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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 



28 

  

 

 Chapter 2 – Literature review 

 

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

the sum of the individual superficial velocity of phases as  
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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  
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Slip ratio (S): Ratio of the actual gas velocity and the actual liquid velocity 

in a gas-liquid flow as 

 G

L
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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  
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M M
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
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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).   



40 

  

 

 Chapter 2 – Literature review 

 

In a pipe of inner diameter d confining a media, the attenuation for an energy 

source e is described following the Beer-Lambert law,  

 
2
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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). 
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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

2 1 2

( )(2 )

( )(2 )
m

MG
m

   


   
 


 

, (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 

 

 

 



47 

 

 

Chapter 2 – Literature review 

 

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   

 
4

2

1
d T

P
M C A Y









, (2.19) 
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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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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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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 

      

1.856 ( , ) 0.009054
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



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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.  
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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 

      

0.9622 ( , , ) 0.01219
( , , )

( , , ) 4.52
( ) ( , , ) ( , )

d

d
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i j

V i j k
i j k
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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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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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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 D.6: Results of liquid mass flow rate. Flow regimes: □ slug flow ∗ slug/bubbly  ס slug/annular  
ᵡ stratified  ◊ bubbly 

 
Source: Personal collection. 

 
 

 


