere the deflection is to the right of the motion, thus when a toilet is flushed its 

angular rotation is from left to right, whilst in the Southern Hemisphere the deflection is to 

the left of the motion, meaning that when a toilet is flushed in the Southern Hemisphere its 

angular rotation is from right to left. Since the equator has to rotate around a larger circle 

per day than any point closer to the poles, a body travelling towards the South Pole or North 

Pole will bear eastward, this happens because it keeps its higher (eastward) rotational speed 

as it passes over the more slowly rotating surface of the earth. This drifting effect is known as 

the Coriolis force (OMEGA, 1995). 

The Coriolis flow meters artificially introduce the Coriolis acceleration into the flowing 

stream and measure the amount of mass flow by detecting the resulting angular momentum. 

The Coriolis flow meters measure the amount of mass flowing through the tubes and not the 

volume of liquid. It uses the Coriolis Effect to measure the amount of mass travelling through 

the tube. The liquid that is going to be measured will run through parallel tubes, usually U-

shaped that are caused to vibrate in an angular harmonic oscillation. The tubes will deform 

due to the Coriolis forces and an additional vibration component will be added to the 

oscillation. 
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A phase shift or twisting occurs on some places of the tube due to the additional vibration 

component caused by the liquid flowing through the tubing. The mass flow is directly 

proportional to the amount of tube vibrating/twisting. A simpler way of putting it is, in the 

Coriolis flow meter, liquid is restricted in two small tubes which are parallel to one another 

and are curved. These tubes vibrate, which is normally driven by two electromagnetic coils 

located at the bend of the tube, at their resonant frequency in opposite directions. When 

mass flows through the tubes it delays the vibration at the incoming side and accelerates the 

vibration at the outgoing side, this creates a torque and twists the tube. In other words, while 

the tube is vibrating upward, the fluid flow forces down on the tube and when the fluid flows 

out of the tube, it forces upward. The inverse process happens when the tube is vibrating 

downward. This will cause a small time delay between the two ends of the tube due to the 

amount of twist that is occurring. The time delay that is produced is measured and used to 

calculate the mass flow through the tubes. 

One of the main advantages of using a Coriolis flow meter is that it measures mass flow and 

not volumetric flow. Accuracy which is extremely high and thus unaffected due to the fact 

that mass is not affected by changes in pressure, temperature, viscosity and density, meaning 

that it can measure virtually any type of liquid at any pressure and temperature. But the 

meters accuracy is its downfall because it makes this type of meter relatively expensive when 

compared to other meters. Volumetric flow rate metering is proportional to mass flow rate 

only when the density of the fluid is constant (Ripka and Tipek, 2007). 

 

Optical fibre meters 

Water level measurement through optical fibre has been growing substantially in the last 

decade, due to the fact that components such as glass and light emitters have become 

available more easily. An optical fibre can be described as a flexible, transparent fibre made 

out of pure glass (silica), not much wider than the hair of a human and it functions as a wave 

guide to transmit light between two ends of the fibre. The problems with this type of 

technology consist in manufacturing robust, reliable and safe devices at a low cost. For level 

measurement most of these types of sensors are either level controllers because of their 

limited range and accuracy. 

Betta et al. (1995) have proposed a digital level transducer based on optical fibre, which can 

measure continuous water levels on a step index fibre (double cladded for fibre in the air; W-

type when in liquid) where the cladding was removed in n zones at fixed distances from each 

other. The requirements for this technology are a light source, measurement hardware (not 

cheap) and different calibration curves for each type of liquid and range. The liquid level 
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measurement is then done by variations of transmitted power through the optical fibre, this 

happens when liquid touches or leaves one of the cladding zones. 

In other words, power propagates throw an optical fibre which suffers a reduction in power if 

a part of the fibre cladding is removed and if the external media (liquid) has a refractive 

index greater than the one found in the core. So the variation in power decreases as soon as 

the liquid touches one of the “without-cladding” zones, thus reducing the power and giving a 

level reading. It is important to note that a cladding zone and a zone without cladding when 

in the absence of liquid have the same refractive index, so when the zone without cladding is 

immersed in liquid, the laser beam meets the core-liquid interface and consequently the ray 

is refracted, resulting in a reduction in power due to   the liquid present in that zone which 

later detected by a photo-detector. 

In the accuracy field manufacturing processes and location of the sensor in the tank need 

special attention while the resolution of the sensor depends on the distance between the 

zones without cladding, in this case the prototype possesses a 25mm distance between the 

zones without cladding, for static characterization of the sensor. Hysteresis was practicably 

absent while repeatability was considered good. No testing was done with wastewater, thus it 

is not possible to know how the system would behave in these circumstances, but it’s easy to 

predict that the sensor will need frequent maintenance due to the existence of impurities in 

the liquid. 

Dynamic characterization of the sensor was evaluated through its response time, the 

maximum time interval between the crossing of a zone without cladding and the updating of 

the display, which had and average response time of 370m.s, whilst the maximum level 

variation speed is determined by the duration of the monostable output impulse (2.5 s). The 

maximum level variation speed of this prototype is about 10 mm/s. No testing was done with 

wastewater, thus it is not possible to know how the system would behave in these 

circumstances, but as mentioned before it’s clear that in terms of maintenance this sensor is 

not indicated for wastewater measurement. By manufacturing the sensors through more 

sophisticated techniques, the dynamic and static sensor limits may be overcome, while on the 

other hand the resolution can be enhanced by constructing thinner zones without cladding. 

A new non-Intrusive optical technique to measure transparent liquid level and volume was 

proposed by Singh et al. (2010) for continuous measurement in a cylindrical container. The 

measurement technique is based on the principle of inducing modulation on the liquid level, 

where a solid angled divergent light beam is focused on the liquid’s surface. Therefore, when 

transparent liquid is put in the container the variation of liquid level in the container induces 

modulation in the cone of the divergent light focused on the liquid surface, this results in 

transmission of an intense modulated light beam through the bottom end of the surface of the 

container (the light is refracted). A photodetector (PD) then captures the focused beam and 

the response of the PD changes proportionally. A divergent beam of light coming from the LED 

is collimated (made straight) into a parallel beam by using two lens. The beam is split into 
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two beams by a splitter (50:50), one beam is used for reference and the other as a sensing 

beam, liquid variation, as seen in Figure 3.18. 

 

 

Figure 3.18 - Proposed liquid level and volume measurement system (Adapted from A New Non-Intrusive 
Optical Technique to Measure Transparent Liquid Level and Volume (Hidam Kumarjit Singh et al., 

2010)). 

 

The reference beam goes straight to a Light Dependent Resistor (LDR), designated as PD1, 

while the sensing light beam is focused to another LDR with the designation of PD2. The light 

beam for sensing will only reach the PD2 after passing through the liquid and bottom end 

surface of the container. Measurement is done from the bottom end of the container to the 

level of the liquid whilst the variation that the liquid volume suffers is measured in terms of 

proportional change in the DC voltage. Only the volume of liquid is determined, thus each DC 

voltage obtained corresponds to a volume of liquid. In terms of liquid level measurement, the 

level can be obtained by applying mathematical formulas to calculate volumes, this is done 

by knowing the diameter of the cylinder and the volume of liquid in the container then by 

utilizing the mathematical formula for calculating the volume of a cylindrical cylinder, the 

liquid’s level/height can be calculated. The components that were used for the construction 

of this prototype are:  

 A red-coloured LED; 

 Slits; 

 A beam splitter; 

 Objective lens; 

 Liquid containers (beaker’s), three of them with volumes of 100, 250 and 500mL ;  

 Plane mirrors; 
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 Light dependent resistors (LDR) – PD1 and PD2; 

The liquid containers are internally coated in black so they can be used as a light-wave 

guiding structure. The black paint eliminates the entry of external light as well as it 

suppresses light reflection from the internal surface of the container, noting that the light 

reflection coefficient of the blackened internal surface of the container is considered zero to 

eliminate reflection effects. 

The bottoms of the containers are flattened and transparent to allow light transmission 

through whilst the liquid container gets light source from a red-coloured LED and acts as an 

active sensing medium with the change of liquid level and volume in it. The sensitivity varies 

with the diameter of the liquid containers because liquid level varies very little in larger 

containers for a given volume, whereas a small container will show considerably larger liquid 

level variation for the same change in liquid volume. This means that the intensity of the LED 

is controlled by changing the applied steady voltage for each liquid container separately. 

When there is no liquid, the light intensity falling on the bottom end of the surface of the 

container is proportional to the solid angle of the light cone. 

 

Thermal resistance measurement 

Another way of level measurement is done through thermal resistance which can be described 

as a heat property and a measurement of temperature difference by which an object or 

material resists a heat flow. In other word’s thermal resistance is analogous to electrical 

resistance. Electrical resistance is computed as the difference in voltage between two points 

divided by the electrical current flowing between them. This analogy is based on the 

fundamental similarity between voltage and temperature, current conduction and heat 

conduction, whilst electrical conduction occurs in response to a voltage difference the heat 

conduction occurs in response to a temperature difference (Sofia, 1995). 

Lazuardi Umar (2010) has proposed a smart level sensor based on thermal resistance 

measurement with self-calibration, which is based on the thermal resistance of liquids and 

gases by using modelling of the current-voltage-curve. This model directly examines the 

thermal resistance of the sensor when exposed to a specific medium, being this medium gas 

or liquid. In comparison to air, the thermal resistance of water drops by 82%. The sensor 

while measuring will present its status on a display as being “empty” – in the air – or “full” – 

in fluid – consonant its surroundings. 

Another factor to have in account is the overall thermal resistance due to dirt which drops 

the overall performances of the sensor meaning that it will need to be recalibrated, cleaned 
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or even changed. The variation of thermal resistance whether it is in the air or water is 

calculated by using a mathematical model based on heat transfer concept.  

There are two ways of operating this type of sensor, either by direct or indirect heating. 

Indirect heating consists in registering the ambient temperature to determine the 

temperature of a thermistor, and therefore the current flowing through the component is 

low, while with direct heating implies the direct measurement of the temperature. A simpler 

way to put it is that the electrical energy is converted into heat, which then affects the 

temperature of the thermistor and consequently the resistance of the thermistor. For a given 

voltage applied to the PTC thermistor it self-heats from electrical power resulting from the 

electrical sensor load. This self-heating effect depends on the load applied and the thermal 

resistance factor. The delivered thermal output resulting from the temperature increases in 

relation to the ambient temperature. 

The solution proposed by Lazuardi Umar (2010) gets rid of these problems through direct 

measurement of the thermal resistance independently of the ambient temperature, thus 

eliminating the need to measure the ambient temperature. With direct heating the current 

which flows through the sensor heats it. The electrical energy is directly converted into heat 

which affects the temperature and thus the resistance of the thermistor. When the 

component is only surrounded by air, very little heat is dissipated. When the liquid rises to 

the level of the thermistor more heat is dissipated because of the liquid’s higher thermal 

conductivity. This is based on the hot wire anemometer which consists in using a very fine 

wire which is electrically heated up to a temperature above the ambient temperature. As 

liquid/air flows past the wire it has a cooling effect on the wire. 

When sensors are dirty, more heat is dissipated to the surroundings, this happens because the 

dirty diameter increases consequently the I – V characteristics are shifted toward a higher 

current and may induce error readings. This can be fixed by cleaning, recalibrating or even 

changing the sensor. The main advantage of this new approach is that the thermal resistance 

of the sensor exposed to a specified medium can be directly determined and consequently 

the sensor characteristics are monitored instantly, being very important for long-term 

stability and sensor lifetime. This method is very good for protection of overfills in liquid 

containers, being able to then display the liquid level as “immersed” or “not immersed” on a 

display screen. On the other hand, one of the main disadvantages of this method is the 

quantity of energy need to heat the sensor. 
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3.3   Capacitive sensor level measurement 

A capacitor generally consists of two conductors (plates or electrodes) that are isolated 

electrically from each other by a non-conductor (dielectric). An electrical charge is stored 

when the two conductors are at different potentials, in other words when the  water level 

rises, the air normally surrounding the electrode is displaced by material that has a different 

dielectric constant leading to a change in the value of the capacitor due to the fact that the 

dielectric between the plates/electrodes has changed. 

This change is detected by radio frequency capacitance instruments which works at a low 

frequency range (MHz) and converted into a relay or proportional output signal. Measurement 

is done by measuring admittance of an alternating current (ac) circuit which changes with the 

water level. The use of a low frequency proves beneficial because it allows for dialectical 

constant of the material not to change with the frequency. The storage capability of a 

capacitor is measured in farads. This technology is used to sense material with dielectric 

constants such as water which possesses a dielectric constant of 88 whilst sewage slurry has a 

dielectric constant of approximately 50. Capacitance sensors apply an electrical field to 

measure the dielectric constant of a given medium in the water level measurement field. 

Generally these sensors have no moving parts, are considered rugged, simple to use and easy 

to clean. 

Guirong, and Shuyue (2010) have developed a capacitive liquid level sensor with four 

electrodes fixed on the inside wall of a cylindrical vessel. This method detects the level 

changes of liquid in a vessel and the gradient status of that vessel. In short, this sensor can 

detect the liquid level and the gradient status of the vessel, whether it is in a vertical or 

gradient state. It can even give a detailed gradient direction and gradient angle of the vessel 

if this is inclined. 

This sensor has no moving parts and the electrodes are made to suit the vessel’s shape. If the 

vessel is located in a dynamic state, by detecting the change of the liquid inside the vessel 

the status at which this vessel is at can be estimated as vertical or gradient. By detecting the 

change of liquid level in the cylindrical vessel, capacitances between electrodes depending 

on the liquid level height and status of the vessel can be described by the gradient direction 

and the gradient angle. Hence, capacitances are different for various liquid levels and so is 

the status of the vessel, therefore the liquid level information and the status of the vessel 

can be obtained resulting from capacitance measurements. 

The cylinder consists of a plastic pipe with thins walls (0.5mm). On the inside of the pipe’s 

surface are four rectangular copper plates all with the same size and gaps (Figure 3.19). The 

output sensor, C0, is used to detect the level at which the liquid is at, whilst the other 

outputs, C1, C2, C3 and C4 are used to estimate the status of the vessel (gradient direction 

and gradient angle), as shown in Figure 3.20.  
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Figure 3.19 -  Sensor structure. (a) view of the top of the sensor (1, 2, 3, 4: electrodes; 5: plastic pipe); 
(b) profile view of the sensor (mm); (adapted from Guirong and Shuyue, 2010). 

 

 

Figure 3.20 - Two electrodes mode and four electrodes mode (adapted from Guirong and Shuyue, 2010).  

 

This sensor can be used as a two electrodes mode sensor or a four electrodes mode sensor, 

whereas for the four electrodes mode, C1 corresponds to the capacitance between electrodes 

1 and 2, C2 is the capacitance between electrodes 2 and 3 and finally C3 is the capacitance 

between electrodes 3 and 4. In the two electrodes mode, there is only on capacitance which 

is C0 and this is formed through the combination of electrodes 1, 2 and 3, 4. Both theses 

modes have different measurement techniques because they deliver different measurement 

results. 

Measurement is done by pouring liquid into the sensor which is fastened on the inside of a 

wall rather than being inserted into the liquid. In the two electrodes mode only the level of 

the liquid is determined and not the gradient status of the vessel. In the four electrodes mode 

the gradient of the vessel can be determined and consequently the gradient direction and the 

gradient angle of the vessel. This type of sensor measures three different variables, liquid 

level, gradient direction and gradient angle. The big advantage of this sensor is that no extra 

components are needed to measure the gradient direction and gradient angle. 

A low-cost capacitive sensor for wells level measurement was designed by Blander et al. 

(2010) to replace an existing level sensors mounted on dam wells. It is a capacitive sensor 

composed of eight independent copper pour (plates) areas distributed in mirror format from 

each other. To read the height of the liquid it is necessary to determine the capacitance. An 

AVR microcontroller is used to measure the capacitances as well as a LT1011 comparator for 

the capacitor charging time calculation. The transducer is made up of two individual 
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rectangular plates, parallel with each other which represent the capacitor armatures as 

shown in Figure 3.21. Each armature is divided into four copper pour zones. 

 

 

Figure 3.21 - Schematics and principal of measuring (adapted from Blander et al., 2010). 

 

The capacitance of all four capacitors can be evaluated by Eq. (3.1), where ε0 – the vacuum 

electrical permittivity, εr – the dielectric electrical permittivity, A – the capacitor’s armature 

area, d – the distance between the armatures. 

 

                    (3.1) 

Where C is the capacitor’s capacitance, ε0 the vacuum electrical permittivity, εr the 

dielectric electrical permittivity, A the capacitor’s armature area and d the distance between 

the armatures. 

As can be observed in Figure 3.21, the first capacitor (C1) is completely immersed in water, 

thus the capacitance is calculated. The second capacitor (C2) has as dialectical material both 

water and air, it is similar to two parallel connected capacitors, one with water’s permittivity 

and the other with air’s permittivity. The third capacitor (C3) is virtually the same as the 

second capacitor where the only difference resides on the areas and heights of parts of the 

plates which are under water and which are in the air. The fourth capacitor (C4) is in the air 

and its equation is the same as the first. 

All of the capacitors can be calculated through relating heights, distances, dielectric 

electrical permittivity and vacuum electrical permittivity as shown in Eq. (3.2). 
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                                    (3.2) 

 

Where, C1 is the first capacitor capacitance (completely immersed into the water). C2, C3 

the capacitance of the partially immersed capacitors. C4 the capacitance of the fourth 

capacitor (with air as dielectric). H the water level value. h the height of the liquid column 

corresponding to the capacitor three immersion. L  the C2 and C3 armature length. l the C1 

and C4 armature length, w the capacitors width (for all the capacitors) and s the distance 

between two consecutive capacitors. 

Water level then can be calculated by making the ration between the first and second 

capacitances. The capacitance measuring procedure is done by using a system built around an 

AVR ATTiny 2313 microcontroller with a clock frequency of 16MHz. The measuring system 

consists of a RC circuit in which the resistance has 1 Mohm. For the capacitor charging time 

calculation a LT 1011 analogue comparator is used. 

Figure 3.22 shows an example from Blander et al. (2010) of measured capacitances (only air 

dielectric) and the values mathematically calculated through Eq. (3.2), which are similar. 

 

 

Figure 3.22 - Experimental results (dielectric air) (adapted from Blander et al., 2010). 
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Finally, an experiment was done that consists in measuring the combined dielectric of water 

and air by immersing the capacitive transducer into water and obtaining a level reading. This 

was compared with the real value of the water level in which there was a slight error. 

The exiting methods of level measurement are approximations based on large differences 

between the dielectric constants of liquid and air An innovative level measurement technique 

using three capacitive sensors for liquids is proposed by Canbolat (2009), which eliminates the 

effect of air (vapour or condensation) and thus produces a closer to reality reading of the 

liquid level. This new level measurement technique can be used in any kind of nonconductive 

liquid without calibration. To obtain level measuring accurately through capacitance 

technology, three parallel plate capacitive structures are used, each designated as level, 

reference and air sensor. The measurements of the capacitance are done by a capacitance-

to-digital converter (CDC) integrated circuit, which has a small error of +- 4 fF.  

Liquid level is determined through capacitance sensors by using the differences of dielectric 

constants in liquid and air. The dielectric constants in liquid are much superior to the ones 

found in the air. When measuring different types of liquid levels in different liquids, the 

sensor usually needs to be recalibrated due to different dielectric constants. Another 

parameter to have in account is the temperature of the liquid as this also changes the 

dielectric constant. Sometimes vapour comes out of tanks and changes the dielectric constant 

considerably, resulting in faulty and unreliable readings. Using one capacitive sensor does not 

resolve this problem, but this problem is reduced because of the high dielectric constants of 

the liquid. On the other hand, the sensor should also be calibrated for different types of 

liquids, which can be costly and time consuming. The solution that the author presents is to 

use two reference capacitors that compensate for all the factors that liquid and air can 

produce. Like so, an accurate reading of the liquid level can be measured in any type of 

liquid, liquid dielectric and environment.  
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Figure 3.23 - Sensor setup (adapted from Canbolat, 2009). 

 

The setup of this sensor uses three sensors (Figure 3.23), a reference sensor which will always 

be in the water, an air sensor which will be always in the air and a level sensor. The 

reference sensor is placed at the bottom of the container to measure liquid dielectric while 

the air sensor is placed at the top of the container to measure air dielectric as a reference. 

The two sensors are identical. Finally the third sensor is a level sensor which is placed along 

the height of the tank. All sensors have the same distance d and same width W while L is the 

total length of the level sensor and Ll is the length of the sensor submerged under the liquid. 

The dielectric values are converted into digital information by a Clock Distribution Circuit 

(CDC).  

The accuracy of the readings depends on the accuracy of the distance d and width W. The 

capacitances measured by the CDC are fed to the microcontroller to perform the calculations, 

and then the result is sent to a display. An AD7745 integrated circuit is used which is 

especially designed for capacitance measurements. A CDC is used for each level, liquid and 

air sensors. All of the CDC’s are connected to the inputs of a PIC16F877A. The sensor reading 

is independent of air humidity, temperature and dielectric constant of the liquid. This sensor 

can be used for any conducting, non-conducting and inflammable liquids. For conducting 

liquids the sensor can be put in a flexible container filled with non-conducting liquid and 

consequently obtain a level reading for the conducting liquids, as shown in Figure 3.24. 
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Figure 3.24 - Setup for level measurement of conducting liquids (adapted from Canbolat, 2009). 

 

Wang and Shida (2006) developed a multifunctional self-calibrated sensor for brake fluid 

condition monitoring, which uses capacitive technology and is characterized by having a self-

calibration ability to influence factors such as temperature, water content in the brake fluid 

and the variety of brake fluids. This sensor was developed to be a multifunctional self-

calibrated online monitoring system for brake fluid condition. The sensor measures the liquid 

level and water content in the brake fluid by using capacitive technology. There are four 

electrodes which form three capacitances and from which three common calibrated functions 

are composed. The sensor is self-calibrated for liquid level, water content measurement, 

temperature influence (no temperature sensor involved) and for the variety of brake fluid. 

The sensor has a half-pipe form structure with a pipe form enclosed cavity at the end part. 

Four electrodes are used (Figure 3.25): 

 Electrode one (E1) is a steel pole passing through the whole sensor in the middle; 

 Electrodes two (E2), three (E3) and four (E4) are three half-pipe form electrodes 

made from copper; 
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Figure 3.25 - Structure of sensor: (a) plan form of sensor; (b) sensor's structure; (c) prototype sensor; 
(adapted from Wang and Shida, 2006). 

 

E2 and E3 are placed in the half-pipe form body sensor so that they are exposed to the 

outside. E3 is placed in the enclosed cavity and is the same size as E2. E1 is common to all 

the other three electrodes, thus creating three capacitances (C1, C2, and C3). C1 is used for 

liquid level measurement which is dependent on the liquid level and the relative permittivity 

of the liquid which is influenced by temperature, water content and variety of the liquid. C2 

is used for water content measurement in the fluid and the calibration reference for liquid 

level sensing, it doesn’t depend on level of the liquid because it is always submersed, but it is 

dependent on the relative permittivity of the measured fluid which is influenced by water 

content, temperature and brake fluid variety. Finally C3 is used as reference sensor which 

depends on the temperature and brake fluid variety. The sensor is designed to integrate the 

cover of the brake fluid reservoir.   

By using the three mutual calibrated functions the sensor is able to self-calibrate to influence 

factors such as temperature, water content and brake fluid variety. Both liquid level sensing 

and water content sensing are well calibrated without resorting to any calibration arithmetic 

as in conventional intelligent sensor systems. 

A low-cost non-contact capacitance type level transducer for a conducting liquid was 

developed by Bera et al. (2006). The sensor is comprised of a circular cylinder form and is 

made up of insulating material like glass, ceramic or plastic. The sensor is connected to a 

metallic or non-metallic liquid storage tank, in which the conducting liquid column is made up 

of one electrode and a short-circuited non-inductive wound coil outside the tank is the other 

electrode of a variable capacitor. When the liquid level changes, so does the capacitance and 

this is measured by a modified linear operational-amplifier based on De’ Sauty bridge network 

with adjustable bridge sensitivity. 
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In conventional noncontact capacitance type liquid level transducer, the air column between 

the conducting liquid and the sensing electrode rely on dielectric constants. This technique 

appears to suffer from frequent changes of the dielectric constants properties of the air and 

also due to its low permittivity. The material used was a uniform circular cylinder made of 

insulating material like glass and polyvinyl chloride (PVC) which acts as a dielectric cylindrical 

capacitor. 

The level-sensing probe (Figure 3.25) consists of a hollow cylinder made of an insulating 

material and is connected to a metallic storage tank. The insulating material of the sensing 

cylinder is considered as the dielectric cylinder capacitor, whereas the liquid inside the 

cylinder is considered as the grounded electrode of the capacitor because liquid is generally 

stored in a metallic grounded vessel. Thus the whole vessel itself may be considered as a 

cylindrical capacitor electrode, whereas the outer double-layer short-circuited non-inductive 

wound coil may be considered as another capacitor electrode. The capacitance between the 

liquid column and the short-circuited non-inductive wound two-layer coil may be assumed to 

have the same capacitance between the liquid column and only the outer layer of the coil. 

This is because the outer and inner layers of the coil are made from the same material. 

 

 

Figure 3.26 - Sensor setup (adapted from Bera et al., 2006). 

 

Both the glass and HDPE tube level sensors presented linear tendencies and very good 

repeatability within a 1mm resolution in comparison to the theoretical equations for both 

metallic and non-metallic storage tanks (Figure 3.26). 

Some errors may be caused by some manufacturing defects of the sensing cylinder. The 

overall sensitivity of the level sensors was 0.95pF/mm for the glass sensor and 0.65pF/mm for 

the HDPE sensor. The permittivity of the sensing tube material varies with temperature and 

operating frequency significantly. This can be eliminated by using a temperature correction 
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technique from the knowledge of the variation of the permittivity with the temperature. The 

effect caused by frequency can be eliminated by using a frequency-stable oscillator but 

permittivity correction is required when this is used in a wide range of varying temperatures.  

For a temperature region of 25-45 ºC the error due to permittivity lies between +-0.25% and 

+-1.5%. This can be corrected by using a suitable temperature correction technique from 

knowing the variation of the permittivity with the temperature. The life span of the level 

sensor is expected to be long compared with other non-contact level gauges because there is 

no wear and tear of the sensor during the operation.  It was concluded that the repeatability, 

linearity and resolution were satisfactory within the limits for industrial level measurement.  

A new capacitive precision liquid-level sensor was presented by Toth et al. (1996). It is a high 

resolution capacitive sensor that allowing measures the level of both conducting and non-

conducting liquids with equal accuracy (Figure 3.27). It includes a planar electrode structure, 

a capacitance-controlled oscillator and a microcontroller. It can measure liquid levels of 

conducting and non-conducting liquids with an accuracy of 1mm over a 4 m range. The 

resolution of the system is high (0.1mm) at short measuring times (0.2s). 

The capacitances consist of a long electrode (E0) and one that is divided into insulated 

segments (E1-En). All capacitances are either connected to a low impedance voltage source, 

low impedance measurement system input. The level of the liquid can be calculated by 

finding the interface segment I, which has a value between Ci-1 (capacitance in the air), and 

Ci+1 (capacitance in the liquid). In order to measure conducting liquids the electrodes are 

covered by an isolator. This material protects the electrodes from the environment, but can 

also cause some electric field bending around the interface. Assuming a parallel plate 

electrode structure, covered with an infinitely thin isolator, the conducting liquid can be 

regarded as a shield that is connected to the ground. The capacitance between a single 

electrode segment Ei and the opposite electrode E0 can be calculated as a function of the 

interface level.  

The sensor has two printed circuit boards (PCBs) with 48 electrodes of 8 mm each and PCB 

with the sensor electronics glued to a glass filled plastic substrate (a supporting material on 

which a circuit is formed or fabricated). The capacitances are connected to a capacitance 

controlled relaxation oscillator using a multiplexer that is controlled by a microcontroller. 

The microcontroller also measures the period of the oscillator and calculates the 

capacitances. It measures capacitances of 100fF with and accuracy of 50aF. 

Table 3.1 presents a capacitive analysis of different capacitive sensors. 

 

 

 

http://dictionary.reference.com/browse/which
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Figure 3.27 - Schematics of the sensor with the conductive liquid connected to the ground (adapted 
from Toth et al. (1996)). 
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Table 3.1 – Capacitive sensors. 

Technology Conductive 
or non-

conductive 
liquid 

Suitable for 
wastewater 
treatment 

Observations 

Digital Level 
Transducer 
Based on 

Optical Fibre 

Both, as 
long as 

they are 
transparent 

No, because 
the water 

cannot 
contain any 
impurities. 

Continuous measurement; 
Needs different calibration curves for 

different liquids; 
Good repeatability; 

Dynamic and static limitations; 
Resolution could be higher; 

Intrusive measuring; 
 

New Non-
Intrusive 
Optical 

Technique 
to Measure 
Transparent 
Liquid Level 
and Volume 

Both, as 
long as 

they are 
transparent 

No, because 
the water 

cannot 
contain any 
impurities. 

Continuous measurement; 
Use of one reference sensor beam and one 

sensing beam, and two photodetectors; 
Sensitivity varies with the size of containers, 

thus needing different LED intensities. 
Simple, low cost, very sensitive; 

Best container is the 100ml; 
Large dynamic range of measurement; 

Good linearity and repeatability; 
Non-intrusive measuring; 

 

Smart Level 
Sensor Based 
on Thermal 
Resistance 

Measuremen
t with Self 
Calibration 

Both Only for 
controlling 

overfill 
systems. 

Dirt will drop overall performance of the 
sensor; 

Heat transfer concept (water contains higher 
thermal conductivity than that of air); 
Based on the hot wire anemometer; 

Needs a lot of energy to heat the sensor; 
Intrusive measuring; 

Capacitive 
Liquid Level 
Sensor with 

Four 
Electrodes 

Both. Yes. Determines liquid level measurement and 
gradient status of the vessel; 

No moving parts; 
Two electrodes mode is used for measuring 

liquid level; 
Four electrodes mode is used for measuring 

the status of the vessel (direction and angle); 
Doesn’t need additional parts for measuring 

the vessels status; 
Intrusive measuring; 

Low-Cost 
Capacitive 
Sensor for 
Wells Level 
Measuremen
t Wells Level 
Measuremen

t 

Both Yes, rain 
water. 

Made up of eight copper pour plates; 
Very good capacitance results; 

High repeatability in terms air capacitance; 
Slight errors when comparing real liquid level 
height to measured liquid level height. This 

can be resolved by using thicker plates; 
Intrusive measuring; 
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Table 3.2 – Capacitive sensors (continues) 

 

Novel Level 
Measuremen
t Technique 
using Three 
Capacitive 
Sensors for 

Liquids 

Both, no 
calibration 
needed for 
nonconduct
ive liquid. 

Yes, in 
tanks. 

Eliminates the traditional capacitive level 
measuring which is based on large differences 
between dielectric constants of liquid and air; 

Has in account different liquid dielectric 
constants as well temperature influence; 
Uses two reference capacitor sensors that 

compensate for different dielectric constants 
in the air and liquid; 

Vapour could alter dielectric constants; 
Accuracy depends on the dimensions of the 

plates; 
The reading of the level sensor is independent 
from air-humidity temperature and dielectric 

constants of liquids; 
The level sensor put inside a flexible 

container filled with non-conducting liquid 
can be used for measuring inflammable 

liquids; 
Intrusive measuring; 

Multifunctio
nal Self-

Calibrated 
Sensor for 
Brake Fluid 
Condition 
Monitoring 

Conductive No, because 
it’s 

specifically 
designed for 
brake fluid 
monitoring. 

Self-calibration ability; 
Uses four electrodes to form three 

capacitances; 
No temperature sensor involved; 

No need for any calibration arithmetic; 
Intrusive measuring; 

A Low-Cost 
Non-contact 
Capacitance 
Type Level 
Transducer 

for a 
Conducting 

Liquid 

Conductive Yes. The whole cylinder is considered as a 
cylindrical capacitor electrode, and the liquid 

inside the cylinder is considered as the 
grounded electrode of the capacitor; 

The outer double-layered short-circuited non-
inductive wound coil is considered as the 

other capacitor electrode; 
Linear tendencies and good repeatability 

within a 1mm resolution; 
Permittivity of the sensing tube material 
varies with temperature and operating 

frequency. Not suitable for varying 
temperatures as it will need permittivity 

correction; 
Lifespan is considered good; 

Repeatability, linearity and resolution were 
considered satisfactory; 
Non-intrusive measuring; 

New 
Capacitive 
Precision 

Liquid-Level 
Sensor 

Both Not specified High Resolution; 
Non-linearity is caused by field bending 

effects; 
Measurement with an accuracy of 1mm over a 

4m range; 
Intrusive measuring; 
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Capacitive measurement techniques 

There are several techniques for measuring the capacity value of a capacitive probe. By using 

either an RC circuit and determining the charging times of the condenser, in function of the 

capacitive value, or by creating an RC oscillator and counting the number of oscillations 

produced by the oscillator over a fixed period of time. It’s considered that in both techniques 

that the oscillation frequency is sufficiently low enough so that the dielectric constant of the 

medium can be considered constant. 

The charging time of the capacitor in a RC circuit depends on the Cx capacity value. It’s 

considered that the resistance value R is maintained, that the power Vin circuit is regulated 

and kept constant, and that the stored energy of capacitor/condenser Cx is initially zero. The 

timer that is used, as shown in Figure 3.28, is for measuring the time that the Vout voltage of 

the Cx condenser/capacitor takes to reach the reference voltage value Vref. Once the Vin 

output of the logical control and processing unit is put into high logic state, the timer 

commences. The Cout output comparator transits from a low logic state to a high logic state, 

the timer is thus inhibited from counting and the counting registration content Tcount is 

collected. The count registration value is proportional to the counter’s capacitance value. 

The count registration value is proportional to the counter’s capacitance value. The capacitor 

Cx voltage (Vout) is given by Eq. (3.3). 

 

                            (3.3) 

Where, Vout is the voltage out of the capacitor, Vin is the voltage in of the capacitor, t is the 

time required and RC is the resistance capacitance value. 

The time required for Vout to reach Vref can be computed through Eq. (3.4). 

 

                             (3.4) 

Where, t is the time value, RCx is the resistance capacitance value, Vin is the voltage in and 

Vref is the reference voltage. 

 

Considering the clock Clk frequency as being 1MHz. For a given resistance value of 220kOhm 

and a variable capacity between 482.2pF and 1482pF, the timer will return a counting value 

of 254 to 781, respectively. 
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Figure 3.28 - Capacity measurement with a RC circuit. 

 

The oscillator circuit is an important component of the sensor and requires three essential 

components:  

 A capacitor; 

 A resistor; 

 A switching device; 

As shown in Figure 3.29, the Vout voltage level to the capacitor terminals is monitored 

continuously in order to toggle the switch. The switch frequency is in function of the Cx 

variable capacitance value. The oscillator of Figure 3.28 is built around a CI555 in an stable 

configuration. The charge of the Cx capacitor is performed through the Rc resistance requiring 

a tc=0.7RcCx time. On the other hand, the discharge path is performed through the Rd resistor 

over the td=0.7RdCx time. Due to this configuration, the duty-cycle is 50% with a time period 

of T=tc+td. 

For the Rc and Rd resistor values equal to 220kOhm, and considering the probe Cx variable 

capacity between 482.2pF and 1482pF, the oscillation frequency of the output from the CI555 

Out is ranging between values of 6733.1Hz and 4381.6Hz, respectively.  Every time the logic 

and process control unit needs to determine the Cx capacity value, it enables the counting 

operation of the timer in a time interval already set in advance. The frequency variation Out 

will vary the Tcount registration. 

This operating principle can be found in processors with special entries that integrate this 

feature by using an internal timer and oscillator. An example of another unit using this 

technology is the MSP430 which supports capacitive touch interface 

Capacitance probe sensors are an attractive technique for estimating water level in filtration 

systems. However, there are several factors that can influence the capacity variation and its 

measurement and, therefore, the final measurement of the water level. According to 
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Kelleners et al. (2004), the media salinity, the characteristics of the wastewater and the 

temperature might affect the accuracy of a capacitive sensor. 
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Figure 3.29 - Capacity measurement with an oscillator. 
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4 Material and Methods 

4.1 Development of the capacitive sensor 

4.1.1 Architecture of the system 

A capacitive sensor was developed to measure the water depth in multiple points of a 

filtration bed for wastewater treatment (the HSSF-CW of Vila Fernando, Guarda). The sensor 

has a probe (made of aluminium), a data-logger and an interface to pass stored data to a 

computer. The principle of measurement follow the determination of the charging times of 

the condenser, in function of the capacitive value, or by creating an RC oscillator and 

counting the number of oscillations produced by the oscillator over a fixed period of time, as 

described in the point 3.2 (see Figures 3.28 and 3.29). 

The data-logger is considered the centrepiece of the measurement system. This component, 

which was developed over a MSP430F2231 MCU device, converts the capacity values in 

depths, according to a calibration curve, and stores all the values in a data-logger at regular 

time intervals. The main advantages of using this MCU are the low energy consumption and 

the use of integrated peripherals (RAM, UART, ADC and flash memory). 

The whole system was thought-out to be powered by a nine volt battery. The MCU device can 

operate most of the time in power save mode. Since the required operation time for 

measuring the capacity and registering the data is very short, it may be admitted that the 

processer passes great part of time in power save mode. The interaction with a computer is 

achieved through a docking bay (interface to pass the stored data from the data-logger to a 

computer). 

 

4.1.2 Capacitive probe theoretical model  

A capacitive probe should be accurate, robust and highly sensitive. The main component is 

the condenser, whose dielectric material characteristics vary due to the influence of the 

surrounding characteristics (e.g. temperature, pressure and salinity). In a capacitive probe 

for water level measuring, the dielectric constant may be, in a limited situation, very low for 

the air and water levels. As the water level rises, the air dielectric is progressively 

substituted by the water dielectric. 

Analytically, the capacitance value of a cylindrical capacitor is given by Eq. (4.1). 
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Where a is the internal radius, b the external radius, l the length, ε0 the dielectric constant of 

the vacuum (approximately equal to the unit), εr the relative dielectric constant of the 

medium, in this case it is either air or water. 

It is considered that the dielectric constant of air, εr_air, is approximately equal to the unit. In 

the case of water the dielectric constant, εr_water, varies with temperature, ranging from 88 at 

0 ºC, to 80 at 20 ºC and to 78.4 at 25 º C. 

This physical principle is schematically presented in Figure 4.1 (with the values of l, a, b and 

c given in Table 4.1) and was used for the construction of the capacitive probe for this work. 

Therefore, its construction is based on a cylindrical condenser, where an aluminium rod is 

placed within a tube made up of the same material. The fact that aluminium is used for 

probe construction will increase its durability. Since tap water has a typical conductivity 

between 35 and 45 μs/cm, the two aluminium elements should be isolated by a heat-shrinking 

sleeve, which should be placed around the rod. 

 

 

Figure 4.1 - Capacitive probe structure. 
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           Table 4.1 – Physical dimensions 

 

 

 

 

An equivalent diagram for the capacitive probe is proposed in Figure 4.2. This diagram takes 

into account the variation of the medium level, where measurement is intended to be done. 

Actually, two capacitors C1 and C3 in series are considered. Capacitor C1 with an air dielectric 

(εr_air) and capacitor C3 with a dielectric εr_sh associated to the material used for the heat-

shrinking sleeve. It was also considered that in parallel with these two capacitors there are 

two other capacitors in series, C2 and C4, which also have variable capacity values depending 

on the medium. However, the value of the dielectric constant of capacitor C2 is dependent on 

the medium in which the measurement is performed. As the medium is wastewater, the 

dielectric constant of water (εr_water) is considered. For any event, the dielectric constant of 

capacitor C4 is considered equal to that of C3 due to the fact that they are made from the 

same material. 

 

 

Figure 4.2 - Theoretical model of the capacitive probe. 

 

The proposed model of the capacitive probe includes a combination in series of capacitors C1 

and C3, designated as CA, and a combination in series of capacitors C2 and C4, referred to as 

CB. , as presented in Eq. (4.2) and (4.3). 

                                      (4.2) 

                                                                   (4.3) 

Physical Dimensions (mm) 

l a b c 

900 3.75 4.375 6.4 
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Where C1 is the capacitance produced by the air, C3 is the capacitance produced by the 

shrinkable sleeve, C2 is the capacitance produced by a given medium and C4 is the 

capacitance also produced by the shrinkable sleeve. 

 

The association in parallel of CA and CB capacities allow determining the total capacity of CT 

through Eq. (4.4). 

         (4.4) 

 

Thus by inserting Eq. (4.2) and (4.3) into Eq. (4.4) results Eq. (4.5) 

 

          (4.5) 

Where, C1 is the capacitance produced by the air, C3 is the capacitance produced by the 

shrinkable sleeve, C2 is the capacitance produced by a given medium and C4 is the 

capacitance also produced by the shrinkable sleeve. 

 

Assuming that capacitors C3 and C4 have the same dielectric material of the dielectric 

constant εr_sh, it is possible to replace their value for an equivalent expression of the 

capacitor (Eq. (4.6)). 

       (4.6) 

Where, C is the capacitance of the capacitor, εr_sh is the sheath’s dielectric constant, ε0 is the 

vacuum electrical permittivity and a and b are dimension sizes.  

 

By inserting Eq. (4.6) into Eq. (4.5) results Eq. (4.7),  

    (4.7) 

where lair and lwater depend on the water level. By factorizing the parameter εr_sh and 

introducing the factors α and β (Eq. (4.8) and (4.9)) results Eq. (4.10). 
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                      (4.8) 

                        (4.9) 

                                (4.10) 

 

Finally, the equation for calculating the dielectric constant of the insulating sheath material, 

εr_sh was developed and is presented in Eq. (4.11) 

             (4.11) 

 

4.1.3 Probe construction 

30 probes were constructed using a 0.90m aluminium tube with an external diameter of 

0.016m and an internal diameter of 0.0128m, a 1m solid aluminium rod with a diameter of 

0.075mm, a black insulator used to wrap around the solid aluminium rod increasing the 

diameter of the solid aluminium rod to 0.0875m, plastic caps, electrical wire and a plastic 

vessel to house the data-logger and power source. 

A black insulator was used to isolate the solid aluminium rod from the hollow aluminium rod, 

this was done by inserting the solid rod into the sleeve of insulator, cutting it to the right size 

and applying a heat source to make the insulator retract and cover the rod tightly as can be 

seen in Figure 4.3. 

As illustrated in Figure 4.3-d), the solid aluminium rod has a hole drilled on one of its 

extremities, in order to connect the electrical wiring that is needed at a later stage, while 

the bottom part was sealed tightly with the heat shrinkable sleeve, as shown in Figure 4.4-a). 

The solid aluminium rod was then housed in a hollow aluminium rod (Figure 4.5), where 

plastic caps were used on the top and bottom to help keep the solid aluminium rod in the 

middle of the hollow aluminium rod. The plastic caps were drilled to the right diameter size 

so that they fitted tightly and snugly around the rod at the bottom and at the top as it can be 

seen in Figures 4.4 b) and 4.6. 

The hollow aluminium rod had to have slits cut into it, one at the top and one at the bottom, 

ensuring that water could get in and air out (Figure 4.7). It also had a hole drilled into it so to 

connect the vessel that houses the data-logger and power source to the sensor, as illustrated 

in Figure 4.7-a).  
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Figure 4.3 - Heat retracting sleeve over solid aluminium rod; a) heat applied to sleeve; b) sleeve 
inserted over rod; c) sleeve inserted over rod top view; d) sleeve inserted over rod after applying heat 
source to retract the sleeve. 

 

 

Figure 4.4 - Heat shrinkable sleeve; a) sealed tightly around the bottom end of the solid aluminium rod; 
b) plastic cap placed on the bottom of solid aluminium rod after sealed tightly. 
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Figure 4.5 - Solid aluminium rod being inserted into hollow aluminium rod. 

 

Figure 4.6 - Plastic cap placed on the top part of the sensor. 

 

Figure 4.7 - Slits; a) slit incision at the top of the sensor and hole for attaching vessel that houses data 
logger and power source; b) slit incision at the bottom of the sensor. 
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The next phase consisted in attaching the plastic vessel that houses the data-logger and 

power source and the wiring to the sensor (Figure 4.8). This procedure involved the use of 

screws and O-rings. The terminals that were used on the wiring needed to be insulated by the 

same material and method that was used on the solid aluminium rod whilst the other part of 

the wire used O-ring terminals with a plastic cover, as seen in Figures 4.8-b) and 4.8-c).  

The plastic vessel was drilled in two places, on the back in the middle and on the top and 

middle, one hole is used to connect the vessel and wiring to the external hollow aluminium 

rod while the other hole has a second wire that passes through it to connect to the data-

logger which is connected to the solid aluminium rod with insulator. The wire passes through 

the inside of the vessel. 

The final sensors are presented in Figure 4.9. 

 

 

Figure 4.8 - Details on sensor construction. a) vessel connected to sensor; b) terminal with electrical 
wire to connect to data logger; c) O-ring terminals with wire to connect to sensor. 
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Figure 4.9 - Capacitive water level sensors. 

 

The sensors were then calibrated according to the procedure presented in the point 4.1.6 and 

then were placed in the measuring tubes of the HSSF-CW of Vila Fernando (see point 4.3.2) 

for water level measurements.  

 

4.1.4 Data-logger development 

The capacity measured by the probe is then stored in a data-logger (Figure 4.10) on flash 

memory, which is the more sensitive part of the sensor. The overall storing capacity is 5378 

measurements. 

 

 

Figure 4.10 - Data-logger. 
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The processor will be in hibernation state most of the time. Periodically the processor is 

activated from its sleep state to perform the measurement procedure and data storage. By 

using this methodology, it allows to extend the battery life span. The measurement process is 

expected to follow the curve of Figure 4.11, starting by raising the P1.2 line, initiating the 

voltage increment in the capacitive probe connected to terminal P1.3 (VCx) of the processor. 

Simultaneously, the counting process of the Timer_A0 begins by using as a clock source the 

SMCLK signal, which operates at 1MHz. The stability of this clock is very important for overall 

measurement quality and it’s important to note that, the higher the clock’s frequency signal, 

the greater the resolution of the measuring process. 

The measuring process then waits for the logic state of the P1.3 input to transit from a low 

logic state to a high logic state. This situation occurs when the voltage VCx reaches the Vcc-

0.3 V value. Upon the occurrence of this event, the counting process of the timer is inhibited. 

The number of cycles of the MCLK clock signal is accounted for and registered whilst the TAR 

count is in function of the charging time. 

 

Vref

P1.3
(VCx)

P1.2

MCLK

TAR

 

Figure 4.11 - Expected measurement process. 

 

The measurement process is repeated several times in order to make an effective dispersion 

of the error. The average value is scaled down to 8-bits. The decision to only retain 8-bits of 

the 16-bits timer is justified by two reasons: 

 Firstly, 8-bits means 256 different measuring levels, since the amplitude of the 

measurement is 90cm, the theoretical resolution will be 900/256 = 3.56mm; 

 The second reason is memory related, where by just storing only 8-bit data, we’re able 

to use less memory space when compared to 16-bit data storage; 
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4.1.5 Computer interface 

The computer interface is essential to pass the stored data from the data-logger to a 

computer. This procedure can be achieved through a docking bay. This unit, in addition to 

permitting the interface with a running application on the computer, also allows for firmware 

updating. The decision to separate the measuring features from communication features was 

done to reduce energy consumption, complexity, and manufacturing costs. 

The data-logger and computer interface is accomplished via a USB port. Once the data-logger 

is inserted into the docking bay, the computer will automatically detect it and open a 

communications port through the USB device. This interface is developed around a TUSB3410 

device and converts the TX/RX signals into a USB format. Figure 4.12 shows the interface 

between the data logger and the docking bay. 

 

 

Figure 4.12 - Interface for data data-logger. 

 

4.1.6 Sensor calibration 

Calibration is an important step for accurate measurements of probes. The calibration of the 

sensor was done in laboratory using a measuring tube similar to the ones used in filed work. 

The measuring tube is a cylindrical format and is made from PVC. A clear plastic tube was 

connect from the bottom to the top of the tube with a scaled ruler to read the height of the 

water level inside the tube (i.e. it acted as a piezometer), as shown in Figure 4.13-a). 

The sensors were hung at a fixed height when calibration was being done in order to have 

correct height values of water for the sensor. The procedure involved measuring the response 

time for a given height of the water level, as well as the corresponding capacitance value for 

the same water level. Calibration was done with the sensor connected to the data logger and 
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the data logger connected to the docking bay which in turn was connected to a computer 

(Figures 4.13-b) and 4.13-c)). The calibration curve (water level vs. number of cycles) for all 

the sensors are given in Annex I. and were obtained by linear regression. 

A Mat Lab routine was used to retrieve data from the data logger to the computer, which was 

displayed on the computer screen while water was poured into the PVC tube with intervals of 

five centimetres (from 0 to 70cm). For each interval, the CLK time (number of cycles) 

corresponded to the water level was retrieved. The respective calibration curves for several 

sensors are presented in Figure 4.14. 

Figure 4.15 shows the relationships between capacitance values and water levels for several 

probes. It can be seen a good linear relationship between both variables for all the probes, 

which was accepted for the calibration curves. These curves were then retrieved by using a 

Philips PM6304 programmable automatic RCL meter. Therefore, any further capacitive values 

stored at data-logger can then be converted to water depth values. Table II.1 of Annex 2 

shows all the results obtained from regression analysis of water level data and capacitance 

data for several sensors. 

 

 

Figure 4.13 - a) Measuring tube used for sensor calibration; b) Sensor inside the tube and connected to 
the data-logger; c) Data-logger and interface for computer. 
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Figure 4.14 - Calibration curves for water depth and number of cycles. 

 

 

Figure 4.15 - Capacitance calibration curve. 

 



75 
 

4.2 Effect of water characteristics 

4.2.1 Introduction 

Since some factors (e.g. water salinity, characteristics of the wastewater and temperature) 

may influence the accuracy of capacity probes (Kelleners et al., 2004; Bera et al., 2006), 

several experiments were carried out in order to evaluate the influence of the salinity 

(measured as electrical conductivity), temperature and the characteristics of the wastewater 

on probe accuracy. 

These tests were carried out in laboratory and the real scale WWTP of Vila Fernando. A 

smaller probe was built following the procedure of points 4.1.3 and 4.1.6. 4 mini-sensor were 

built, consisting in a 0.10m hollow aluminium rod with an external diameter of 0.016m and an 

internal diameter of 0.0128m, a 0.16m solid aluminium rod with a diameter of 0.075m, a 

black insulator used to wrap around the solid aluminium rod increasing the diameter of the 

solid aluminium rod to 0.0875m, plastic caps, wiring, as show in Figure 4.16. 

 

 

Figure 4.16 - Mini-sensors. 

 

A series of tests was carried out to measure the total capacity, CT, of the probes at different 

water levels (between 200 and 800 mm), using a Philips PM6304 programmable automatic RCL 

meter. The results are shown in Table 4.2. It was also included the theoretical values of C1 

and C2 for different water levels, as well α and β values. Using Eq. 4.11 it was possible to 

determine the dielectric constant of the insulating sheath material, εr_sh, which gave an 

average value of 5.94. 
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Table 4.2 - Capacitive probe theoretical model parameters. 

lwater 

(mm) 

CT_exp 

(pF) 

C1 

(pF) 

C2 

(pF) 

α β εr_sh 

200 452,2 102,4 2352 0,405 32,6 5,82 

400 792,4 73,13 4703 0,405 32,6 5,92 

600 1136,0 43,88 7055 0,405 32,6 5,98 

800 1482,0 14,63 9407 0,405 32,6 6,02 

 

Using FEEM programme based on finite element method, the theoretical model was validate 

for the characteristics of the probe. The model used the same dimensions of the proposed 

probe and the dielectric constants of the water and air were considered εr_water=80 and εr_air = 

1. It was considered a potential difference of 1V between the aluminium rod and aluminium 

tube. The height of the water considered for this simulation was 600mm. 

The results of the numerical simulation are presented in Figure 4.17. The capacity values 

retrieved during model simulation for different water heights were compared to the 

experimental measured values as presented in Table 4.3, where it can be noted that there is 

a close proximity between the values retrieved from the finite element method model and 

the values measured through experimental means, which validates the model. 

 

 

Figure 4.17 - Capacitive probe finite element method. 
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Table 4.3 - Experimental and theoretical results. 

  

4.2.2 Effect of salinity 

The mini-sensor was immersed in different solutions of different salinity (distilled water, tap 

water, water from constructed wetlands and 8 solutions with different NaCl concentrations) 

and the relationship between capacitance and electrical conductivity (parameter used to 

measure salinity) was measured.  

11 solutions were prepared in vessels with 2 L, an external diameter of 0.11m and a height of 

0.24m (Figure 4.18) as follows: 

- Distilled water at 20ºC; 

- Tap water at 20ºC; 

- Water collected at the interior of a HSSF-CW (laboratory set-up); 

- 8 saline solutions prepared with NaCl with the following concentrations: o, 11.2, 27.8, 56, 

277.8, 555.6, 1666.7 and 2777.8 mg/L. 

The electrical conductivity of each solution was measured by using a TetraCon 325 probe and 

a Multi 340i meter both from WTW. The electrical capacity was measured using a Philips 

PM6304 programmable automatic RCL meter. 

 

Figure 4.18 - Capacitance measurement with samples from HSSF-CW. 

lwater 

(mm) 

CT_FEM 

(pF) 

CT_experimental 

(pF) 

CT_theoretical 

(pF) 

200 460,6 452,2 458 

400 796,5 792,4 794 

600 1132,0 1136,0 1129 

800 1468,0 1482,0 1464 
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4.2.3  Effect of temperature 

The temperature may change the capacitance of sensors and, therefore, is important to 

evaluate the changes as the water temperature changes. The data-logger is itself 

temperature sensitive and can easily detect the changes in capacitance of probe according to 

the temperature. 

Therefore, to overcome his problem is necessary developing an experimental methodology to 

assess the influence of temperature on the performance of capacitive measuring technology. 

A protocol to be implemented on field work was developed and is expected to provide results 

to allow assessing the influence of temperature on capacitance measuring, as well as to 

identify possible technical solutions to fix this problem 
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4.3  File work measurements 

4.3.1 Wastewater treatment plant 

The WWTP used for sensor tests is located in Vila Fernando (district of Guarda, Figure 4.19.). 

 

Figure 4.19 - WWTP location. 

 

The WWTP is operated by the company Zêzere and Côa and consists of a preliminary 

treatment stage (a screening and grit chamber channel), primary treatment (Imhoff tank) and 

a secondary treatment (two HSSF-CW in parallel), as shown in Figure 4.20. The sludge, after 

being digested at the Imhoff tank, is discharged through hydrostatic pressure into drying beds 

for a final dehydration process. The plant receives mainly domestic wastewater from the 

populations of Vila Fernando and Albardo (approximately 770 equivalent-population). 

 

The filtration system (the two HSSF-CW) is filled with 0.7 m of an homogeneous layer of light 

expanded clay aggregates (LECA) with the commercial name of Filtralite NR 4-8 (i.e. effective 

diameter between 4 and 8 mm), but only one is colonized with reeds (Phragmites australis) 

and in operation as it can be seen in Figure 4.21. The outlet pipe was adjustable allowing for 

total control of the water level within the bed. 
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Figure 4.20 - Wastewater Plant Setup 

 

 

Figure 4.21 - General view of the unvegetated filtration bed of Vila Fernando (A); HSSF-CW bed of Vila 
Fernando with  Phragmites australis (B). 

 

4.3.2 Installation of measuring points 

In order to evaluate the variations of water level over time and space, 35 measuring points 

were setup in the CW as presented in Figure 4.22 (7 rows perpendicular to the flow direction, 

numbered from 1 to 7; and 5 rows parallel to the flow direction, identified from A to E). The 

piezometers are made of PVC material with a diameter of 125mm and 1.20m in height. Each 

piezometer is perforated with holes with 20mm in diameter and 80mm apart from each other 

and coated with a meshed net with 5x5mm square holes in order to prevent clogging of the 

holes and consequently preventing the filling material from getting into the tubes. 

Figure 4.23 shows a general view of the bed with the 35 measuring points installed, whilst 

Figures 4.24 and 4.25 present a schematic representation of the vegetated bed and its 

longitudinal section, respectively. 
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ENTRANCE 

▼▼▼▼▼▼▼▼▼▼ 

A1 B1 C1 D1 E1 

A2 B2 C2 D2 E2 

A3 B3 C3 D3 E3 

A4 B4 C4 D4 E4 

A5 B5 C5 D5 E5 

A6 B6 C6 D6 E6 

A7 B7 C7 D7 E7 

▼▼▼▼▼▼▼▼▼▼ 

EXIT 

Figure 4.22 - Measuring point’s layout at the CW of Vila Fernando. 

 

 

 

Figure 4.23 - General view of the HSSF-CW bed with measuring points installed. 
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Figure 4.24 - Schematic representation of the HSSF-CW bed of Vila Fernando. 
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Figure 4.25 - Longitudinal section of the HSSF-CW of Vila Fernando. 
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4.3.3 Installation of the sensors 

The probes were inserted into the measuring tubes of the HSSF-CW of Vila Fernando, as 

shown in Figure 4.26.  Each position in which the sensors were installed was registered in 

order to know where the data came from. The starting measuring time and the measuring 

time for each sensor was annotated in order to create a network of sensors working in 

symphony. 

Two sensors were also placed into feeding box (CRC), located upstream the HSSF-CW, in order 

to quantify the amount of water entering the bed. 

 

 

Figure 4.26 - A) Network of measuring tubes with sensors. B) Sensors inserted into a tube. 

 

 

4.3.4 Water level measurements 

 

The measurements were made during February and March of 2012. 27 sensors were measuring 

the water table during week days (Monday-Friday). On Friday, the data-loggers were 

collected and the data were retrieved in laboratory.  
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5 Results and Discussion 
 

5.1 Effect of water characteristics 

The results of the salinity tests show that for concentrations of NaCl over than 277.8 mg/L 

(i.e., conductivity values higher than 553 µs/cm), the capacitance values of the probe 

remained virtually unchanged (260-265 pF), as shown in Table 5.1. This occurrence can be 

justified due to the fact that when the medium becomes conductive, its capacity to store 

energy is zero. 

 

Table 5.1 - Sensor capacitance for different salinities solutions. 

NaCl 

(mg/l) 

Conductivity  

(µs/cm) 

Probe capacity 

(pF) 

0 1 79 

11.2 25 214 

27.8 65 224 

56 118 252 

277.8 553 260 

555.6 1133 262 

1666.7 3210 260 

2777.8 5220 265 

 

Comparing the conductivity value of tap water (42 µs/cm) and its capacitance value (215 pF) 

to the values retrieved when measuring the conductivity and probe capacitance for different 

NaCl concentrations, it can be stressed that as the tap water conductivity is between the 

values observed in the saline solutions 11.2 to 27.8 mg/L (conductivity from 25 to 65µs/cm), 

which have capacitance between 214 and 224 pF. Therefore, the sensor is measuring well the 

capacitance for the different solutions, and salinity solutions over 553 µs/cm seem to not 

influencing the probe capacity. 

Using Eq. 4.1, it’s was possible to compute the theoretical capacity to compare with the 

experimental reading. Table 5.2 shows an example for the solution with 11.2 mg NaCl/L and 

214 pF. Looking at the theoretical model, the probe works with the overall capacity of the 

capacitor in series, which is formed by the dielectric air capacitor (C1) and the dielectric 

insulating sheath capacitor (C3). 

Therefore, the capacity will vary linearly from a minimum capacity value of 247.1 pF 

(corresponding to a water level of 80 cm) to a value of 1714.9 pF (corresponding to a water 
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level of zero). That means, the capacity decreases with the increase of the water level. This 

behaviour can also be used to detect the operating regime of the capacitive probe. 

Table 5.2 - Theoretical and experimental probe capacity for a solution with 214 pF. 

 lwater (mm) 

200 400 600 800 

Theoretical  capacity (pF) 95,84 68,46 41,07 13,69 

 

 A mini-sensor was immersed into 1.8 litres vessels with the 3 solutions, and the conductivity, 

capacitance and dielectric constant were measured. The values of electric conductivity and 

probe capacity for each water solution are presented in Table 5.3. The dielectric constants 

were computed according to Eq (4.11). 

  

Table 5.3 - Sensor capacitance for different mediums with probe totally submerged. 

Medium (@25ºC) 
Medium Conductivity 

(µs/cm) 

Probe capacity 

(pF) 

Distilled water 1 79 

Tap water 42 215 

Water from C. wetlands (lab) 1268 238 

 

 

5.1.1 Protocol for evaluating the effect of temperature 

The experiments to evaluate the effect of temperature may follow the following protocol, 

which was developed in the final of this work, but was not tested due to time restrictions. 

The mini-sensor developed in point 4.2.1 will be immersed in a 5 L vessel with tap water with 

known capacitance (as presented in Figure 5.1-a)) and the vessel will be then immersed in a 

box with wastewater flowing at the entrance of the Vila Fernando HSS-CW. Knowing that the 

capacitance of water at 20ºC is 80, any change to this value is related to change in 

temperature. 

Additionally, it will be also necessary to measure the in situ temperature of the wastewater 

and a data-logger will be used for this purpose. This data-logger with the temperature sensor 

will be inserted into a glass jar, which offered an air tight and water tight vessel, ensuring 

that no water will go inside. This procedure will be weighed down with sand, making sure it 

would stay immersed in the wastewater, while the data logger was inserted inside with a 

power source, as proposed in Figures 5.1-b) and 5.1-c).  
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Therefore, both the vessels with the mini-sensors will be inserted into the box with flowing 

wastewater at the Vila Fernando HSS-CW, to act as reference sensors for temperature 

readings only. This practice, would allow measuring the temperature of the wastewater 

flowing into the HSS-CW, as well as changes in the water temperature as wastewater goes 

into the filtration system. 

The changes in capacitance and temperature were followed through the values read by the 

data-logger and displayed in a computer screen. The Mat lab routine will be used to pass the 

data from the data-logger to the computer, using the docking bay.  

 

 

Figure 5.1 - Reference sensors for temperature; a) Sensor inserted into tap water at 20ºC; b) c) Data 
logger inserted into a vessel to measure the temperature of the wastewater; 

 

5.2 Water level measurements 

Not all the sensors measured continuously during the weeks of measurements. The main 

causes of failure were the fail in battery, disconnection between components and oxidation 

of some circuits. However, most of the days there were obtained water level measurements 

in all the sensors for several days at 5 min time intervals. 23 sensors stored enough data 

during the two-month of measurements. Figure 5.2 shows the displacement of the 23 sensors 

whose data were validated for this work. 

The sensors installed close the feeding point (entrance of the HSSF-CW), i.e. at lines 1 and 2, 

detected larger amplitude variation of water level, which is explained by the pumping periods 
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of wastewater to the CW bed. The amplitude decreased as the water progresses towards the 

bed output, what is explained by the head losses through the porous media. Therefore, the 

probes inserted near the exit (lines 6 and 7) registered more flat lines. 

 

Figure 5.2 - Sensor placement. 

 

The data stored in the computer comes in vector of time (min) and number of cycles. 

Applying the calibration curves of Annexes I and II, data were then passed to water level 

values, which were treated in a spreadsheet. 

All the data collected from the 23 data-logger are presented in Annex III. 

Figure 5.3 shows the evolution of the water level in the first line of sampling tubes (A1, B1, 

C1, D1 and E1) during 6.5 hours. 

It can be seen at least 3 peaks of water level, which corresponds to 3 pumping periods (the 

wastewater was pumped from the preliminary stage to the Imhoff tank, and flowed into the 

CW). Peaks are very noted in A1 and C1, but no so noted in B1, D1 and E1. These results are 

quite interesting since it may mean that LECA media is getting clogged at areas around B1, D1 

and E1, where the water table could not reach the same values than the ones noted at points 

A1 and C1. 

Figure 5.4 shows a similar evolution of the water level in the first line of sampling tubes (A1, 

B1, C1, D1 and E1) during 24 hours. This graph is clearer and shows a clear oscillation of the 

water level at A1 and C1, and an evident clogged area around tubes B1, D1 and E1. Each row 

tube has been divided into two 12 hour cycles, in order to obtain a clearer, readable and a 

more accurate visualization of the flow in the constructed wetland.  The total time of the 

graphs is 24hours, corresponding to one day of continuous measuring. Each 12 hour graph has 

720 minutes. The values can be seen in Annex III. 

 

Entrance 

 A B C D E 

1 Sensor 11 Sensor 12 Sensor 13 Sensor 14 Sensor 15 

2 Sensor 16 Sensor 17 Sensor 18 Sensor 19 Sensor 20 

3 Sensor 21 Sensor 22 Sensor 23 Sensor 24 Sensor 25 

4 Sensor 26 X Sensor 27 X Sensor 28 

5 X X X X X 

6 Sensor 29 X Sensor 30 X Sensor 31 

7 X X Sensor 33 Sensor 34 X 

Exit 
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Figure 5.3 – Water level measuring in the first transversal row (11th of February 2012). 
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Figure 5.5 shows the water level measurements for 12 hours in the second line (A2, B2, C2 

and D2). In this case, it is clear that a similar shape observed in the 4 parallel sampling tubes, 

which means that those areas were not clogged. Therefore, these results may allow 

concluding that the bed is clogged in the first 2 m from the entrance, but clogging is not 

expanding yet to the interior of the bed. 

 

Figure 5.4 - Water level measuring in the first transversal row (12th February). 
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Figure 5.6 presents the variation of the water level for 12 hours in the measuring tubes A6 

and C6 (sixth line), where it can be seen a very similar behaviour of the water level (i.e. 

there is no significant interference of media properties on flow). The flow is at this point 

more flat, which is explained by the head losses along the media. 

The acquisition system maintenance is simple. It is needed is to ensure that the battery is in 

good condition, and replace batteries should always be available. 

In field continuous measurements, the batteries had durability around 2 weeks. Therefore, 

this part should be improved in order to not have a dependence on lithium batteries. A solar 

battery would be a good solution for solving this problem, allowing also decreasing the costs 

of batteries. 

 

Figure 5.5 - Water level measuring in the second transversal row (12th February). 
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Probes need to be cleaned times to time to remove biofilm and other particles that can 

interfere with capacitance measurements. At the entrance of the pond there exists a higher 

concentration of organic matter, and some time oils, and for this reason, the probes located 

there require more maintenance.  

The data-logger is also very robust. However, with time of operation the humidity can affect 

the measurements. Therefore, a properly device for data-logger storage will be developed in 

future. 

 

Figure 5.6 – Water level measuring in tubes A6 and C6 (12th February). 



93 
 

6 Conclusions 

6.1  Main Conclusions 

This work is part of a larger project that aims to develop a sensor for water level 

measurement light, cheap, durable and with low energy consumption, which can be easily 

installed for the measurement of free surface water level or in porous media. The technology 

used involves the development of a capacitance meter (air-water), a data-logger for 

registering the capacity over time and an interface for data transfer to a computer. 

33 capacitive sensors were developed (30 for field work, 3 mini-sensors for laboratory work), 

according to a theoretical model. The sensors were calibrated in the laboratory, according to 

the conditions used for the measurement in the field. The respective calibration curves allow 

passing capacitance data to water level data. 

The mini-sensors were used to evaluate the effect of the characteristics of the effluent 

quality measurement. The sensor responded well to change in salinity, presenting 

capacitance measurements proportional to the different solutions (distilled water, tap water, 

water from an HSSF-CW and 8 and NaCl solutions). 

It was proposed an experimental method that will allow evaluating the effect of temperature 

variation in sensor performance. However, it is also necessary to evaluate the effect of the 

wastewater characteristics on probe measurements over a long term operation. Some sensors 

had measurement errors, associated to energy depletion, an aspect that must be improved in 

further work. 

The experimental tests carried out on the HSSF-CW of Vila Fernando (Guarda) show that the 

sensor made reliable measurements of the water level variation over time, and detected 

water level changes caused by cycles of upstream water pumping. The evolution of the water 

levels in several measuring points along the bed allowed also observing clogging at the initial 

section, a situation that could not be detected by conventional operational procedures. 

 

6.2  Further Work 

There are several aspects that can be improved on sensor developments, mainly: 

i) The development of an energy self-sufficient system (e.g. solar energy); 

ii) The study of the effect of temperature, humidity and characteristics of the 

wastewater over long term operation; 

iii) The development of data acquisition system using signal technology to retrieve data 

directly from the data-logger when installed in filed; 

iv) Increase system overall robustness. 
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Annex I – Calibration curves for water level and number 
of cycles 

 

 
Figure 0.1 - Sensor calibration 11 and 12. 
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Figure i.1 – Calibration curve for several sensors. 
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Annex II – Calibration curves for water level and 
capacitance 

Table II.1 - Linear regression results for the water level vs capacitance values 
for several sensors 

 

 

Sensor y = m x x + b 

11 Level = 0.5806 x Readings + -11.601 

12 Level = 05335 x Readings + -10.737 

13 Level = 0.6132 x Readings + -11.932 

14 Level = 0.5540 x Readings + -11.791 

15 Level = 0.6909 x Readings + -18.980 

16 Level = 0.5758 x Readings + -17.626 

17 Level = 0.5268 x Readings + -10.653 

18 Level = 0.5299 x Readings + -10.680 

19 Level = 0.5336 x Readings + -10.996 

20 Level = 0.4914 x Readings + -9.4522 

21 Level = 0.4786 x Readings + -9.6368 

22 Level = 0.5299 x Readings + -15.053 

23 Level = 0.5136 x Readings + -10.435 

24 Level = 0.5648 x Readings + -11.164 

25 Level = 0.5043 x Readings + -11.123 

26 Level = 0.5491 x Readings + -11.750 

27 Level = 0.5228 x Readings + -11.844 

28 Level = 0.5278 x Readings + -11.478 

29 Level = 0.5044 x Readings + -10.061 

30 Level = 0.5109 x Readings + -10.168 

31 Level = 0.5449 x Readings + -12.876 

32 Level = 0.5923 x Readings + -13.213 

33 Level = 0.5858 x Readings + -11.588 

34 Level = 0.5546 x Readings + -11.879 
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Annex III – Results of field work measurement 

Table III.1 – Water level data for 11th February (17h30 - 00h00) 

A1 B1 C1 D1 E1 

103 65 76 71 77 

95 65 71 65 77 

89 59 65 65 77 

83 59 64 65 77 

83 59 59 65 77 

77 58 59 59 76 

77 53 59 59 72 

71 53 53 59 71 

71 53 53 57 71 

71 49 53 53 71 

67 47 53 53 71 

65 47 53 53 71 

65 47 47 53 71 

65 47 47 47 71 

59 41 47 47 71 

59 41 47 47 70 

59 41 101 59 71 

113 59 101 65 77 

113 65 101 70 77 

113 65 101 71 77 

113 65 89 65 77 

113 59 77 59 71 

101 53 65 53 71 

95 53 53 53 71 

77 47 53 53 71 

71 47 47 47 71 

65 47 47 47 71 

65 41 47 47 71 

59 41 41 47 65 

59 41 41 41 65 

59 41 41 41 65 

53 35 41 41 65 

53 35 41 41 65 

53 35 36 41 59 

53 35 35 41 59 

53 35 35 35 59 

47 35 35 35 59 
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47 33 35 35 59 

47 29 35 35 59 

47 31 95 41 59 

83 41 101 53 71 

113 53 101 53 76 

113 59 101 59 77 

113 59 101 59 76 

113 59 95 59 76 

113 59 95 59 73 

108 59 85 53 71 

101 53 71 47 71 

89 47 53 47 71 

71 47 47 47 71 

65 41 41 41 65 

59 41 41 41 65 

58 35 41 41 65 

53 35 35 41 65 

53 35 35 41 65 

53 35 35 35 59 

47 35 35 35 59 

47 35 35 35 59 

47 29 35 35 59 

47 29 35 35 59 

47 29 34 35 59 

47 35 101 48 71 

112 53 101 59 77 

113 59 101 65 77 

115 65 101 65 77 

117 65 95 65 77 

119 65 95 65 77 

117 65 95 65 77 

113 65 89 59 77 

107 59 77 53 76 

95 53 59 53 72 

83 47 53 47 71 

71 47 47 47 71 

65 41 47 47 71 

59 41 41 41 67 

59 41 41 41 65 

53 41 89 53 76 

89 47 101 59 77 

113 59 101 60 77 
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Table III.2 - Water level data for the 12th of February 2012 (17h30 to 00h00). 

A1(cm) B1(cm) C1(cm) D1(cm) E1(cm) 

43,2 23,9 34,7 27,5 34,2 

38,7 23,9 31,6 24,2 34,2 

35,3 20,7 27,9 24,2 34,2 

31,9 20,7 27,3 24,2 34,2 

31,9 20,7 24,2 24,2 34,2 

28,5 20,2 24,2 20,9 33,5 

28,5 17,5 24,2 20,9 30,8 

25,1 17,5 20,6 20,9 30,1 

25,1 17,5 20,6 19,8 30,1 

25,1 15,4 20,6 17,6 30,1 

22,8 14,3 20,6 17,6 30,1 

21,7 14,3 20,6 17,6 30,1 

21,7 14,3 16,9 17,6 30,1 

21,7 14,3 16,9 14,2 30,1 

18,3 11,1 16,9 14,2 30,1 

18,3 11,1 16,9 14,2 29,4 

18,3 11,1 50,0 20,9 30,1 

48,9 20,7 50,0 24,2 34,2 

48,9 23,9 50,0 27,0 34,2 

48,9 23,9 50,0 27,5 34,2 

48,9 23,9 42,6 24,2 34,2 

48,9 20,7 35,3 20,9 30,1 

42,1 17,5 27,9 17,6 30,1 

38,7 17,5 20,6 17,6 30,1 

28,5 14,3 20,6 17,6 30,1 

25,1 14,3 16,9 14,2 30,1 

21,7 14,3 16,9 14,2 30,1 

21,7 11,1 16,9 14,2 30,1 

18,3 11,1 13,2 14,2 25,9 

18,3 11,1 13,2 10,9 25,9 

18,3 11,1 13,2 10,9 25,9 

14,9 7,9 13,2 10,9 25,9 

14,9 7,9 13,2 10,9 25,9 

14,9 7,9 10,1 10,9 21,8 

14,9 7,9 9,5 10,9 21,8 

14,9 7,9 9,5 7,6 21,8 

11,5 7,9 9,5 7,6 21,8 

11,5 6,9 9,5 7,6 21,8 
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11,5 4,7 9,5 7,6 21,8 

11,5 5,8 46,3 10,9 21,8 

31,9 11,1 50,0 17,6 30,1 

48,9 17,5 50,0 17,6 33,5 

48,9 20,7 50,0 20,9 34,2 

48,9 20,7 50,0 20,9 33,5 

48,9 20,7 46,3 20,9 33,5 

48,9 20,7 46,3 20,9 31,5 

46,1 20,7 40,2 17,6 30,1 

42,1 17,5 31,6 14,2 30,1 

35,3 14,3 20,6 14,2 30,1 

25,1 14,3 16,9 14,2 30,1 

21,7 11,1 13,2 10,9 25,9 

18,3 11,1 13,2 10,9 25,9 

17,7 7,9 13,2 10,9 25,9 

14,9 7,9 9,5 10,9 25,9 

14,9 7,9 9,5 10,9 25,9 

14,9 7,9 9,5 7,6 21,8 

11,5 7,9 9,5 7,6 21,8 

11,5 7,9 9,5 7,6 21,8 

11,5 4,7 9,5 7,6 21,8 

11,5 4,7 9,5 7,6 21,8 

11,5 4,7 8,9 7,6 21,8 

11,5 7,9 50,0 14,8 30,1 

48,3 17,5 50,0 20,9 34,2 

48,9 20,7 50,0 24,2 34,2 

50,0 23,9 50,0 24,2 34,2 

51,2 23,9 46,3 24,2 34,2 

52,3 23,9 46,3 24,2 34,2 

51,2 23,9 46,3 24,2 34,2 

48,9 23,9 42,6 20,9 34,2 

45,5 20,7 35,3 17,6 33,5 

38,7 17,5 24,2 17,6 30,8 

31,9 14,3 20,6 14,2 30,1 

25,1 14,3 16,9 14,2 30,1 

21,7 11,1 16,9 14,2 30,1 

18,3 11,1 13,2 10,9 27,3 

18,3 11,1 13,2 10,9 25,9 

14,9 11,1 42,6 17,6 33,5 

35,3 14,3 50,0 20,9 34,2 

48,9 20,7 50,0 21,4 34,2 
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Table III.3 – Water level measurements for the first row. 

A1(cm) B1(cm) C1(cm) D1(cm) E1(cm) 

54,0 20,7 50,0 21,4 34,2 

54,0 23,9 42,6 20,9 34,2 

50,5 20,7 35,3 17,6 31,5 

45,3 17,5 20,6 14,2 30,1 

36,6 14,3 16,9 14,2 30,1 

29,6 12,2 16,9 14,2 30,1 

26,1 11,1 13,2 10,9 25,9 

22,7 11,1 13,2 10,9 25,9 

19,2 11,1 13,2 10,9 25,9 

19,2 7,9 9,5 10,9 25,9 

19,2 7,9 9,5 10,9 25,9 

19,2 7,9 9,5 9,3 25,9 

15,7 7,9 9,5 7,6 21,8 

15,7 7,9 9,5 7,6 21,8 

15,7 6,3 9,5 7,6 21,8 

15,7 4,7 9,5 7,6 21,8 

15,7 4,7 9,5 7,6 21,8 

15,7 4,7 5,9 7,6 21,8 

12,2 4,7 5,9 7,6 21,8 

13,4 4,7 50,0 14,2 25,9 

50,5 14,3 50,0 17,6 34,2 

54,0 20,7 50,0 20,9 34,2 

54,0 20,7 50,0 20,9 34,2 

54,0 20,7 39,0 17,6 33,5 

48,8 17,5 24,2 14,2 30,1 

40,1 14,3 16,9 14,2 30,1 

29,6 11,1 13,2 10,9 27,3 

26,1 11,1 13,2 10,9 25,9 

22,7 11,1 13,2 10,9 25,9 

19,2 7,9 9,5 10,9 25,9 

19,2 7,9 9,5 7,6 25,9 

19,2 7,9 9,5 7,6 25,2 

15,7 7,9 9,5 7,6 21,8 

15,7 7,9 9,5 7,6 21,8 

15,7 4,7 9,5 7,6 21,8 

15,7 4,7 5,9 7,6 21,8 

15,7 4,7 5,9 7,6 21,8 

12,2 4,7 5,9 7,0 21,8 
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12,2 4,7 5,9 4,3 17,6 

12,2 4,7 5,9 4,3 17,6 

12,2 4,7 5,9 4,3 17,6 

12,2 4,7 5,9 4,3 17,6 

12,2 4,7 5,9 4,3 17,6 

12,2 1,5 5,9 4,3 17,6 

12,2 1,5 5,9 4,3 17,6 

12,2 1,5 20,6 4,3 17,6 

12,2 4,7 43,9 10,9 21,8 

50,5 12,2 45,7 14,2 34,2 

50,5 14,3 45,1 14,2 34,2 

50,5 17,5 42,6 14,2 34,2 

50,5 17,5 42,6 14,8 34,2 

50,5 17,5 39,0 14,2 31,5 

47,0 14,3 24,2 10,9 30,1 

37,2 11,1 16,9 10,9 25,9 

26,1 11,1 13,2 10,9 25,9 

22,7 7,9 9,5 7,6 25,9 

19,2 7,9 9,5 7,6 25,9 

19,2 7,9 9,5 7,6 21,8 

15,7 7,9 9,5 7,6 21,8 

15,7 4,7 9,5 7,6 21,8 

15,7 4,7 5,9 7,6 21,8 

15,7 4,7 5,9 7,6 21,8 

13,4 4,7 5,9 7,0 21,8 

12,2 4,7 5,9 4,3 20,4 

12,2 4,7 5,9 4,3 17,6 

12,2 4,7 5,9 4,3 17,6 

12,2 4,7 5,9 4,3 17,6 

12,2 4,7 5,9 4,3 17,6 

12,2 1,5 5,9 4,3 17,6 

12,2 1,5 5,9 4,3 17,6 

12,2 1,5 5,9 4,3 17,6 

9,9 1,5 2,2 4,3 17,6 

8,7 1,5 9,5 4,3 17,6 

12,2 4,7 42,6 7,6 21,8 

43,6 11,1 42,6 10,9 30,1 

50,5 14,3 42,6 14,2 34,2 

50,5 14,3 42,6 14,2 34,2 

50,5 17,5 42,6 14,2 32,8 

47,0 14,3 27,9 10,9 30,1 

39,5 11,1 13,2 10,9 25,9 
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26,1 11,1 9,5 7,6 25,9 

22,7 7,9 9,5 7,6 25,9 

19,2 7,9 9,5 7,6 22,5 

15,7 7,9 9,5 7,6 21,8 

15,7 4,7 9,5 7,6 21,8 

15,7 4,7 5,9 7,6 21,8 

15,7 4,7 5,9 7,6 21,8 

12,2 4,7 5,9 4,8 21,8 

12,2 4,7 5,9 4,3 21,8 

12,2 4,7 5,9 4,3 18,3 

12,2 4,7 5,9 4,3 17,6 

12,2 4,7 5,9 4,3 17,6 

12,2 4,7 5,9 4,3 17,6 

12,2 1,5 5,9 4,3 17,6 

12,2 1,5 5,9 4,3 17,6 

12,2 1,5 5,9 4,3 17,6 

11,6 1,5 2,2 4,3 17,6 

8,7 1,5 2,2 4,3 17,6 

8,7 1,5 2,2 4,3 17,6 

11,0 4,7 45,1 10,9 25,9 

47,0 11,1 50,0 14,2 34,2 

54,0 17,5 50,0 17,6 34,2 

54,0 17,5 42,6 14,2 34,2 

47,0 14,3 24,2 10,9 30,1 

36,6 11,1 13,2 10,9 29,4 

26,1 11,1 9,5 10,9 25,9 

19,8 7,9 9,5 7,6 25,9 

19,2 7,9 9,5 7,6 25,9 

15,7 7,9 9,5 7,6 25,9 

15,7 7,9 9,5 7,6 23,2 

15,7 4,7 5,9 7,6 21,8 

15,7 4,7 5,9 7,6 21,8 

15,7 4,7 5,9 7,6 21,8 

12,2 4,7 5,9 4,3 21,8 

12,2 4,7 5,9 4,3 21,8 

12,2 4,7 5,9 4,3 17,6 

12,2 4,7 5,9 4,3 17,6 

12,2 4,7 5,9 4,3 17,6 

12,2 4,7 42,6 7,6 21,8 

36,6 11,1 42,6 10,9 30,1 

50,5 14,3 42,6 14,2 34,2 

50,5 17,5 42,6 14,2 34,2 
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50,5 17,5 42,6 14,2 33,5 

50,5 17,5 31,6 10,9 30,1 

40,1 14,3 16,9 10,9 25,9 

29,6 11,1 13,2 10,9 25,9 

22,7 11,1 9,5 10,9 21,8 

19,2 7,9 9,5 7,6 21,8 

19,2 7,9 9,5 7,6 21,8 

15,7 7,9 9,5 7,6 21,8 

15,7 7,9 9,5 7,6 17,6 

15,7 4,7 5,9 7,6 17,6 

15,7 4,7 5,9 7,6 17,6 

15,7 4,7 5,9 7,6 17,6 

12,2 4,7 5,9 5,9 13,5 

12,2 4,7 5,9 7,6 13,5 

12,2 4,7 42,6 10,9 17,6 

43,6 12,7 46,3 17,6 30,1 

54,0 17,5 50,0 17,6 30,1 

54,0 20,7 46,3 14,2 30,1 

50,5 17,5 31,6 14,2 30,1 

43,6 14,3 16,9 10,9 25,9 

29,6 11,1 13,2 10,9 25,9 

22,7 11,1 13,2 10,9 21,8 

20,9 7,9 9,5 10,9 21,8 

19,2 7,9 9,5 10,9 21,8 

19,2 7,9 9,5 7,6 21,8 

15,7 7,9 9,5 7,6 17,6 

15,7 7,9 9,5 7,6 17,6 

15,7 7,9 9,5 7,6 17,6 

15,7 4,7 5,9 7,6 17,6 

15,7 7,9 42,6 14,2 21,8 

47,0 14,3 50,0 17,6 30,1 

54,0 17,5 50,0 17,6 31,5 

54,0 20,7 50,0 18,1 31,5 

54,0 20,7 42,6 17,6 30,1 

50,5 17,5 24,9 14,2 30,1 

40,1 14,3 16,9 14,2 27,3 

29,6 14,3 13,2 10,9 25,9 

22,7 11,1 13,2 10,9 25,9 

22,7 11,1 13,2 10,9 21,8 

19,2 9,0 9,5 10,9 21,8 

19,2 7,9 9,5 10,9 21,8 

19,2 7,9 9,5 10,9 21,8 
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15,7 7,9 9,5 7,6 17,6 

15,7 7,9 9,5 7,6 17,6 

15,7 7,9 9,5 7,6 17,6 

15,7 4,7 9,5 7,6 17,6 

15,7 4,7 5,9 7,6 13,5 

15,7 4,7 16,9 10,9 17,6 

15,7 11,1 46,3 17,6 30,1 

54,0 17,5 50,0 20,9 34,2 

54,0 20,7 50,0 20,9 34,2 

55,7 23,9 45,7 24,2 34,2 

57,5 23,9 42,6 24,2 34,2 

57,5 23,9 42,6 24,2 34,2 

57,5 23,9 42,6 24,2 34,2 

57,5 23,9 39,0 20,9 34,2 

54,0 20,7 27,9 17,6 33,5 

43,6 17,5 20,6 17,6 30,1 

33,1 14,3 16,9 14,2 30,1 

26,1 14,3 16,9 14,2 27,3 

26,1 14,3 13,2 14,2 25,9 

22,7 11,1 13,2 14,2 25,9 

22,7 11,1 13,2 10,9 21,8 

19,2 11,1 13,2 10,9 21,8 

19,2 10,6 13,2 10,9 21,8 

19,2 7,9 9,5 10,9 21,8 

19,2 7,9 9,5 12,6 21,8 

19,2 11,1 44,5 17,6 30,1 

50,5 17,5 50,0 20,9 34,2 

54,0 20,7 46,3 20,9 34,2 

54,0 21,3 42,6 22,6 34,2 

54,0 23,9 39,0 20,9 33,5 

50,5 20,7 24,2 17,6 30,1 

43,6 17,5 19,3 14,8 30,1 

33,1 14,3 16,9 14,2 30,1 

26,1 14,3 13,8 14,2 25,9 

22,7 11,1 13,2 14,2 25,9 

22,7 11,1 13,2 10,9 21,8 

19,2 11,1 13,2 10,9 21,8 

19,2 10,6 9,5 10,9 21,8 

19,2 7,9 9,5 10,9 21,8 

19,2 7,9 9,5 10,9 17,6 

15,7 7,9 9,5 8,2 17,6 

15,7 7,9 9,5 7,6 17,6 
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15,7 7,9 9,5 7,6 17,6 

15,7 7,9 9,5 7,6 17,6 

15,7 4,7 9,5 7,6 17,6 

15,7 7,9 27,9 10,9 17,6 

15,7 11,1 39,0 14,2 25,9 

49,9 14,3 42,6 17,6 30,1 

50,5 17,5 42,6 17,6 30,1 

50,5 17,5 42,6 17,6 30,1 

50,5 17,5 39,0 17,6 30,1 

50,5 17,5 39,0 17,6 30,1 

50,5 17,5 35,3 14,2 30,1 

43,6 14,3 20,6 14,2 30,1 

33,1 14,3 16,9 14,2 25,9 

26,1 11,1 13,2 10,9 25,9 

22,7 11,1 13,2 10,9 21,8 

19,2 11,1 11,4 10,9 21,8 

19,2 7,9 9,5 10,9 21,8 

19,2 7,9 9,5 10,9 21,8 

16,8 7,9 9,5 7,6 21,8 

15,7 7,9 9,5 7,6 21,8 

15,7 7,9 9,5 7,6 21,8 

15,7 7,9 9,5 7,6 17,6 

15,7 4,7 9,5 7,6 17,6 

15,7 4,7 5,9 7,6 17,6 

15,7 4,7 24,2 8,7 18,3 

15,7 11,1 40,2 10,9 25,9 

47,0 14,3 42,0 14,2 30,1 

50,5 14,3 39,0 14,2 30,1 

49,9 17,5 39,0 14,2 30,1 

48,2 17,5 39,0 14,2 30,1 

47,0 17,5 35,3 14,2 30,1 

47,0 15,4 31,6 14,2 30,1 

40,1 14,3 16,9 10,9 25,9 

29,6 11,1 13,2 10,9 21,8 

22,7 11,1 13,2 10,9 21,8 

19,2 7,9 9,5 10,9 21,8 

19,2 7,9 9,5 10,9 21,8 

19,2 7,9 9,5 7,6 21,8 

15,7 7,9 9,5 7,6 21,8 

15,7 7,9 9,5 7,6 21,8 

15,7 7,9 9,5 7,6 20,4 

15,7 4,7 9,5 7,6 17,6 
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15,7 4,7 5,9 7,6 17,6 

12,8 4,7 5,9 7,6 17,6 

12,2 4,7 5,9 4,8 17,6 

12,2 4,7 5,9 4,8 17,6 

12,2 4,7 31,6 10,9 21,1 

15,7 11,1 42,6 14,2 30,1 

50,5 16,5 46,3 17,6 30,1 

54,0 17,5 42,6 14,2 30,1 

50,5 17,5 29,2 14,2 30,1 

40,1 14,3 16,9 10,9 25,9 

26,1 11,1 13,2 10,9 25,9 

22,7 11,1 13,2 10,9 21,8 

19,2 7,9 9,5 10,9 21,8 

19,2 7,9 9,5 7,6 21,8 

15,7 7,9 9,5 7,6 21,8 

15,7 7,9 9,5 7,6 21,8 

15,7 7,9 9,5 7,6 21,8 

15,7 4,7 9,5 7,6 17,6 

15,7 4,7 5,9 7,6 17,6 

12,2 4,7 5,9 7,6 17,6 

12,2 4,7 5,9 4,3 17,6 

12,2 4,7 5,9 4,3 17,6 

12,2 4,7 5,9 4,3 17,6 

12,2 4,7 5,9 4,3 17,6 

12,2 4,7 5,9 4,3 17,6 

12,2 4,7 39,0 8,2 21,8 

36,6 11,1 42,6 14,2 30,1 

50,5 14,3 42,6 14,2 31,5 

50,5 17,5 42,6 17,6 33,5 

52,3 17,5 42,6 17,6 33,5 

54,0 17,5 42,6 17,6 33,5 

54,0 20,7 42,6 17,6 30,1 

53,4 20,7 42,6 17,6 30,1 

52,8 20,7 42,6 17,6 30,1 

50,5 20,7 42,6 17,6 30,1 

50,5 20,7 42,6 17,6 30,1 

50,5 20,7 39,0 17,6 30,1 

50,5 17,5 39,0 17,6 30,1 

47,0 17,5 27,9 14,2 30,1 

40,1 14,3 16,9 14,2 30,1 

29,6 14,3 16,9 14,2 25,9 
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Table III.4 – Water level measurements for the second row 

A2(cm) B2(cm) C2(cm) D2(cm) E2(cm) 

18,1 14,1 14,2 13,5 0,0 

19,8 14,1 17,4 14,1 0,0 

21,0 14,1 14,2 16,2 0,0 

19,8 14,1 14,2 14,1 0,0 

19,8 14,1 14,2 14,1 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

12,9 10,9 11,0 10,9 0,0 

12,9 7,8 11,0 10,9 0,0 

12,9 7,8 7,9 7,7 0,0 

12,9 7,8 7,9 7,7 0,0 

12,9 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 4,6 7,9 7,7 0,0 

9,4 4,6 7,9 7,7 0,0 

9,4 4,6 6,3 7,7 0,0 

9,4 4,6 7,9 4,5 0,0 

9,4 7,8 11,0 7,7 0,0 

16,3 10,9 11,0 7,7 0,0 

19,8 14,1 14,2 10,9 0,0 

19,8 14,1 14,2 14,1 0,0 

19,8 14,1 14,2 14,1 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

15,2 10,9 11,0 10,9 0,0 

12,9 7,8 11,0 10,9 0,0 

12,9 7,8 7,9 7,7 0,0 

12,9 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 4,6 7,9 7,7 0,0 

9,4 4,6 7,9 7,7 0,0 

9,4 4,6 4,7 7,7 0,0 

9,4 4,6 4,7 4,5 0,0 
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6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 7,9 4,5 0,0 

12,9 7,8 7,9 4,5 0,0 

12,9 10,9 11,0 7,7 0,0 

16,3 10,9 11,0 9,3 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

12,9 7,8 8,4 7,7 0,0 

12,9 7,8 7,9 7,7 0,0 

12,9 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 4,6 7,9 7,7 0,0 

9,4 4,6 7,9 7,7 0,0 

9,4 4,6 4,7 4,5 0,0 

9,4 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 1,5 4,7 4,5 0,0 

6,0 1,5 4,7 4,5 0,0 

6,0 1,5 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

9,4 7,8 7,9 4,5 0,0 

12,9 7,8 7,9 7,7 0,0 

12,9 10,9 11,0 7,7 0,0 

15,2 10,9 11,0 9,3 0,0 

12,9 8,3 7,9 7,7 0,0 
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12,9 7,8 7,9 7,7 0,0 

12,9 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,3 7,9 7,7 0,0 

9,4 4,6 7,9 7,7 0,0 

9,4 4,6 4,7 4,5 0,0 

9,4 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 1,5 4,7 4,5 0,0 

6,0 1,5 4,7 4,5 0,0 

6,0 1,5 1,5 4,5 0,0 

6,0 1,5 1,5 3,4 0,0 

6,0 1,5 4,7 2,3 0,0 

6,0 4,6 7,9 4,5 0,0 

9,4 7,8 7,9 4,5 0,0 

14,0 10,9 11,0 7,7 0,0 

16,3 10,9 11,0 10,9 0,0 

12,9 9,9 7,9 10,9 0,0 

12,9 7,8 7,9 7,7 0,0 

12,9 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,3 7,9 7,7 0,0 

9,4 4,6 7,9 7,7 0,0 

9,4 4,6 4,7 7,7 0,0 

9,4 4,6 4,7 4,5 0,0 

9,4 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 7,9 4,5 0,0 

9,4 7,8 7,9 4,5 0,0 

12,9 10,9 11,0 7,7 0,0 
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16,3 10,9 11,0 7,7 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

12,9 10,9 7,9 10,3 0,0 

12,9 7,8 7,9 7,7 0,0 

12,9 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,3 4,7 7,7 0,0 

9,4 4,6 4,7 7,7 0,0 

9,4 4,6 4,7 4,5 0,0 

9,4 4,6 4,7 4,5 0,0 

7,1 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

9,4 7,8 7,9 4,5 0,0 

12,9 10,9 11,0 7,7 0,0 

16,3 14,1 11,0 10,9 0,0 

19,8 14,1 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 10,5 10,9 0,0 

12,9 10,9 7,9 10,9 0,0 

12,9 7,8 7,9 7,7 0,0 

12,9 7,8 7,9 7,7 0,0 

12,9 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 4,7 7,7 0,0 

9,4 7,8 4,7 7,7 0,0 

9,4 4,6 4,7 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

16,3 10,9 11,0 7,7 0,0 

19,8 14,1 14,2 10,9 0,0 

19,8 14,1 14,2 13,5 0,0 

19,8 14,1 14,2 14,1 0,0 

19,8 14,1 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

12,9 10,9 7,9 10,9 0,0 

12,9 8,8 7,9 10,9 0,0 

12,9 7,8 7,9 7,7 0,0 

12,9 7,8 7,9 7,7 0,0 
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12,9 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 4,7 7,7 0,0 

9,4 7,3 4,7 7,7 0,0 

9,4 4,6 4,7 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

12,9 10,9 11,0 7,7 0,0 

16,3 14,1 12,6 10,9 0,0 

19,8 14,1 14,2 10,9 0,0 

23,3 14,1 14,2 14,1 0,0 

23,3 17,3 16,3 17,3 0,0 

23,3 17,3 17,4 17,3 0,0 

26,1 17,3 17,4 17,3 0,0 

23,8 17,3 17,4 17,3 0,0 

23,3 17,3 14,2 17,3 0,0 

19,8 14,1 14,2 14,1 0,0 

19,8 14,1 14,2 14,1 0,0 

19,2 14,1 11,0 14,1 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

12,9 10,9 10,5 10,9 0,0 

12,9 10,9 7,9 10,9 0,0 

12,9 7,8 7,9 10,9 0,0 

12,9 10,9 11,0 7,7 0,0 

15,2 10,9 11,0 10,9 0,0 

19,8 14,1 14,2 10,9 0,0 

23,3 14,1 14,2 14,1 0,0 

23,3 17,3 14,2 14,1 0,0 

23,3 15,2 14,2 14,1 0,0 

21,0 14,1 14,2 14,1 0,0 

19,8 14,1 13,7 14,1 0,0 

19,8 14,1 11,0 14,1 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

12,9 10,9 7,9 10,9 0,0 

12,9 7,8 7,9 10,9 0,0 

12,9 7,8 7,9 9,8 0,0 

12,9 7,8 7,9 7,7 0,0 

12,9 7,8 7,9 7,7 0,0 
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12,9 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

12,9 10,9 7,9 7,7 0,0 

16,3 10,9 11,0 10,9 0,0 

19,2 14,1 11,0 10,9 0,0 

19,8 14,1 11,0 10,9 0,0 

19,8 14,1 14,2 13,5 0,0 

19,8 14,1 14,2 14,1 0,0 

19,8 14,1 11,0 14,1 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

12,9 10,9 7,9 10,9 0,0 

12,9 7,8 7,9 10,9 0,0 

12,9 7,8 7,9 7,7 0,0 

12,9 7,8 7,9 7,7 0,0 

12,9 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 7,3 7,7 0,0 

9,4 4,6 4,7 7,7 0,0 

9,4 4,6 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

12,9 10,9 11,0 7,7 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

12,9 7,8 7,9 10,9 0,0 

12,9 7,8 7,9 7,7 0,0 

12,9 7,8 7,9 7,7 0,0 

12,9 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 4,6 4,7 7,7 0,0 
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9,4 4,6 4,7 7,7 0,0 

9,4 4,6 4,7 4,5 0,0 

9,4 4,6 4,7 4,5 0,0 

9,4 4,6 4,7 4,5 0,0 

9,4 4,6 4,7 4,5 0,0 

9,4 4,6 7,9 4,5 0,0 

12,9 7,8 7,9 7,7 0,0 

16,3 10,9 11,0 7,7 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 10,9 11,0 10,9 0,0 

13,5 10,9 7,9 10,9 0,0 

12,9 7,8 7,9 7,7 0,0 

12,9 7,8 7,9 7,7 0,0 

12,9 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 7,8 7,9 7,7 0,0 

9,4 4,6 7,9 7,7 0,0 

9,4 4,6 4,7 7,7 0,0 

9,4 4,6 4,7 4,5 0,0 

9,4 4,6 4,7 4,5 0,0 

9,4 4,6 4,7 4,5 0,0 

9,4 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

6,0 4,6 4,7 4,5 0,0 

9,4 4,6 7,9 4,5 0,0 

9,4 7,8 7,9 4,5 0,0 

12,9 10,9 11,0 7,7 0,0 

16,3 10,9 11,0 10,9 0,0 

16,3 14,1 13,7 10,9 0,0 

19,8 14,1 14,2 10,9 0,0 

19,8 14,1 14,2 14,1 0,0 

19,8 14,1 14,2 14,1 0,0 

19,8 14,1 14,2 14,1 0,0 

19,8 14,1 14,2 14,1 0,0 

19,8 14,1 14,2 14,1 0,0 

19,8 14,1 14,2 14,1 0,0 

19,8 14,1 14,2 14,1 0,0 

19,8 14,1 14,2 14,1 0,0 

16,3 10,9 11,0 10,9 0,0 
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Table III.5 – Water level measurements for the third row 

A3(cm) B3(cm) C3(cm) D3(cm) E3(cm) 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 10,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,1 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 8,0 
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0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 7,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 3,5 

0,0 0,0 0,0 0,0 3,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 
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0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 8,0 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 3,5 

0,0 0,0 0,0 0,0 3,5 

0,0 0,0 0,0 0,0 3,5 

0,0 0,0 0,0 0,0 3,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 11,1 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 9,6 
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0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 
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0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,0 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 7,5 

0,0 0,0 0,0 0,0 6,5 
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0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 11,1 

0,0 0,0 0,0 0,0 12,1 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 8,0 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 
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0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 6,5 

0,0 0,0 0,0 0,0 9,6 

0,0 0,0 0,0 0,0 11,1 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 12,6 

0,0 0,0 0,0 0,0 13,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 15,6 

0,0 0,0 0,0 0,0 12,6 
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Table III.6 – Water level measurements for the fourth row 

A4(cm) B4(cm) C4(cm) D4(cm) E4(cm) 

0,0 0,0 9,6 0,0 22,8 

0,0 0,0 12,7 0,0 26,0 

0,0 0,0 12,7 0,0 26,0 

0,0 0,0 12,7 0,0 26,0 

0,0 0,0 12,7 0,0 26,0 

0,0 0,0 12,7 0,0 26,0 

0,0 0,0 12,7 0,0 26,0 

0,0 0,0 9,6 0,0 26,0 

0,0 0,0 9,6 0,0 25,5 

0,0 0,0 9,6 0,0 22,8 

0,0 0,0 9,6 0,0 22,8 

0,0 0,0 9,6 0,0 22,8 

0,0 0,0 9,6 0,0 22,8 

0,0 0,0 9,6 0,0 22,8 

0,0 0,0 8,5 0,0 22,8 

0,0 0,0 6,5 0,0 21,2 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 9,6 0,0 22,3 

0,0 0,0 9,6 0,0 22,8 

0,0 0,0 9,6 0,0 23,9 

0,0 0,0 9,6 0,0 25,5 

0,0 0,0 9,6 0,0 25,5 

0,0 0,0 9,6 0,0 23,4 

0,0 0,0 9,6 0,0 22,8 

0,0 0,0 9,6 0,0 22,8 

0,0 0,0 9,6 0,0 22,8 

0,0 0,0 9,6 0,0 22,8 

0,0 0,0 6,5 0,0 22,8 

0,0 0,0 6,5 0,0 22,3 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 
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0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 17,0 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 9,6 0,0 22,8 

0,0 0,0 9,6 0,0 22,8 

0,0 0,0 9,6 0,0 22,8 

0,0 0,0 9,6 0,0 22,8 

0,0 0,0 9,6 0,0 22,8 

0,0 0,0 6,5 0,0 20,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 18,6 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 3,8 0,0 16,5 

0,0 0,0 3,3 0,0 16,5 

0,0 0,0 3,3 0,0 16,5 

0,0 0,0 3,3 0,0 16,5 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 
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0,0 0,0 9,1 0,0 19,7 

0,0 0,0 8,0 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 18,1 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 6,5 0,0 16,5 

0,0 0,0 5,9 0,0 16,5 

0,0 0,0 3,3 0,0 16,5 

0,0 0,0 3,3 0,0 16,5 

0,0 0,0 3,3 0,0 16,5 

0,0 0,0 3,3 0,0 18,6 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 22,8 

0,0 0,0 9,6 0,0 26,0 

0,0 0,0 9,6 0,0 26,0 

0,0 0,0 9,6 0,0 26,0 

0,0 0,0 9,6 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 29,2 
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0,0 0,0 6,5 0,0 29,2 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 6,5 0,0 32,3 

0,0 0,0 6,5 0,0 31,3 

0,0 0,0 6,5 0,0 29,2 

0,0 0,0 6,5 0,0 29,2 

0,0 0,0 6,5 0,0 29,2 

0,0 0,0 6,5 0,0 29,2 

0,0 0,0 6,5 0,0 29,2 

0,0 0,0 6,5 0,0 28,6 

0,0 0,0 6,5 0,0 29,2 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 8,0 0,0 29,2 

0,0 0,0 6,5 0,0 29,2 

0,0 0,0 6,5 0,0 29,2 

0,0 0,0 6,5 0,0 29,2 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 29,2 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 9,6 0,0 29,2 
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0,0 0,0 9,6 0,0 29,2 

0,0 0,0 6,5 0,0 29,2 

0,0 0,0 6,5 0,0 29,2 

0,0 0,0 6,5 0,0 28,1 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 29,2 

0,0 0,0 9,6 0,0 31,8 

0,0 0,0 12,2 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 9,6 0,0 32,3 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 31,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 27,1 

0,0 0,0 9,6 0,0 26,0 

0,0 0,0 9,6 0,0 26,0 

0,0 0,0 9,6 0,0 26,0 
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0,0 0,0 9,6 0,0 26,0 

0,0 0,0 9,1 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 25,5 

0,0 0,0 6,5 0,0 22,8 

0,0 0,0 6,5 0,0 25,5 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 9,6 0,0 26,0 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 6,5 0,0 29,2 

0,0 0,0 6,5 0,0 29,2 

0,0 0,0 6,5 0,0 27,1 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 9,6 0,0 26,0 

0,0 0,0 9,6 0,0 26,0 

0,0 0,0 9,6 0,0 26,0 

0,0 0,0 9,6 0,0 27,1 

0,0 0,0 9,6 0,0 26,0 

0,0 0,0 9,6 0,0 26,0 

0,0 0,0 9,6 0,0 26,0 

0,0 0,0 9,6 0,0 26,0 

0,0 0,0 8,5 0,0 26,0 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 6,5 0,0 25,5 

0,0 0,0 6,5 0,0 22,8 

0,0 0,0 6,5 0,0 22,8 
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0,0 0,0 6,5 0,0 22,8 

0,0 0,0 6,5 0,0 22,8 

0,0 0,0 6,5 0,0 22,8 

0,0 0,0 6,5 0,0 22,8 

0,0 0,0 6,5 0,0 22,8 

0,0 0,0 6,5 0,0 22,3 

0,0 0,0 6,5 0,0 22,8 

0,0 0,0 6,5 0,0 22,8 

0,0 0,0 6,5 0,0 22,8 

0,0 0,0 9,6 0,0 25,5 

0,0 0,0 9,6 0,0 26,0 

0,0 0,0 9,6 0,0 26,0 

0,0 0,0 9,6 0,0 23,9 

0,0 0,0 6,5 0,0 22,8 

0,0 0,0 6,5 0,0 22,8 

0,0 0,0 6,5 0,0 22,8 

0,0 0,0 6,5 0,0 22,8 

0,0 0,0 6,5 0,0 22,8 

0,0 0,0 6,5 0,0 22,3 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 19,7 

0,0 0,0 6,5 0,0 20,2 

0,0 0,0 6,5 0,0 21,2 

0,0 0,0 6,5 0,0 22,3 

0,0 0,0 6,5 0,0 22,8 

0,0 0,0 6,5 0,0 22,8 

0,0 0,0 6,5 0,0 22,8 

0,0 0,0 6,5 0,0 26,0 

0,0 0,0 7,5 0,0 26,0 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 9,6 0,0 29,2 

0,0 0,0 11,2 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 

0,0 0,0 12,7 0,0 32,3 
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Table III.7 – Water level measurements for the sixth row 

A6(cm) B6(cm) C6(cm) D6(cm) E6(cm) 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 24,1 0,0 0,0 

25,8 0,0 26,1 0,0 0,0 

25,8 0,0 26,1 0,0 0,0 

25,8 0,0 26,1 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,2 0,0 22,5 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 
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19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,2 0,0 20,0 0,0 0,0 

17,2 0,0 20,0 0,0 0,0 

16,7 0,0 17,4 0,0 0,0 

16,7 0,0 16,9 0,0 0,0 

16,7 0,0 16,9 0,0 0,0 

16,7 0,0 16,9 0,0 0,0 

16,7 0,0 16,9 0,0 0,0 

16,7 0,0 16,9 0,0 0,0 

16,7 0,0 17,4 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 
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19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 19,5 0,0 0,0 

19,7 0,0 19,0 0,0 0,0 

19,7 0,0 17,4 0,0 0,0 

19,7 0,0 16,9 0,0 0,0 

19,7 0,0 16,9 0,0 0,0 

19,7 0,0 16,9 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

20,2 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

20,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 
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20,2 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 22,5 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

20,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 22,5 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

20,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

20,2 0,0 20,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 
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22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 22,5 0,0 0,0 

22,2 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

22,7 0,0 21,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

23,7 0,0 24,1 0,0 0,0 

25,8 0,0 26,1 0,0 0,0 

25,8 0,0 26,1 0,0 0,0 

25,8 0,0 26,1 0,0 0,0 

25,8 0,0 26,1 0,0 0,0 

25,8 0,0 26,1 0,0 0,0 

25,8 0,0 26,1 0,0 0,0 

25,8 0,0 26,1 0,0 0,0 

25,8 0,0 24,1 0,0 0,0 

23,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

23,2 0,0 23,0 0,0 0,0 

25,8 0,0 26,1 0,0 0,0 

25,8 0,0 26,1 0,0 0,0 

25,8 0,0 26,1 0,0 0,0 

25,8 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 
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22,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

20,2 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,7 0,0 20,0 0,0 0,0 

22,2 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 
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19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 17,4 0,0 0,0 

19,7 0,0 16,9 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 19,5 0,0 0,0 

19,7 0,0 17,4 0,0 0,0 

19,7 0,0 16,9 0,0 0,0 

19,7 0,0 16,9 0,0 0,0 

19,7 0,0 16,9 0,0 0,0 

19,7 0,0 16,9 0,0 0,0 

19,7 0,0 16,9 0,0 0,0 

19,7 0,0 16,9 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

19,7 0,0 20,0 0,0 0,0 

22,2 0,0 20,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 

22,7 0,0 23,0 0,0 0,0 
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Table III.8 – Water level measurements for the seventh row 

A7(cm) B7(cm) C7(cm) D7(cm) E7(cm) 

0,0 0,0 33,5 30,8 0,0 

0,0 0,0 33,5 30,8 0,0 

0,0 0,0 33,5 30,8 0,0 

0,0 0,0 33,5 30,8 0,0 

0,0 0,0 33,5 30,8 0,0 

0,0 0,0 33,5 30,8 0,0 

0,0 0,0 33,5 30,8 0,0 

0,0 0,0 33,5 30,8 0,0 

0,0 0,0 33,5 30,8 0,0 

0,0 0,0 33,5 30,8 0,0 

0,0 0,0 33,5 30,3 0,0 

0,0 0,0 32,9 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 
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0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 28,2 25,3 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,7 0,0 

0,0 0,0 27,7 26,9 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 29,4 27,5 0,0 

0,0 0,0 27,1 27,5 0,0 

0,0 0,0 26,5 26,9 0,0 

0,0 0,0 26,5 25,3 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 25,3 0,0 
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0,0 0,0 26,5 27,5 0,0 

0,0 0,0 26,5 27,5 0,0 

0,0 0,0 27,1 27,5 0,0 

0,0 0,0 27,7 27,5 0,0 

0,0 0,0 27,1 27,5 0,0 

0,0 0,0 26,5 27,5 0,0 

0,0 0,0 26,5 26,9 0,0 

0,0 0,0 26,5 25,3 0,0 

0,0 0,0 26,5 24,7 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 27,7 24,2 0,0 

0,0 0,0 30,0 24,2 0,0 

0,0 0,0 30,0 24,2 0,0 

0,0 0,0 30,0 24,2 0,0 

0,0 0,0 30,0 24,2 0,0 

0,0 0,0 30,0 24,2 0,0 

0,0 0,0 30,0 24,2 0,0 

0,0 0,0 30,0 24,2 0,0 

0,0 0,0 30,0 25,3 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 29,4 27,5 0,0 

0,0 0,0 27,7 27,5 0,0 

0,0 0,0 27,7 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 
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0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 26,9 0,0 

0,0 0,0 30,0 26,9 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 32,3 27,5 0,0 

0,0 0,0 32,9 27,5 0,0 

0,0 0,0 32,9 27,5 0,0 

0,0 0,0 32,3 27,5 0,0 

0,0 0,0 31,2 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 
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0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 26,9 0,0 

0,0 0,0 30,0 25,3 0,0 

0,0 0,0 30,0 24,2 0,0 

0,0 0,0 30,0 24,2 0,0 

0,0 0,0 30,0 24,2 0,0 

0,0 0,0 30,0 24,2 0,0 

0,0 0,0 30,0 24,2 0,0 

0,0 0,0 30,0 24,2 0,0 

0,0 0,0 30,0 26,9 0,0 

0,0 0,0 31,2 27,5 0,0 

0,0 0,0 33,5 27,5 0,0 

0,0 0,0 33,5 27,5 0,0 

0,0 0,0 33,5 27,5 0,0 

0,0 0,0 33,5 30,3 0,0 

0,0 0,0 33,5 30,8 0,0 

0,0 0,0 33,5 30,8 0,0 

0,0 0,0 33,5 30,3 0,0 

0,0 0,0 33,5 30,3 0,0 

0,0 0,0 33,5 29,7 0,0 

0,0 0,0 33,5 27,5 0,0 

0,0 0,0 33,5 27,5 0,0 

0,0 0,0 33,5 27,5 0,0 

0,0 0,0 33,5 27,5 0,0 

0,0 0,0 33,5 27,5 0,0 

0,0 0,0 32,9 27,5 0,0 

0,0 0,0 32,3 27,5 0,0 

0,0 0,0 32,9 27,5 0,0 

0,0 0,0 33,5 27,5 0,0 

0,0 0,0 33,5 27,5 0,0 

0,0 0,0 33,5 27,5 0,0 

0,0 0,0 33,5 27,5 0,0 

0,0 0,0 33,5 27,5 0,0 

0,0 0,0 33,5 27,5 0,0 

0,0 0,0 33,5 27,5 0,0 

0,0 0,0 33,5 27,5 0,0 

0,0 0,0 33,5 27,5 0,0 

0,0 0,0 33,5 27,5 0,0 

0,0 0,0 33,5 27,5 0,0 

0,0 0,0 31,2 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 
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0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 26,9 0,0 

0,0 0,0 30,0 24,7 0,0 

0,0 0,0 30,0 24,2 0,0 

0,0 0,0 30,0 24,2 0,0 

0,0 0,0 30,0 24,7 0,0 

0,0 0,0 30,0 26,4 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 29,4 27,5 0,0 
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0,0 0,0 27,1 26,9 0,0 

0,0 0,0 26,5 24,7 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,7 0,0 

0,0 0,0 26,5 26,9 0,0 

0,0 0,0 27,7 27,5 0,0 

0,0 0,0 29,4 27,5 0,0 

0,0 0,0 29,4 27,5 0,0 

0,0 0,0 27,7 27,5 0,0 

0,0 0,0 27,7 27,5 0,0 

0,0 0,0 26,5 26,9 0,0 

0,0 0,0 26,5 25,3 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 26,5 24,2 0,0 

0,0 0,0 30,0 25,3 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 30,0 27,5 0,0 

0,0 0,0 31,2 27,5 0,0 

0,0 0,0 32,3 28,6 0,0 

 


