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Abstract 

Roxar watercut meter is based on Microwave resonance technology. This meter has high 

accuracy when there is a good mixture of oil and water. This technology uses the unique 

resonance frequency of a fluid to determine the watercut. The first meter was delivered in 

1996. In this thesis the main focus is to investigate the effect gas has on the resonance 

frequency, and to verify software function created to indicate the GVF in mixture.  
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Nomenclature 

Parameter Description 

Resonance cavity thermal expansion factor [1/K] 

 Water cut [%] 

Water cut correction that is added to the calculated water cut [%]. The 

value may be input by user or calculated from inline calibration.  

Reference water cut from Karl Fischer analysis [%] 

Reference water cut from centrifuge method [%] 

Reference % water when sample taken button was pressed or sample 

taken register set [%] 

The percent of water by volume at stock tank conditions [%] 

The percent of water by weight at stock tank conditions [%] 

Offset of linear expression for water cut correction 

Slope of linear expression for water cut correction

 Capacitive loss factor at resonance frequency 

Dielectric constant of water at process temperature given conductivity 

 Dielectric constant of fresh water at process temperature 

 Dissipation factor of water 

 Dielectric loss factor at resonance frequency 

Relative permittivity of mixture [F/m] 

Relative permittivity of oil [?] 

Relative permittivity of oil at standard conditions [?] 

Relative permittivity of water [?] 

Vacuum resonance frequency at 15 °C [Hz] 

Mixture resonance frequency [Hz] 

 Total loss factor 

α

β

Correctionβ

KFβ

centrifugeβ

referenceβ

VolumeST ,β

WeightST ,β

0b

1b

clf

dcw

Cw 20,σ

dcfw

df

dlf

mixε

oilε

stdoil ,ε

waterε

15vacf

mixf

lf
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Process pressure [bara] 

Pressure at which the dry oil density is specified [bara] 

Total flow rate by volume [m^3/h] 

Mixture density [kg/m^3] ? [g/cm^3] 

Mixture density of the sample used for calibration [g/cm^3] 

Dry oil density at stock tank conditions [g/cm^3] 

Oil density at process conditions [g/cm^3] 

 Dry oil density at  and  [kg/m^3] ? [g/cm^3] 

Oil density at standard conditions [g/cm^3] 

Water density at process conditions [kg/m^3] ? [g/cm^3] 

Water density at temperature of 15 °C [kg/m^3] ? [g/cm^3] 

Water density at temperature T and pressure P [g/cm^3] 

Process temperature [°C] 

Water conductivity at meter conditions [S/m] 

 Water conductivity at temperature  [S/m] 

Water conductivity at temperature of 20 C [S/m] 

Sediment content [%] 

Dry oil shrinkage factor 

Time constant of fresh water at process temperature

Time constant of water at process temperature given conductivity 

  

 Temperature at which  is specified [°C] 

 Temperature at which  is specified [°C] 

Temperature at which the dry oil density is specified [°C] 

Temperature at which the water conductivity is specified [°C] 

Weight percentage of salt [%] 

processP

orgoilP ,

vQ

mixρ

TPmix,ρ

SToil ,ρ

oilρ

orgoil ,ρ orgoilP , orgoilT ,

stdoil ,ρ

waterρ

Cwater 15,ρ

TPwater ,ρ

processT

waterσ

calwater ,σ calwaterT ,

Cwater 20,σ

SC

oilSF

freshwaterτ

waterτ

Cwater 20,σ

centrifugeT centrifugeβ

TPmixT , TPmix,ρ

orgoilT ,

calwaterT ,

saltW
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1 Introduction 

Measuring watercut is very important to the oil industry. Watercut is the fraction of the 

liquid phase that consists of water. Each cubic meter of water produced from a well only 

contributes negatively to the process equipment and to the environment. It is therefore 

crucial to have an optimized process to separate the water from the oil and have 

measurements to guarantee the quality. A watercut meter placed in the process gives 

valuable information and different technologies are used to measure watercut across a full 

range of applications.  

 In this thesis I have decided to investigate the Roxar watercut meter, which is based on 

microwave resonance frequency technology. The meter is made for measuring water in oil, 

so the liquid has to be oil continuously. In some occasions the watercut meter is subjected 

to a mixture of oil, water and gas. The purpose of this thesis is to: 

1. Study what happens with Roxar watercut meter when gas is part of the mixture, and 

verify the non qualified gas software function in Roxar watercut meter.  

2. If necessary and possible develop an improved gas detection function in the Roxar 

watercut meter. 

3. Perform a flow loop test. 

4. Investigate the result from the flow loop test and draw conclusion. 
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2 Theory 

2.1 Different Watercut Measurement Technology 

Different measurement technologies are used for measuring watercut. As previously 

mentioned, measuring watercut is very important to the oil industry. For example every 

cubic meter of water sold along with the oil could carry a price tag for the seller. Process 

optimization is therefore crucial, and a watercut meter placed in the process allows 

valuable information to be retrieved. This valuable information can be used to (Hennessy 

& Vikingstad):  

• Improve separator performance  

• Better chemical injection 

• Help preventing scale, hydrate and corrosions   

• And fiscal metering 

There are a lot of different measurement technologies out in the marked for these purposes. 

Among the criteria for selecting which technology to use includes accuracy, sensing range 

and process characteristics ("Patents alert," 1997). 

2.1.1 Capacitance WaterCut Measurement 

Capacitance Technology has been used by the oil industry to measure watercut for almost 

50 years. The technology exploits the significant difference in dielectric properties between 

oil (~ 2) and water (~75). ("Patents alert," 1997). The net capacitance of the 2-phase media 

is measured by transmitting a radio frequency voltage across the sensing elements. The net 

capacitance is directly related to the watercut. Good correlation can be reached provided 

that the dry oil capacitance as well as the water, capacitance is known. Capacitance goes 

up with increasing water cut and down with decreasing watercut. 

The capacitive instruments have the key advantage of being a stable measurement 

technology. Simple design, insensitivity to water conductivity and ability to handle a 

majority of oil patch applications are other key features. It is a common misconception that 

capacitive instruments are limited to the lower segment of the non-linear capacitance vs. 
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watercut response curve. Recent developments have brought forward capacitance 

instruments able to measure up to inversion under unfavorable conditions and all the way 

to 100 % watercut under favorable water conditions.

Typical capacitance instruments utilize multipoint calibration curve to tie capacitance 

reading to tie water content. Some new developments have even made it possible to do 

away with strapping tables and rely solely on calculating the relationship, thereby being 

able to more accurately compensate for the dissimilar effects of temperature on the two 

media. 

Capacitive instruments are among the lowest cost options relative to other measurement 

technologies, this while often performing very well in most common applications. 

Traditional disadvantage of capacitive instruments are their difficulty in handling changing 

process factors and their limitations in measurement range. 

2.1.2  Spectroscopy WaterCut Measurement 

Spectroscopic measurement is performed by emitting a infrared across a narrow slot.  

The signal receptors thus measures, the absorption, reflection and scatter of the infrared 

beam and derives the watercut from the result(Basrawi, 1999). 

Spectroscopic measurement has several advantages when used for watercut measurement. 

Firstly it has the ability to measure across the full range of watercut. Contrary to Capacitive 

devices the percentage error actually decreases as the watercut increases. The technology’s 

accuracy at the high end of the watercut range separates it from other competitive 

technologies. The second large advantage, only available with this technology, is that it is 

unaffected by changes in density, salinity and entrained gas. 

The main disadvantages of spectroscopy-based watercut products are that they lose 

resolution and accuracy at the lower cut ranges.. This limits their usefulness in mainstream 

low range applications. Spectroscopy-based measurements do not perform well for sites 

that have cut ranges of 0 – 5% water, for example LACT applications. Also, the fact that 

these devices are fitted with very narrow (few mm) slots where the infrared light is 

transmitted. It can always be questioned if these slots see a representative of the total flow, 

especially for thick oil applications. Additionally the measurement section becomes very 
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prone to clogging by wax or debris. Wear and scratch will occur on the lenses if the oil 

contains sand or other abrasive particles, creating an endless loop of sensor eye 

replacements. 

2.1.3 Density Watercut Measurement 

Density is the only measurement method that uses a mechanical solution to measure 

watercut. A multitude of methods has been utilized such as differential pressure, 

densitometers and carioles meters. Good measurement can only be achieved by having a 

good knowledge of the dry oil density over the possible process temperature range. Density 

changes in the line will lead to major errors unless compensated for.

Figure 1 - Principle of Coriolis meter. 

The advantages of this technology are its cost-effectiveness and its ability to provide 

additional information, such as possibly flow rate, temperature and density that can be used 

as input for process optimization like the “AutoGas” function on the Roxar watercut meter 

that will be tested during this thesis. 

The disadvantage with using density measurement for watercut occurs when process 

variables start to change. Also, the use of density to measure watercut is typically confined 

to light oils due to the limited and sometimes non-existent difference in density between 
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water and heavy oil. The method is of little use near to wells due to the uncertainty of 

actual API density of the oil coming out of the well. It can only be well used further 

downstream when parameters such as dry oil density is stable and well known. 

2.1.4 Microwave Absorption Watercut Measurement 

This technology is quite similar to Infrared absorption, but instead microwave absorption is 

used. The watercut is determined by the difference in the amount of energy sent compared 

to amount of received. Unlike infrared light that is used by Weatherford [Red eye Watercut 

Meter] Microwave are absorbed by water. This means that a higher watercut the more 

attenuated the signal will become(Hennessy & Vikingstad, 2007). 

2.1.5 Microwave Resonance Watercut Measurement  

Roxar watercut meter is based on Microwave (MW) resonance technology. This meter has 

high accuracy when there is a good mixture of oil and water. This technology uses the 

unique resonance frequency of a fluid to determine the watercut. The Roxar watercut meter 

uses patented microwave technology to measure the permittivity of fluid inside the Meter. 

This enables the meter to calculate the volume percent of water given the measured 

permittivity of the liquid (Oil and water). Meter needs several inputs in order to calculate 

the permittivity of water and oil, which are:  

• Temperature  

• Water (Conductivity or Density) 

•  Dry oil density 
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The advantages of this technology is that it is temperature compensated, it can be 

Installed in line and in direct contact with the process fluid, it requires minimum 

maintenance and gives real time continuous water contents in the crude line by measuring 

dielectric. 

Constants, it is designed for minimum pressure drop and is easily field calibrated for 

different process fluids. It comes in a high accuracy simple configuration only dry oil 

density; pressure and water conductivity or water density is required. The Meter can also 

be delivered with specified options for communication protocol, advanced calibrations and 

measurement functions, like the AutoZero, which is a software function that corrects the 

changing density of oil (Hennessy & Vikingstad, 2007). 

The AutoZero function is an optional feature of the Roxar Watercut meter. It depends on 

flow density input rather than the calibration constant for oil density to calculate watercut. 

This allows the meter to measure accurately in change of oil density. It depends on data 

from life mix density meter and the microwave readings. 

The disadvantage of this technology is that in order to achieve high accuracy some 

requirements on the flow must be met. The following requirements are: 

• Flow velocity not lest then 1m/s 

• Well mix flow. 

• The water droplets should be no larger than 1/10th the diameter of the pipe.  

As stated previously the Meter has many measurement functions that can justified its high 

cost. Meter comes in a large variety of sizes, ranging from 2 inches to 24 inches. 
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2.2 Flow Regimes 

Flow regimes vary depending on operating conditions, fluid properties, flow rates and the 

orientation and geometry of the pipe through which the fluids flow. The transition between 

different flow regimes may be a gradual process. The following map in Figure 4 shows a 

qualitative illustration of how flow regime transitions are dependent on superficial gas and 

liquid velocities in multiphase flow. ((Corneliussen, Mars 2.2005)) 

The flow regime in the Roxar watercut meter should be oil continuous, as droplet of water 

in oil. One of the Roxar watercut meter requirements is that flow should be mix flow and 

the water droplet should not be larger than 1/10
th

 of the pipe diameter and with a flow rate 

not less than 1m/s. Roxar recommend that the meter should be installed vertically. 

The most suitable flow regime for the Roxar watercut meter is annular flow as seen in 

(Figure 6. v).  

Figure 4 - Horizontal and vertical flow regimes. (Corneliussen, Mars 2.2005)�

2.2.1 Flow Regimes Horizontal Pipes 

In horizontal flows, the transitions are functions of factors such as pipe diameter, 

interfacial tension and density of the phases (Corneliussen, Mars 2.2005). 

Laminar flow is not appropriate for Roxar watercut meter because the water and the oil 

flow separately. If the meter is installed horizontally a mixer should be installed in front of 

the meter in order to avoid a laminar flow. 
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Figure 5 - Flow regimes in horizontal pipe. This picture is taken from (Bratland, 2010)  

2.2.2 Flow regimes in vertical pipes 

The flow regimes occurring in vertical are similar to those in horizontal pipes, but one 

difference being that the there is no lower side of the pipe which the densest fluid ‘prefers’. 

One of the implications this has is that stratified flow is not possible in vertical pipes. 

Most of the published measurements have been carried out on horizontal and vertical 

pipes, which is also what we have shown flow regimes for here. Pipelines generally follow 

the terrain and most often have other inclinations, so the complexity is often larger than 

illustrated here (Bratland, 2010). 

Figure 6 - Gas-liquid flow regimes in vertical pipes. (Bratland, 2010)
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2.3 Microwave sensors 

The microwave sensors are not only used in the oil industry, they become more and more 

common in different areas of the industry. Many of the new measurement problems have 

been solved by various kinds of microwave sensors (E. Nyfors & Vainikanen, 1989) 

The American Heritage Dictionary (The American Heritage Dictionary fourth edition, 

2000) defines ”Microwave n, an electromagnetic wave whit a wavelength between that of 

infrared and short waves (one millimeter to one meter). The microwave sensors used in 

this thesis (Roxar Microwave sensors), the wavelength is always of the same order of the 

magnitude as the sensor. Microwave sensors are based on the interaction of microwaves 

with matter. This interaction may be in the form of reflection, scattering, refraction, 

emission, absorption, or change of speed and phase (E. Nyfors & Vainikanen, 1989). 

Microwave sensors are used to measure a wide range of quantities like distance, 

movement, shape, and particle size, but the largest groups of applications are related to 

measurement of material properties. 

Material measurements with microwaves are based on the fact that the contact between 

microwaves and the medium of propagation is completely determined by the relative 

permittivity and permeability of the medium: 

 For most practical materials that are subject of measurement with microwave sensors 

. 

 In this thesis only the permittivity will therefore be considered to affect the interaction, 

unless otherwise stated. Different materials have different permittivity, and the permittivity 

of a mixture depends on the permittivity of the components, the composition (the relative 

abundance of the components), and the structure [von Hippel, 1954], [Becher, 1965], 

[Hasted, 1973]. (E. G. Nyfors, 2000) 
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By measuring the permittivity of the mixture, one therefore gets information about the 

composition. In a simple case of two components, the sum of which is 100 %, there is only 

one unknown if the structure, and the permittivity of the components are assumed to be 

known (e.g. oil drops in water or water drops in oil), making it possible to deduce the 

composition from one measurement of e.g. resonant frequency (E. G. Nyfors, 2000). 

The mixture that contains more than two as the mixture that is studied in this thesis (e.g. oil 

water and gas) complicates the measurement and added more unknown into equations. 

There are several advantages to microwave sensors. The sensors do not need mechanical 

contact with the object. Therefore, performing on-line measurements from a distance is 

possible, without interface to process. Additionally the microwave sensors see a very good 

contrast between water and most other materials, making them well suited for water 

content measurements. Microwave resonator sensors are inherently stable because the 

resonant frequency is related to physical dimensions. The sensors are insensitive to 

environment condition, such as water vapour and dust, and high temperatures. Microwave 

sensors are generally less sensitive to material build-up. Furthermore, microwaves 

penetrate all material except for metals. The measurement result therefore represents a 

volume of material, not only the surface. At low frequencies the dc conductivity often 

dominates the electrical properties of a material. The dc conductivity depends strongly on 

temperature and ion content. At microwave frequencies, the influence of the dc 

conductivity often disappears (E. G. Nyfors, 2000).

There are some disadvantages to the microwave sensors. The sensors are sensitive to more 

than one variable. Because of the relatively long wavelengths, the achievable spatial 

resolution is limited. The higher is the frequency, the more expensive are the electronic 

components. The microwave sensors have to be calibrated separately for different 

materials. Also, the sensors are often adapted to a specific application, which results in low 

universal applicability (E. G. Nyfors, 2000). 
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2.3.1 Cylindrical Fin Resonator Sensor (CFR) 

The advantages of implementing the microwave sensor cylindrical fin resonator (CFR) 

include minimal obstruction to the flow and low manufacturing cost. The CFR sensor, with 

the fin extending from the wall to the center of the pipe, is a piece of sectorial waveguide 

with a sector angle of 2 � and open ends. The resonance modes are based on waveguide 

modes.  

The resonant frequency in the CFR sensor of a resonance mode, based on a waveguide 

mode, is given by the following equation: 

In the equation p represents pvm or p´vm. The lowest resonance mode is TE 1/2 10, which 

includes a resonant frequency that is independent of the length of the fin. However, as a 

result of the fringing field in the open ends, the resonant frequency is somewhat dependent 

of the length of the fin. Every mode with a relative resonant frequency ƒr  � 1 has a poor 

quality factor since the pipe provides no isolation. How well the resonance mode couples 

to the modes in the pipe determines the quality factor. 
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Figure 7 - The electric field configuration of the lowest modes in a sectorial waveguide 

with a sector angle of 2 �. 

Figure 7 illustrates qualitatively the cross section of the electric field configuration of the 

modes TE ½ 10, TE 11, TE 3/2,1 and TE 21. The mode to be used for measuring purposes is TE 

1/2 10.  In order to avoid confusion of modes and influence of other modes on TE 1/2 10, it is 

desirable to have largest distance as possible to the next mode, when the MUT is lossy and 

the peaks broad.  

The used resonance mode, TE 1/2 10, has an electric field with a strong radial component at 

the wall. Using coupling probes of the electric loops is more suitable because they are 

mechanically easier to implement and easier to stimulate for finding the optimal design.  
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2.4 Permittivity 

In electromagnetism, absolute permittivity is the measure of the resistance that is 

encountered when forming an electric field in a medium. In other words, permittivity is a 

measure of how an electric field affects, and is affected by, a dielectric medium. The 

permittivity of a medium describes how much electric field (more correctly, flux) is 

'generated' per unit charge in that medium. More electric flux exists in a medium with a 

high permittivity (per unit charge) because of polarization effects. Permittivity is directly 

related to electric susceptibility, which is a measure of how easily a dielectric polarizes in 

response to an electric field. Thus, permittivity relates to a material's ability to transmit (or 

"permit") an electric field (Hennessy & Vikingstad, 2007). 

Figure 8 - Illustrates how the measured dielectric constant is used to determine the water 

content of a crude oil. Permittivity of oil is typically 2.2 – 2.4, while water > 70. 

Permittivity of a mixture is directly related to the component of volume fractions and the 

respective component permittivity. In order for the meter to determine how much water is 

contained in a mixture, the dielectric constant of the oil and water has to be known in 

separate components. These values describe the end points of a mixing law, which 
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describes the relationship between mixture permittivity and component volume fractions. 

The oil dielectric constant is the (0% water) endpoints 100% oil. The water dielectric 

constant is 100% endpoint (0% oil). 

2.4.1 Resonance Frequency as Function of Permittivity 

The permittivity of the mixture is calculated from the vacuum resonance frequency and the 

mixture resonance frequency: 

Equation above is valid in most cases of dry or moderately moist dielectrics and for 

example an oil-continuous mixture of oil and water. It is not valid, especially at low 

frequencies, when the bulk ion conductivity is considerable, as for example in a water 

continuous mixture of oil and water, when the water contains salts. Because the resonance 

phenomenon disappears when the dielectric is very lossy.(E. G. Nyfors, 2000) 

2.5 Algorithms used by Roxar Watercut meter. 

In order for the watercut meter to perform its measurements and calculations, some inputs 

are required for performing the calculations.  

2.5.1 Weight percentage of salt 

Input: 

Parameter Source Description 

Calculation Water conductivity at temperature of 20 °C [S/m] 

User input Water density at 15 °C [g/cm^3] 
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Output: 

Parameter Source Description 

Calculation Weight percentage of salt [%] 

If then: 

else 

If , then . 

2.5.2 Water conductivity 

To calculate the water conductivity, then the user has to provide the process water 

conductivity at a specific temperature.  

2.5.2.1 Calculate the Std condition conductivity of water from user input conductivity 

Input: 

Parameter Source Description 

User input Water conductivity at temperature of  [S/m] 

User input  Temperature at which the water conductivity is 

specified [°C] 

Output: 

Parameter Source Description 

Calculation Water conductivity at temperature of 20 °C [S/m] 
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The conductivity of water at 20 °C is calculated iteratively. The initial value is set as: 

The following steps are repeated until the difference between  and  

is less than 0.01: 

2.5.2.2 Calculate the std condition conductivity of water from user input water density 

Input: 

Parameter Source Description 

Calculation Weight percentage of salt [%] 

Output: 

Parameter Source Description 

Calculation Water conductivity at temperature of 20 °C [S/m] 

Calculate  from : 

If , then 

, 

else 
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2.5.2.3 Calculate the standard condition water density from user input conductivity 

If the water density has not been entered directly by the user, then the following 

calculations can be used to determine the water density. 

Input: 

Parameter Source Description 

User input Water conductivity at temperature of 20 °C [S/m] 

Output: 

Parameter Source Description 

Calculation Water density at 15 °C [kg/L] 

Calculate the weight percentage of salt in the water from the conductivity according to 

section 4.1. Calculate  from : 

2.5.2.4 Cal the process condition water density from the Std condition water density 

Input: 

Parameter Source Description 

Calculation Water density at 15 °C [g/cm^3] 

Input Process pressure [bara] 

Input Process temperature [°C] 

Calculation Weight percentage of salt [%] 

Output: 

Parameter Source Description 

Calculation Water density at process conditions [g/cm^3] 

Cwater 20,σ

Cwater 15,ρ

Cwater 15,ρ saltW

saltCwater W⋅+= 0072.0999.015,ρ

Cwater 15,ρ

processP

processT

saltW

waterρ
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2.5.3 Oil density 

To calculate oil density, then the user has to provide dry oil density at standard condition. 

2.5.3.1 Calculate the standard condition oil density from user input density 

Input: 

Parameter Source Description 

Input Dry oil density at  and  [g/cm^3] 

Input Pressure at which the dry oil density is specified [bara] 

Input Temperature at which the dry oil density is specified 

[°C] 

Output: 

Parameter Source Description 

Calculation Oil density at standard conditions [g/cm^3] 

 is found through an iterative process. The starting conditions are first set. 
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2.5.3.2 Calculate the process condition oil density from standard condition oil density 

Input: 

Parameter Source Description 

Calculation Water density at standard conditions [g/cm^3] 

Input Process pressure [bara] 

Input Process temperature [°C] 

Output: 

Parameter Source Description 

Calculation Oil density at process conditions [g/cm^3] 

The density of oil is calculated as in the original WCM software code, where it is stated 

that it is “Calculated to API standard according to SG”: 
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2.5.4 Watercut calculation 

The microwave resonance frequency is used to calculate of the permittivity of the fluid 

mixture inside the meter body. The permittivity of water and oil is calculated from models 

depending on user input conductivity of water, density of oil, and measured temperature 

and resonance frequency. An electromagnetic mixing formula (Bruggeman equation) is 

used to derive the watercut of the mixture.  

The equations and algorithms used for finding the watercut from the microwave resonance 

peak and different input parameters are described in the following sections, and consist of 

the following main parts: 

1. Calculate the mixture permittivity 

2. Calculate the water permittivity 

3. Calculate the oil permittivity 

4. Calculate the water cut 

2.5.4.1 Calculating the mixture permittivity  

Input:   

Parameter Source Description 

Input Process temperature [°C] 

Measurement Resonance frequency of the mixture [Hz]

Input Vacuum resonance frequency at 15 °C [Hz] 

Input Resonance cavity thermal expansion factor [1/K] 

  

processT

mixf

15vacf
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Output: 

Parameter Source Description 

Calculation Permittivity of mixture [F/m] 

To account for the thermal expansion effects, the vacuum frequency of the resonance 

cavity at the current temperature is calculated: 

The permittivity of the mixture is calculated from the vacuum resonance frequency and the 

mixture resonance frequency: 

In this experiment the Bruggeman equation will be used in iteratively calculation where the 

permittivity of gas =1 will be added into the equation.   

2.5.4.2 Calculating the water permittivity 

Input: 

Parameter Source Description 

Input Process temperature [°C] 

Measurement Resonance frequency of the mixture [Hz]

Calculated Water conductivity at 20 °C [S/m] 

Input Resonance cavity thermal expansion factor [1/K] 
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Output: 

Parameter Source Description 

Calculation Permittivity of water at meter conditions [F/m] 

 Calculation Dissipation factor 

The time constant of fresh water is computed as a function of temperature: 

The time constant for the water in the meter is calculated based on the water conductivity 

 input by the user: 

The dielectric constant of fresh water is a function of temperature: 

The dielectric constant of the water in the meter is calculated base on the water 

conductivity  input by the user: 

The initial water permittivity estimate at the resonance frequency is then found as: 
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The permittivity is affected by capacitive and dielectric loss, which needs to be 

compensated for. The water conductivity at meter conditions is calculated using the 

temperature measurement: 

The capacitive loss factor at the resonance frequency is calculated based using the water 

conductivity: 

The dielectric loss factor at the resonance frequency is calculated using the dielectric 

constant and time constant of the water: 

The total loss factor is then the sum of the capacitive and dielectric loss factors: 

The dissipation factor of the water is found as: 

The water permittivity when compensating for capacitive and dielectric loss is then found 

as: 
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2.5.4.3 Calculating the oil permittivity  

Input: 

Parameter Source Description 

Input Process temperature [°C] 

Measurement Resonance frequency of the mixture [Hz]

Input Oil density at process conditions [kg/m^3] 

Output: 

Parameter Source Description 

Calculation Permittivity of oil at meter conditions [F/m] 

The oil permittivity at the resonance frequency and process conditions is calculated: 

processT

mixf

oilρ

oilε

( ) ( )( )( )2

10

2

21

2

2

1

9875.0log022188.0076095.1

00109.0

0000008.000086.0582.0

+⋅−⋅⋅+⋅=

⋅=

⋅+⋅−=

mixoiloiloil

process

processprocess

fAA

TA

TTA

ρρε



34 

2.5.4.4 Calculating the water cut  

Input: 

Parameter Source Description 

Calculation Permittivity of water at meter conditions [F/m] 

Calculation Permittivity of oil at meter conditions [F/m] 

Calculation Permittivity of the mixture flowing through the meter 

[F/m] 

 Calculation Dissipation factor 

Input Water cut correction factor [%] 

Output: 

Parameter Source Description 

 Calculation Water cut [%] 

The Bruggeman mixing formula is used to calculate the amount of water in the mixture. 

Oil is assumed to be the host fluid and water is the inclusive fluid. This gives the following 

expression: 

The initial water cut estimate needs to be compensated for dissipation: 
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Correct the water cut using : 

,  

This is the final value that meter give s as out readings. 

  

correctionβ

correctionβββ +=
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3 Experimental 

The main objective in the experiment was to develop a software function in the Roxar 

watercut meter. The software function would enable the watercut meter to calculate the 

fraction of oil, gas and water. 

3.1 Test Data and Evaluations  

As described in the theory regarding the algorithms the meter is using, one can split the 

algorithms into three sections: measured-, input-, and calculated value. The measured value 

is the microwave resonance frequency of the liquid that passes through the meter body 

(fmix). The calculated values are permittivity of the oil, water and the mix permittivity and 

watercut. While the input values are water conductivity, oil density and temperature. 

The scenario studied in this thesis is the effect of gas on microwave resonance frequency. 

The Bruggeman mixing formula is used to calculate the amount of water in the mixture. 

The measured mixed resonance frequency (fmix) and the calculated mixed permittivity will 

change when gas is part of the mixture. In the Bruggeman mixing formula, oil is to be the 

host fluid while water is the inclusive fluid.  When gas is a part of the mixture the mix 

permittivity will decrease causing the meter to calculate incorrect watercut value. Normally 

when Roxar watercut is operating in conditions where you have a high ration of gas, the 

meter readings will be -1.5 % WC. In order to avoid this negative output value from the 

meter whenever free gas is present in the mixture, a software function called AutoGas will 

tested and develops. The algorithm used for the new software function AutoGas is 

iterative.  

3.2 AutoGas function 

AutoGas function1(Existing but not qualified software. Density model), this software is 

implemented in the Roxar watercut meter, but has not been properly tested/qualified. 

The AutoGas function2 (New software. Permittivity model with iteration loop) is not an 

optional feature of the Roxar watercut meter. It is developed for the purpose of solving the 

gas problem studied in this thesis and compared with AutoGas function1. However if the 

AutoGas function proves to be successful it will become an optional feature of the Roxar 
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watercut meter. Similar to the AutoZero function, the AutoGas function relies on mix flow 

density input and mix permittivity rather than calibration of oil density in order to calculate 

fraction of gas, oil and water. This might allow the meter to remain accurate for any 

change in oil density due to gas influx. Using the data from both the density meter and the 

microwave antennas, the Roxar watercut meter will continuously measure the correct 

volume fraction of water, oil and gas present in the total mixture flowing through the meter 

body. This is not a multiphase meter but rather an advance watercut meter. The AutoGas 

function relies on a density meter with high accuracy when gas is part of the mixture, 

meaning that the Autogas function is only valid in low-pressure systems. 

The Roxar watercut meter measures the resonance frequency of the mixture to determine 

the mixture permittivity by scanning the peaks in the resonance cavity. The equation for 

determining mixture permittivity is: 

The complexity of developing the new software function was to add the permittivity of the 

gas into the equation. The flow that passes through the Roxar watercut meter is either 

water continuous or oil continues. High gas influx in the mixture is often detected when we 

have oil continuous flow with very low watercut. As previously mentioned using the 

Bruggeman equation in two-phase flow (oil and water), the oil is the host fluid and the 

water is the inclusive fluid. Adding gas, the Bruggeman equation will be used in the two 

following steps: 

1. Water being the inclusive fluid 

2. Gas being the inclusive fluid while liquid fluid, consisting of oil and water, being the 

host fluid. 

The two steps enable the mix permittivity to be calculated in order to calculate watercut: 

Index (In) is the inclusive fluid while the index (h) indicates the host fluid. 
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3.2.1 AutoGas Algorithm 

The algorithm used for the AutoGas function is iterative. In order for this function to work 

the meter depends on having life mix density meter input (Coriolis meter). The iteration 

process is based on the three following steps: 

1. Assume the water fraction water and calculate the oil fraction oil   from mix density, 

dry density and water density as input to the meter. External density meter measures 

the mix density: 

2. Based on mix density input, when the oil and water fraction is known the gas fraction 

can be calculated: 

3. Knowing the gas fraction a new mix permittivity has to be calculated from the 

Bruggeman mixing formula. The new calculated mix permittivity will act as liquid 

permittivity and as host fluid. Gas will be the inclusive fluid and its permittivity will be 

equal to 1.see the iterative loop block diagram in Figure 10 - AutoGas function 2 (New 

software. Permittivity model with iteration loop.)

If the difference between the calculated and measured permittivity is between ±0.0005, the 

iteration process has been covered. The AutoGas is density dependent software function.. 

In order to retrieve valuable information from the process the Roxar watercut meter needs 

to be combined with the Coriolis density meter.  
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Figure 9 - AutoGas function 1(Existing but not qualified software. Denfunction 1(Existing but not qualified software. Density model)
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function 1(Existing but not qualified software. Density model)



Figure 10 - AutoGas function 2 (function 2 (New software. Permittivity model with iteration loop.)

40 

Permittivity model with iteration loop.)



41 

3.3 Roxar Flow Test Facility 

The Roxar flow loop test facility is build for the purpose of the clients who wants to either 

witness a flow test or verify that their Roxar Multiphase/ Wet Gas/ Watercut meter is 

operating according to its specifications in dynamic conditions. The flow parameters tested 

is: 

• Liquid Volume rate (m
3
/h) 

• Gas volume rate (m
3
/h) 

• Watercut (%) 

The flow laboratory offers great flexibility, large capacities, and quick variations of the 

flow rates. It enables testing at typical Wet Gas and Multiphase well conditions within the 

flow capacity allowed by the pumps and the compressors. The test rig is built to allow for 

examination of the effects of changing flow regimes on the meter’s performance. The 

Roxar Flow Laboratory is located in Stavanger. However, all ongoing flow tests can be 

monitored at our premises in Roxar Bergen office. 

The verification of the meter performance is based on a list of test points. A matrix of the 

test points is prepared as close as possible to the field process conditions with regard to the 

test rig capacity and operational limitations. The flow rates measured by the installed meter 

are compared with the test rig reference instrumentation downstream of the installed meter. 

The reference system is a single-phase measurement of oil, water-liquid-ratio and gas. The 

test fluids used in the Roxar Flow Laboratory are diesel, salt water (MgSO4 solution) and 

compressed air as (gas). 

3.3.1 Description of the flow loop facility. 

The Roxar test facility is a three-phase test rig with single-phase reference instrumentation. 

Single-phase reference measurement means that single phases of oil, water and gas are 

pumped and measured separately before being mixed and passed through the test section. 

The fluids are circulated in a closed-loop system. The mixing point is located in front of a 

manifold. Four horizontal pipe sections with diameters of 2”, 3”, 4” and 6” exit the 

manifold, allowing natural flow regimes to be developed for various meter sizes. This 

construction allows the testing of multiple meters of different sizes by the turning of 
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valves. A blind-T is installed upstream of the Roxar Multiphase/ Wet Gas/ Watercut Meter. 

Downstream of the test section, the multiphase fluid flow is again separated into single 

phases. 

3.3.2 Flow Loop Specifications. 

The total length of the flow loop pipe is approximately 25-50 m with a pipe diameter of 

[2”, 3”, 4” and 6” inch].  The main part of the pipe material is a carbon steel and stainless 

steel.  

The fluids specifications include diesel being used as oil with a density around [835-850 

kg/m
3
] and viscosity of [1.5-4.0 cSt/ 40 

0
C] with relative permittivity of [2.1-2.3]. The 

water density is approximately [1008-1025 kg/m
3
], the water salinity can be adjusted while 

water conductivity is typically [3 S/m@ 20 
0
C]. When it comes to gas a compressed air is 

used as gas. 

Chemical Composition of Air 

Name Symbol Percentage by volume 

Nitrogen N2 78.084 %

Oxygen O2 20.9476 %

Argon Ar 0.934 %

Carbon Dioxide CO2 0.0314 %

Neon Ne 0.001818 %

Methane CH4 0.0002 %

Helium He 0.000524 %

Krypton Kr 0.000114 %

Hydrogen H2 0.00005 %

Xenon Xe 0.0000087 %

Figure 11 - The chemical composition of air 
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3.3.3 Flow Loop Performance and Uncertainty Specifications 

Reference Measurement Range Nom. 

Diam. 

Exp. Uncertainty 

90% Conf. level 

Liquid flow rate  

Micro Motion Coriolis 

5-50 m
3
/h  

[water continuous ] 

5-60 m
3
/h 

[Oil continuous] 

2” and 3” 2.0% rel. 

Water Fraction  

Roxar Full Cut Meter  0-100 % 3” 2.0% abs. 

Gas flow rate 

Daniel liquid turbine meter 45-300 m
3
/h 3” 5.0% rel. 

Gas volume fraction (GVF) 0-100% - 2.0% rel. 

Gas Supply Pressure <10 bar [not regulated] - 0.5% F(0.05bar g) 

Oil/water Separator 

Temperature 

15-25 
0
C [not regulated] -  

Flow pressure transmitters 0-10 bar g - 0.25% FS (0.00625 

bar g) 

Flow temperature 

transmitter 

0-50 
0
C - 0.5 

0
C 

  



44 

Figure 12 - Schematic of the Roxar Flow test loop. 

3.4 Execution of the experiment 

In order for the software to work a flow density input was required. The Roxar watercut is 

not suitable for the process with high GVF. Therefore finding out the limit of GVF that the 

meter could handle is part of the experiment in this thesis. The Roxar Flow loop facility 

described above was scheduled to be used during the test of the AutoGas function. A test 

matrix of 20-test point was prepared to test the AutoGas function. Unfortunately just 

before proceeding with the test, a major accident occurred in the Roxar flow loop facility. 

Most of the facility was under water and therefore the schedule test could not be run. 

Obviously the flow loop test would have been the ultimate test to verify whether the 

AutoGas software function was working. The flow loop test would also be able to verify 

the maximum limit of GVF the meter could handle. The need for finding an alternative 

method was crucial. Two options were present and carefully evaluated: 
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1. Static sensor testing 

Advantages of this alternative: 

• Quick to setup test equipment.  

• Fast and reliable results, due to stable sensor conditions. 

•  High repeatability. 

• Low cost. 

Disadvantages of this alternative: 

• Will results be representative?  

Requirements:  

• Test jig/ equipment must be built. 

2. Building a mini flow loop 

Advantages of this alternative: 

• Reliable and representative results. 

• Good repeatability. 

Disadvantages of this alternative: 

• High cost and time consuming. 

• Finding necessary equipment to build a loop that performs as expected. 

Requirement: 

• Acquire money and equipment. 

• Build loop. 

Based on the evaluations above it was decided to continue on with a static test. However, 

after the static test was conducted the second alternative of building a mini flow loop was 

executed. The decision of building a mini flow loop is explained in the results (chapter 6).  



Figure 13 - Picture of the 2”2” CFR sensor and the test jig used during the Static te
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R sensor and the test jig used during the Static test.



Figure 14 - The network analyzer used for recoding and measurin

frequency. 

Figure 15 - Picture of the mi

The network analyzer used for recoding and measuring the resonance 

Picture of the mini flow loop while circulating diesel and air.
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g the resonance 

ir.



Figure 16 - The used network analyzer connected to CFRS sensor used

resonance frequency. 

Figure 17 - Picture of the mini flow loop 

used network analyzer connected to CFRS sensor used in measuring the 

Picture of the mini flow loop before filled with diesel. 
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used network analyzer connected to CFRS sensor used in measuring the 
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4 Result and Discussion 

The results from the static test have been included in the thesis because the results were 

essential regarding building the mini flow loop. 

4.1 Static Test 

The purpose of the static test was to measure the resonance frequency when the CFR 

sensor is filled with a static mixture of fluid and gas. This was done by manually filling the 

sensor with diesel and then inserting straws filled with air, which had different straw 

diameter (different air volumes). The change in the resonance frequency caused by the 

straws with air would then be measured and recorded. 

The sensor sensitivity is not uniform inside the measuring pipe area. It was therefore 

crucial for the straws to be in the same location in the sensor. A plastic plate with open 

holes was mounted on top of the sensor. Three different sizes of straws were then used 

during the static test. A serial of 18 test points were conducted in the static test. The results 

are presented according to the size of the three different straws.  
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4.1.1 Measured Resonance Frequency with straw 1 

Figure 18 - Measured Resonance Frequency with Straw 1 

Result/Discussion 

In Figure 18, straw 1 represents volume of air equal to 0.3768 cm3. The test result 

indicates how difficult it is to measure the resonance frequency with the same amount of 

air volume inserted in the sensor. Test point 7-11 has the same resonance frequency equal 

to 1, 5367 GHz while the remaining test points deviates a lot.
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4.1.2 Measured Resonance Frequency with Straw 2 

Figure 19 - Measured Resonance Frequency with Straw 2 

Result /Discussion  

Figure 19 shows the result of measured resonance frequency with straw 2 representing 

volume of air equal to 0.0412 cm
3
. These test results also illustrates the difficulties of 

measuring the resonance frequency. Test point 14 shows the highest measured resonance 

frequency of 1.5368 GHz while test point 16 shows the lowest measured resonance 

frequency. The test points 4 - 11 has the same measured resonance frequency equal to 

1,5364 GHz.  
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4.1.3 Measured Resonance Frequency with straw 3 

Figure 20 - Measured Resonance Frequency with Straw 3 

Result/Discussion 

In Figure 20, measured resonance frequency with straw 3 represents volume of air equal to 

0.0263 cm
3
. Measured resonance frequency varies throughout the 18 test points. However 

in test point 7 – 10 measured resonance frequency is constant and equal to 1.5368 GHz, 

while in test point 11– 13 measured resonance frequency is equal to 1.5367 GHz.  

4.1.4 Final Analysis of the Static Test 

Testing proved that the measured resonance frequency with the same straw gave different 

resonance frequencies. It was therefore very low repeatability and the result was not 

representative of the mixture.  The volume of air in the straw is known, but even if the 

same volume or straw was inserted, it was not possible to get the same resonance 

frequency, because the CFR sensors do not have a uniform sensitivity inside pipe 

measuring area as seen in Figure 18, Figure 19 and Figure 20. The result could not be 

trusted. 
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It was decided to move on and build a mini flow loop instead 

4.2 Mini Flow Loop Test 

The purpose of building the mini flow loop was to collect reliable result that could be 

tested on the software developed AutoGas. It was therefore important to get reliable 

reference values that could be tested. Building the mini loop was both costly and time-

consuming. 

The mini flow loop consist one diaphragm pump, 10-meter hose, 4 valves and one 2” CFR 

sensor which was the same sensor used in the static test as seen in Figure 17. 

 T-flanges were mounted just before the sensor so the flow that passes the sensor could be 

well mixed. A network analyzer RFM-772-027 was connected to the sensor to measure the 

resonance frequency. 
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4.2.1 Test Matrix 

After the flow loop was build it was filled with diesel and check for leakages, some of the 

hose connections was leaking and tightened. The loop was then filled 7.82 liter of diesel, 

which was maximum volume of the loop. A test point matrix consisting of 23-test point 

was constructed. 

Table 3: Test Matrix Mini Flow Loop  
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4.2.3 Single-Phase Flow 

There was no instrument measuring the flow fractions, it was therefore necessary to 

control the flow loop fractions manually.  By knowing the total volume of the loop and the 

amount of drained fluid, it was possible to calculate the fractions. Each test points were run 

until stable conditions, but for a minimum of 5 minutes. 

The first test point run was diesel and the resonance frequency was measured and recorded. 

Figure 24 - The measured frequency response of the CFR sensor filled with diesel. 

Result /Discussion   

Every second test points from [1-12] as seen in the flow test result in Figure 21., are single 

phase diesel points. The measured resonance frequency on these points did not vary more 

[±0.540] MHz. This will according to AutoGas function 2, give a deviation of ±[0,2-0,4] 

abs% of the meter readings for water and oil, and ±[0.05] abs%.for gas  
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4.2.4 Two-Phase Flow  

After each tests point with diesel and gas, the flow loop was then re-filled with the drained 

diesel, until the fluid sank to the initial start mark on the hose, which indicated a full flow 

loop and no leakage or loss of diesel. (7.82 liter of only diesel) 

The single phase- test point with only diesel was then re-run., this was done in order to 

minimize uncertainty and improve performance. The first gas point run was two-phase 

flow (diesel and gas) with 5% GVF, in order to get 5% GVF in the system 0.4 liter of 

diesel was drained out of the loop. The system was closed and flow was then circulated 

until it was stable, but for a minimum of 5minutes. The resonance frequency was then 

measured.

This was repeated until all tests-points with diesel and gas was completed. 

Figure 25 - The measured frequency response of the CFR sensor filled with diesel and 

15% air. 
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Figure 26 - The change of the resonance frequency due to change of volume fraction. 

Result / Discussion 

These test points were very interesting with regards to observing the effect of gas on the 

resonance frequency. As the volume of gas increased the resonance frequency increased 

this was as expected. The noise in these test points increased with increasing gas fraction 

and the deviation in these readings also increased.  The averaging of the resonance 

frequency signal was increased in order to compensate for unstability and noise.  As seen 

in flow test result Figure 21 and Figure 26, at 40% GVF the measured resonance 

frequency varied [±4,256] MHz. This will according to AutoGas function 2, give a 

deviation of ± [2-4] abs% of the meter readings for water and oil, and ±[0.7] abs%. for gas 
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4.2.5 Three-Phase Flow 

Before water was added to the system, 1 liter of water with temperature of 20 
0 

C was 

dissolved with 36.7gram of salt in order to get a water conductivity of 5 S/m, identical to 

sea water conductivity. The method used for calculating salinity/ water density was 

equation of state.(Anati, 1999)  

Now that salt is dissolved in water and the density of the water is known, a known volume 

of diesel was drained out and replaced with water. System was closed and the mixture of 

diesel and water was circulated in the flow loop. It was then circulated until it was stable 

before the resonance frequency was measured.  

Finally test point consisting of three- phase mixture (diesel, water and gas) was run. 

Started with [6.4] % watercut [5, 10] % GVF. Increase loop mixture to 12.8 % watercut 

and [5, 10.15] %GVF. After stabilizing the mix of the fluid, a known volume was quickly 

drained and replaced by air, specifically test points [14 .18.20]. The watercut in the drained 

fluid was verified by measuring separated water from the extracted fluid and then 

compared with calculated watercut. The measured watercut had a difference of 0.01% 

compared with the calculated. The extracted fluid was then re-injected in flow loop, before 

continuing on next test point. 

Result/ Discussion 

The mini flow loop made it possible to record repeatable and reliable data. The result is 

used to verify the new Autogas function 1 and Autogas function 2.  

Both AutoGas functions need certain input parameters to work, see chapter 4. 

The difference/low deviation in the resonance frequency during the 3phase test point, 

indicate that the measurements conditions are stable and reliable. The frequency deviation 

is in the order of [0.1-0.8]MHz. At 10% GVF (Test point:16) the measured resonance 

frequency varied [±0,283] MHz. This will according to AutoGas function 2, give a 

deviation of ± [0.3-0.4]abs % of the meter readings for water and oil, and ±[0.08] abs%.for 

gas. 
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Figure 27 - Absolute deviation actual gas fraction vs.  function 1 and 2 gas fractions 

As seen in figure above, the test point [1-12] is diesel and gas, function 1 is very stable 

with low deviation .Function 2 gas points [2,4,6 and 8] have about same deviation ,its 

observed that a GVF higher than 20%  gives increased absolute deviation. The three-phase 

test points gives increased deviation for both function 1 and 2.Test points whit only water 

and diesel have a stable deviation even when increasing watercut, but increasing watercut 

give increased deviation for the gas test points. 
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5 Conclusion 

The purpose of this thesis was: 

1. Study what happens with Roxar watercut meter when gas is part of the mixture, and 

verify the non qualified gas software function in Roxar watercut meter.  

2. If necessary and possible develop an improved gas detection function in the Roxar 

watercut meter. 

3. Perform a flow loop test. 

4. Investigate the result from the flow loop test and draw conclusion 

The result shows that Roxar watercut can measure gas accurately, but some limitations 

have been observed. Currently there is a limitation in the electronics and the range of 

the voltage controlled oscillators (VCO). Next generation microwave system, might 

not have this sweep limitations. In addition its observed that increasing gas fraction, 

will increase unstability in the meter resonance frequency, and thereby giving 

increased uncertainty, but this can most likely be improved by averaging or other 

algorithms. The Autogas function1 have through the results been verified and it 

performs fine. Autogas function 1 is a density based model, and increased uncertainty 

in the density from a live density meter will give increased deviations in calculated gas 

volume. It was observed that a ±5% density change gave about ±[4-5]%abs GVF 

change. 

The AutoGas function2 is based on permittivity and density. The software was working 

satisfactory, but the result shows that the AutoGas function2 generally has a higher 

deviation than Autogas function1. The Autogas function2 have the ability to calculate 

the fraction of gas, water and oil, but it has more required input parameters, which all 

contribute to the total uncertainty.  

The flow loop test planned in advance did not go as planned, due to an accident which 

occurred in the Roxar flow loop facility. Instead a mini flow was built in the Roxar 

production facility. All results were valuable, good and consistent as seen in Figure 21.  
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As stated both AutoGas functions are working, and recommendation is to implement 

both Autogas function1 and 2 in the Roxar watercut meter, and perform dynamical test 

in real field applications. The results showed that both AutoGas functions will be 

affected by variations in the density input.  Therefore a certain uncertainty/deviations 

of the live density meter, will add to the uncertainty of the output from the functions. 

Both functions are behaving similarly, when seeing only a density change. 

Further studies: 

• It will be interesting to see the effect, if hydrocarbons gases (C1-C6) were used 

instead of non-hydrocarbon gases (CO2, N2). 

• Final Analysis of the Mini Flow Loop  

• Perform test with meter electronics vs network analyzer. 

• Integrate flow meter, density meter and temperature meter in the test loop.  
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