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Abstract 

WRASSE, Aluisio do N., Development of phase fraction and flow rate meter in two-

phase flows based on electrical impedance and pressure drop measurements. 147 p. 

Doctoral thesis – Graduate Program in Electrical and Computing Engineering 

(CPGEI), Federal University of Technology – Paraná (UTFPR). Curitiba, 2019 

 

Multiphase flows are present in several areas of industry, such as in petroleum 

production in which oil, gas and water flow through pipelines. The knowledge of flow 

parameters – e.g. phase fractions, phase distribution and flow rate – is essential to 

monitor and control the processes where multiphase flow occur. Several measuring 

techniques have been developed and tested over the last years. Most of them cannot 

be applied universally but only in specific operation conditions requiring repeated 

calibration or adjustment procedures. Therefore, the development and improvement 

of measurement techniques applied in different operational conditions are of great 

importance. In this context, the main objective of this work is the development of an 

inline gas-liquid flow rate meter, non-radioactive, simple (to develop and install in the 

test facility) and presenting a high temporal resolution. The estimation of the flow 

rate of individual phases requires the measurement of volumetric fractions and 

velocities of the phases in a flow. Thus, different sensors have to be combined in a 

single device. Initially, we developed and evaluated a twin plane capacitive sensor to 

measure phase fraction in gas-liquid flows. The sensor is also capable of generating 

direct images of the flow, i.e., images of phase distribution can be generated without 

the use of reconstruction algorithms. Additionally, the twin geometry allows the 

estimation of the transit time of flow structures by cross-correlating signals of the 

twin sensors. We have evaluated the sensor in static and dynamic conditions by 

comparing the results with reference measurements and simulated values. A second 

system was proposed to estimate phase fractions and phase distribution in three-

phase gas-liquid-liquid flows composed by a high conductive media (as commonly 

found in petroleum production with produced water). The system is based on a new 

topology of the well-established wire-mesh sensor. We performed measurements in 

static and dynamic conditions of stratified mixtures and of water-in-oil dispersions. 

Both impedance sensors can perform measurements at high acquisition rates. The 



 

 

twin-plane capacitive sensor has the advantage of being non-intrusive, whereas the 

novel wire-mesh sensor has a better spatial resolution. The last (and the main 

objective of this thesis) proposed system is a gas-liquid flow rate meter which 

combines information of the twin plane capacitive sensor and a Venturi meter. The 

flow rate of individual phases is calculated using data processing techniques and 

algebraic approximations. Here it is not required the previous knowledge of gas 

quality neither obtaining parameters from simulations or an extensive database – as 

commonly occurs in current commercial or prototype systems. The developed flow 

meter was tested in a horizontal flow loop for different combinations of gas and liquid 

flow rates. The main contributions of this work to the field of application is the 

development and combination of sensors, which allied to data processing techniques 

allows the estimation of flow parameters. The good results may encourage, in future 

works, the expansion of the flow rate meter to three-phase mixtures - by the aid of 

the new wire-mesh topology – and to industrial applications.  

  

Keywords: Gas-liquid flow, flow rate meter, Venturi tube, impedance sensors.  



 

Resumo 

WRASSE, Aluisio do N., Desenvolvimento de um medidor de fração de fase e vazão 

em escoamentos bifásicos baseado em medidas de impedância elétrica e queda de 

pressão. 147 p. Tese de doutorado – Programa de pós-graduação em Engenharia 

Elétrica e Informática Industrial (CPGEI), Universidade Tecnológica Federal do 

Paraná (UTFPR). Curitiba, 2019 
 

Escoamentos multifásicos são encontrados em diversos processos industriais, como nos 

processos de produção de petróleo nos quais óleo, água e gás escoam em tubulações. 

O conhecimento de parâmetros do escoamento, como fração de fases, distribuição de 

fases e vazão multifásica, é importante para o monitoramento e controle dos processos 

onde os escoamentos ocorrem. Nesse sentido, diferentes técnicas foram desenvolvidas 

e testadas no passado. A maioria delas não é aplicada universalmente, mas sim em 

condições específicas de operação em que são necessários inúmeros procedimentos de 

calibração ou ajuste. Portanto, o desenvolvimento ou aprimoramento de técnicas de 

medida para atender diferentes condições de operação é de fundamental importância. 

Assim, o objetivo principal deste trabalho é o desenvolvimento de um medidor de 

vazão multifásico em linha, não radioativo, simples e com alta resolução temporal. 

Para a obtenção da vazão individual de fases é necessário estimar a fração 

volumétrica e a velocidade individual das fases em um escoamento. Para isso 

diferentes técnicas de medidas precisam ser combinadas em um medidor. Inicialmente 

foi desenvolvido e validado um sensor capacitivo twin-plane para medir fração de fase 

em escoamentos gás-líquido. O sensor também é capaz de gerar imagens diretas do 

escoamento, isto é, imagens da distribuição das fases podem ser geradas sem o uso de 

algoritmos de reconstrução. Além disso, a geometria gêmea (twin-plane) permite 

estimar o tempo de trânsito de estruturas de fluxo por meio de sinais de correlação 

cruzada dos sensores gêmeos. O sensor foi avaliado, em condições estáticas e 

dinâmicas, comparando seus resultados com medidas de referência e valores 

simulados. Um segundo sistema foi proposto para estimar as frações de fases e a 

distribuição de fases em fluxos trifásicos gás-líquido-líquido compostos por um meio 

altamente condutor de corrente elétrica (como ocorre na produção de petróleo com 

água de produção). O sistema é baseado em uma nova topologia do difundido sensor 



 

 

wire-mesh. Medições foram realizadas em condições estáticas e dinâmicas de misturas 

estratificadas e de dispersões água-em-óleo. Ambos os sensores de impedância 

mencionados acima são capazes de realizar medições com altas taxas de aquisição, 

sendo que o primeiro tem a vantagem de ser não intrusivo e o último de ter uma 

melhor resolução espacial. O último sistema proposto (objetivo principal do trabalho) 

é um medidor de vazão para escoamentos gás-líquido que combina informações do 

sensor capacitivo e de um tubo de Venturi. A vazão individual das fases é calculada 

por meio de técnicas de processamento de dados e aproximações algébricas. O 

medidor proposto não necessita do conhecimento prévio do título do escoamento, nem 

da obtenção de parâmetros a partir de simulações ou a partir de um banco de dados 

extenso - como comumente ocorre em diferentes protótipos e sistemas comerciais. O 

sistema desenvolvido foi validado em uma bancada horizontal para diferentes 

combinações de vazões de gás e líquido. As principais contribuições deste trabalho 

para o campo de aplicação é o desenvolvimento e combinação de sensores, que aliados 

às técnicas de processamento de dados, permitem estimar parâmetros do escoamento. 

Os resultados bastante promissores podem encorajar, em trabalhos futuros, a 

expansão do medidor de vazão para escoamentos trifásicos - com a ajuda da nova 

topologia wire-mesh - e para aplicações industriais.  
 

Palavras-chave: Escoamentos gás-líquido, medidor de vazão, tubo de Venturi, 

sensores de impedância. 
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Chapter 1 

Introduction 

1.1 Motivation 

Multiphase flow is commonly found in several areas like in nature, in 

medicine, biology and engineering processes. Every process in which two or more 

thermodynamic phases are flowing confined in a container may characterize a 

multiphase flow. For example, in the petroleum industry, gas, oil and water are 

moving inside the pipelines, forming gas-liquid and gas-liquid-liquid mixtures, in 

processes of exploration, production and transport. In these processes, the phases are 

distributed unequally inside the pipeline and are flowing with different velocities 

forming complex mixtures. Control and monitoring of the process are essential to 

prevent failures and improve the efficiency of plants or processes. In this sense, some 

parameters have to be measured - such as pressure and temperature, phase 

distributions and fractions and phase flow rates of individual phases (Retnanto et al., 

2001).     

In the oil industry, by the knowledge of individual phases flow rate, it is 

possible to monitor the amount of oil, gas and water extracted from an individual 

well. Besides that, one can estimate how long the well will be economically viable 

(Falcone, Hewitt and Alimonti, 2009). In the academy, it is essential to measure 

parameters in development, validation and refinement of theoretical models that may 

aid in the understanding of physical phenomena of the processes.  

Different measuring techniques were developed in the last decades, 

considering the importance of knowing the process parameters in the petroleum 

industry. An established technique to estimate the phase flow rate of individual 

phases is the combination of phase separators with single-phase flow meters, e.g., 

Vortex, Coriolis and ultrasound sensors (Falcone, Hewitt and Alimonti, 2009). Due to 

the simplicity of single-phase flows (phases are uniformly distributed in the 

investigated section), the main advantage of single-phase meters is performing 

measurements with low uncertainty values. On the other hand, the physical space 
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occupied and the time response are the main disadvantages of using phase separators. 

Firstly, their weight can reach 15,000 kg, making it impossible to use in individual 

wells. Secondly, phases are separated by gravity, resulting in unpredictable time to 

have good separation and consequently to perform reliable measurements (Thorn, 

Johansen and Hjertaker, 2013). For that reason, the development and use of 

techniques to measure individual phases flow rate (without the need of phases 

separation) is becoming mandatory in the petroleum industry, making simple the 

installation of the meters and enlarging the measurement application sites to 

submarine and individual wells.    

In contrast, Multiphase flow meters (MPFM) can measure the flow rates of 

individual phases from the multiphase mixture, i.e. phase separators are no required, 

and the flow is measured in situ. Moreover, these meters are simpler to install 

compared to the use of phase separators, occupy a small physical space and perform 

direct measurements – the original multiphase flow is disturbed as less as possible. 

Other advantages of using MPFM are the possibility to perform online measurements 

and bring other process parameters, such as temperature and pressure, that combined 

with historical data of flow plant can prevent failures and predict the system 

behavior (Retnanto et al., 2001). Despite these advantages, the development and use 

of MPFM are not consolidated, since multiphase mixtures are a complicated matter 

to study. As foreseen in a previous work of Thorn et al. (2013), for 1 million wells 

worldwide there were only 3,000 MPFM in operation, exposing the existing potential 

field for improvement and development of techniques. 

This doctoral thesis is motivated to contribute to the improvement and 

development of new measuring techniques applied in the characterization of 

multiphase flows. Thereby, this work may fill gaps of techniques developed in the last 

years. The focus is the development of a flow meter to estimate individual phase flow 

rate of gas-liquid flows. In the accomplishment of this task, we will study and develop 

techniques to measure phase fractions (impedance techniques) and individual 

velocities of phases (Venturi meter and data processing of impedance sensors signals). 

Data processing will consist of the further development of algebraic 

approaches/correlations allied to the use of appropriate algorithms, which combine 

the measured data of the sensors.   
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1.2  Objectives 

The objective of the present work is the investigation and development of a 

simple and nonradioactive gas-liquid flow meter. In the accomplishment of this 

objective, phase distribution, phase fractions and phase velocities shall be measured. 

Impedance sensors are investigated to estimate phase fractions and phase 

distribution, focused on gas-liquid, gas-liquid-liquid and liquid-liquid mixtures. The 

measurement of the individual velocity of phases in gas-liquid flows is studied by the 

use of differential pressure devices, e.g. Venturi meters, and by the use of data 

processing techniques such as the cross-correlation function. Based on some 

assumptions, we consider an algebraic approach for computing the flow rates of 

phases in gas-liquid flows by combining information of phase fraction and phase 

velocities.   

 

1.3 Thesis outline 

The thesis is organized as described hereafter. Chapter 2 gives an overview of 

the multiphase flow background. Firstly, we present the basic concepts of multiphase 

flows and in the following, we discuss the principles of multiphase flow metering and 

introduce some techniques to measure phase fraction and phase velocity.  

In Chapter 3, we introduce an impedance sensor (twin-plane capacitive 

sensor) as well as its measuring electronics. Furthermore, the procedure to compute 

phase fraction is showed, and the behavior of the sensor is investigated by the aid of 

Finite Element Method (FEM) simulations. Two-phase flow experiments are 

performed to evaluate the sensor measurements against simulations and a reference 

sensor. In Chapter 4, we present a novel wire-mesh sensor. The sensor estimates 

phase fractions and phase distributions in liquid-liquid and gas-liquid-liquid mixtures 

composed by one high conductive media. We have evaluated the sensor in static and 

dynamic conditions. In Chapter 5, a flow rate meter, which combines information of a 

Venturi meter and the capacitive sensor, is introduced. We have applied the meter in 

a gas-liquid flow loop, and the measurement of individual gas and liquid flow rates is 

validated against single-phase reference meters. 

The thesis finishes presenting a discussion of the main results, the conclusions 

and ideas for future work aiming to improve and expand the flow rate meter to gas-

liquid-liquid flows.     
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Some parts of the work presented in this thesis are based on papers which 

were submitted for publication or which were published in international journals and 

conferences. These papers are listed in Appendix A.     
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Chapter 2 

Literature review 

2.1 Multiphase flows 

In this section, terminology and some essential concepts applied in the 

multiphase flow area are presented to assist the reading of this doctoral thesis, since 

this work focuses on sensors and instrumentation. The subscripts G, O, L and W 

used hereafter are referent to the gas phase, oil, liquid phase, and water, respectively. 

Further information about the concepts and terminology in multiphase flow area can 

be found in Dahl (2005), Falcone et al. (2009) and Azzopardi (2006). 

 

2.1.1 Terminology and basic concepts 

Thermodynamic phase: It is a homogeneous amount of matter that can be 

separated from a nonhomogeneous mixture that consists or not of a single substance. 

The states of matter in which phases can be found are solid, liquid and gas. 

Interface: It is a very thin region between two phases where the matter does 

not assume properties from any of these two phases. 

Continuous phase: In multiphase flow, it is the carrier phase occupying a 

continuously connected region of the confined mixture. The continuous phase 

surrounds the disperse phase. 

Disperse phase: The phase occupying non-contiguous (isolated) regions of a 

multiphase mixture. Disperse phases are found within the continuous phase. 

Emulsion: An emulsion is a heterogeneous system composed of two 

immiscible liquids, e.g. oil and water, in which tiny particles of one liquid are 

suspended in another. A liquid known as a surfactant can be added to the mixture to 

prevent liquids from separating. When the oil is the disperse phase, the emulsion is 

classified as an oil-in-water dispersion. Otherwise, when water is dispersed, the 

emulsion is named as water-in-oil dispersion.    

Superficial velocity: In multiphase flow, it is the hypothetical velocity (it is 

not the actual velocity) of a phase as if it was the only one flowing in the confined 
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pipe. We calculate the superficial velocity J as the ratio of the phase volumetric flow 

rate (Q) and the pipe cross-section area (A), in meters per second (m/s) in the SI 

unit, by 

  
 G

G

L
L

Q
J

A
Q

J
A




, (2.1) 

for gas and liquid, respectively. The superficial velocity of the mixture is defined as 

the sum of the individual superficial velocity of phases as  

 =G L
G L

Q Q
J J J

A


  . (2.2) 

Phase velocity (v): It is the actual velocity of a phase which considers the 

instantaneous area occupied by the phase. In a gas-liquid flow, the equations for gas 

and liquid are given by  

  

= G
G

G

L
L

L

Q
v

A
Q

v
A


. (2.3) 

Slip ratio (S): Ratio of the actual gas velocity and the actual liquid velocity 

in a gas-liquid flow as 

 G

L

v
S

v
 . (2.4) 

Volumetric flow rate (Q): It is a measure of the volume of the fluid crossing 

a point of the pipe cross-section over time, for a given pressure and temperature. Its 

measured value is given in cubic meters per second (m3/s) in the SI unit. 

Mass flow rate (M): Measure of the mass of the fluid crossing a reference 

point of the pipe cross-section over time. In the SI unit, M is given in kilograms per 

second (kg/s). 

Density (ρ): The density of a substance is the mass per unit volume. For 

multiphase flows, the fluid density is obtained by the relationship between mass and 

volumetric flow rates, in the form 

 
M
Q

  , (2.5) 

in the SI unit is given by kilograms per cubic meter (kg/m3). 
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Phase fraction and void fraction:  It is the ratio of the area occupied by a 

phase and the total area of the mixture in a specific time. The gas fraction is known 

as the void fraction α in fluid mechanics, and its instantaneous cross-section value is 

given by  

 G
A

A
  . (2.6) 

In this work, the void fraction α is considered an average value in time intervals. The 

sum of all individual phase fractions of a multiphase mixture is the unity. The gas 

superficial velocity can also be given as a function of the void fraction and of the gas 

velocity combining the previous equation with the one to compute the superficial 

velocity (2.1) of gas, by  

 G G
J v  . (2.7) 

Gas quality (χ): It is the ratio of the mass of the gas to the total mass of the 

mixture  

 G

G L

M

M M
 


. (2.8) 

 

2.1.2 Flow patterns 

Flow patterns or flow regimes are a description of the physical distribution of 

the phases in the confined vessel. The appearing of a flow pattern depends on several 

factors such as, among others, phase densities and viscosities, flow direction, pipe 

geometry and gas compressibility. For a defined group of factors, i.e. a combination 

of phases and operating conditions of multiphase flow, there are several 

configurations in which the phases can be distributed over the pipe section (Falcone, 

Hewitt and Alimonti, 2009). The definition and knowledge of the flow patterns are 

important in the academy since they are the basis of phase flow modelling. In 

industry, the appearing of a flow pattern can be useful or prejudicial depending on 

the application. For example, slug flow can be prejudicial to a pump due to its 

intermittent flow characteristics. In the petroleum industry, it is interesting the 

maximization of oil production, and for this, it is desirable the appearing of a flow 

regime that carries a more significant amount of oil. In the following, we present the 

flow regimes, for gas-liquid and gas-liquid-liquid mixtures, commonly described in the 

literature.   
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a) Gas-liquid flow patterns 

The vertical and horizontal flow of oil and gas, as a two-phase mixture, is 

commonly found in steps of production and extraction of hydrocarbons. The 

definition of flow patterns (or flow regimes) and transitions among them are 

subjective and based on visual observations. As a consequence, several studies focused 

on the description of horizontal and vertical flow patterns in gas-liquid flows. The 

most important (which are defined consensually by most of the researches) observed 

flow patterns are presented (Figure 2.1) in the following. In horizontal pipes, flow 

regimes are divided into stratified, wavy stratified, slug, annular and bubbly 

(Mandhane, Gregory and Aziz, 1974; Rouhani and Sohal, 1983; Azzopardi, 2006). In 

vertical pipes, bubbly, slug, churn and annular are the commonly defined flow 

patterns (Taitel and Dukler, 1976; McQuillan and Whalley, 1985). 

The identification of a flow pattern is a hard and complicated task, and 

sometimes it is required using transparent pipe sections for visual identification (or 

by the aid of high-speed cameras), which is not always possible. Therefore, flow 

pattern identification has been the motivation of several recent studies. One 

alternative is the measurement of some physical property of the mixture to analyze 

signal fluctuations and associate it to characteristics of some flow regimes by means 

of data training and data processing (Lee, Kim and Ishii, 2008; Wang et al., 2011; Ye 

and Guo, 2013; Salehi et al., 2017).   

 
Figure 2.1: Gas-liquid flow regimes commonly found in horizontal and vertical pipes. 

 
Source: Personal collection. 
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Given all difficulties to identify flow patterns, flow maps have been created 

over the last decades to facilitate this task.  A flow pattern map consists of XY-graph 

delimiting regions in which a flow pattern may occur, X and Y axis are the gas and 

liquid superficial velocities, respectively. Figure 2.2 is a flow map proposed by Taitel 

and Dukler (1976) based on experimental data of horizontal gas-liquid flow. This flow 

pattern map can be an auxiliary tool applied in similar conditions from where the 

proposed map was built, i.e., same pipe characteristics, fluid properties and similar 

temperature and pressure conditions. 

 
Figure 2.2: Flow pattern map applied in horizontal gas-liquid flows. 

 
Source: Adapted from Taitel and Dukler (1976). 

 

b) Gas-liquid-liquid flow patterns 

Gas-oil-water mixtures are also commonly found flowing in pipelines in the 

petroleum industry. The differentiation of flow patterns in these mixtures becomes 

more complicated due to the addition of one more phase. A large amount of flow 

patterns appears for each distinct dispersed phase in gas-liquid-liquid flows. In several 
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works, authors focused their works in distinguishing flow patterns in three phase 

mixtures. In Açikgöz et al. (1992), authors studied flow regimes for air superficial 

velocity ranging between 0.15 and 50 m/s, water superficial velocity ranging between 

0.004 and 0.66 m/s and oil superficial velocity equal to 0.043, 0.09 and 0.24 m/s. For 

each value of oil superficial velocity, one different flow map was built consisting of 

nine flow regimes. Among the observed flow patterns, there are the ones similar to 

those proposed for gas-liquid flows and some with a more complex distribution of 

phases, as shown in Figure 2.3. The first regime in the figure is similar to a gas-liquid 

wavy stratified flow pattern. Water, by its higher density, occupy the pipe bottom 

and oil is just above the water having a wavy interface with air. In the second image, 

the flow pattern is a mix of stratified and annular flow. Oil and water have a 

stratified interface and oil forms intercalated rings in the pipe wall.  In other works 

authors also have described gas-oil-water flow patterns (Woods et al., 1998; Spedding, 

Donnelly and Cole, 2005) and, depending on the phases flow rate, they observed 

different and more complex flow regimes.  

As seen in previous works, flow pattern identification is a challenging task 

since several flow parameters are related to the phases distribution in the confined 

space. For gas-oil-water flow, there is not even a general definition of flow patterns. 

At this work, when the information of flow regime becomes crucial to assist the 

calculation of phase fraction and phases flow rate, we will perform flow pattern 

identification by visual inspection and using flow maps of the literature.  

 
Figure 2.3: Flow regimes for gas-oil-water flows. 

  
Source: Adapted from Açikgöz et al. (1992). 

 

2.1.3 Strategies to measure the flow rate of individual phases  

The most used strategy to measure the flow rate of individual phases is the 

full separation of phases combined with the use of single-phase meters downstream of 
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the separator. Since the metering is performed by conventional meters (single-phase 

meters), this technique does not comply the multiphase flow metering principle and 

will be superficially discussed since the focus here is the development of a multiphase 

flow meter. As described earlier in this thesis, complexity, time response (making it 

impossible to perform online measures), physical space occupied and poor 

performance in separation are the main drawbacks that arise with the use of phase 

separators. Details about phase separators can be found in Ayala H. et al. (2009), 

Arvoh and Halstensen (2013) and Zeng et al. (2016). The development of multiphase 

flow meters (MPFM) makes use of different strategies. All of them combine different 

instruments to measure the required parameters to compute the flow rate. The 

number and kind of sensors combined for measurement depend on the number of 

phases and in the way that the phases are distributed inside the pipe. We present 

three strategies in the following. 

a) Homogenization 

The first strategy to measure individual flow rates considers a homogeneous 

flow. In order to achieve homogeneity, in-line mixers (homogenizers) are used. The 

homogenization process consists of mixing the phases in a way that phases are evenly 

distributed over the pipe section and are travelling with the same velocity. 

Downstream the homogenizer, three meters are used to measure the required 

parameters to estimate the flow rate. Figure 2.4 is a schematic representation of this 

strategy. Meter 1 provides the mean velocity of the homogeneous mixture, meter 2 

the mean density and the meter 3 information about individual phase content. The 

flow rate can be estimated combining the readings of the three meters. The main 

drawback of the considered strategy is the task to obtain a completely homogeneous 

mixture, for example, in cases that exists a high slippage between the high and low-

density fluids. The advantage of using homogenization is the measure of only one 

value of density and velocity instead of measuring the individual values for liquid and 

gaseous phases. 

 

b) Homogenization and liquid sampling 

The second strategy involves homogenization, phases separation (liquid and 

gas separation) and sampling, as illustrated in Figure 2.5. Different from the first 

strategy, Meter 3 is allocated in the sampling line to estimate liquid density and 

phase fractions. Besides the hard task in obtaining a full homogeneous mixture, 
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another challenge to consider using liquid sampling is the difficulty to obtain a full 

separation of the gaseous and liquid phases, for example, in cases in which the gas is 

trapped in the liquid phase or when there is the formation of foam. Therefore, it can 

be more appropriated to let the flow as it is (Dahl, 2005), i.e., do not use 

homogenizers and disturb the original flow as less as possible, as discussed in the 

following in the last strategy.  

      
Figure 2.4: Measuring strategy considering a homogeneous flow (by using homogenizers).  

 
Source: Falcone et al. 2009. 

 
Figure 2.5: Measuring strategy considering homogenization, separation and liquid sampling. 

 
Source: Falcone et al. 2009. 

 

c) No homogenization nor liquid sampling - original flow  

The third strategy considers a non-homogeneous flow in which phases are 

moving at different velocities. Figure 2.6 represents a gas-oil-water flow in situ and 

the parameters to be measured by the MPFM. The meter combines different sensors 

to distinguish phases velocities and phase fractions, which are the input parameters 

to estimate flow rates of individual phases. The main challenge of this strategy is the 

need for developing more sophisticated sensors to distinguish the individual 

components of velocity and fractions, given the complex distribution in which the 

phases can be arranged. Main advantages of the strategy are: disturbing the flow as 

less as possible (not using inline mixers); the reduced size of the meter (by not using 

phase separators nor even partial separation); the simplicity of development and 

installation; and the possibility of a distributed monitoring of the flow plant. By the 

advantages mentioned above, we have considered this strategy to achieve the 
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objective of this doctoral thesis. Thereby, we present in the next subsection a brief 

review of the techniques to distinguish phase velocities and phase fractions.   

 
Figure 2.6: Measurement of phases flow rate considering the flow in situ. The system combines 

different meters to distinguish phase velocities and phase fractions.  

 
Source: Falcone et al. 2009. 

 

2.2 Multiphase flow meters (MPFM) 

Multiphase flow meters are devices developed to measure flow rates of 

individual phases in situ, i.e., phases are not separated and the meter should disturb 

the original multiphase flow as less as possible. Besides decreasing the step response, 

costs and physical space occupied - when compared to the combination of phase 

separators and single-phase meters - other benefits are provided by using MPFM: 

• Better distribution of equipment in the flow plant; 

• Knowledge of hydrocarbons physical properties and of production 

capacity of individual wells; 

• Reservoirs management; 

• Allocation and monitoring of the production; 

• Submarine measurements. 

Figure 2.7 represents one example of the allocation of MPFM in the production 

system. As can be seen, MPFM may monitor the individual wells, the well-testing 

facility and the entire production manifold laterally.    

In the accomplishment of computing the volumetric flow rate of individual 

phases, in gas-oil-water flows, for example, one or more sensors/devices must be 

responsible for differentiating two of the three phase fractions (by the two values it is 

possible to infer the third), and other three measures have to be taken to estimate 

individual phase velocities. In practice, there is no equipment capable of measuring 

all the interest parameters by itself, and different types of equipment have to be 

combined to accomplish the estimation of flow rates of the individual phases. Figure 

2.8 schematically represents an MPFM for application in gas-oil-water mixtures.  
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Figure 2.7: Allocation of several MPFM in the production system. 

 
Source: Adapted from Falcone et al. 2009. 

 
Figure 2.8: Schematic representation of a multiphase flow meter applied in a gas-oil-water flow. The 

volumetric flow rate (Q) may be estimated by the measurement of phase fractions and phase 
velocities. The mass flow rate of individual phases is estimated by the knowledge of volumetric flow 

rates and one more parameter, the density of phases. 

 
Source: Adapted from Falcone et al. 2009. 

 

The individual volumetric flow rate is calculated based on measured values of phase 

velocities (vG, vW and vO) and phase fractions (α − gas (void) fraction,  αW − water 

fraction and  αΟ - oil fraction). The total volumetric flow rate is the sum of individual 

values of flow rate (QG, QW and QO) by 

 ( )
G W O G W W O O

Q Q Q Q A v v v        , (2.9) 
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where A is the pipe cross-section area. By computing the volumetric flow rate, the 

mass flow rate of individual phases (MG, MW and MO) can be obtained if the phase 

densities (ρG, ρW and ρO) are known as follows  

 ( )
G W O G G W W W O O O

M M M M A v v v           , (2.10) 

where M is the total mass flow rate given by the sum of the individual mass flow 

rates. For gas-liquid flow applications, three parameters shall be estimated to 

compute the volumetric flow rate of phases, the void fraction and the gas and liquid 

velocities.  

We can estimate the density of phases from other steps of the process, 

reducing the number of sensors combined in the MPFM. For example, by the 

knowledge of pressure and temperature combined with the use of empirical 

correlations, it is possible to calculate the water and gas densities. In the case of oil, 

the density is measured offline as the ratio of mass and volume when liquid sampling 

is affordable. Therefore, a correct and precise measurement of the mass and volume is 

sufficient to compute the oil density.   

Researchers in the academy and industry are putting efforts in developing of 

new MPFM. Usually, giving the complexity of multiphase mixtures, meters are not 

universally applicable and are developed to cover up some lack of the available 

techniques. The most common techniques used in commercial meters to measure 

phase fractions are microwave, gamma-ray, impedance and optical tomography. On 

the other hand, conventional techniques to measure phase velocities are Coriolis 

meters, signal processing techniques (e.g. cross-correlation of sensors signals) and 

differential pressure meters (Venturi tube, Orifice plates, among others). The main 

challenge in the development of MPFM is keeping the specifications of the meter no 

matter what is the flow regime. In this sense, commercial meters usually combine a 

homogenizer upstream of the measurement devices obtaining equal distribution of 

phases in the pipe (Thorn, Johansen and Hjertaker, 2013).  

Since the mid-1980s several works in the academy have put efforts in the 

development of techniques to measure flow rates in multiphase flows. In Lin (1982), 

the author studied a sharp-edged circular orifice applied in the measurement of 

mixture flow rate and steam quality. For this sense, it was considered a modified 

separated flow model, which introduces a correction parameter determined 

empirically through experimental data. The drawback of the correction parameter is 

its dependence on vapor quality. In the estimation of mixture flow rate and gas 
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quality, the proposed model presented a rather good accuracy considering the range 

of the experiments. 

Rosa and Morales (2004) developed an algebraic approach to extract phase 

rates of individual phases in vertical bubbly two-phase flows through a Venturi 

meter. The algebraic equations aim to determine stream velocity of each phase based 

on two differential pressure signals. Some parameters of the model, such as void 

fraction, come from numerical simulations instead of a measurement device. Authors 

evaluated the system in a vertical ascendant bubbly gas-liquid flow. In the measured 

range, the system presented good results.   

Authors have combined differential pressure meters with a resistive sensor to 

estimate the mixture mass flow rate in gas-liquid flows in Oliveira et al. (2009). The 

proposed system is based on models from literature (Zhang and Chisolm correlations 

and Homogeneous model) and does not predict individual phases flow rate. The 

modelling considered a two-phase correction parameter that can be obtained based on 

a large amount of experimental data and the previous knowledge of the gas quality. 

Since gas quality is one of the parameters to be estimated by an MPFM, its value is 

determined based on experimental modelling.  

In Tan et al. (2013), authors combined a conductive ring sensor and a cone 

meter to estimate phase fractions and individual flow rate in oil-water flows. The 

system presents a strong dependence on flow pattern, and, authors used a Support 

Vector Machine (SVM), based on machine learning theory, to identify flow patterns. 

For this reason, the authors performed several experiments as input to the SVM. For 

the measured range of flow rates (up to 14 m3/h) good results were obtained.  

Campos et al. (2014) have analysed the use of an orifice plate in online 

monitoring of gas-oil-water flows. A model to correlate pressure drop of differential 

pressure devices and mass flow rate is proposed considering slip ratio and flow 

concentration. Phase properties are determined considering empirical correlations. 

Parameters considered in the proposed model, like gas-oil ratio, water-oil ratio and 

water cut, are obtained based on single-phase measures of phase volumetric flow rate.  

He and Bai (2014) proposed a new correlation to measure wet gas flow rate 

in two-phase flows (at high void fractions) using pressure readings of a Venturi 

meter. Authors compared the proposed correlation to existing ones, showing better 

results considering the narrow range of measurements. The relative deviation was 

from -2% to 3%.   
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Several other works were proposed in the last years to estimate flow rate in 

multiphase flows, among them Lucas and Walton (1998), Zhang et al. (2005), Han 

and Dong (2009), Zheng et al. (2018), Bahrami et al. (2019) and Pan et al. (2019). 

The common characteristic of these meters is the finality of covering some lack of a 

specific multiphase meter developed previously. For example, the kind of the 

multiphase mixture, the flow direction and fluid properties in which the meter can be 

applied. Some meters are based on empirical correlations obtained by processing a 

large amount of experimental data instead of a direct measurement of the parameters 

of interest. Another common characteristic of the proposed systems is the dependence 

of numerical simulations. In the continuity of this chapter, we present the 

conventional techniques to measure phase fraction and phase velocity in multiphase 

flows.  

 

2.2.1 Techniques to measure phase fraction in MPFM  

One of the required parameters to perform flow rate measurement is the 

phase fraction. In the accomplishment of this task, some properties of the fluids have 

to be distinguished, such as acoustic impedance, electrical permittivity, electrical 

conductivity and attenuation coefficients. In this context, different works presented 

measuring techniques in the past. In the following, we present some of them and 

discuss their advantages and drawbacks. 

a) Radiation attenuation techniques  

Every kind of radiation crossing a multiphase mixture is attenuated as a  

function of the density along the radiation path. It is possible to obtain the 

distribution of local density in the radiation path by measuring the attenuation 

coefficient when the investigated fluids present different absorption coefficients 

(Boyer et al., 2002). These techniques are composed of a radioactive source (most 

common are γ-ray and x-ray) and by a radiation detector as illustrated in Figure 

2.9a. The source and detector radiators are placed on opposite sides of the pipe in a 

way that the beam passes through the flow. In the first configuration illustrated in 

the figure (one source and one detector), the beam does not cover the entire 

investigated region making it suitable just for measurement of homogeneous 

mixtures. To measure the cross-sectional void fraction different configurations may be 

used, such as multiple sources and detectors (Figure 2.9b) or a multi-beam source 

(Figure 2.9c).   
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In a pipe of inner diameter d confining a media, the attenuation for an energy 

source e is described following the Beer-Lambert law,  
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where Im is the intensity of transmitted radiation, Iv is the intensity of the 

transmitted radiation for empty pipe and ki is the attenuation coefficient. Calibration 

measurements are performed in two-phase flows considering independent 

measurements of every single phase so that the transmitted intensities of each phase 

are known and the void fraction in a gas-liquid mixture is obtained by 
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Figure 2.9: Scheme representing the radiation attenuation techniques. In a) one source and one 
detector are applied in measuring phase fraction in homogeneous flows. The cross-sectional void 

fraction can be measured by the use of multiple sources and detectors (b) or by a multi-beam source 
(c). 

 
Source: Personal collection. 

 

In gas-oil-water flows, a dual-energy source is used to differentiate phases 

through calibration procedures similar to the one mentioned before. The main 

limitations of using radiation attenuation techniques are related to safety care, due to 

the use of radioactive energy, and the high costs implementing and installing the 

sensors. There is no theoretical limitation about time resolution, and the spatial 

resolution depends on the size of the sensors (usually 10 mm for γ-rays and 100 µm 

for x-rays (Boyer et al., 2002)). Several works focused on estimate phase fractions 

employing radiation attenuation techniques, among them Chan (1984), Fournier and 
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Jeandey (1984), Åbro and Johansen (1999), Takenaka and Asano (2005), El Abd 

(2014) and Roshani et al. (2017).  

Light attenuation or optical techniques exploit differences among the 

extinction coefficients of involved phases. The advantages are high temporal 

resolution and nonintrusive characteristics. Drawbacks are the need of using 

transparent pipe sections and the workability just for transparent fluids. Optical 

techniques perform well for mixtures at low void fractions (up to 10%). Otherwise, 

the flow becomes opaque to the source light. Ramaswamy et al. (1984) used light 

attenuation to trace phases distribution. In Schleicher et al. (2008) and Vendruscolo 

et al. (2014), the optical technique was the basis for the development of optical 

tomography. 

Laws of acoustic propagation are the basis for ultrasound techniques that 

consider the impedance properties of the fluids. One can find ultrasound probes in 

reflection (frequency and amplitude of reflected wave are measured) and transmission 

modes (the attenuation of the transmitted ultrasound wave characterizes the flow). 

Details about ultrasound sensors are found in Boyer et al. (2002). As occurs to optical 

techniques, ultrasound sensors differentiate mixtures at low void fractions (typically 

up to 20%). For high void fractions, the acoustic signals are lost after many 

reflections. Compared to light attenuation, the advantage of the acoustic technique is 

the applicability in opaque and viscous mediums. Authors measured the void fraction 

using ultrasound sensors in Chang et al. (1984), Murai et al. (2009) and Massignan et 

al. (2014), among others. 

  

b) Microwave sensors 

The use of the microwave sensors to characterize multiphase flows is possible 

when there exist differences between the magnetic or the electrical properties of the 

involved phases. The interaction of microwaves with fluids occurs through refraction, 

transmission, absorption, reflection and changing of velocity and phase of the wave. 

We can find different groups of microwave sensors regarding the applied operation 

mode (Nyfors, 2000). In multiphase flow applications, the operation modes are 

resonator, reflection and transmission mode. The interaction between microwaves and 

the media depends on the complex relative permittivity of the mixture   

 ' ''
r

j    , (2.13) 
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where ε’ is the electrical permittivity and ε’’ is the loss factor. It is possible to 

estimate phase fractions by performing calibration measurements, i.e. measuring the 

complex permittivity of the individual phases. The key advantages are the high 

temporal resolution and the nonintrusive characteristic. Drawbacks are the low 

spatial resolution and high costs due to the high operating frequency. In Xie (2007), 

the authors used transmission mode to estimate water fraction and water cut in gas-

oil-water flow. Jannier et al. (2013) applied the reflection mode to characterize 

multiphase flows in the petroleum industry. Cavity resonators were applied in work 

proposed by Wylie et al. (2006), Al-Kizwini et al. (2013) and Oon et al. (2016). 

  

c) Impedance techniques  

The measurement of impedance in materials, such occurs in multiphase flows, 

is commonly made by a measuring cell. Electrical properties of the confined fluids are 

related to the complex admittance Y of the measuring cell by  

 0g r
Y j k   , (2.14) 

where ω = 2πf  is the angular frequency of a sinusoidal signal, kg is the geometry factor 

of the measuring cell and ε0 = 8.85 pF/m is the vacuum permittivity. Disregarding 

relaxation effects that occur in the GHz frequency range, the complex relative 

permittivity of Eq. (2.13) is approximated by (da Silva, 2008) 

 
0

r
j


 


  , (2.15) 

where ε is the relative permittivity or dielectric constant and σ is the electrical 

conductivity. We can rewrite the complex admittance combining equations (2.15) and 

(2.14) in the form  

 0g g
Y k j k     . (2.16) 

Considering that the equivalent circuit of a measuring cell is represented by a 

capacitor C in parallel with a resistor, Y G j C   where G is the conductance, eq. 

(2.16) can be separated into a capacitive part (C = kgε0ε) and into a resistive part (G 

= kgσ). Therefore, the variation of admittance values will occur by fluctuations in 

values of mixture conductivity or permittivity, since kg and ε0 are fixed values 

(Dykesteen et al., 1985). 



43 

 

 

Chapter 2 – Literature review 

 

Impedance techniques are applied to extract parameters in multiphase flows 

when phases present differences considering their electrical properties - electrical 

permittivity or electrical conductivity. By performing calibration measurements, 

phases are differentiated considering some mixture model which relates the electrical 

permittivity or conductivity of the mixture to the phase fractions.  

The advantages of impedance sensors are the simplicity, the low cost of 

implementation, the high temporal resolution and their nonradioactive characteristic. 

The low spatial resolution of the technique was improved by the wire-mesh topology, 

which we describe in the sequence of this thesis.  

 

• Mixture permittivity models  

To extract parameters from the multiphase mixture, we have to relate the 

measured property to the interest parameter. In this direction, different authors have 

proposed mixture models by studying the relationship between the electrical 

permittivity of mixtures (composed of immiscible phases) and phase fractions. Each 

model considers a specific distribution of phases in the investigated area.  

The parallel model considers the multiphase mixture as a composition of 

immiscible fluids forming an equivalent circuit of virtual capacitors in parallel. 

Therefore, by the knowledge of fluids permittivity and the measured permittivity εm, 

the phase fraction, in a gas-liquid mixture, is given by    

 L m
P

L G

 


 





, (2.17) 

where εL and εG are the electrical permittivity of liquid and gas, respectively. 

The Maxwell-Garnett model presents an equation to describe mixtures of two 

fluids in which homogeneous spheres of one phase are inserted into the continuous 

phase. The model proposes an equation to compute the phase fraction of the disperse 

phase by   

 2 2 1
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, (2.18) 

where ε1, ε2 and εm are the electrical permittivity of the disperse phase, of the 

continuous phase and the mixture, respectively. Several other models (series, 

logarithmic, Bruggeman, Birchak) are described in Sihvola (1999), Jaworek and 

Krupa (2010) and Velasco-Peña et al. (2013). For the three-phase mixtures, 
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Dykesteen et al. (1985) proposed a model in which are considered two disperse phases 

inserted into the continuous phase. 

 

d) Tomographic techniques for flow imaging  

Tomographic techniques are applied in multiphase flows to generate internal 

cross-sectional views of the investigated flow in a nonintrusive way. Generated views 

(or images) are a two-dimensional cut plane of the investigated object. By the 

images, we know the distribution of phases inside the pipe section and consequently, 

flow parameters, such as flow regime, phase fraction and phase velocities, can be 

estimated.  

The arrangement of sensor electrodes for tomography applications consists of 

dividing the pipe cross-section into multiple sub-regions of the same area. For this 

purpose, in stationary configuration, multiple pairs of emitter-receivers electrodes are 

allocated in stationary positions around the pipe. In the rotational configuration, 

pairs of emitter-receivers are used to get measurements at different angles. In the 

stationary geometry, represented in Figure 2.10a, the acquisition consists in 

measuring all possible combinations, i.e., every electrode will be set as emitter, one at 

a time, and at this condition, the projections referent to each of the 11 receivers are 

measured. In the moving geometry (Figure 2.10b), the pair emitter-receiver rotates 

around the pipe with a predefined step angle, and at each step, one projection is 

measured. The whole set of projections is combined in an image reconstruction 

algorithm which generates the image of the investigated medium as the basis for the 

estimation of flow parameters.  

Different operating principles are the basis for tomographic applications, 

among them optical, ultrasound, impedance and microwave principle. Detailed 

information about the different operating principles of tomography can be found in 

Dyakowski (1996), Ismail et al. (2005) and Falcone et al. (2009). Electrical impedance 

tomography has been applied to estimate phase fractions in multiphase flows in 

different works, among them  Zhang et al. (2005), Meng et al. (2010) and Moura et 

al. (2016). Radiation attenuation techniques were the basis for tomography in 

Hervieu et al. (2002), Hu et al. (2005) and Bieberle et al. (2013). Microwave 

tomography was used by Wu (2015) and Mallach et al. (2017) to characterize 

multiphase flows.  
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The advantages and drawbacks of using tomography depend on the principle 

of operation. For example, x-ray and γ-ray have the best spatial resolution and 

usually the worst temporal resolution. Optical and ultrasound techniques generate 

images with a good spatial resolution, but their usage is suitable only for low void 

fractions. In the case of the optical technique, good results depend on the 

transparency of pipe and fluids. The advantage of electrical capacitance tomography 

is the high temporal resolution against its low spatial resolution. 

 
Figure 2.10: Schematic representation of the electrodes distributed around a pipe for tomographical 

applications. a) Stationary geometry, b) rotating geometry. 

 
Source: Personal collection. 

 

e) Wire-mesh sensors 

In Prasser et al. (1998) authors presented the Wire-mesh sensors (WMS). 

The sensor consists of two perpendicular planes of wires stretched along the pipe 

cross-section. Every gap (the region between the perpendicular wires) in the crossing 

points is interrogated individually by a dedicated electronics, which can distinguish 

the electrical conductivity of the fluids filling the gaps. The wires of one plane are 

connected to the emitter electronics, and wires of the other plane to the receiver 

electronics. The spatial sensitivity of the sensors is related to the number of wires 

distributed in the pipe section at each plane, the higher the number of wires by 

plane, the better the spatial sensitivity. The main advantage of the technique is the 

capability of generating images of phases distribution with a high temporal and 

spatial resolution. Despite the good spatial resolution of the WMS, some works have 

noticed a negative bias in the measurement of void fraction in slug regimes (as 
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reported in Shaban and Tavoularis (2016)). The main drawback of the wire-mesh 

technique is its intrusive characteristics. 

Da Silva et al. (2007) presented a capacitive version of the WMS for 

characterization of multiphase mixtures composed of oil and organic liquids. In  Dos 

Santos et al. (2015), the authors proposed a dual-modality wire-mesh sensor to 

characterize conductive and nonconductive fluids such occurs in gas-oil-water flows. 

Several other works have applied the WMS technology to estimate void fraction in 

multiphase flows, among them: Hampel et al., 2009; Da Silva and Hampel, 2013; 

Zhang et al., 2013; Schleicher et al., 2015; Dos Santos et al., 2016; Kipping et al., 

2016; Shaban and Tavoularis, 2016; Prasser and Häfeli, 2018). 

 

f) Measuring techniques: an overview  

All of the presented techniques have their advantages and drawbacks, making 

them better suitable for specific conditions of operation. In Table 2.1, we present a 

summary of the techniques considering the relevant characteristics in the choice of 

better techniques for a specific application.  

 
Table 2.1: Advantages and drawbacks of measuring techniques considering the operating principle. 

Operating principle Advantage(s) Drawback(s) 

Optical 
Good temporal resolution, 

nonintrusive 

Low void fractions, 

transparent pipe and fluids 

Ultrasound 
Good spatial resolution, 

temporal resolution 
Low void fractions 

x-ray and γ-ray High spatial resolution 
Radioactive source, 

temporal resolution, cost 

Microwave 

 

Temporal resolution, 

nonintrusive 
Cost, spatial resolution 

Impedance 
Temporal resolution, 

nonintrusive, cost 
Spatial resolution 

WMS 
Good spatial resolution, 

temporal resolution 
Intrusive 
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2.2.2  Techniques to measure phase velocities in MPFM 

As occurs for phase fraction, several techniques are available to estimate 

phase velocities in multiphase flows. The conventional approach to calculate the 

disperse phase velocity is using the cross-correlation function and, for continuous 

phase velocity is using differential pressure devices. Following, we describe these 

techniques in more details. Other principles to measure phase velocities, as turbines 

and ultrasound velocimetry, are described in Falcone et al. (2009).     

 

a) Differential pressure device – Venturi meter  

The measurement of phase velocity by using a differential pressure device is a 

well-established industrial technique developed for single-phase applications. The 

differential pressure device is inserted in a section of the pipe speeding up the fluids 

crossing its constricted area. To keep the overall energy of fluids constant inside the 

duct, the effect of increasing velocity is a pressure drop in the point in which the fluid 

speeds up. If the pressure drop is measured, the flow rate of the fluid moving inside 

the pipe can be estimated by the mass conservation principle - the fluid moving into 

the differential pressure device keeps its mass constant, i.e., the mass is the same at 

the inlet and the output sections of the differential pressure device.  

A Venturi meter, schematically represented in Figure 2.11, is one example of 

existing differential pressure devices. The device is composed of a cylindrical 

entrance, throat section, conical convergent and divergent sections and pressure taps 

located at the entrance and throat sections. The most critical parameter of the design 

is the pipe to throat diameter ratio β. Low β values increase the pressure drop and 

the sensitivity of the measurement. On the other hand, the acceleration is also 

increased, impacting the complexity of the flow modelling due to the high slip ratio 

and complexity of phases distribution. The other parameters, such as lengths of 

sections, the radius of curvature and internal angles, are defined following the ASME 

code (ASME MFC-3M-2004).  

The mass flow rate M of single-phase flows is related to the pressure drop ∆P 

of differential pressure devices combining continuity, Bernoulli and energy equations 

in the form   
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where Cd is the discharge coefficient, AT is the throat cross-sectional area, Y is the 

expansibility factor and ρ is the fluid density at a given pressure and temperature. 

For an incompressible fluid, the discharge coefficient is a dimensionless value 

defined by the ratio between the actual flow rate to the theoretical (frictionless) mass 

flow rate. Cd takes into account the effects of turbulence, wall friction, slip velocity, 

phase velocity profiles and interfacial forces. Calibrations of Venturi meters have 

shown that Cd can be given as a function of Reynolds Number (Re) in a specific 

installation. Reynolds Number is a dimensionless number which represents the 

quotient between inertial and viscous forces. When a secondary installation has a 

similar geometry, and identical Re characterizes flow rates, the discharge coefficient is 

the same as well. In this direction, the standard ASME-MFC-3M-2004 have used 

experimental data to generate numerical values for Cd, and corresponding 

uncertainties, as a function of Re. However, in order to reduce the uncertainty in the 

value of Cd, the ASME standard advises performing calibration measurements in an 

appropriated flow facility. Algebraically, Cd is a function of Re in the form 

 (Re) onde Re
d d

vD
C C




  , (2.20) 

where µ is the dynamic viscosity of the fluid and v the average velocity of the fluid. 

 
Figure 2.11: Simplified diagram of the Venturi meter. 

 
Source: Adapted from ASME-MFC-3M-2004. 

 

In multiphase flows, the equation (2.19) is not valid, and a more 

sophisticated analysis must be performed since the phases may be moving at different 

velocities and the density of the mixture shall be considered. In this sense, many 

researchers developed correlations focused on gas-liquid flows. Some models 
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approximate the flow as a homogeneous mixture, and others simplify the calculations 

disregarding the influence of the gas due to the lower density value compared to the 

liquid. To consider adverse situations, i.e. non-homogeneous flows and slip condition, 

several other models (see Falcone et al. (2009), Lin (1982) and Huang et al. (2005)) 

have been developed and are found in the technical literature, most of them have 

been derived from measurements of orifice plates in wet gas flows, i.e., for void 

fraction higher than 97%. We describe some of them in the following. 

 

• Zhang correlation (1992) 

In Zhang et al. (1992a) a correction parameter KL was added in equation 

(2.19) to correct the two-phase mass flow rate according to the two-phase pressure 

drop, as  follows 
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. (2.21) 

Depending on which specific conditions are considered (fluids properties, slip 

ratio, flow direction), KL can be a function of gas quality, flow rates, void fraction 

and phases densities. ρL appeared in the above equation due to the low gas quality 

considered in the modelling - authors studied air-water flows at conditions of low gas 

quality  (χ<1%). If the focus is wet gas flows, the gas density ρG is considered instead 

of the liquid density. 

Based on several experiments of air-water mixtures, authors obtained an 

extensive database and approximated the correction parameter as a function of the 

gas quality χ and phase densities by  
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. (2.22) 

The previous parameter is suitable only for applications considering the same 

experimental conditions for which the equation was proposed. Otherwise, many 

experiments have to be performed to obtain a new equation for KL.  

 

• Homogeneous flow model  

The homogeneous model treats a gas-liquid flow as a single-phase flow by 

considering gas and liquid phases travelling at the same velocity, i.e., there is no slip 

between phases (S = 1) - Collier and Thome (1996) demonstrate the deduction of the 
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model. Based on a no-slip condition, the density term to be considered in (2.19) is the 

density of the homogeneous mixture ρh given by  
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  . (2.23) 

The correction parameter KL is given by the combination of equations (2.19), (2.21) 

and (2.23) as follows 
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(2.24) 

To compute KL, it is required the knowledge of the gas quality χ which is possible by 

the definition of slip ratio S calculated as suggested in Collier and Thome (1996) by 
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and considering no-slip condition (S = 1). In this form, the gas quality of the 

homogeneous model is given by  

 g

l l g

 


    


 
. (2.26) 

Computing the flow rate of the mixture by the homogeneous model may 

bring notable discrepancies with measurements even considering a perfectly 

homogeneous mixture in the Venturi inlet section. The acceleration of the fluid in the 

convergent section locally disturbs the flow, and, the gas phase accelerates more than 

liquid phase, changing the local velocities of the phases and consequently, the slip 

ratio. The minor discrepancies may be seen as higher the velocity of the fluid passing 

through the Venturi, since the fluid behavior may be closer to a simple homogeneous 

flow model (Falcone, Hewitt and Alimonti, 2009).     

 

• Zhang correlation (2005) 

In Zhang et al. (2005) authors studied air-oil flows at low quality (χ<2%) 

and proposed a correlation to predict the mass flow rate in differential pressure 

devices. The correlation is a variation of the homogeneous model to take into account 

the slip ratio. Equations for KL and χ were obtained based on an extensive 

experimental database and are given by 
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where c, n, m, c’ and H are constants that depend on test conditions and in the flow 

regime. One must perform several multiphase flow experiments to obtain an extensive 

database and fit a curve obtaining the constants of the model. 

 

• Separated flow model  

By the separated model, the density term of the mass flow rate in equation 

(2.19) is considered as the mixture density, and, is calculated as a function of the gas 

and liquid densities, and the void fraction, as follows (Abdul-Razzak, Shoukri and 

Chang, 1995) 

 (1 )
m G L
      . (2.29) 

  

• Algebraic approach  

In Rosa and Morales (2004) authors proposed an algebraic model to estimate 

liquid and gas superficial velocities through a Venturi meter in vertical gas-liquid 

flows at low void fractions (less than 12%). The input signals of the model are two 

differential pressure signals, additionally to the absolute pressure and temperature 

readings. Numerical simulations were performed to obtain parameters of the proposed 

model, such as the void fraction, which is calculated as a function of the measured 

pressure drop by  

  
Ps

gLs
 







, (2.30) 

where ∆Ps is the pressure difference between upstream and Venturi inlet, g is the 

gravitational constant, Ls is the distance between the pressure taps, ∆ρ is the 

difference between liquid and gas densities and λ is a correction factor of the void 

fraction. Authors performed flow simulation for different superficial velocities of gas 

and liquid getting the model outputs, the mixture mass flow rate, void fraction, 

mixture density and the pressure drop caused by the hydrostatic column of the 

mixture.  To have an equation for the individual superficial velocities, JG and JL, the 



52 

  

 

 Chapter 2 – Literature review 

 

drift flux model (Zuber and Findlay, 1965) was considered and authors obtained a 

system of linear equations given by 
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. (2.31) 

An iterative procedure – having as input two differential pressures, the parameters of 

the drift flux model (C0 and VGK - obtained by simulation), initial guesses for 

discharge coefficient and void fraction correction factor – is used to estimate all 

needed parameters to obtain superficial velocities.      

In gas-liquid mixtures compound by two fluids with a significant difference 

between phase densities, i.e., ρG« ρL, authors suggested simplifying the computation 

of liquid superficial velocity disregarding the influence of the gas phase. In this 

direction, the total flow rate which is given by the sum of gas and liquid mass flow 

rates in the form   

 ( )
L L G G

M A J J   , (2.32) 

is simplified by considering only the first term of the previous equation. Therefore, 

the liquid superficial velocity can be computed simply by  

 L
L

M
J

A
 . (2.33) 

The drawback of the presented approach is the dependence of performing extensive 

numerical simulations to obtain parameters to compute M, such as Cd, α and the 

mixture density. A different approach could be proposed avoiding the dependence of 

simulations. For this purpose, the system could be combined with a phase fraction 

sensor and the discharge coefficient would be obtained based on experiments 

performed offline. Consequently, a simple measurement approach would estimate the 

liquid flow rate by the previous knowledge of phases density and by the measurement 

of pressure drop and phase fractions, being a system free of calibration measurements 

and of soft computing methods to train the meter. Based on these assumptions, a 

flow rate meter is proposed and presented in detail in Chapter 5. 

There exist other correlations that we did not mention here, such as those 

proposed by Chisholm (1977) and Murdock (1962). Input data for those models came 

from orifice plate meters at stratified regimes.  
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b) Cross-correlation function  

The cross-correlation function is a technique of data processing commonly 

used to calculate the transit time of flow structures and flow interfaces. The inputs of 

the function are two time-series - temporal fluctuations of a measured property - 

generated by two axially spaced sensors, as schematically represented in Figure 2.12a. 

The principle of the technique bases on the fluctuations caused by bubbles or 

interfaces, we approximate the velocity of those fluctuations as the velocity of the 

fluid. Therefore, the signal of the upstream sensor in a time t is related to the signal 

in the downstream sensor at the time t+τm, where τm is the time for the fluid to 

travel the distance d between the sensors. 

 
Figure 2.12: Cross-correlation function applied to measure transient time in gas-liquid flows. 

 
Source: Personal collection. 

 

If τm is measured, the fluid velocity v is estimated by  

 
m

d
v


 . 

(2.34) 

The procedure to estimate the transit time consists in calculate the cross-

correlation function of the upstream y(t) and downstream x(t) signals by varying the 

time τ in the form  

 
0

1
( ) ( ) ( )

T

xy
R x t y t d

T
    , (2.35) 
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the maximum value of Rxy occurs in the time for τm= τ, see Figure 2.12b. Commercial 

meters, such as the Roxar MPFM2600 (ROXAR AS, 2018) and Pietro Fiorentini 

Flowwatch 3I (Pietro Fiorentini, 2011), use cross-correlation to measure flow rates. In 

the academy, different works have used and improved this technique, such as Gurau 

et al. (2004), Jin et al. (2008), Zhai et al. (2014), Shaban and Tavoularis (2016) and 

Saoud et al. (2017).  

 

2.3 Summary 

The challenger field of multiphase flow is a multidisciplinary matter of study, 

which involves the physics and mechanics of the process. In this sense, experimental 

facilities and measuring techniques are required tools to allow a better understanding 

of the multiphase flow processes found, among other applications, in steps of 

extraction, production and transport of oil and gas.  

In this chapter, some fundamentals of multiphase flow were presented to 

assist the understanding of flow rate measurement principles. Furthermore, some 

strategies to extract individual flow rate, which comes with the measurement of 

phase velocities and phase fractions, were addressed and discussed. Despite the high 

progress in the development of new techniques in the last decades, none of them can 

be used universally but in limited operating conditions. Notably, there exists a need 

for development and improvement of flow rate meters, and the most advantageous 

approach does not use homogenizers nor phase separators, which has motivated this 

thesis. The presented review aided in the understanding of theoretical concepts 

required to develop and improve flow rate measuring techniques. 
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Chapter 3 

Twin-plane capacitive sensor  

3.1 Introduction 

In the last years, several measuring techniques were developed and used to 

monitor and visualize two-phase flows. Each kind of technique exploits some physical 

difference between phases and is more appropriated in specific situations, as discussed 

in 2.2.1. Seleghim and Hervieu (1998) proposed a direct-imaging sensor which applies 

multiple resistance measurements. The system consists of two stainless steel rings 

electrodes, emitter and receiver, flush-mounted inside the pipe wall. The receiver ring 

comprises sixteen equally spaced electrodes. The system detects changes in the 

conductivity with the variation of the phase distribution inside the pipe. The 

transmitter electronics is responsible for applying an electrical signal with an 

excitation frequency of 20 kHz to the emitter electrodes, and the receiver electronics 

measures the electrical current at each sixteen receiver electrodes. Hence, the sensor 

subdivides the area under investigation into sixteen sub-regions, and the data 

processing consists of generating an image of the flow by plotting the measured 

signals over time. Despite the advantages, non-intrusive sensor and not requiring the 

use of the image reconstruction algorithms, this sensor is not able to investigate non-

conductive liquids as very common in industrial applications such as oil and organic 

liquids. A different approach can overcome that drawback by applying capacitance 

measurements.  

For this reason, this chapter introduces a new sensor (developed at the 

Laboratory of sensors and instrumentation, LASII-UTFPR) which detects changes in 

the phase distribution exploiting differences in the electrical permittivity of the fluids 

under test. Thus, the range of application can be expanded to direct imaging of non-

conductive liquids. We investigated the behavior of the sensor by Finite Element 

Method (FEM) simulations and compared the measurements against a reference 

WMS. Posteriorly (in Chapter 5), the sensor is combined with a second technique to 

perform flow rate measurements.  
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3.2  Prototype sensor and measuring system 

3.2.1  Sensor and measuring electronics 

We built prototype sensors (1-inch and 2-inches pipe internal diameter ID) 

by a manual process to serve as proof of concept and for applying in laboratory 

testbeds. Nevertheless, since it relies on a non-intrusive principle and by choosing 

appropriate materials and construction technology, the sensor may be designed and 

assembled to support pressure and temperature as well abrasive/corrosive substances, 

as may be required for field applications. A receiver and two emitter rings compound 

the developed prototypes for multiple capacitance measurements. The receiver ring is 

divided into eight electrodes equally distributed in the internal pipe wall. We 

fabricated the sensor as a flexible printed circuit board (PCB) in a process developed 

in-house. The fabrication process consists of applying a thin copper sheet over a low-

cost Kapton tape which is then processed with standard lithographic PCB to form 

the electrodes. Figure 3.1 shows a schematic of the PCB design with electrodes 

dimensions (as a function of the pipe ID) as well as an image of the flexible PCB 

attached to the internal pipe wall. Guard electrodes are used to confine the electrical 

field in the sensing region, avoiding external interference. On the external side (not 

visible), an electrical shielding electrode is added to avoid interference. Electrical 

connections with the internal PCB electrodes are made by coaxial cables which are 

fed through (drilled) holes in the pipe wall. 

 
Figure 3.1: a) Geometry of the twin-plane capacitive sensor and dimensions giving as a function of the 

pipe inner diameter D. b) Flexible PCB with electrodes coupled in the internal pipe wall. 

 
Source: Personal collection. 
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The measuring system is based on wire-mesh electronics (Da Silva, Schleicher 

and Hampel, 2007) described in the following. In Figure 3.2, we show a schematic 

representation of the measuring system. The input signal is time-multiplexed between 

emitter electrodes (one emitter is activated at a time), and the receiver electronics 

interrogates the receiver electrodes in parallel. Time multiplexing of switch1 (S1) and 

switch2 (S2) consists of their sequential activation, as can be seen in detail in Prasser 

et al. (1998). Each pair emitter-receiver works like an individual sensor (in the 

continuity of the work, the pair emitter-receiver one is treated as sensor one and the 

pair emitter-receiver two as sensor two). The electrical (displacement) current flowing 

from the emitter to each receiver electrode is converted into an equivalent ac voltage 

level by the eight trans-impedance amplifiers. Eight logarithm detectors convert these 

sinusoidal signals into dc voltages (demodulated). Then, the signals are digitalized by 

a data acquisition card (DAQ) and processed by a computer. The acquisition rate of 

the system is up to 1000 fps (limited by current DAQ used). 

In measuring fluid impedance, it is essential to remember that a capacitor in 

parallel with a resistor (see section 2.2.1c – equation (2.16)) represents the 

admittance of a confined fluid (in the case of the presented sensor it is considered the 

region between an emitter electrode and one receiver electrode)). The parallel circuit 

can be reduced to a capacitor if the conductive part of the admittance (κgσ), 

depending on the liquid conductivity, is neglected with a correct choice of the 

frequency of the source signal (see Hammer et al. (2006)). For this condition, one can 

approximate the impedance of the fluid as a capacitor C  

 0g r
C    , (3.1) 

which is directly proportional to εr, since kg and ε0 are constant. By the circuit 

represented in the block diagram, the response of each trans-impedance amplifier is 

calculated by 

 o i
V V

1
f

f f

j CR

j C R





        
, (3.2) 

where Cf and Rf are the capacitance and resistance of the feedback circuit. If we 

cancel the conductive part of the circuit by choosing a correct value of the frequency 

(ωRfCf »1), we simplify the output voltage Vo of the circuit in the form 

 i
V V

o
f

C
C

       
. (3.3) 



58 

  

 

 Chapter 3 – Twin-plane capacitive sensor 

 

The output voltage of the Operational Amplifier is then directly proportional to the 

capacitance C between the electrodes.  

The response of the detector log circuit (AD8307) is given by 

 log a
V ln o

b

V
V

V

      
, (3.4) 

where Va and Vb are constants of the AD8307 circuit. Combining the two previous 

equations, the output signal of one pair emitter-receiver is then 

 log
ln( )

r
V a b  , (3.5) 

where a and b are constants that involve Va, Vb, κg, Rf and Cf. Therefore, the signals 

digitalized by the DAQ are directly proportional to the electrical permittivity of the 

fluids between the emitter-receiver electrodes pairs. By a calibration routine (for 

details see da Silva (2008)) in which the constants a and b for each transmitter-

receiver pair are experimentally obtained, eventually is possible to determine the 

fluids permittivity by 

   log
( , , ) ( , )

, , exp
( , )r

V i j k b i j
i j k

a i j


       
, (3.6) 

where i, j and k are the emitter number (1 or 2), receiver number (1 to 8) and the 

frame number, respectively. 

 
Figure 3.2: Simplified block diagram of measuring electronics. Typical values of Cf and Rf are 0.5 pF 

and 2 MΩ, respectively, similar to the values used in the wire-mesh sensor electronics (Da Silva, 
Schleicher and Hampel, 2007). We approximated the equivalent circuit of the fluid as a capacitor 

(~C). 

 
Source: Personal collection. 
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One aim of the proposed sensor is to generate images representing the phase 

distribution in gas-liquid flows, since these images are generated straight from the 

capacitance readings, and consequently without the use of image reconstruction 

techniques, the generated images are named here as direct images. The way the 

sensor interrogates the pipe cross-section is such that it divides the investigated area 

into sub-regions. The electrical permittivity ε of the mixture present in each sub-

region defines the sensed capacitance C of each electrode. Typically, one is only 

interested in the phase distribution instead of permittivity measurements, that is why 

before constructing the image we normalize the measured data εr
m in a way that the 

data values scale between 0 and 1 (where 0 represents the fluid with low-permittivity 

value and 1 the fluid with high-permittivity value) representing the liquid holdup hl. 

Simplifying, the parallel model (presented in section 2.2.1c)) - which relates electrical 

permittivity and the fractional volume of the high-permittivity phase in two-phase 

mixtures – can be considered and hl is calculated as follows 

   ( , , ) ( , )
, ,

( , ) ( , )

m L
r r

l H L
r r

i j k i j
h i j k

i j i j

 

 





. (3.7) 

Consequently, in a two-phase mixture, the void fraction α is obtained by  

    , , 1 , ,
l

i j k h i j k   . (3.8) 

In Figure 3.3, cross-sectional views of a pipe are shown to explain the distribution of 

phases in the generated direct images. The four cross-sectional views represent empty 

pipe, step 2 and 3 (which represent a stratified gas-liquid mixture) and the pipe full 

of liquid. The direct image is a plot of the liquid hold up over the time - for the 

illustrated situations over the four views (empty, step 2, step 3 and full of liquid) - in 

a color scale map that represents the parameter hl. The Y-axis represents the angle of 

the electrodes at the pipe perimeter, i.e., ‘±π' is the bottom of the pipe and 

represents the sensed liquid holdup of the electrodes 6 and 7 and ‘0’ the top of the 

pipe represented by the liquid holdup sensed by electrodes 2 and 3.  

 

3.2.2  FEM Simulations 

In order to understand the sensor performance and to make some 

adjustments in the initial geometry (based on Seleghim and Hervieu (1998)), Finite 

Element Method (FEM) simulations have been performed using commercial software 

COMSOL.  
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Figure 3.3: Representation of cross-sectional views (pipe empty, step 2, step 3 and pipe full of liquid) 
of a pipe and their respective (ideal) direct image. Direct images are built based on hl – equation (3.7). 

 
Source: Personal collection. 

 

The problem in question can be considered electrostatic due to the 

significantly smaller dimension of the sensor than the wavelength of the electrical 

field. From an initial estimation (Wrasse et al., 2016), the size of receiver electrodes 

was designed to obtain a capacitance for the empty pipe in the order of 0.1 pF, and 

consequently, be in the measurable range of the associated electronics. We have 

defined the voltage of the emitter electrode as 1 V, and the other electrodes as 

grounded surfaces. The internal region of the cylinder represents the fluid, which we 

model as the distribution of the gas and liquid phases by defining typical values for 

water, oil and air permittivities as 80, 3 and 1, respectively. The capacitance Csim, 

referring to each receiver electrode, is computed by integrating the charge density ρ 

over the electrode area (COMSOL built-in function).  

We performed some different simulations, assuming 1-inch pipe ID, in which 

the width of the emitter and the distance between emitter and receiver are changed. 

We investigated two parameters: electrical field penetration depth (EFP - estimates 

how deep the electrical field lines penetrate the investigated material) and Csim. It 

was possible to notice that the emitter width does not influence significantly the 

resulting capacitances as well as the EFP, so the final width of the emitter was 

chosen to be 0.385D. When we increase the distance between emitter and receiver 

rings, the Csim decreases, and the EFP increases. 
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On the other hand, the opposite occurs when we approximate the emitter 

and receivers ring to each other. We considered the ideal condition for the EFP for 

the situation in which the lines of the electrical field reach the pipe center. 

Consequently, the inverse electrode (180º displaced) will cover the other half cross-

sectional area. In that sense, a compromise between empty capacitance and 

penetration depth was necessary.  

Through the final geometry (Figure 3.1), we computed the simulated values 

of capacitances (and expected for real measurements) for the empty pipe, pipe full of 

oil and pipe full of water. In Table 3.1, we show the values which are in the measured 

range of the measuring electronics, as can be checked in Da Silva et al. (2007). 

 
Table 3.1: Simulated capacitances considering pipe filled by air, oil and water. 

Pipe ID Air (εAir = 1) Oil (εrOil = 3) Water (εrWater = 80) 

1-inch 33.9 fF 91.36 fF 2.75 pF 

2-inches 77.8 fF 188.3 fF 5.13 pF 

 

Aiming to investigate the EFP and the spatial sensitivity of the sensor, we 

applied the following perturbation approach. The pipe cross-section was segmented in 

a 9×9 grid (81 pixels), as shown in Figure 3.4. To quantify the spatial sensitivity 

over the pipe cross-section, once a time each pixel was defined with an electrical 

permittivity of 80 (water) while all others were kept with ε = 1 (air). In this way, we 

computed the variation caused by each pixel in the measured capacitance (∆C) of one 

electrode. The spatial sensitivity ψ of each pixel is calculated by (Lucas et al., 1999) 

  
max

C

C






, (3.9) 

where ∆Cmax is the maximal value among all ∆C obtained.  

The spatial sensitivity over the pipe cross-section for one selected electrode is 

shown in Figure 3.5. The sensitivity distribution for the other electrodes is the same 

but shifted in space according to the position of each electrode. The spatial 

sensitivity is strongly focused close to the pipe wall but extends up to the pipe center. 
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Figure 3.4: COMSOL geometry used to compute the spatial sensitivity of the sensor. 

 
Source: Personal collection. 

 
Figure 3.5: Spatial sensitivity for one selected electrode. The green lines represent interpolated contour 

for indicated ψ values. 

 
Source: Personal collection. 

 

We evaluated the longitudinal sensitivity of the 1-inch ID sensor by 

segmenting the region inside the pipe into forty cylinders of 1 mm height, as shown in 

Figure 3.6a. We have verified the disturbance of each small cylinder in a way that 

the full internal region of the pipe was initially defined as water (εrWater = 80) and 

then at each step one single cylinder was set to air (εAir = 1). We have normalized 

the capacitance from the simulations by equation (3.7). Figure 3.6b shows the 

disposition of the cylinders in the interrogation region. Figure 3.6c shows the 

resulting normalized capacitances as a function of the cylinder position. From these 

results, it can be noticed that the interrogation volume is concentrated between the 

transmitter and receiver electrodes, i.e. between the perturbation position 15 and 28 

mm in the figures. 
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Despite the known geometry of the twin-plane capacitive sensor, we have 

performed an investigative simulation for a better estimative of the distance d 

between sensor one and sensor two. For this objective, we simulated by FEM a flow 

structure (similar to a liquid slug) in different longitudinal positions of the pipe as it 

was crossing the cross-section of the capacitive sensor, as illustrated in Figure 3.7. 

The flow structure is moved through the sensor with a known step distance, and the 

perturbation caused in the sensor one in the position x1 can also be detected in the 

sensor two in a position x2, in this way we estimate the distance d. Figure 3.8 

represents the normalized capacitance hl at each moving step of the flow structure 

into the sensor area. 

 
Figure 3.6: Simulated longitudinal region of influence in the capacitance of the 1-inch ID sensor. In a) 
it is shown the segmentation of the investigated region. In b) and c) the resultant simulated influence 

region can be seen. The graph represents the simulated liquid holdup (hl) as a function of the 
perturbation regions. The blue dotted rectangle between emitter and receiver electrodes represents the 

influence region of capacitance. 

     

                            
Source: Personal collection. 

 

It was defined a position of steady-state (x1 and x2 in the figure) condition of hl for 

both sensors – the position in which hl stop to increase - to find out the distance of 

the twin sensors. Thus, the distances d of the 1-inch and 2-inches ID sensors were 

computed by  
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  1

2

2 1 0.094 0.068 0.026 m

2 1 0.18 0.13 0.05 m
inch

inch

d x x

d x x




    
    

, (3.10) 

respectively. 

 
Figure 3.7: Scheme of the FEM simulation of a liquid structure crossing the capacitive sensor. The 

distance d between the sensor one and sensor two is estimated based on simulated results. 

 
Source: Personal collection. 

 
Figure 3.8: Results of the simulation of the liquid structure crossing the capacitive sensor. The 

perturbation caused by the structure crossing the sensor is detected in position x1 in sensor one and in 
x2 in sensor two. 

 

 
Source: Personal collection. 

 

3.3 Experimental results 

3.3.1 Prototype sensors evaluation 

We sealed the prototype sensor on both sides and, an aperture was made at 

its top side, allowing that controlled amount of liquid was injected, as schematically 

shown in Figure 3.9. We filled the pipe with liquid in eight steps forming a different 

air-liquid mixture at each filling step. Each step represents an addition of about 3.25 
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mm of liquid height in the pipe cross-section for the 1-inch ID sensor and of about 

6.25 mm of liquid height for the 2-inches ID sensor. We have performed capacitance 

measurements at each liquid filling step. Two calibration measurements have been 

made, the pipe empty and full of liquid, to normalize the capacitance values by 

equation (3.7). The experiments consisted of measure two different mixtures by both 

sensors (geometries): air-oil and air-water (deionized water). 

 
Figure 3.9: Illustration of the static gas-liquid mixture. We filled the pipe by injecting liquid (water or 

oil) in eight filling steps. 

 
Source: Personal collection. 

 
Figure 3.10: Comparison between simulated and experimental results of a static stratified air-oil 

mixture (1-inch pipe ID) and a static air-water mixture (2-inches pipe ID). M denotes measured data 
and S simulated data, numbers 1 to 8 represent the electrodes numbers in the cross-sectional view. 

  

                              
Source: Personal collection. 
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Additionally, we performed FEM simulations representing the same 

experimental conditions. The simulation data were also normalized to allow a direct 

comparison with experimental results. Figure 3.10 shows simulated and experimental 

curves of normalized capacitances for the air-oil (1-inch pipe ID) and air-water (2-

inches pipe ID) stratified mixtures. Even not represented in the figure, similar curves 

were found comparing the air-oil mixture for the 2-inches ID sensor and comparing 

the air-water mixture for the 1-inch ID sensor. Y-axis represents the normalized 

capacitance or liquid holdup, and X-axis is the liquid height in the cross-sectional 

view of the sensors (internal diameters of the sensors are ~26 mm and ~50 mm). 

Each line in the graph refers to one receiver electrode, whereby continuous lines 

denote experiment and dotted lines simulation. Looking at X-axis as it increases the 

liquid height the electrodes are going to reach the maximum capacitance value, 

meaning that the sense region of the electrode is full of liquid. 

It is possible to notice some small discrepancy between experiment and 

simulation. One possible reason for that is because, in practice, the liquid film in the 

stratified regime is bent (due to surface tension, see Figure 3.11) when one observes 

the cross-section of the duct. In the simulations, we have not considered the surface 

tension. Another factor that might cause some discrepancy is the uncertainty in the 

amount of liquid injected in each filling step which was measured by volume. It 

should be noted that these experiments were not performed for absolute accuracy but 

rather for validation of measurements using a low permittivity liquid and evaluation 

of the behavior of the sensor.  

 
Figure 3.11: Effect of surface tension in liquid film.  

  
Source: Libert et al. 2016a. 

 

Figure 3.12 shows the direct images for both cases: air-water and air-oil. For 

this specific experiment, X-axis represents the liquid filling step rather time. In both 

images, the liquid level is detectable, but in the case of air-oil, the image is more 

susceptible to noise due to the small difference between the electrical permittivity of 

air and oil phases. 
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Figure 3.12: Direct images of the static stratified gas-liquid mixtures. The sensor was filled with liquid 
in eight steps. 

  
Source: Personal collection. 

 

We have analyzed the electrical field penetration depth by simulation and 

experiment for the 1-inch ID sensor. Although there is not a consensual definition for 

the EFP associated with capacitive sensors, some earlier researches consider the EFP 

as the liquid thickness over an electrode representing 97% of the maximum 

capacitance - the infinite liquid thickness (Kim et al., 2013). 

For analyzing the EFP, we placed the sensor in the horizontal position with 

one of the electrodes centered in the bottom. By the aperture in the top of the sensor, 

it was injected a controlled amount of liquid (1 mm of height in the cross-sectional 

view of the sensor at a time) until the full filling of the sensor. We have taken 

measurements at each filling step. We perform FEM simulations representing each 

step of the experiments. Figure 3.13 shows the results for the air-oil and air-water 

mixtures. The Y-axis is the normalized capacitance for the electrode in the bottom of 

the pipe. The X-axis is the liquid thickness over the bottom electrode. Experimental 

results and simulation show a good agreement to oil EFP, near of the 11 mm. The 

simulated and experimental results (10.8 and 13 mm, respectively) for air-water are 

close to half of the pipe height in the same way. 
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Figure 3.13: Electrical field penetration depth for oil and water - comparison between simulated and 
experimental data. 

  
Source: Personal collection. 

 

3.3.2 Vertical flow – Bubble Column 

In order to validate the sensor with a dynamical vertical flow, a test bench 

(1-inch pipe ID) was set up as a small-scale bubble column (Figure 3.14). We filled 

the pipe with liquid (oil or water) and injected air at the bottom of the pipe. The 

sensor was positioned in the middle of the vertical pipe. Two calibration 

measurements were made, the pipe full of air and full of liquid. We performed two 

different kinds of experiments. Firstly, only large air bubbles (Taylor bubbles) were 

generated having as liquid water and silicone oil, one at a time. Secondly, a small air 

compressor was employed to continuously generate small bubbles (of few millimeters 

of diameter - by visual inspection) and consequently investigate the ability of the 

sensor to measure low void fractions. 

The direct images for the large air bubbles for the two mixtures: air-oil and 

air-water, are shown in Figure 3.15. In the air-water case, the image is showed 

between 8 and 28 seconds of the acquisition, and at this interval, four Taylor bubbles 

are noticed. These bubbles are represented in the image by the symmetric decrease in 

the capacitance value along the Y-axis. The symmetric decreasing in the measured 

value, i.e. all eight electrodes sense the large bubble, occurs because such Taylor 

bubbles travel in the center of the pipe. In the air-oil case, the interval selected was 

between 40 and 60 seconds of the acquisition time. In this interval, three Taylor 

bubbles with similar sizes are detected. Although only a small difference between the 

electric permittivity of the air and the oil (around 2) exists, the capacitive sensor is 

able to distinguish the substances. 
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Figure 3.14: Vertical gas-liquid bubble column (1-inch pipe ID). 

 
Source: Personal collection. 

 
Figure 3.15: Direct images of the vertical slug flow for air-water and air-oil mixtures. 

  

 
Source: Personal collection. 

 

We performed the second vertical air-water experiment in a manner that we 

generated different values of void fraction for the dispersed bubble regime. An air 

compressor was responsible for generating the bubbles at different flow rates, which 

we did not monitor at this time. The void fraction varies with the flow rates, and 

values of up to 0.3 were found, above this value, a transition from dispersed bubble 
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to slug flow regime occurred. The volume of the bubbles injected (the void fraction) 

in the pipe was measured by measuring the swell level when compared with the water 

level with no bubbles condition. Hence, firstly the liquid height (l) in the vertical pipe 

is taken without bubbles. A measure of the height variation (hv) is taken in the time 

that the air compressor was injecting the bubbles. So the real void fraction (αr) is 

calculated by (Besagni, Guédon and Inzoli, 2014) 

 r

hv
hv l


       

. (3.11) 

We estimated the electrical permittivity (εx) for each experimental point 

(each different α generated) by the equation (3.6). The acquisition interval was 60 

seconds, at a rate of 500 frames per second (fps) for each experimental point. Aiming 

to investigate the relationship that better describes the results, the electrical 

permittivity measured by the sensor (εx) was plotted as a function of the void 

fraction estimated by swell level (αr), as can be seen in the graph in Figure 3.16. In 

the same graph, we compare the results to the parallel (liner) and Maxwell-Garnett 

(MG) models. Qualitatively, the results are closer to the MG model, mainly at low 

void fractions (<0.1), since it better describes a bubbly regime. Quantitatively, the 

void fraction estimation for bubbly flow based on the Maxwell-Garnett (2.18) can be 

made with an uncertainty of 12%. It was calculated by inserting the measured value 

of εx into equation (2.18), obtaining a measured void fraction that we compare with 

the reference (swell level) α (equation (3.11)). In the worst case, a deviation of 12% 

was found, and the Maxwell-Garnett model could be a good approximation to relate 

void fraction and electrical permittivity in the bubble column.  

 

3.3.3 Horizontal flow 

The developed sensor was tested in a horizontal test bench (see Appendix B) 

located at NUEM-UTFPR, Curitiba, Brazil. The flow loop comprises transparent 

pipe sections (1-inch and 2-inches ID), temperature and pressure sensors, Coriolis 

meters, water pump, compressor and a personal computer. In the flow loop, one can 

run air-water two-phase flows at controlled conditions, i.e. user-defined gas and liquid 

flow rates. 

We have used a 12×12 wire-mesh sensor as a reference measurement for the 

void fraction. By the intrusive characteristics of the WMS, it was allocated 

downstream the capacitive sensor as illustrated in Figure 3.17. 
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Figure 3.16: Comparison of Linear and Maxwell-Garnet Mixing Models with the experimental results. 
Vertical error bars represent the maximum and minimum values from sensor readings. Horizontal error 

bars represent an estimate on the uncertainty of measured void fraction by the swell level. 

 
Source: Personal collection. 

 
Figure 3.17: Scheme of sensors (the reference WMS and the developed one) allocation in the horizontal 

air-water flow loop located at NUEM-UTFPR. 

 
Source: Personal collection. 

  

We normalized the measured capacitances of the WMS crossing points similarly to 

the procedure for the prototype sensor. An exemplary pipe cross-sectional image 

generated by the WMS data is shown in Figure 3.18a. The blue color (1 in the color 

map) represents the maximum normalized capacitance value and the green color (0 in 

the color map) the minimum normalized capacitance value. Twelve central pixels (i.e. 

the central chord), of each WMS frame, were extracted and disposed over time to 

represent a side view of the flow, as shown in Figure 3.18b. In this way, we can 

compare the direct images (phase distribution) obtained by the proposed capacitive 

sensor with the WMS readings. 

We performed measurements for sixteen combinations of gas and liquid 

superficial velocities, as can be seen in the flow map (Taitel and Dukler (1976)) of 
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Figure 3.19. We analyze the results qualitatively and quantitatively in the following 

subsections.  

 
Figure 3.18: a) Cross-sectional image of the pipe built by the WMS data. b) 12 central pixels of cross-

section disposed over the time representing a longitudinal view of the pipe. 

 
Source: Personal collection. 

 
Figure 3.19: Gas-liquid flow map and measuring points for both pipe ID. 

 
Source: Adapted from Taitel and Dukler (1976). 

 

a) Qualitative comparison 

The qualitative analysis is based on the flow regimes: slug flow, stratified 

flow, aerated slug flow and wavy flow. Figure 3.20 shows the direct images for an 

interval of time selected for the case of JG = 0.6 m/s and JL = 0.3 m/s (experimental 

point H11). Since we placed the WMS and the capacitive sensor a few centimeters 

apart, we have made a time shift in one of the two images in a way that we could see 
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the equivalent slugs visually overlaid. Direct sensor images can be compared straight 

to WMS images. In both images, one can identify the slug flow pattern as well as the 

sharp tail characteristic of the air bubble (notable in the closer look to the air bubble 

in Figure 3.20). In a previous work of our research group (Libert, Morales and da 

Silva, 2016b), authors have used a high-speed camera to capture the format of a 

typical bubble for this condition, and we show those captures in the figure for 

reference. 
 
Figure 3.20: WMS image and direct image for JG = 0.6 m/s and JL = 0.3 m/s. The high-speed image 
(captured in similar experiments performed in previous work of the bubble confirms the relatively 

sharp tail that is noticed in both direct images. 

     

       
Source: Personal collection/Libert et al. (2016b). 

 

In Figure 3.21, we show the result for a gas-liquid flow where the superficial 

velocities of gas JG and liquid JL are 2.2 m/s and 0.9 m/s, respectively. The regime is 

predicted as slug flow pattern by the flow map and by the direct images. It is 

possible to notice equivalence in the images of the two sensors: (i) the size of air 

bubbles and the liquid height is similar, (ii) between two consecutive air bubbles it is 

possible to notice the aerated liquid slug (i.e. air bubbles immersed in the liquid 

phase). In the image of the high-speed camera (Libert, Morales and da Silva, 2016b) 

is possible to see the end of an air bubble and the aerated liquid slug. 

In Figure 3.22, we show the direct images for JG = 2.2 m/s and JL =2.2 m/s. 

In the flow map, the pattern is a transition between stratified and wavy stratified. By 

the direct images of both sensors, it is possible to notice the liquid height variation 

characterizing the wavy pattern. 



74 

  

 

 Chapter 3 – Twin-plane capacitive sensor 

 

Figure 3.21: Direct images for JG=2.2 m/s and JL=0.9 m/s. The slug is characterized by the aerated 
liquid slugs noticed in both images and by the high-speed camera (captured in a previous work of our 

research group (Libert, Morales and da Silva, 2016b)). 

       

         
Source: Personal collection/Libert et al. (2016b). 

 
Figure 3.22: Direct images for JG=2.2 m/s and JL=2.2 m/s. The wavy pattern is noticed by the 

variation of the liquid height detected by both sensors. 

 
Source: Personal collection. 

 

b) Quantitative comparison 

From the experimental data, time-series (TS) of wire-mesh sensor and 

capacitive sensor can be obtained by 
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 ( ) ( , , )
WMS ij

i j

TS k i j k  , (3.12) 

 
1

( , ) ( , , )
8CS

i j

TS i k i j k  , (3.13) 

respectively. Time series of the WMS considers the weight of each crossing point (ϖij) 

in the total cross-sectional area of the pipe (Prasser, Krepper and Lucas, 2002). For 

the capacitive sensor, the time series is taken by averaging the capacitance values of 

the eight electrodes. Figure 3.23 shows the time series for both sensors for some of the 

operation points in the 1-inch pipe flow loop. Time-series were visually time-shifted in 

a way that the information of both sensors was overlaid. We identify the elongated 

air bubbles by the increase in the void fraction values. For the operating point H11 in 

the figure, the region of air bubbles exists a rather large discrepancy in the 

comparison of the two sensors. It can be possibly explained by the higher spatial 

resolution of the WMS, which is obtained by its intrusive mesh of electrodes. For the 

worst-case (operating point H11), the relative deviation of cross-sectional averaged 

void-fraction was 22%, and the absolute root mean square deviation (RMSD) 0.1326. 

For other experimental points, absolute deviation and RMSD are lower than for the 

H11 point. Equivalent results were found comparing 2-inches ID sensors. In Figure 

3.24, we show a few time series for the 2-inches ID sensors. We also calculated the 

RMSD considering time-averaged void fraction for both geometries and all measured 

points, and we found an RMSD value of 0.05 (5%). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



76 

  

 

 Chapter 3 – Twin-plane capacitive sensor 

 

Figure 3.23: Time-series of the WMS and the capacitive sensor for slug flow regimes in 1-inch pipe ID. 
  

 
Source: Personal collection. 

 
Figure 3.24: Time-series of the WMS and the capacitive sensor for slug flow regimes in the 2-inches 

pipe ID. 

 
Source: Personal collection. 
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3.4 Conclusion 

In this chapter, we introduce a novel capacitive sensor for the 

characterization of two-phase flows. The proposed sensor is based on a previous 

design, but here the sensor is further developed towards electrical capacitance 

(permittivity) measurements. We have shown that relative permittivity differences of 

around 2 (for oil and air) could be securely distinguished. Hence, we are enlarging the 

field of application of such a sensor for non-conducting fluids. We have also 

performed FEM simulation to optimize the geometry and evaluate the sensor 

behavior and some operating characteristics. The sensor was also experimentally 

evaluated regarding its performance to measure vertical and horizontal flows. Results 

showed good agreement with a reference void fraction sensor (WMS), both 

qualitatively (visual comparison of direct images) and quantitatively (RMSD of 5%). 

Therefore, the presented capacitive sensor is a non-intrusive flow measuring device 

that can be potentially deployed in systematic studies of two-phase flows (for 

mixtures electrically conducting or not).  At this doctoral thesis, the sensor will also 

be combined with other sensors to perform flow rate measurements. Future 

investigation will be made in order to evaluate the capacitive sensor workability in 

the measurement of other different gas-liquid flow regimes (e.g. annular and churn 

flow), since the capacitive sensor is expected to yield similar performance as shown in 

Seleghim and Hervieu (1998). Furthermore, the sensor may also be employed to 

investigate other types of two-phase flow (e.g. liquid-liquid and liquid-solid) as long 

as there exist enough differences in the electrical permittivity values of the involved 

phases (e.g., as occurs for air and oil). 
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Chapter 4 

Three-plane wire-mesh sensor  

This chapter presents a novel wire-mesh sensor and its measuring electronics 

developed at Helmholtz-Zentrum Dresden-Rossendorf - HZDR. The focus of the 

sensor is the measurement of multiphase flows composed by one highly conductive 

phase, such as saline water commonly found in petroleum production. Novelties of 

the presented sensor are related to the modifications in its physical characteristics, 

such as the addition of a coating layer in the transmitter and receiver wires, the 

addition of a third plane composed by stainless steel wires and by modifications in 

the transmitter and receiver electronics. In order to evaluate the developed system, 

we tested the sensor in static and dynamic conditions (during the author’s doctoral 

internship at HZDR) commonly found in the petroleum industry and proposed 

routines to extract information from the measured data.  

 

4.1 Introduction 

In the production and extraction processes of the petroleum industry is 

customary the presence of gas, oil and water flowing in a pipeline. The knowledge of 

the phase distributions, phase fractions and flow rate of individual phases can 

guarantee a safe and efficient operation of the oil plants. The WMS has been 

successfully applied in the characterization of multiphase flows in different works: 

Prasser et al. (2002), Da Silva et al. (2011), Da Silva and Hampel (2013) and Kanshio 

et al. (2017).  

In the presence of a highly conductive fluid, such as produced water found in 

petroleum industry, classical impedance sensors - e.g. current WMS technology or 

capacitance or resistance probes (Ceccio and George, 1996; Prasser et al., 1998 and 

Da Silva et al., 2007) - operating with excitation frequencies up to few Megahertz are 

unsuitable to perform any phase fraction measurement due to the fact that the high-

conducting phase (saline water) short-circuits the electrodes. In the North Sea, the 

water conductivity and permittivity are approximately 5 S/m and 70 (Johansen et 
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al., 2005), respectively, giving an optimal excitation frequency in the range of 

gigahertz. Some strategies can operate in such frequencies (Lund Bo and Nyfors, 

2002; Sharma, Lao and Falcone, 2018). However, only integral (cross-sectional 

averaged) phase fraction measurements have been achieved. 

Considering the potential application of the WMS for the characterization of 

multiphase flows, a novel wire-mesh sensor to make it available in mixtures composed 

by one highly conductive liquid was introduced in Löschau et al. (2016). The 

proposed sensor cancels the output signal of a conductive medium and consequently 

is capable of differentiating the electrical permittivity of the other (non-conducting) 

fluids in the mixture. We have performed experiments and proposed routines to 

extract information from the raw data, considering static and dynamic multiphase 

mixtures containing saltwater. A team of HZDR developed the sensor, and we used it 

to perform our experiments and to create routines of data processing. The aim of the 

sensor presented in this chapter is, in future work, to combine with techniques to 

measure the velocities of phases to compute the flow rate of individual phases. We 

present and discuss the experiments in the following. 

  

4.2 Three-plane wire-mesh sensor 

4.2.1 Three-plane configuration 

In Figure 4.1, we show a schematic representation of the novel three-plane 

wire-mesh sensor. Compared to the usual WMS (Prasser, Böttger and Zschau, 1998; 

Da Silva, Schleicher and Hampel, 2007), it has one extra plane composed by stainless 

steel wires (0.12 mm diameter) parallel to the transmitter plane and electrically 

connected to ground. Furthermore, transmitter and receiver (stainless steel) wires are 

coated by a thin electrically insulating layer made of Teflon 

(Polytetrafluoroethylene). Each plane is composed of 16 wires separated by 6.25 mm 

and, the axial distance among the planes is 1.5 mm – geometry for a pipe diameter of 

100 mm. The function of the coating layer is kept transmitter and receiver wires 

electrically isolated, preventing a short-circuit between them in the presence of 

conductive fluids. The third plane electrically connects conductive fluids to the 

ground (zero voltage) guaranteeing that the step response of the input square signal 

will be given only by the electrical permittivity of the fluids in the crossing points, 

i.e., the measurement is purely capacitive. Thus, the receiver electronics can 
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distinguish the electrical permittivity of non-conductive fluids even in the presence of 

one highly conductive medium in a multiphase mixture. 

 
Figure 4.1: Schematic of the three-plane WMS geometry, in the image, each plane is composed of four 

wires. 

 
Source: Adapted from Löschau et al. (2016). 

 

4.2.2 Three plane measuring electronics 

In Figure 4.2, we represent the electronics of a 4x4x4 three-plane WMS as a 

block diagram. The presented electronics is based on the conductive WMS proposed 

by Prasser et al. (1998). To explain the principle of work, the electronics is divided 

into the transmitter and the receiver part, which are both connected to the control 

unit. Transmitter part is responsible for generating the square wave input signal 

which has typically a pulse width of 4.5 µs and an amplitude of 3 V. The time 

interval between a negative and positive pulse width is 1.5 µs. A multiplexer (MUX) 

ensures that the input signal is applied to only one transmitter wire at a time while 

all the other transmitting wires are connected to ground.  

Simultaneously, the receiver electronics acquire up to two samples (at 

selectable sample times) of the step response – which corresponds to the displacement 

current flowing through the medium - in all receiver wires. To this purpose, the 

displacement current of each crossing point is converted into a proportional voltage 

by the current-voltage converter (I/U – based on OPA4132). The feedback 

impedance of the OPAMP digitally controls the gain of the converted voltage. Given 

the exploratory purpose of the presented WMS, a second gain stage was added in the 

receiver circuit as well as a second sampling point, i.e., the circuit can sample the 

output voltage at two different selectable sample times which are digitalized by 

analog-to-digital converters (ADC). The digital adjustment of the second gain and 

the measurement of two samples at different times can aid the expansion of the 
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system to characterize different kinds of mixtures (dispersion of gas in liquid or solid 

in liquid for example).  Digitalization is clock-synchronized with the input signal by 

the control unit, i.e., after a specified time that the input edges, falling and rising, 

has occurred, the samples ts1 and ts2 are taken.  

A personal computer (PC) is responsible for acquiring and processing the 

measured data, as well as to work as the user interface where the current-voltage 

gain, the second stage gain and the sample times of the analog-to-digital conversion 

are set. We save the digitalized acquired data, referent to ts1 and ts2, in matrices V of 

size N × N × k (where N is the number of receiver and transmitter wires and k is the 

number of acquired frame). To cancel out possible (non-zero) offset voltages which 

might appear, and also an electrolytic action, the final measured values correspond to 

the difference between the sampled voltages of the positive and of the negative 

periods of the input square wave in the form 

 ts ts
V V V   . (4.1) 

The sample points can be acquired with an acquisition rate up to 10,000 frames per 

second.  
 

Figure 4.2: Schematic representation of the three-plane WMS measuring electronics. u(t) is the output 
voltage corresponding to the electrical displacement current flowing from the transmitter to receiver 

wires. The receiver electronics is capable of acquiring two samples at each rising and falling edge of the 
input signal. 

 
Source: Adapted from Löschau et al. (2016). 

 

4.2.3 Three-Plane circuit analysis 

We make the circuit analysis with the aid of Figure 4.3, where it is 

represented the equivalent circuit of the proposed WMS for one crossing point. Rx 
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and Cx are the equivalent resistance and capacitance of the medium, Cw1 and Cw2 

represent the capacitance/high impedance of the transmitter and receiver coated 

wires, Cf1 and Cf2 are the feedback capacitance (typically 10 pF) and, Rf1 and Rf2 are 

the feedback resistances (digital potentiometers AD5263 which have the resistance 

value set digitally by users). Assuming that the sensor geometry (which may be 

described by a geometry factor kg), the amplifiers gain and the impedance of the wires 

do not change, the step response depends only on the electrical impedance of the 

medium (Cx and Rx).  

Firstly, the response of the sensor is analyzed considering a high conductive 

fluid (as saline water) filling the crossing points. In this case, the resistance Rx (~0) is 

very low, and the electrical displacement current flowing from the input signal is 

driven to ground (third plane), i.e., the output voltage u2(t) is zero.  

The second approximation considers non-conductive fluids, like oil and gas. 

The equivalent impedance of these fluids can be approximated by the capacitance Cx, 

since the high resistance Rx (Rx~∞), in parallel with Cx, can be disregarded in a first 

approximation. In this situation, the transfer function H(s) of the equivalent circuit, 

representing the step response of the system, is given by  

 ( )
( 1)( 1)

As
H s

Bs Cs


 
, (4.2) 

where A, B and C are constants related to the capacitance and resistance values of 

the circuit in the form 
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. 
(4.3) 

Since Cx is the only parameter which varies, the output voltage u2(t) (represented by 

the step response) will depend only on the electrical permittivity of the medium 

(Cx~εr). The curve of the characteristic step response is shown in Figure 4.4. The 

effects of geometry factor and wires capacitance are cancelled by the aid of a 

calibration procedure which consists of measuring the fluids with known electrical 

properties (such as air and oil). 
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Figure 4.3: Equivalent electronic circuit of the proposed WMS corresponding to one crossing-point. 

 
Source: Personal collection. 

 
Figure 4.4: Characteristic step response of the equivalent circuit considering non-conductive fluids. ts1 

and ts2 are the selectable sample times of the receiver circuit. 

 
Source: Personal collection. 

 

4.3 Preliminary experiments 

4.3.1 WMS Impedance measurement 

In order to validate the proposed wire-mesh sensor, we measured the 

equivalent impedance of a standard WMS (non-insulated wires) and the novel one 

(coated wires) by an LCR meter (Fluke PM6304 – 100 kHz). To this purpose, we 

have short-circuited the wires of the same planes, i.e., the measured values represent 

the equivalent impedance of all crossing points in parallel.  

The wire-mesh sensor was filled by water in a range of conductivity from 

0.001 (deionized water) to 10 S/m. The water level was covering the entire cross-

section for investigating a homogenous medium. To increase the water conductivity, 

we added known amounts of sodium chloride (NaCl) to water. In this situation, the 

equivalent measured impedance Z is given by the parallel connection of the N 
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crossing points. Figure 4.5 shows the measured impedance as a function of water 

conductivity. As expected, the impedance of the sensor with coated wires (the one 

used here) kept almost constant (~3 kΩ) for the whole conductivity range. 

On the other hand, the impedance of the standard WMS (non-coated wires) 

reaches very low values (~0.3 Ω) indicating the mentioned short-circuit between 

transmitter and receiver wires and thus having a significant influence in the sensor 

behavior. In the same graph, it is shown the phase angle of the measured impedance. 

For the novel WMS, the effective angle is close to -90° for saline water, 

approximating the assumption of a purely capacitive measurement by the proposed 

WMS.  

 
Figure 4.5: Comparison of the equivalent impedance and effective angle of the impedance of the usual 

WMS and the novel one. 

 
Source: Personal collection. 

 

4.3.2 Conductivity measurements 

A few measurements have been performed to approximate the minimum 

electrical conductivity of the fluid that enables the electrical current to be sunk by 

the third plane added in the WMS geometry. For this purpose, we increased the 

electrical conductivity of the deionized water by the addition of sodium chloride and 

the output voltage u2(t) of the system was estimated via ADC. In Figure 4.6, we 

plotted the output voltage as a function of the electrical conductivity, and one can 

notice that even for low values of electrical conductivity, the output voltage reaches 
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zero. The minimum conductivity for that the third plane sink the electrical current to 

ground was 0.15 S/m.  
 

Figure 4.6: Plot of the measured output voltage u2(t) as a function of the water conductivity. 

 
Source: Personal collection. 

 

4.3.3 Effect of the third plane in stratified mixtures 

When a conductive medium fills the WMS (non-insulated wires) cross-

section, the equivalent impedance between transmitter and receiver wires is very low 

short-circuiting perpendicular wires, unless coated wires are used (as discussed earlier, 

see Figure 4.5).  

To visualize the effect of the third plane, air-water (conductivity of 2 S/m) 

stratified mixtures were measured with the proposed sensor in two ways: the third 

plane connected to ground and third plane in open circuit. Figure 4.7 depicts the 

setup where we can observe the angle of the wires and the gas-liquid interface. In 

both situations, the WMS raw data is plotted on a color scale, as shown in Figure 

4.8. The color scale plots are a representation of the setup at an angle of -45º. For the 

open circuit case the electrical current is not sunk by the third plane and the 

electrical conductivity of the crossing points filled by water (which in turn are in 

parallel with all the others crossing points) have a high influence in the equivalent 

impedance Zx resulting in a not defined air-water interface and preventing to make 

any estimation of the phase fractions. 
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In the case of the third plane connected to ground, the air-water interface is 

clearly defined because the electrical current is sunk by the third plane in the 

crossing points filled by saline water, and the electrical conductivity does not 

influence the measured voltages. 

 
Figure 4.7: Stratified air-water mixture measured by the proposed WMS. The blue color of wires is the 

Teflon coating layer. 

 
Source: Personal collection. 

 
Figure 4.8: Phase distribution in a stratified air-water mixture. a) Color scale graph of the WMS raw 

data with the third plane in open-circuit. b) Raw data with the third plane connected to ground. 

 
Source: Personal collection. 

  

4.4 Phase fraction estimation  

We have proposed calculation procedures to estimate phase fractions in 

stratified three-phase mixtures and water-in-oil (W/O) dispersions, as described 

hereafter. 
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4.4.1 Stratified three-phase mixtures  

The focus of the developed sensor is to monitor the phase fractions and phase 

distribution in multiphase flows in the presence of a high conductive media. To this 

purpose, it is not necessary the measurement of the effective capacitance and the 

proposed routine to distinguish the phases in air-oil-water mixtures consists of 

making calibration measurements and data normalization. The phase fraction 

estimation proposed here assumes that the output signal is proportional to the 

electrical permittivity of the non-conductive phases (εair ~1 and εoil ~ 3).  

In Figure 4.9, we show a pseudo-code summarizing the routine, which we 

have proposed, for estimating phase fractions. Initially, the step response of the pure 

phases has to be measured as a calibration routine. Assuming that the output voltage 

is zero to water (Vw = 0), two calibration measurements have to be performed, the 

cross-section empty (air measurement) and full of oil. Figure 4.10 shows the step 

response of pure phases (including water) acquired by a digital oscilloscope 

(Yokogawa DL9000 series - acquisition rate up to 5 GS/s). The sample time must be 

set to obtain the higher difference among the sample points of the pure phases and to 

obtain the sample point for water closest to zero volts (giving the oscillatory behavior 

of the step response for water due to the switching of the multiplexer). 

 
Figure 4.9: Pseudo-code to differentiate phases in stratified air-oil-water mixtures. 

 
Source: Personal collection. 

ACQUIRE the calibration measurements referent to oil and air; 

COMPUTE the oil phase distribution β(i, j, k) in pipe cross-section by 

(4.4); 

IF β(i, j, k) < 0 (there is water in the crossing-point) 

    β(i, j, k) = 0; 

ENDIF 

COMPUTE the cross-sectional oil fraction αO(k) by (4.5);COMPUTE 

the water phase distribution γ(i, j, k) in pipe cross-section by (4.6); 

IF γ(i, j, k) < 0 (there is oil in the crossing-point) 

    γ(i, j, k) = 0; 

ENDIF 

COMPUTE the water fraction αW(i, j, k) by (4.7); 

COMPUTE the air phase distribution and fraction by (4.8); 
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We obtain the oil phase distribution β(i, j, k) by a normalization procedure 

that quantifies the amount of oil phase at each crossing point. By the normalization, 

we consider a linear relationship between the measured voltages – here of air (VA) 

and oil (VO) - and phase fractions. Therefore, the crossing points filled by water are 

discriminated by the following equation 

 
( , , ) ( , )

( , , )
( , ) ( , )

if  < 0 it is brine, than ( , , ) 0
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O A

V i j k V i j
i j k

V i j V i j
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, (4.4) 

where VM is the sampled voltage of the mixture and the indexes i, j and k are the 

transmitter wire number, receiver wire number and the frame number, respectively. 

Consequently, β is a matrix representing the oil distribution in the WMS cross-

sectional area. The values of the matrix range between 0 and 1, where 1 indicates the 

presence of pure oil in the crossing point. The cross-sectional averaged oil fraction 

αO(k) is obtained considering the weight of each crossing point in the cross-section 

area of the sensor by (for details see Prasser et al. (2002)) 

 ( ) ( , , ) ( , )
O

i j

k i j k W i j  , (4.5) 

where W is the weight of a crossing point (i, j) of the WMS. 

 
Figure 4.10: Step response of pure phases measured by an oscilloscope. 

 
Source: Personal collection. 
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In order to obtain water distribution γ(i, j, k) and fraction αw, a similar 

approach applied to the oil phase is considered. In the case of water, we consider a 

linear relationship between saline water (Vw, assumed to be equal to zero volts) and 

air as follows 

 
( , , ) ( , )

( , , )
( , ) ( , )

if < 0 it is oil, than  ( , , ) 0
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V i j k V i j
i j k
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. (4.6) 

The cross-sectional averaged water fraction aw(k) is calculated by 

 ( ) ( , , ) ( , )
w

i j

k i j k W i j  . (4.7) 

Lastly, the air phase distribution and cross-sectional averaged air fraction are 

distinguished, respectively, by  
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. (4.8) 

The linear relationship considered here it is an approximation which considers the 

crossing points as a parallel plate capacitor in the presence of a homogeneous 

dielectric (homogeneous fluid in this application) and have been applied positively in 

previous versions of the WMS (Prasser, Böttger and Zschau, 1998; Da Silva, 

Schleicher and Hampel, 2007).  

 

4.4.2 Water-in-oil dispersions  

The mixture of oil and water phases can form two different kinds of 

dispersions commonly found in petroleum production - water-in-oil (w/o) or oil-in-

water (o/w). W/o dispersion means that water droplets are dispersed in the oil 

continuous phase, and o/w indicates that oil droplets are dispersed in the water 

continuous phase. The kind of dispersion formed depends on several factors such as 

phase fractions, fluids viscosity and density, flow direction and velocity (Filippov and 

Panferov, 2012).  

The electrical conductivity of the mixture in dispersions is related to the 

continuous phase, i.e., when saline water is the continuous phase (o/w) the mixture is 

conductive, otherwise is non-conductive (Johansen et al., 2005). Hence, because of the 

WMS response is zero for saline water, the focus here is the measurement of water 

fraction in w/o dispersions.   
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Several mixture models have been developed to describe the mixing of 

dielectric materials. Maxwell-Garnett mixing rule (MG) predicts the effective 

permittivity of a mixture in which spherical droplets of the disperse phase are 

immersed in the carrier phase (Sihvola, 2001). Considering MG and the WMS 

geometry, the capacitance Cx of the equivalent WMS circuit have been calculated for 

different water fractions αw as follows 

 0

3 ( )
1

2 ( )
w w o

x g o
o w w o w

C k
  

 
    

          
, (4.9) 

where kg is the geometry factor, ε0, εw and εo are the vacuum, water (80) and oil (2.5) 

permittivities, respectively. Since values of αw between 0.6 and 0.8 can represent the 

phase inversion region and the mixture may not be classified as w/o or o/w (Filippov 

and Panferov, 2012), the capacitance Cx was calculated for αw ranging up to 0.7. The 

geometry factor kg was estimated similarly to Da Silva et al. (2007). A crossing point 

of the WMS is considered a parallel plate geometry, where the plate side l (6.25 mm) 

is the distance among parallel wires, and the plates distance d (1.5 mm) is the 

distance between two planes. Thus, kg is obtained by 

      
2

26 mm
g

l
k

d
  . (4.10) 

We have simulated the wire-mesh sensor equivalent circuit, shown in Figure 

4.3, in a SPICE simulator software considering the values of the components of the 

developed electronic circuit and theoretical values of Cx given by (4.9). In the 

simulation, the feedback capacitors are defined as 10 pF, the resistors R1 and R2 as 

820 Ω and the capacitance of the wires, Cw1 and Cw2, have been calculated as 5 pF 

(we considered the electrical permittivity of Teflon as 2.1). Aiming to approximate 

the simulation with a real condition - measurements of the three-plane WMS (as 

shown in Figure 4.10), the gain of the simulated circuit was adjusted based on the 

measurements described in the following. We measured the difference (Vd) of the 

output voltages considering pure oil (VOil) and w/o dispersion (V) (water fraction 

equal to 0.5) as a normalization procedure (Vd = V - VOil). We have simulated the 

same experiments and the same difference between output voltages was found by 

changing the gain of simulation, i.e. changing the value of the feedback resistor (Rf). 

In Figure 4.11, it is shown the simulated output response as well as the sample point, 

which is set to obtain the maximum amplitude among the different mixtures without 

saturating the output signal.  
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Figure 4.11: WMS simulated output response for one crossing point considering water-in-oil 
dispersions. The water fraction ranges between 0 and 0.7. 

 
Source: Personal collection. 

 

We have made a data fitting to find the function which better describes the 

relationship between the normalized output voltage Vd and the (saline) water 

fraction. Since the Maxwell-Garnett mixing rule (4.9), used as input to the simulated 

model, gives a rational relation between αw and Cx, a rational function is defined to 

describe the relationship of the simulation shown in Figure 4.12 in the form 
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. (4.11) 

Then, by (4.11), it is possible to obtain water distribution γ and fraction αW in water-

in-oil dispersions through only one calibration measurement (VOil). 

 

4.5 System evaluation results 

4.5.1 Static stratified three-phase mixture 

We measured three-phase stratified mixtures to evaluate the proposed system 

and the calculation procedure presented in 4.4.1. The novel WMS was installed in a 

pipe section with a known volume, as shown in Figure 4.13. 
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Figure 4.12: Fitted curve representing the water fraction as a function of the measured output voltage 
Vd - obtained by simulations. 

 
Source: Personal collection. 

 
Figure 4.13: Experimental setup to evaluate the novel WMS and the calculation procedure to estimate 

phase fraction in stratified three-phase mixtures. 

 
Source: Personal collection. 

 

The three-phase mixture was compound by sunflower oil, saline water (2 

S/m) and air. We used sunflower oil because it is a vegetable oil, which is easier to 

handle regarding environmental issues, and due to its similar electrical permittivity 

compared to crude oil. The system gain was set to give a maximum output voltage 

without saturation. We set the acquisition rate as 1000 fps since the experimental 

mixture is static and we do not need fast acquisitions. Sample time was defined as 

mentioned earlier and shown in Figure 4.10.  



94 

  

 

 Chapter 4 – Three-plane wire-mesh sensor 

 

We started the experiments injecting known volumes of oil (φo) and water 

(φw) in the pipe section, by the total volume of the pipe section φt we calculate the 

reference phase fractions by 

      

,

,
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w
w

t
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t

w o










  





  

. 
(4.12) 

We performed fourteen measurements, for each measurement 3000 frames were 

acquired. In the first measurement, the phase fractions were 5% for water, 14% for oil 

and 81% for air. We increased the water fraction in the first ten measurements until 

reach 38%. In the last four mixtures, the oil fraction was increased until reach 25%. 

In Figure 4.14, we show the phase distribution measured by the proposed WMS for a 

mixture composed of 37% of air, 25% of oil and 38% of water. In Figure 4.15, we 

compare reference and calculated values (the average value of the 3000 frames 

acquired) for air, oil and water fraction for all experiments. Dotted lines represent an 

absolute deviation of 2% and the continuous line the ideal condition. As one can see, 

the absolute deviation is between the ±2% deviation lines in the graph. The result 

shows the potential application of the novel WMS to cover the lacks of applicability 

of the standard WMS, such as three-phase mixtures compound by a highly 

conductive phase. 

 

4.5.2 Dynamic mixture 

We performed experiments to characterize dynamic three-phase stratified 

mixtures using the same experimental setup shown in Figure 4.13. This experiment is 

performed to approximate the measurement to a real condition found in petroleum 

production. For this end, we used mineral oil (silicone oil). The experiment consisted 

of the insertion of water and oil in the pipe section with a proportion of 30% and 

20%, respectively. The pipe section was shaken during the acquisition interval to 

measure a dynamic stratified mixture. In Figure 4.16 we see a bar graph representing 

the calculated averaged cross-section phase fractions over time. It is possible to state 

that the acquisition started whit a static mixture (in the first 8 seconds the phases 

can be distinguished in a static stratified flow pattern). After that, the pipe section 

was shaken, and it is noticed the change of phase fractions due to the motion of the 

pipe in which can force the appearing of waves, slugs and dispersions in the mixture.  
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Figure 4.14: Phase distribution of a stratified air-oil-water mixture composed of 37% of air, 25% of oil 
and 38% of water. 

 
Source: Personal collection. 

 
Figure 4.15: Comparison of calculated and reference phase fractions of stratified air-oi-water mixtures. 

 
Source: Personal collection. 

 

Over 35 seconds of acquisition, the pipe section was released, and the mixture of 

water and oil started to separate. At the end of the acquisition interval, oil and water 

were not yet fully separated, or it had formed foam in the water-oil interface, which 

may explain the change in the oil fraction from beginning to the end of the 

measurement. 
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By the presented dynamic experiment, one can state that the novel sensor is 

capable of detecting variations in phase distributions – such as waves, slugs and 

dispersions - which commonly occur in petroleum production.  

 
Figure 4.16: Bar graph representing the phase fractions in an air-oil-water mixture. The pipe section 

was shaken along with the measurements. 

 
Source: Personal collection. 

 

4.5.3 Water-in-oil dispersions 

We used an experimental setup similar to the one presented in Dos Santos et 

al. (2016) to validate the proposed procedures to estimate water fraction in w/o 

dispersions. The setup is composed of a mechanical stirrer (rotational velocity up to 

1500 RPM and variable impeller height), a round flange, a novel WMS and a pipe 

vessel with four baffles attached in the internal pipe wall. We performed experiments 

for some different values of water fractions, up to 55%. Above this value, we noticed 

that it had occurred phase inversion, i.e., the water became the continuous phase of 

the mixture. We considered two different methods to ensure that the oil was the 

continuous phase. The first consisted of measuring the mixture conductivity and the 

second a simple analysis of the output signal of the WMS.  

Firstly, we performed a few experiments to obtain an experimental 

relationship (curve) between phase fraction and the WMS output voltage - similar to 

the simulated curve obtained previously and represented by equation (4.11). By 

approximating an experimental curve, we aim to evaluate the simulation as well as 

obtaining a higher accurate measurement of water fraction. In this sense, we 

measured the WMS output voltage for pure oil (VOil) and different water fractions. In 

Figure 4.17a, we show the experimental points in a graph of water fraction as a 

function of the normalized output voltage Vd (Vd = V - VOil). As one can see, the 

experimental points present a good similarity with simulation in a way that they 

range around the simulated curve. We fitted the experimental points as a rational 
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relation between the known αw and the normalized output voltage Vd. Thus we can 

investigate if the experimental data could improve the estimation of water fraction in 

w/o dispersions. The experimental curve is given by the following equation 
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. (4.13) 

We repeated the experiments, and the cross-sectional averaged water fraction 

αw was calculated by the simulated (4.11) and experimental (4.13) curves. Results are 

presented in Figure 4.17b. One can observe that the absolute deviation is less than 

5%  for both equations of αw. The highest deviation is seen for 50% of water fraction 

calculated by the simulated curve. One possible reason for this unfortunate result is 

related to the characteristics of the simulation, where we did not consider changes in 

the properties of each different mixture. On the other hand, the experimental curve 

may detect possible changes in mixture properties if it changes the output voltage of 

the WMS. Possibly, explaining the better result for the experimental fit in calculating 

the water fraction in the w/o dispersion compound by 50% of each phase. 

 
Figure 4.17: a) Representation of the reference water fraction as a function of the normalized WMS 
output voltage. The fitted curve represents the experimental relationship between the water fraction 

and the normalized output voltage. b) Measurement of water fraction in w/o dispersions by the aid of 
experimental and simulated curves. 

 
                                     a)                                                                  b) 

Source: Personal collection. 

 

We have calculated the absolute RMSD to quantify the results. The RMSD 
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was 0.022 and 0.122 for simulated and experimental curves, respectively. By 

simulations, we can have a reasonable estimation of phase fraction in dispersions, and 

this approximation can be used when calibration measurements are not affordable. If 

it is required a highly accurate estimation of water fractions, the calibration by the 

experimental procedure is more appropriated. 

 

4.6 Conclusions 

In this chapter, we have presented and evaluated a novel three-plane WMS. 

By the usual approach, the WMS cannot perform any measurement when highly 

conductive fluids fill the crossing points. Motivating then, the development of a new 

WMS topology, since the sensor is characterized by its high temporal and spatial 

resolution. The combination of coated wires with the addition of a third plane 

(electrically connected to ground) allows the characterization of multiphase mixtures 

compound by a highly conductive fluid. We proposed calculation procedures to 

compute the phase fraction and phase distribution in three-phase stratified mixtures 

and water-in-oil dispersions. We performed static and dynamic experiments to 

evaluate the system. The absolute deviation is less than 5% for the calculated cross-

sectional averaged phase fractions. By promising results, the three-plane wire-mesh 

sensor can be a potential tool to be combined with techniques to measure individual 

phase velocities, and consequently can be applied for computing the flow rate of 

phases in multiphase mixtures even those compound by a highly conductive media, as 

occurs in the petroleum production. The ability to measure two samples at pre-

defined times combined with two gain stages of the receiver circuit can help the 

expansion of the proposed sensor to differentiate other mixtures, which have not been 

explored here, such as gas or solid dispersed, and it will be focused on future work. 
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Chapter 5 

Gas-liquid flow rate measurement  

This chapter presents a flow meter to monitor the flow rate of individual 

phases in gas-liquid flows. We developed and tested the system at the laboratories of 

the Multiphase flow research center (NUEM). Experiments were performed in 

horizontal air-water flow loops, 1-inch and 2-inches pipe ID, in permanent and 

transient regimes.  

 

5.1 Introduction 

An established method to estimate the individual phase flow rate is the 

arrangement of phase separators with single-phase flow meters, e.g., Vortex, Coriolis 

and ultrasound sensors (Falcone, Hewitt and Alimonti, 2009). Due to the simplicity 

of single-phase flows, the use of separators provides advantages in the flow rate 

estimation, as the low measurement uncertainty (less than 1%). On the other hand, 

separators bring some drawbacks considering the physical space occupied and the 

time response of the system.  

Multiphase flow meters (MPFM) are devices designed to measure the 

individual phase flow rate in a multiphase flow without the need for phase separation. 

MPFM occupy a small physical space, perform direct measurements (the system 

disturbs as less as possible the original multiphase flow), monitor submarine and 

individual wells and simplify the development and installation of equipment 

compared to phase separators. As a consequence, several works (see section 2.1.3) 

have been proposed to estimate flow rates in multiphase flows. Due to the complexity 

of phases distribution in multiphase flows, the developed works were designed to be 

applied in specific operation conditions, which include the fluid’s properties, flow 

direction, flow pattern, gas quality, among others properties related to fluid dynamics 

and the physics of the process. Furthermore, a large number of the developed MPFM 

require the previous knowledge of gas quality, both to be trained with soft computing 

methods and to be used in closing relations for a complete determination of flow 
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rates. This information, however, is for some application impossible to be obtained, or 

cumbersome adjustment or training procedures must be performed.    

This chapter presents a flow rate meter applied in gas-liquid flows to 

estimate flow rates of individual phases. The meter does not use homogenizers, it is a 

nonintrusive and nonradioactive device and a straightforward technique. The 

proposed system combines information of a differential pressure device (Venturi 

meter) and a twin plane capacitive sensor. In single-phase flows, Venturi meters have 

a well-established equation to estimate the mass flow rate according to the pressure 

drop. When applied in multiphase flow, a more sophisticated analysis is required, as 

one can find in several models presented in the past (Murdock, 1962; Chisholm, 1977; 

Lin, 1982; Zhang, Lu and Yu, 1992; Zhang, Yue and Huang, 2005). All such models, 

however, are based assuming the previous knowledge of the gas quality parameter, 

which makes its practical use quite limited. The gas quality depends on the 

individual mass flow rates (gas and liquid), which in fact, are the output parameters 

of the flow rate meter. Here, we use some assumptions to obtain an algebraic 

approach to estimate flow rates without the dependence of gas quality in the 

proposed formulation. Hence, the proposed flow meter does not require inline 

adjustment of a two-phase flow model or parameters for flow rate computation. 

 

5.2 Two-phase flow meter description 

The proposed gas-liquid flow rate meter combines a Venturi tube and a twin-

plane capacitive sensor, as represented in Figure 5.1. We described the principle of 

working of the Venturi meter in 2.2.2, and in Chapter 3 we presented the capacitive 

sensor. By the sensor's readings, the three parameters required to extract information 

of individual volumetric flow rates in a non-homogeneous gas-liquid flow are 

estimated. Firstly, we measure one phase fraction (gas fraction α or liquid fraction) 

by the capacitive sensor. Since the sum of gas and liquid fractions is the unity, by the 

measurement of one phase fraction, it is possible to predict the second one. Lastly, we 

estimate the individual velocities of liquid (vL) and gas (vG) using the information of 

both sensors, as detailed in the next subsections 5.2.1 and 5.2.2. By combining phase 

fractions and individual phase velocities, it is possible to obtain the volumetric flow 

rate of the individual phases – QG and QL. Furthermore, we obtain the densities of 

phases (ρG and ρL) from known correlations that have as inputs measured values of 

temperature T and pressure P. Hence, the mass flow rate of gas MG and liquid ML can 

be obtained as well the total mass flow rate M given by 
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 G L
M M M  . (5.1) 

 
Figure 5.1: Schematic representation of the two-phase flow meter. The twin-plane capacitive sensor 

measures void fraction and gas velocity. Pressure fluctuations in the Venturi meter indicate the mean 
liquid velocity. We estimate liquid and gas flow rates by combining information of both sensors. 

 
Source: Personal collection. 

 

5.2.1 Liquid flow rate estimation 

By the proposed system, we compute the liquid flow rate by combining 

information of void fraction and pressure drop of the Venturi tube. We built two 

Venturi tubes based on ASME-MFC-3M-2004 standard (similar to ISO 5167-4 

standard). The first one has a 1-inch inlet diameter, and the second one has a 2-

inches inlet diameter. The throat to pipe diameter ratio is 0.5 for both meters. The 

fundamental equation relating pressure drop of Venturi meter ∆P and mass flow rate 

in single-phase flows (see 2.2.2), given by 

 
4
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1
d T

P
M C A Y









, (5.2) 

has to be adjusted based on more complex analysis since we will apply the proposed 

system in gas-liquid flows. To simplify calculations, the algebraic model (Rosa and 

Morales, 2004) presented in 2.2.2, which is not dependent on gas quality, is adapted 

here to compute liquid flow rate with no need for flow simulations. In Rosa and 

Morales (2004), input parameters of the model, such as discharge coefficient and void 

fraction, were obtained based on numerical simulations. Here, we measure the void 

fraction by the capacitive sensor and obtain the discharge coefficient based on 

experiments, as shown in Appendix C.  

For a gas-liquid flow, the density term ρ, of the equation (5.2) for the mass 

flow rate, is seen as the mixture density ρm, which can be obtained by the 

measurement of the average void fraction α and by the knowledge of the densities of 

gaseous and liquid phases by (separated flow model presented in section 2.2.2)   
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 (1 )
L G

      . (5.3) 

Considering the gas density much lower than liquid density (ρG << ρL), as occurs in 

gas-water flows, the mixture density can be estimated only by the first term in the 

previous equation. Similarly, the term referent to gas in equation (5.1) can be 

neglected. Therefore, the algebraic approach considered here calculates mixture 

density and liquid volumetric flow rate (considering the mass flow rate of a phase x 

as Mx = ρx×Qx, in equation (5.1),) by  

 (1 )
m L
    , (5.4) 

and   

 L
L

M
Q


 , (5.5) 

respectively. If equations (5.2), (5.4) and (5.5) are combined, the liquid volumetric 

flow rate is algebraically approximated, without an explicit dependence of the gas 

phase, by the following equation 
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. (5.6) 

The contribution of the gas phase, to calculate the liquid flow rate in a gas-liquid 

flow by (5.6), appears in the estimation of the mixture density (5.4), which takes into 

account the void fraction α. We calculate the liquid density as a function of 

temperature readings considering a correlation proposed by Maidment (1993). 

  

5.2.2 Gas flow rate estimation 

The gas superficial velocity JG is defined as the gas velocity as if the gas was 

the only fluid flowing in the pipe, its value can be found by the ratio of the gas 

volumetric flow rate and the pipe cross-section area 

 G
G

Q
J

A
 . (5.7) 

Since QG and JG are the parameters to be estimated here, another equation has to be 

used. Multiplying both sides of (5.7) by AG and rearranging it, a well-established 

equation in fluid dynamics is obtained  
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 G G
J v  . (5.8) 

By this equation, we can determine the time-averaged gas superficial velocity based 

on the area-averaged value of in-situ gas local velocity vG and void fraction α, which 

are exactly the parameters that we obtain by the capacitance sensor. On that 

account, we can calculate the gas volumetric flow rate QG by the multiplication of the 

gas superficial velocity with the pipe cross-section area  

 G G
Q v A . (5.9) 

The local gas velocity is well-determined by calculating the transit time of 

flow structures, i.e., the time that the disperse phase takes to travel from the first to 

the second plane of the sensor. At this work, the cross-correlation function Rxy, given 

by  

 
0
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( ) ( ) ( )
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R x t y t d

T
    , (5.10) 

and presented in 2.2.2, is used to calculate the transit time τm. Input signals x(t) and 

y(t) of the cross-correlation function are the two time-series of the twin plane 

capacitive sensor (see equation (3.13)). The maximum value of Rxy represents the 

highest similarity of signals for the time delay τm. So, τm is the time that a gas-liquid 

interface takes to travel from the upstream emitter-receiver pair to the downstream 

emitter-receiver pair of the twin plane sensor. By the knowledge of the distance d 

between the two planes of the sensor, we approximate the local velocity of the gas 

phase vG as the gas-liquid interface velocity by 

 G
m

d
v


 . (5.11) 

The averaged value of gas velocity can only be estimated when gas-liquid interfaces 

are well defined in the flow. As a consequence, we cannot detect motion using the 

cross-correlation function (CCF) if no interfaces are found in a time window, i.e., 

CCF does not detect gas motion inside gas structures. In summary, equation (5.9) 

represents an approximation of the averaged value of gas volumetric flow rate for a 

selected time interval.  

Computing the gas density (ρG) by the ideal gas law - based on measures of 

pressure PG and temperature TG – as follows  
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 G
G

G

P

RT
  , (5.12) 

where R is the specific gas constant (R = 287 /J kgK considering air), we obtain the 

gas mass flow rate by 

 G G G
M Q  . (5.13) 

 

5.2.3 Data Fusion: Twin-Plane Capacitive Sensor and Venturi Meter 

We created a routine to fuse data of sensors and to obtain gas and liquid flow 

rates. In Figure 5.2, we show a pseudo-code of the developed algorithm. A data 

acquisition board (DAQ) connected to a personal computer captures measurements 

from the twin-plane sensor. Pressure fluctuations of the Venturi tube are taken via 4-

20mA/Hart communication, as well as information of temperature and pressure. The 

developed routine is responsible for computing time-series, void fraction, phase 

densities, and the desired parameters, gas and liquid flow rates.  

Some parameters of equation (5.6) have to be estimated in advance to make 

the liquid flow rate estimation possible, such as the discharge coefficient. Therefore, 

we created a recursive procedure since Cd also depends on the liquid flow rate. An 

iterative loop is used, and we make an initial guess for Cd. When a small change from 

the actual to the previous value of the discharge coefficient is found, the iterative 

procedure ends, and we compute the liquid flow rate.  

 
Figure 5.2: Pseudo-code summarizing the compute of individual phases flow rate. 

ACQUIRE the twin-plane capacitive sensor readings from DAQ card; 
ACQUIRE the Venturi pressure drop; 
ACQUIRE the pressure and temperature; 
COMPUTE of time-series, void fraction, phases densities and mixture density; 
COMPUTE of gas mean velocity by (5.10) and (5.11); 
SET the initial value of Cd_INIT = 0.8; 
WHILE Cd_INIT – Cd  >0.01 
COMPUTE of mass flow rate by (5.2); 
COMPUTE of Reynolds number; 

UPDATE Cd by the curve of Cd x Re; 
ENDWHILE 
COMPUTE of liquid flow rate QL by (5.6); 
COMPUTE of JG and QG by (5.8) and (5.9); 

Source: Personal collection. 
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5.3 System evaluation results 

Several combinations of liquid and gas superficial velocities have been 

experimentally tested in the experimental flow loop presented in Appendix B. In 

Figure 5.3, we show a flow map proposed by Taitel (Taitel and Dukler, 1976) for 

predicting flow patterns considering gas and liquid superficial velocities in horizontal 

gas-liquid flows. In the map, we also show the operating points for 1-inch and 2-

inches ID pipe geometries. We chose the operational points considering operation 

limits of the flow loop, e.g., pressure limits in gas phase line and the power range of 

the water pump.  

   
Figure 5.3: Gas-liquid flow pattern map and experimental points. Permanent regimes are measured 

three times during 60 seconds each. 

 
Source: Adapted from Taitel and Dukler (1976). 

 

We selected one hundred sixty operating points, in total, to be measured in 

the 2-inches pipe ID flow loop. By the flow map, we can predict most of them as slug 

flow pattern. Three transient regimes were also performed (for the slug flow). In 

transient conditions, we have changed the liquid and gas flow rate during the 

acquisition interval. For the 1-inch pipe ID flow loop, we chose 150 operation points, 

in total, for measurements, in which seven consists of transient regimes in the slug 



106 

  

 

 Chapter 5 – Gas-liquid flow rate measurement 

 

region of the flow map. We checked the predicted flow regimes by visual inspection 

through the transparent pipe section and by a qualitative analysis of the time-series 

(details in Appendix D.1). 

The experimental procedure consisted of measuring permanent regimes for 60 

seconds, repeating every experiment more two times. We set the sampling frequencies 

of the twin plane capacitive sensor and the differential pressure transducer as 900 Hz. 

The acquisition interval was set to 200 seconds, and the sampling frequency to 500 

Hz for transient measurements. In the following, we present and compare results with 

reference measurements. 

 

5.3.1 Gas flow rate  

For all permanent regimes, the gas superficial velocity, gas volumetric and 

gas mass flow rate were calculated as averages of the measured interval by equations 

(5.8), (5.9) and (5.13), respectively. In this regard, we calculate the mean velocity vG 

based on the entire time-series and the void fraction α as the mean value over time. 

We compare calculated values of gas flow rate with reference in Figure 5.4, dotted 

lines represent relative deviations of ±20%, and the error bars represent the standard 

deviation (STD) of the reference, which vary due to the process conditions, i.e., the 

error bars represent the intrinsic variation of the process and do not represent 

uncertainties.  

We plotted the values of gas superficial velocity instead of gas flow rate to 

visualize the results for both pipe geometries in the same graph. Qualitatively, the 

lower values of JG (mainly bubbly and transition of slug-bubbly regimes) are over-

estimated by the proposed system. For JG in the range between 0.2 m/s and 2 m/s, 

the relative deviation of calculated values are close to the ± 20% relative range. The 

calculated values are underestimated when the gas volumetric flow rate increases to 

the highest experimental values.  

To quantify the results, we calculated the root mean square deviation 

(RMSD) and root mean square deviation in percentage (RMSD%) as follows 
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Figure 5.4: Comparison of calculated and reference values of the gas superficial velocity. Flow regimes: 
□ slug flow  ∗ slug/bubbly  ס slug/annular  ᵡ stratified  ◊ bubbly 

 
Source: Personal collection. 

 

where n is the number of an operating point, and N is the total number of measured 

points.  

In Table 5.1, we summarize the results for both pipe geometries and 

considering flow patterns. As one can see, better results were achieved for slug flow 

pattern, which represents 90% of the measured points, and correspondings RMSD of 

14.8%, for the 1-inch ID sensor, and 16.37%, for the 2-inches sensor, were found. In 

Appendix D.2, we show the pressure and temperature readings for every experimental 

point, as well as the calculated gas density and gas mass flow rate. 

 

a) Gas flow rate estimation by the aid of calibration measurements  

To improve the gas flow rate estimation, we fitted calibration curves of the 

proposed system for both sensor's geometries. For this objective, twenty operating 

points were selected for each geometry, covering the full measured range. The 

calibration is acquired by fitting a curve of reference gas superficial velocity as a 

function of the multiplication of the measured void fraction (α) by the gas mean 
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velocity (vG). Consequently, the calculated parameters vg and α are corrected by the 

aid of the reference values.  

The calibration curves were fitted by a second-order polynomial, as shown in 

Figure 5.5. For the 1-inch ID flow loop two calibration curves were settled, the first 

one for the lowest values of vGα  (<0.3 m/s) and the second for the remaining range 

of gas velocity, as follows 
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, (5.15) 

determination coefficients are 0.9954 and 0.8939, respectively. 

 
Table 5.1: Range, RMSD and RMSD% for gas volumetric flow rate regarding pipe geometry and flow 

pattern. 

 Range (m3/h) RMSD  

Flow regime 1-inch 2-inches 1-inch 2-inches  

All 0.069 - 7 0.21 – 32.22 
0.56 2.66 m3/h 

16 20.57 % 

Slug 0.19 - 5.0974 0.21 - 26 
0.49 1.64 m3/h 

14.8 16.37 % 

bubbly 0.069 - 0.272 0.28 – 1.99 
0.0457 0.39 m3/h 

24.4 59.3 % 

stratif 0.23 – 1.79 1.27 – 32.22 
0.11 9.46 m3/h 

15.76 35 % 

slug/annular 7 31 
3.07 15.82 m3/h 

43.78 51 % 

 

For the 2-inches ID sensor, the calibration curves for the low range 

(vGα  < 0.5 m/s) and for the high range are given by  

 
 
 

2

2

0.295 1.1 0.03457, for  < 0.5 m/s

0.1976 0.7144 0.06276

G G G G

G G G

J v v v

J v v

  

 

   

  
, (5.16) 

and the determination coefficients are 0.9976 and 0.8939.  

In Figure 5.6 and Table 5.2, we show results considering calibration curves. 

Visually, the results have been improved mostly at high gas flow rates. 

Quantitatively, in the 1-inch ID flow loop, the RMSD% was less than 20% for all 
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flow regimes. The best improvements were seen for the bubbly and the transition of 

the slug-annular regime. For the 2-inches geometry, results were improved to the 

overall experimental points. RMSD% presented a quite good value, of 12.3%, 

especially for the slug regime. Although the presented calibration method is not based 

on a physical model, the substantial improvement of the results was obtained based 

only on twenty reference measurements that covered the full range of the 

experimental points. 

 
Figure 5.5: Calibration curves to estimate gas flow rate based on a correction of the measured 

parameters vG and α. 

  
Source: Personal collection. 

 

5.3.2 Liquid flow rate  

We calculated the liquid superficial velocity and liquid flow rate for the 

selected experimental points in 1-inch and 2-inches pipe flow loops. In Figure 5.7, we 

show the results of liquid superficial velocity so that we can visualize the results of 

both geometries in the same figure. Dotted lines in the graph represent a relative 

deviation of ±20%, and error bars represent the standard deviation of reference 

values given by the process. By a qualitative analysis, it is possible to notice that for 

the lower values of water superficial velocity, lower than 0.3 m/s, the deviation is 

higher than 20% independent of the flow pattern. If considered the STD due to the 

process, the deviation of estimated values is less than 20%. For higher values of liquid 

flow rate (JL > 0.3 m/s), the deviation of the estimated values is lower than 20% for 

all measured points. For the same liquid flow rate, the higher the gas velocity, the 

higher the slip ratio and thus, the higher the deviation in estimated values of liquid 

flow rate. 
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Figure 5.6: Results of gas superficial velocity through the calibration curves. Flow regimes: □ slug 
flow  ∗ slug/bubbly  ס slug/annular  ᵡ stratified  ◊ bubbly 

 
Source: Personal collection. 

 
Table 5.2: Results of gas flow rate estimation considering the fitting curves. RMSD and RMSD% were 

computed showing improvement against previous results. 

 Calibration free Fitting curves  

Flow regime 1-inch 2-inches 1-inch 2-inches  

All 
0.56 2.66 0.29 2.29 m3/h 

16 20.57 11.5 15.21 % 

Slug 
0.49 1.64 0.26 1.39 m3/h 

14.8 16.37 9.96 12.38 % 

bubbly 
0.0457 0.39 0.028 0.23 m3/h 

24.4 59.3 13.5 37.05 % 

stratif 
0.11 9.46 0.06 7.19 m3/h 

15.76 35 14.81 27.44 % 

slug/annular 
3.07 15.82 1.15 13.33 m3/h 

43.78 51 16.4 43.2 % 
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To quantify the results, we calculated RMSD and RMSD% of QL for 

conditions where the liquid superficial velocity is higher than 0.3 m/s. For flow 

conditions with JL < 0.3 m/s, due to process conditions, it was not possible to keep 

JL at steady values (see the size of error bars in Figure 5.7). Therefore, the RMSD 

was calculated for stable flow conditions, as summarized in Table 5.3. For the whole 

calculated range, the RMSD% is 6.49%. When we analyse flow regimes individually, 

the lower deviations are seen for bubbly (3.19%) due to the low values of slip ratio 

for the measured operating points at this flow regime and consequently closer 

proximity with the proposed algebraic approach. In Appendix D.3, we show graphics 

of pressure drop, liquid density and liquid mass flow rate. We also compare the 

calculated values of liquid density with reference values of the Coriolis meter. 

 
Figure 5.7: Comparison of reference and calculated values of liquid flow rate for both flow loops. 

 
Source: Personal collection. 

 

a)Zhang model  

Our proposed model is based on algebraic approximations in which we 

disregard the effects of slip velocity. Aiming to assess how the results could be 

improved by considering the slip ratio, we choose one model from literature, Zhang 
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model (see equations (2.27) and (2.28)), to be applied in the experiments performed 

in the 1-inch ID flow loop. We obtained the constants of the model, c, n, m, c’ and 

H, by fitting data from twenty experimental points.  

 
Table 5.3: Range, RMSD and RMSD% for liquid volumetric flow rate regarding pipe geometry and 

flow pattern for JL > 0.3 m/s. 

 Range (m3/h) RMSD  

Flow regime 1-inch 2-inches 1-inch 2-inches  

All 0.71 – 6.06 2.4 – 22.8 
0.12 0.59 m3/h 

6.27 6.49 % 

Slug 0.71 - 6.06 2.4 – 21.17 
0.12 0.58 m3/h 

6.32 6.58 % 

Bubbly 5.92 21.03 – 22.8 
0.11 0.72 m3/h 

1.95 3.19 % 

Stratif x x 
x x m3/h 

x x % 

Slug/annular x x 
x x m3/h 

x x % 

 

By the constants, the calculated values of the phase’s densities, the measured void 

fraction and the pressure drop, we calculated the liquid flow rate for the Zhang 

model. In Figure 5.8, we show the results. 

The highest values of slip ratio are found for the lowest values of liquid flow 

rate. As a consequence, we would expect better results of Zhang model for the lowest 

values of liquid flow rate. By the graph, we see a better improvement of results for 

the lower values of liquid flow rate, up to 0.5 m3/h, as expected. In that range, the 

STD given by the process is high, and we cannot guarantee a steady-state condition 

of the flow velocity to have a reliable comparison with reference measurements, so 

much that we have not considered those operating points to calculate the RMSD of 

the proposed algebraic approach.  

For higher values of liquid flow rate, up to 2 m3/h, the results show a small 

improvement, not justifying the usage of a model that depends on calibration 

procedures against the direct method (proposed model). Furthermore, for most of the 

measured points (flow rate ranging from 2 to 6 m3/h), the algebraic approach 
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proposed here showed smaller values of deviation than the Zhang model, as we can 

see in the graph.    

 
 

Figure 5.8: Comparison between calculated values of liquid volumetric flow rate using the Zhang 
model and the proposed algebraic approach. 

 
Source: Personal collection. 

 

5.3.3 Transient regimes 

In order to assess the potential application of the proposed system for the 

detection of variations in the process, such gas and liquid flow rate variations, 

transient regimes have been measured. Measurements were taken during 200 seconds 

with a sampling frequency of 500 Hz. 

Since we intend to detect variations in the values of flow rate, average values 

of the read parameters are taken at some pre-defined interval. Gas flow rate is 

calculated at every 5 seconds of acquisition (time-series is divided into windows of 5 

seconds), and the liquid flow rate is estimated once per second. 

In Figure 5.9 and Figure 5.10, we show some of the measured transient 

regimes for both pipe geometries. Each column represents one run, where the upper 

plots show the gas volumetric flow rate and the lower plot the liquid volumetric flow 

rate. Qualitatively, liquid and gas volumetric flow rate follow the reference 



114 

  

 

 Chapter 5 – Gas-liquid flow rate measurement 

 

measurements, the higher deviations are seen in the transitions of flow rate. That is, 

since the reference meters are installed in single-phase lines, the effects of the two-

phase flow line are the primary source of discrepancy in the comparisons. For 

example, for the operation point T150, the reference QG is constant in the first 100 

seconds, but the calculated values presented two peaks due to the change of liquid 

flow rate during that time interval. When the liquid flow rate varies, the time-series 

changes too, as a consequence, the calculation of the gas flow rate will be different in 

that time window. The same occurs for the liquid flow rate, i.e., we can see peak 

values of QL when we change the gas flow rate. For example, after 100 seconds the 

gas flow rate was increased rising the pressure of the gas in the mixer, and 

consequently in an instantaneous decrease in the liquid flow rate (detected by the 

reference meter) until the flow rate returns to the predefined value by the actuation 

of the PID control. On the other hand, in the two-phase line, the increase of gas rate 

results in an increase in the pressure drop of the Venturi meter and, consequently, in 

a proportional increase in the calculated value of QL, explaining the mentioned 

unfortunate peaks in the calculated values.  

To quantify deviations, reference and calculated points must have the same 

number of samples in the measured interval. For this, we interpolated the data by a 

linear fit over time. Table 5.4 presents the calculated values of RMSD and RMSD% 

for gas and liquid volumetric flow rates. The highest RMSD% was 22.2% for gas and 

8.24% for the liquid flow rate - considering each transient measurement individually. 

 
Table 5.4: RMSD and RMSD% for transient regimes. 

 QG QL 

 RMSD% RMSD(m3/h) RMSD% RMSD(m3/h) 

T138 11.3 0.18 1.8 0.18 

T140 11.25 0.58 6.3 0.28 

T150 4.55 0.34 8 0.25 

T154 9.85 1.29 4.46 0.80 

T155 8.27 1.15 8.24 1.51 

T156 22.20 3.12 6.25 1.08 
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Figure 5.9: Comparison of calculated and reference values of gas and liquid flow rates in transient 
regimes. 

 
Source: Personal collection. 

 
Figure 5.10: Comparison of calculated and reference values of gas and liquid flow rate in transient 

regimes. 

 
Source: Personal collection. 
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5.3.4 Discussion 

At low gas velocities, the proposed system overestimates QG. Small bubbles of 

gas are dispersed in the water distorting the electrical field, and, the small bubbles 

are seen as larger bubbles by the capacitive sensor. The innumerous gas-liquid 

interfaces present in bubbly flows are seen as discontinuities in time-series, and 

consequently, the cross-correlation may not have a strong peak representing the 

transit time of flow interfaces, resulting in poor calculations of gas velocity.  

The flow turbulence is a common issue in the estimation of gas mean velocity 

and void fraction. When the gas volumetric flow rate increases, the turbulence of the 

flow increases and, consequently, the temporal and spatial motion of the gas phase. 

Since the capacitive sensor can measure only the motion of flow structures and 

average values of void fraction, the information of temporal and spatial motion of gas 

are not detectable by the proposed meter. Therefore, this missing information about 

the gas phase at high flow rates can be the main reason for the underestimation of 

calculated values of the gas flow rate at high velocities of gas. Besides that, by the 

high flow turbulence, the time-series can change substantially from the first to the 

second sensor.  

Another source of error that can appear by increasing the gas flow rate is 

related to the liquid film around the elongated air bubbles in slug flows. In work 

presented by Libert et al. (2016b), experiments were recorded by a high-speed camera 

and one can observe that the gas velocity affects the distribution of phases inside the 

pipe. The higher the gas velocity, the bigger the liquid film around bubbles in slug 

flows. Since the electrodes of the twin-plane capacitive sensor are attached in the 

internal pipe wall, the spatial sensibility is higher in the region close to the pipe wall 

as shown in section 3.2.2. In this manner, the calculated values of the void fraction 

are possibly underestimated because of the liquid film covering electrodes.  

Inaccurate results are seen for stratified and in transition between slug and 

annular (slug-annular) flow pattern. There are no clear interfaces between gas and 

liquid in stratified regimes, but several small fluctuations in the time-series are 

noticeable. Similarly, for the transitory slug-annular regime, besides the high 

turbulence, the distribution of phases is unstable and the calculation of transit time 

of flow structures becomes more imprecise than for the slug regime.  

For liquid flow rate estimation, the higher deviations are seen for lower 

values of liquid velocity. In this situation, it was noticeable the higher unstable 

condition of reference measurements given by the two-phase flow process. Another 
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possible reason for the poor results is related to slip velocity. The lower the liquid 

velocities, the higher the slip ratio. The algebraic approach to obtain liquid flow rate 

is an approximation that considers a no-slip condition and simplify calculations by 

considering ρG << ρL.  

There exist many measures to compensate for those identified problems. 

However, it requires to run specific experiments to obtain compensation/calibration 

parameters or use higher-order models which in turn need to be tuned (typically by a 

specific set of experiments). In this chapter, we aimed to introduce a measuring 

system that may not rely on sophisticated compensation/calibration methods, with 

the advantage of simplicity and adaptability to other pipe diameters and operational 

conditions. The apparent disadvantage is the resultant moderate accuracy. 

 

5.4 Conclusions  

In this chapter, we introduced a flow meter to extract individual information 

of flow rate in two-phase flows. The proposed meter combines information of a twin-

plane capacitive sensor and a Venturi meter. The main contribution is the 

development of a two-phase meter that neither depends on the parameter known as 

gas quality nor on inline calibrations measurements, in contrast to most of the 

developed multiphase meters found in the literature. Liquid flow rate is estimated by 

an arithmetical approach combining void fraction, pressure and temperature readings. 

The gas flow rate is calculated by cross-correlating signals of the capacitive sensor 

and by the estimative of gas density via temperature readings.  

We applied the system in 1-inch and 2-inches ID pipe flow loops. Several 

combinations of gas and liquid flow rate were measured for steady-state and transient 

regimes. The system presented promising results for a significant amount of 

experimental points, mainly for the slug flow regime, which presented an RMSD% of 

16.4%. If considered calibration measurements, the gas flow rate was estimated with 

an RMSD% of 12.38% for the slug regime. It was observed that the liquid volumetric 

flow rate is over-estimated for a small number of experimental points for lower values 

of liquid flow rate and higher values of slip ratio (which is not considered by the 

proposed model). Despite this, disregarding low values of liquid flow rate, the 

RMSD% was 6.5%. In transient regimes, the system was capable of detecting changes 

of liquid and gas flow rate with a temporal resolution of one second and five seconds, 

respectively.  
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In summary, good results were achieved even without the need for inline 

calibration measurements, and the proposed technique can be a candidate for field 

application and real-time monitoring. Future work will focus on improving results for 

higher values of gas flow rate and expand the system for other two-phase mixtures 

(air-oil and oil-water) and three-phase flows (gas-oil-water).  
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Chapter 6 

Conclusions 

Flow monitoring became a crucial point to the safety and efficiency of flow 

plants in the petroleum industry and to understand physical phenomena that describe 

the processes. The continuous expansion of the petroleum industry in the last decades 

has fostered the development of several techniques of flow metering. Given the 

complex nature of distribution and interaction of phases in multiphase mixtures, 

there still a wide range of applications that could not be covered by current flow 

meters, motivating, therefore, the development of this thesis. Hence, in this work, 

impedance sensors were presented and investigated in the accomplishment of the task 

to obtain flow parameters such as phase fractions and phase velocities. Allied to a 

differential pressure device, we have proposed, tested and evaluated a flow meter to 

extract flow rate of individual phases in gas-liquid flows.  

In Chapter 3, we presented and evaluated a twin-plane capacitive sensor. The 

sensor subdivides the investigated area into different regions, which are interrogated 

fast and simultaneously allowing to (direct) image the flow - obtaining the 

distribution of phases. The working principle of the sensor is the ability to 

differentiate fluids with different values of electrical permittivity. The cross-sectional 

averaged void fraction is obtained by averaging the information of the eight 

electrodes. We have evaluated the proposed sensor against a well-established 

technique in an experimental gas-liquid flow loop.  

A new topology of the current wire-mesh technology was presented and 

evaluated in Chapter 4. The sensor was proposed to cover lack of applications 

involving a high conductive media (as it occurs for produced water in oil production). 

The corresponding output signal of saline water is electrically connected to ground by 

the third plane added in the proposed topology. The dedicated electronics 

discriminates the non-conductive fluids by differences in their electrical permittivity 

since an insulating material coat the stainless-steel wires of the sensor. We proposed 

calibration procedures to obtain phases distribution and phase fraction in air-oil-

water mixtures and water-in-oil dispersions. We performed experiments in static and 
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dynamic conditions, and the system was evaluated comparing measurements against 

reference values.  

We obtained the flow rate of individual phases by a novel flow rate meter 

introduced in Chapter 5. The meter fuses data from the twin-plane capacitive sensor 

and a Venturi meter. We compute the flow rate of gas and liquid in gas-liquid flows 

through techniques of signal processing and algebraic approximations. The main 

advantages are the ability to perform measurements of the flow in situ, with no 

dependence on gas quality, neither on using extensive databases from experiments or 

simulations. Several experiments were performed for two different geometries (1-inch 

and 2-inches pipe ID), for different combinations of liquid and gas flow rates and 

different flow regimes in the horizontal pipe. Good agreement was achieved for 

reference values in a large number of experimental points, mostly for slug regime.     

The main contribution of this research work to the field of flow monitoring is 

the development and enhancement of sensors and techniques of data processing to 

obtain parameters of multiphase flows. The promising results may encourage the 

expansion of the flow meter to three-phase applications and to industrial sites since it 

was possible to characterize mixtures even in the presence of a high conductive 

media. 

 

6.1 Future developments  

As mentioned earlier, future developments involve the expansion of the flow 

rate meter to different mixtures, such as liquid-liquid and gas-liquid-liquid. For three-

phase flows, the application of the presented WMS (two sensors separated by a 

known distance) can be combined with techniques of data processing to compute the 

transit time of flow structures. To obtain the flow rate of individual phases, we shall 

consider and implement different correlations and algebraic approximations. For 

example, the oil density is a required parameter which may be obtained from 

correlations or employing offline measurements of sampled fluids.  

The application of the presented sensors in an industrial environment will 

require that the systems are able to operate in harsh conditions (high pressure and 

temperature). To this end, sensors will have to be fabricated to obey those 

conditions. Besides that, the electronics may need to attend the regulatory standards 

to operate in explosive atmospheres.  
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Appendix B 

Experimental flow loop 

Tests and validation of developed systems were performed in the horizontal 

air-water flow loop located at Multiphase Flow Researcher Center (NUEM-UTFPR, 

Curitiba, Brazil). The facility is schematically represented in Figure B.1a. The loop 

comprises independent lines of air and water in which reference values for the flow 

rate are taken by independent Coriolis meters. The facility possesses two flow lines 

diameters (1-inch and 2-inches pipe ID), which are connected through manual valves. 

In Figure B.1b, we show the dimensions of the two-phase line regarding the 

positioning and size of the gas-liquid flow meter. Phases are mixed at the inlet and 

the flow develops along 21 meters in the horizontal pipe section until reach the two-

phase flow rate meter. After crossing the Venturi divergent section, the mixture 

travels over more ~9 meters to return to the water reservoir opened to the 

atmosphere. By the cyclone separator, the gas phase discharges in the atmosphere.     

A supervisory system was developed to control and monitor the instruments 

of the flow facility. Firstly, the user defines a set point to the superficial liquid 

velocity JL. Therefore, a frequency inverter (WEG–CFW08) controls the pump 

rotation to the set point according to the actual value of liquid flow rate measured by 

the reference Coriolis meter (uncertainty of 0.1% for liquids). The gas mass flow rate 

is controlled manually by valves and the reference value of MG is measured by a 

single-phase Coriolis meter (uncertainty of 0.5% for gases). Temperature and pressure 

readings from the test line are applied in the gas ideal law to compute gas density, 

which in turn is used to calculate reference value of gas volumetric flow rate QG and 

gas superficial velocity JG. A correlation proposed in Maidment (1993) is used to 

obtain water density as a function of temperature. Gas and liquid superficial 

velocities range between 0.1 m/s and 4 m/s.   

The gas line limits the maximum absolute pressure of the flow loop at 10 bar. 

Different combinations of gas and liquid superficial velocities can rise the absolute 
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pressure to the maximum limit. Therefore, for a given experimental point, the 

maximum value of air and liquid flow rates depends on the absolute pressure that 

depends on the air and water superficial velocities. There is no control in temperature 

conditions, and their values depend on environmental and processual conditions. 

 
Figure B.1: Schematic representation of the horizontal air-water flow loop located at NUEM-UTFPR. 

 
Source: Personal collection. 
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Appendix C 

Venturi meter 

C.1 Discharge coefficient Cd 

The discharge coefficient of Venturi meters applied in single-phase flows is 

well-known in the literature. The ASME standard itself brings values of Cd for 

specific ranges of D, β and ReD.  In the case of Venturi tubes with machined 

convergent section, the discharge coefficient can be assumed constant and equal to 

0.995 when 

 
5 6

i) 50 mm 250 mm

ii) 0.3 0.75

iii) 2 10 Re 6 10
D

D


 

 

   

. (C.1) 

To account slip effects in two-phase flows, it would be necessary extensive 

experimental databases, regarding flow patterns, to obtain Cd as a function of Re. In 

R. Moissis and N.A. Radovcich (1963) authors studied a vertical two-phase flow 

through a Venturi tube and have stated that at low volume qualities, i.e., at low slip 

velocities, the discharge coefficient is independent of gas quality. Otherwise, for 

volume quality higher than 50%, the discharge coefficient increases with the increase 

of the gas fractions. By these observations, it is possible to avoid the exhaustive 

needed two-phase flow experimentation and obtain a curve for Cd based on single-

phase flow databases (when conditions of (C.1) are not valid). 

At this work, conditions of (C.1) are not obeyed for both Venturi geometries. 

For the geometry of 1-inch inlet diameter, the conditions (i) and (iii) are not valid. 

For the geometry of 2-inches inlet diameter, the condition (iii) is not satisfied. 

Moreover, in most of the two-phase experiments performed at this work, the averaged 

void fraction is less than 50%. Figure C.1 is a histogram representing the void 

fraction for experiments of 1-inch ID pipe flow loop – 150 operating points repeated 

three times. By the histogram, one can notice that about 70% of the operating points 

presented a void fraction lower than 0.5. Therefore, by the previous assumptions of 
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R. Moissis and N.A. Radovcich (1963), the Venturi meters can be calibrated 

disregarding effects of the gas phase (i.e. performing single-phase (liquid) 

experiments) as described in the following. 

 
Figure C.1: Histogram of the averaged void fraction for the two-phase experiments performed in the 1-

inch ID flow loop. 

 
Source: Personal collection. 

 
Figure C.2: Repeatability of pressure drop readings for a liquid flow rate of 0.9 kg/s. 

 
Source: Personal collection. 
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The curves of Cd for both Venturi meters were calibrated based on single-

phase liquid measurements for the working range of the two-phase flow facility. 

Single-phase measurements were performed at each increment of about 0.2 m/s in the 

liquid superficial velocity as shown in Table C.1 and Table C.2 for Venturi Meters of 

1-inch and 2-inches inlet diameters, respectively. We made acquisitions during 60 

seconds for each different flow rate, and an average of the measured data is taken to 

obtain a single value. All experiments were performed three times to investigate the 

repeatability of the pressure drop readings. Figure C.2 shows the measured values of 

Venturi pressure drop over the time for a water flow rate of 0.91 kg/s, where the ∆P 

discrepancy is less than 0.1%. 

 
Table C.1: Single-phase flow measurements to set up Cd as a function of Re for the Venturi tube of 1-

inch inlet diameter. 

Measured values Calculated Values 

JL-Ref (m/s) ML-Ref (kg/s) ∆P (Pa) ML (kg/s) Re Cd  

0.20 0.10 366.12 0.11 4551.23 0.903 

0.40 0.20 1419.40 0.22 9112.04 0.918 

0.60 0.30 3130.90 0.33 13656.40 0.927 

0.80 0.40 5522.86 0.43 18228.47 0.930 

1.00 0.51 8593.92 0.54 22902.87 0.934 

1.20 0.61 12352.10 0.65 27445.37 0.934 

1.40 0.71 16794.66 0.76 32095.83 0.936 

1.60 0.81 21844.05 0.86 36725.49 0.937 

1.80 0.91 27590.57 0.97 41361.46 0.938 

2.00 1.01 33997.79 1.08 46002.55 0.939 

2.20 1.11 41043.75 1.18 50665.13 0.940 

2.40 1.21 48799.45 1.29 55337.30 0.940 

2.60 1.32 57222.80 1.40 60102.79 0.940 

2.80 1.42 66306.50 1.51 64875.90 0.941 

3.00 1.52 76029.59 1.61 69649.42 0.941 

3.25 1.64 88922.28 1.74 80883.34 0.943 
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Table C.2: Single-phase flow measurements to set up Cd as a function of Re for the Venturi tube of 2-
inches inlet diameter. 

Measured values Calculated Values 

JL-Ref (m/s) ML-Ref (kg/s) ∆P (Pa) ML (kg/s) Re Cd  

0.22 0.43 428.83 0.47 11555.96 0.928 

0.40 0.78 1297.05 0.81 20866.55 0.961 

0.70 1.36 3955.86 1.41 36579.19 0.963 

1.00 1.94 7997.91 2.01 52361.19 0.967 

1.30 2.52 13516.00 2.61 68124.39 0.966 

1.60 3.10 20470.83 3.21 83869.86 0.966 

1.90 3.69 28788.71 3.81 99592.52 0.967 

2.20 4.27 38535.05 4.41 115183.95 0.968 

2.50 4.85 49784.78 5.01 130487.89 0.968 

2.80 5.44 62544.39 5.62 138759.87 0.968 

3.10 6.02 76994.50 6.23 155441.58 0.965 

3.40 6.60 93133.15 6.86 172847.63 0.963 

3.50 6.79 98864.23 7.06 180947.57 0.962 

 

Liquid mass flow rate is calculated considering Cd = 1. Reynolds number is 

calculated as suggested by the standard ASME 

 
4

Re
l

M
D 

 , (C.2) 

and the ideal value of discharge coefficient by the ratio of measured (ML-Ref) and 

calculated liquid mass flow rate ML 

 ReL f
d

L

M
C

M
 . (C.3) 

Figure C.3 shows the experimental curve of Cd for the Venturi meter of 1-inch inlet 

diameter. Data were interpolated to obtain Cd as a power function of Re in the form 

 0.677814.07 Re 0.9486
d

C    . (C.4) 

with R-square equal to 0.9965.  

Figure C.4 shows ideal values of discharge coefficient as a function of 

Reynolds Number for the 2-inches inlet diameter Venturi tube. It is possible to notice 

that for low values of Reynolds number Cd increases until a steady-state (Cd ranges  
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Figure C.3: Curve fitting based on single-phase experimental data to get Cd for different Reynolds 
Number in the 1-inch ID Venturi Meter. 

 
Source: Personal collection. 

 
Figure C.4: Experimental discharge coefficient as a function of Reynolds number for the 2-inches ID 

Venturi Meter. 

 
Source: Personal collection. 

 

between 0.965 and 0.97) and for high values of Re there is a small decrease in Cd. The 

steady-state region in graph covers 70% of the Reynolds Number range - which is 

similar to the range of the two-phase experiments. Similarly, the standard deviation 

of Cd for the measured range is 0.01. Hence, for the 2-inches Venturi meter, Cd is 

0.677814.07 Re 0.9486
d

C      

0.9661
d

C   
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considered the mean value of the steady-state region, i.e., Cd = 0.9661. The 

consistency of the measurements can be stated by a qualitative comparison with the 

ASME standard which observed that for Reynolds number decreasing below 2x105 

there is a small increase in the discharge coefficient Cd before a steady decrease with 

decreasing Re, as occurred with the presented experimental results showed in Figure 

C.4. 

 

C.2 Evaluation - Single-phase measurements 

Single-phase liquid measurements have been performed to evaluate the liquid 

flow rate estimation based on the experimental discharge coefficient obtained in the 

previous section. Experiments consisted of measure liquid transient regimes, i.e., the 

water flow rate varies during the acquisition interval. Figure C.5 shows one 

measurement for 1-inch ID flow loop. In the first graph, the values of the pressure 

drop of the Venturi meter - which is the input parameter to compute the mass flow 

rate in single-phase flows – are shown. The second graph in the figure compares the 

calculated water mass flow rate with reference. Qualitatively, calculated and reference 

values are in perfect agreement.  

  
Figure C.5: a) Pressure drop of Venturi meter for a single-phase flow considering transitions in the 
flow rate. b) Comparison of calculated and measured water mass flow rate in a transient condition. 

The RMSD in the measured time interval is 0.0088 kg/s. 

 
                                   (a)                                                             (b) 

Source: Personal collection. 

 

We calculated the root-mean-square deviation for the measured time interval 

to quantify the results. For this objective, we interpolated both curves by a linear fit 

equalizing the number of points being compared. RMSD is equal to 0.0088 kg/s, and 
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the RMSD% 0.13%. Therefore, by the experimental curve of the discharge coefficient, 

it is possible to compute the liquid flow rate accurately – considering the 1-inch ID 

flow loop and single-phase flows. We found similar results for the 2-inches ID Venturi 

meter. Figure C.6 compares calculated and reference liquid mass flow rate for a 

transient regime. The RMSD was equal to 0.0352 kg/s, and the RMSD% was equal 

to 0.13% for the measured interval. 

 
Figure C.6: Comparison of calculated and measured water mass flow rate - considering Cd = 0.9661 – 
for the Venturi meter of 2-inches inlet diameter. The RMSD of the measurement interval is 0.0352 

kg/s and RMSD% is 0.13%. The right y-axis in the graph represents the pressure drop readings of the 
Venturi meter. 

 
Source: Personal collection. 
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Appendix D 

Two-phase measurements 

D.1  Analysis of flow pattern by the time-series 

The Taitel and Dukler flow map predicts flow patterns for a given superficial 

velocity of gas and liquid. We have made a qualitative analysis by the aid of the 

generated time-series to ascertain if the experimental flow regimes are in accord with 

the flow map. We chose some of the time-series and plotted them in Figure D.1. 

 
Figure D.1: Twin-plane sensor readings (sensor 1 and sensor 2): void fraction over time for different 

flow regimes. 

 
Source: Personal collection. 

 

 Visual analysis for the operating point H10 suggests the appearing of liquid 

slugs intercalated by large air bubbles (regions of high values of the void fraction) as 

predicted by the flow map. The frequency of liquid slugs and large air bubbles 

increases for the operating point H99 (predicted as slug flow). It is possible to notice 
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that in the liquid slugs the void fraction is not zero, suggesting the appearing of 

dispersed air bubbles in the liquid phase. The operating point H121 is seen as a 

transition between bubbly and slug flow in the flow map. That is why it occurs a 

considerable decrease in the length of slugs in the time-series. In the predicted bubbly 

flow (H136), the void fraction is very low (ranging up to 4%) suggesting the flow of a 

disperse mixture of air in the continuous water. The predicted stratified flow (H142) 

has a void fraction close to 30% with a small change in the liquid level that is seen 

close to 40 seconds of the acquisition interval. The last time-series shown in the figure 

is predicted as stratified flow (H143). By the time-series, it is clear that the developed 

pattern is a transition of slug and stratified. In general, we could notice that the flow 

map proposed by Taitel and Dukler is a good approximation to predict the developed 

flow regime.    

 

D.2  Gas density and gas mass flow rate 

In the first graph of Figure D.2, we plotted the mean values of pressure and 

temperature readings as a function of the gas superficial velocity for all operating 

points. In the last graph in the figure, we plotted the calculated values of gas density 

as a function of the gas superficial velocity. In Figure D.3, we compare the calculated 

values of the gas mass flow rate with the reference values. Qualitatively and 

quantitatively, results are similar to those presented in section 5.3.1 for the gas 

volumetric flow rate. 

 

D.3  Liquid density and liquid mass flow rate 

The average values of pressure drop of the Venturi meter and the calculated 

liquid density, for all operating points, are plotted as a function of the liquid 

superficial velocity in Figure D.4.  

The graph of Figure D.5 compares calculated and reference values (measured 

by the Coriolis meter) of liquid density. The RMSD for estimated values of liquid 

density is 1.45 kg/m3 considering both geometries.  

In Figure D.6, results of liquid mass flow rate are shown. Qualitatively and 

quantitatively results are similar to the presented in section 5.3.2 for volumetric flow 

rate.  
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Figure D.2: Average pressure and temperature readings for the whole operation points. Gas density 
values are estimated by the ideal gas law and are applied in the equations of gas mass flow rate.  

 
Source: Personal collection. 

 
Figure D.3: Comparison of estimated and reference gas mass flow rate. Flow regimes: □ slug flow 

∗ slug/bubbly  ס slug/annular  ᵡ stratified  ◊ bubbly 

 
Source: Personal collection. 
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Figure D.4: Average pressure drop readings and water density for all operating points. 

 
Source: Personal collection. 

 
Figure D.5: Comparison between calculated and reference values of liquid density. RMSD is equal to 

1.45 kg/m3. 

 
Source: Personal collection. 
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Figure D.6: Results of liquid mass flow rate. Flow regimes: □ slug flow ∗ slug/bubbly  ס slug/annular  
ᵡ stratified  ◊ bubbly 

 
Source: Personal collection. 
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