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Abstract

:

Water cut is a vital monitoring and surveillance parameter with great significance in oil production operations and processing. Water-cut measurements are also challenging due to the significant variations and the harsh measurement environment. The objective of this article is to review the current water-cut measurement techniques and suggest future areas that are expanding to overcome existing measurement challenges. Commercially available online methods such as capacitance-based sensors, tomography techniques, gamma densitometry, ultrasonic meters and infrared meters, and the traditional laboratory offline methods, are discussed, along with their principle of operation, detection range, and sensing resolution. Also, the discussed techniques are summarized, highlighting their main advantages and limitations. Furthermore, future trends and research areas, such as Artificial Intelligence (AI), soft computing, Metamaterials, and Nuclear Magnetic Resonance (NMR), which are integrated with water-cut measurements, are briefly mentioned. The current research hotspots are directed toward integrating full-range measurements with multi-parameter detection, high sensitivity, and reliability.
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1. Introduction


The oil–water two-phase flow is commonly encountered in the exploration, development, and production of oil. In order to optimize the oil recovery, the accurate monitoring of the composition of the oil–water two-phase flow, particularly water cut, is critical [1]. The reliable determination of the fraction of water in the production stream, known as water-cut, is a critical production surveillance parameter. The main purpose of water-cut measurements is to determine the quality of the crude oil in the pipeline or flow lines, since minimal inaccuracies can lead to substantial revenue implications [2]. Water-cut measurements are vital for assuring the quality of the produced oil, marketing, custody transfer of crude oil, corrosion control, oil reservoirs’ material balance calculations, and minimizing bitumen loss to tailings in case of oil sands. A high water content can contaminate the produced oil and cause fouling and corrosion problems. Also, the separation of water is an energy-intensive process; thus, it is of paramount importance that the water content is correctly calculated and minimized, and that the economics of the produced crude oil are optimized. The high precision and stable online real-time water-cut detection is a key issue in surface production operations, the mining, processing, and transportation of crude oil, and its storage and marketing [1,2].



There are two primary methods for water-cut determination, including (1) online and (2) offline methods [3]. In offline production operations, the water cut is measured by taking a sample from the pipeline/flow line in the field and testing it in the laboratory for content analysis. Traditionally, methods like distillation, commonly known as Dean–Stark, Centrifuge, and Karl–Fischer titration, are used in the offline determination approach, where the measuring process may take up to a few days. Hence, they are highly time- and energy-consuming, limiting the number of samples available for analysis and, more importantly, delaying decisions that are to be made during operation, leading to a loss of production [3,4].



With the advent of technology, many different methods for water-cut measurements have appeared. Online methods, such as sensors based on infrared water-cut meters, Coriolis flow meters, and ultrasonic meters, can measure the water content accurately in real-time within a short period and reduce labor costs [4]. However, there are major disadvantages associated with online measurement techniques, such as sensitivity to temperature, salinity, corrosion, sulphur content, complex hydrocarbons, and limited water measurement range, that limit the real-life applicability of these methods.



In recent times, soft computing has gained attention as a potential tool for addressing engineering problems. This is attributed to the aptitude of soft computing in managing complex, dynamic, and non-linear issues, and its computational simplicity compared to analytical methods. It involves a range of techniques with the ability to manage imprecision and uncertainty, resulting in achievable solutions that are robust and economical [5].



In the context of multi-phase flow metering, soft computing approaches are employed to derive valuable information from traditional sensor outputs such as ultrasonic sensors, capacitance-based sensors, conductance sensors and Coriolis flowmeters. This information is then integrated with soft computing algorithms to make predictions or estimates of flow rates and phase fractions of multiphase flow, and identify different flow patterns [5].



Water and crude oil differ in terms of their physical properties such as density, permittivity, conductivity, and absorption spectroscopy. Many techniques developed based on the above-mentioned properties can be used to determine the water cut in multi-phase flows. Each technique comes with a different design approach, measurement range, accuracy, configuration, maintenance, and cost [6]. Figure 1 summarizes the most common water-cut measurement techniques. This review provides a basis for comparing various currently employed water-cut measurement techniques and their advantages and disadvantages.




2. Online Methods


2.1. Capacitance-Based Water-Cut Meters


Capacitance-based water-cut meters rely on the dielectric properties of the water-in-oil emulsions and have been in use for more than 50 years [7]. They offer several advantages, such as a simple design and structure, being insensitive to water conductivity, a fast response speed, high sensitivity, and a low cost [6]. These sensors work best when the water cut is low and the continuous phase in the emulsion is oil (i.e., water droplets are dispersed in the oil phase). The relationship between water cut and the emulsion dielectric properties turns non-linear above ~10 vol.% of water [8]. As the water concentration of a water-in-oil emulsion increases (~35–60 vol.%), an inversion occurs, where the oil droplets are dispersed in water rather than the water dispersing in oil. At this point, as the emulsion becomes water-continuous, the conductivity of the capacitor increases, which limits the capacitance-based sensing analysis range to 50 vol.% water with light oil, and 80 vol.% with heavy oils [8].



While this method offers several advantages, some of the main drawbacks are as follows: (1) variations in the process parameters, such as density, temperature, and salinity, affect the capacitance value and, hence, the measured water cut; (2) entrained gas affects the net dielectric value of the fluid and decreases the measured value of the water cut [6]; (3) the capacitor sensor is subjected to contamination and wax deposition [9]; and hence requires regular maintenance; (4) in-line calibration is needed for reliable performance [6].



It is more commonly thought that the capacitive instruments can only function when a linear relation between water-cut and capacitance exists. However, it can extend through the non-linear region as well with the help of strapping tables [6]. Figure 2 shows the relationship between the data points of capacitance change with water cut [10].



Operating Principle: This technique relies on the large difference between the dielectric properties of oil and water. It takes advantage of the fact that the relative permittivity,    ε r   , of oil (   ε r   : 2–3) is much smaller than that of water (   ε r   : 80) [8]. The capacitance probe is composed of a stainless-steel cylindrical center rod coated with an insulated layer and a circular pipe as the main housing shield around it. The non-conductive, non-corrosive fluid flows in the annular space, giving rise to a dielectric medium. The dimensions of the probe are constant, and the capacitance value varies only with the change in the emulsion composition, which affects the dielectric constant. The relative permittivity of a sample under the test,    ε r   , is the ratio of the permittivity of that substance to the permittivity of the vacuum (i.e.,    ε r  = ε /  ε 0   ).



Usually, the measurement is made by applying a radio frequency (RF) signal between the probe and the pipe (outer electrode), which results in a minute current flow [7,11]. As shown in Equation (1), the change in the dielectric constant is directly proportional to the capacitance value due to the water cut, and hence can be converted to a water-cut output signal. The more water there is in the fluid medium, the higher the capacitance. The probe’s sensitivity can be improved by extending the probe length,  L , or decreasing the gap width.



Calculation of the capacitance of the sensor depends on the shape of the sensor. For a long cylindrical probe with a constant area, the capacitance is: [7]


  C =   2 π ε L   ln    b a       



(1)




where a is the inner electrode radius, b is the outer electrode radius,  ε (   ε r   ε 0   ) is the permittivity of the dielectric medium gap, and  L  is the capacitor length.



The water-cut, as a function of dielectric constants of oil–water emulsion and individual constituents, is given by [7]:


  W C =        ε  r o    ε  r w      ε  r w       −  ε  r w      ε  r o   −  ε  r w      



(2)




where    ε r    is the relative permittivity of a substance, and the subscripts  o ,  w ,   o w   denote oil, water, and water-in-oil emulsion, respectively. A few other variations of the traditional capacitance meter have recently become more popular and are discussed below. Based on electrode configuration, capacitors can be broadly classified into invasive (direct contact between the electrode and fluid) and non-invasive (no contact between the metal electrode and liquid) [12].



Some of the most popular capacitance sensors for WC measurement are reviewed in the following section. Both no contact and in-contact sensing approaches are included.



2.1.1. Coaxial Capacitance Sensor (In-Contact)


The coaxial capacitance sensor is composed of a center electrode and an outer electrode, which is the metallic shell, as shown in Figure 3a. The center electrode is coated with an insulation layer, forming a capacitance with the outer electrode. The fluid flows between them and forms a capacitance with the outer electrode. When the oil–water emulsion flows past these electrodes, the capacitance value changes due to the different dielectric constants of oil and water, so the difference in the capacitance value indicates the change in the water cut. When the water cut value is high, the oil bubble size distribution and quantity in oil-in-water emulsions will influence the measured value of capacitance of the coaxial capacitance sensor [13].




2.1.2. Capacitance Wire Mesh Sensor (In-Contact)


Capacitance wire-mesh sensors are intrusive, flow-imaging techniques that employ a high temporal resolution and spatial distribution to study multi-phase flow [14]. They consist of wire electrodes stretched over in two planes, which are 90° to each other, forming a network of electrodes, as shown in Figure 3b. The wires have a slight axial separation, typically of 2 mm. The system’s electronics can measure the electrical properties of the fluid in the confined spaces very quickly, thus generating images of phase distribution. The wire mesh sensor can measure the permittivity of the fluid at the crossing points. An AC voltage is applied to the transmitter wires, and the current flows to the receiver wires, which are arranged in parallel.



In this way, the sensor divides the regions into several sub-groups or sub-regions that independently determine the phase. These wire mesh sensors have been tested for air–water or water–oil flows. Recently, they have been tested for non-conducting fluids such as oil or organic liquids [14,15,16].




2.1.3. Principle of the Cylindrical Capacitance Sensor (Non-Contact)


The cylindrical capacitance sensor is made up of a metal shell (outer electrode), an outer insulating layer, a metal electrode, and an inner insulating layer [13]. The electrode and the insulating layer are very thin, at approximately 1 millimeter, as shown in Figure 4a. The metal shell is grounded, and the excitation voltage is given to the metal electrode, which insulates the metal shell. A cross-sectional view of the capacitance sensor is shown in Figure 4b [17]. The fluid flows throughout the length of the capacitor. In order to obtain a wider response strength for the fluid flowing through, it is necessary to have a wider runner so that the thickness of each layer is as small as possible. It is worth mentioning that the thinner the internal insulation layer, the more extensive the response range of the cylindrical capacitance sensor. These sensors work best when the oil–water emulsion is in a stratified state.



The metal casing and the inside insulating layer form a capacitance C0, which can be determined by [17]


   C 0  =   2 π  ε 1   ε 0  L   ln    R 3  /  R 2       



(3)




where    R 0    is the emulsion flow radius,    R 1    is the inside insulation layer radius,    R 2    is the electrode layer radius,    R 3    is the outside insulation layer radius,    ε 0    is the relative permittivity of the electrode layer,    ε 1    is the relative permittivity of the outside insulation layer and  L  is length of the sensor, as shown in Figure 4b. The water present at the base of the sensor can be considered a grounded electrode since water is a good conductor of electricity at a low frequency. The surface of the water can be divided into two sections, including S1, the surface of the water in contact with the sensor wall and S2, the interface of the oil–water emulsion. The electrode layer, the inside insulation layer and the water surface in contact with the insulating layer, S1, form another capacitance, namely,    C 1   . The S1 layer is variable as it increases with the increase in the angle  α  and the water hold-up, H. The value of capacitance    C 1    is calculated as [17]


   C 1  =   α  ε 1   ε 0  L   ln      R 1     R 0         



(4)







Lastly, the electrode layer, the inside insulating layer and the water–oil surface in contact with the insulating layer, S2, form another capacitance    C 2   . The measured value of capacitance    C 2    is small, contributes very little, and can be neglected for simplicity [17]. The total capacitance can be obtained when the individual capacitances are connected in parallel and is given by [17]:


  C =   2 π  ε 1   ε 0  L   ln    R 3  /  R 2      +   α  ε 1   ε 0  L   ln    R 1  /  R 0       



(5)









2.2. Tomography-Based Water-Cut Meters


The word “tomography” stems from the Greek ‘tomos’, meaning ‘slice’ and ‘graph’ meaning ‘image’. Tomography-based water-cut meters are non-intrusive techniques designed to generate a 2-D image of the cross-section of the vessel/object being measured in the industrial processes [18]. These methods provide useful information that can be used for the monitoring, visualization and verification of a mathematical model [19]. They have two major advantages over other measurement techniques. First, the measurements are non-invasive (i.e., they do not interfere with the measured object) and, second, the property of interest is measured many times within the same plane. The option to choose a given tomographic technique depends on the physical property of the fluid being measured and the temporal and spatial resolution [18]. The results obtained from a tomography method can be either an image (tomography), or process parameters, or properties that describe the distribution of the component in the process (tomometry), as shown in Figure 5a [20]. There are many types of tomography technique, such as Electrical Capacitance Tomography (ECT), Electrical Resistance Tomography (ERT), Electromagnetic Tomography (EMT), Gamma Ray Tomography and X-ray Tomography.



A typical electrical tomography system consists of sensors, electronics, switching electronics, signal conditioning, analogue/digital conversion, communications and a computer hosting control and data processing, including inversion, analysis and display algorithms, as shown in Figure 5b. A ring of electrodes is arranged in the region to be investigated. For capacitance and inductance tomography systems, the electrodes are usually non-invasive and non-intrusive. The non-invasive electrodes are not in direct contact with the flowing medium, and the non-intrusive electrodes do not obstruct the flow channel by extending into the process vessel. However, the electrodes are usually non-intrusive and invasive in electrical resistance tomography systems [21].



Some of the basic features and underlying principles of the tomography techniques are discussed below.



2.2.1. Electrical Capacitance Tomography (ECT)


Electrical Capacitance Tomography (ECT) is a non-intrusive, fast data-acquiring, non-radiating and non-hazardous technique [19]. The electrodes are usually present outside the vessel and are mounted on the periphery of the flow pipe. They measure the change in the value of capacitance due to the change in the permittivity of the components present in the fluid, as shown in Figure 6. ECT is composed of the forward and inverse problem. The forward problem is to find the capacitance value, while the inverse problem is the image reconstruction [22]. This is usually achieved using the Linear Back Projection (LBP) method [23].



ECT is a “soft-field technique”, as the path of the transmitting signal is affected by the presence of dielectric and conductive materials, which can distort the electric flux lines to a great extent inside and outside the measurement region. ECT comprises 8, 12 or 16 measurement electrodes that are evenly placed around the pipe. The obtained measurements are used to determine the cross-sectional distribution of permittivity using image reconstruction algorithms. One of the electrodes is excited to determine the number of independent capacitance measurements, and the others are maintained at zero potential. A total of     N ( N − 1 )  / 2    measurements can be made. For example, for a 12-electrode ECT system, the number of independent measurements is 66 [23]. The electrodes should have a large surface area for the measurements to provide sufficient signal, and an AC signal is mostly applied [21].




2.2.2. Electrical Resistance Tomography (ERT)


The primary aim of Electrical Resistance Tomography (ERT) is to image the fluids flowing through when the continuous phase is conductive, and the dispersed phase is less conductive or non-conductive. The electrodes are small and directly in contact with the fluid, or sometimes a conductive ring is also used [19]. In this technique, a pair of electrodes is usually excited. A combination of excitation currents is applied to determine the voltages between the electrodes. The obtained voltages are then used to construct the conductivity distribution, which, in turn, determines the distribution of the components present in the fluid. This method is highly sensitive near the wall of the vessel but poor in the centre of the measurement region [21]. Another method is to inject the current between the opposite electrodes. A typical ERT sensor is shown in Figure 7 [19].




2.2.3. Electromagnetic Tomography (EMT)


The basic principle of electromagnetic tomography (EMT) is to determine the fraction of each component in a multi-phase flow using the permittivity of the fluid medium. This consists of a set of coils that produce a magnetic field in the measurement region within the pipe and a set of coils that detect the changes in the field due to changes in the permeability inside the pipe or vessel, as shown in Figure 8 [19]. Since water has a higher permittivity (  ε = 80  ) than oil, the sensor is more sensitive to water. A high excitation frequency is required to increase the signal strength from the sensor [24]. EMT is flexible in design, and there is no contact with the measurement region or sensing area. However, the image resolution of the EMT is poor and more work needs to be carried out in this field [19].





2.3. Gamma Densitometry


Gamma attenuation is a non-intrusive technique that is useful for measurements of components that have a sufficient difference in their density [25]. It works on the principle that the gamma beams from the radioactive source are attenuated depending on the absorption of radiation with matter. The degree of attenuation depends on the energy of the gamma beam and the density of the matter being absorbed [24,26].



The application of gamma-ray is limited to offshore and topside processes due to concerns over the use of a radioactive source. The main drawbacks of this method are flow regime dependence when measuring volume fractions of components and discontinuities in measurements [27].



The main components of the gamma-ray densitometer are a radioactive source providing a constant intensity, a detector, and a signal processing system [26]. The gamma source and the detector unit are located diametrically opposite each other with a collimator section to produce a narrow beam, as shown in Figure 9. The two main interactions employed are photoelectric and Compton scattering interactions.



In photoelectric phenomena, the photon ejected by the gamma-ray beam is completely absorbed, and its energy is used to ionize the absorbing atom and provide kinetic energy to the ejected electron. The photoelectric probability cross-section depends on the absorbing material’s atomic number (Z) and the incident photon’s energy €.



In Compton scattering, the photons collide with a loosely bound electron, thus giving off a part of the photon’s energy and becoming deflected through an angle  θ . The Compton probability is directly proportional to the atomic number (Z) of the absorbing material [28]. The attenuation of mono-energetic gamma beams is given by the Beer–Lambert Law for a homogeneous material and is expressed as [26]


  I =  I 0   e  − ρ μ x    



(6)




where    I 0    is the incident intensity,  I  is the intensity after the beam has travelled a distance  x  in the absorbing material,  μ  is the mass absorption coefficient, which is the ability of the material to absorb the radiations, and  ρ  is the density of the absorbing material [26].



For a two-phase oil–water flow, the geometric distribution of the two phases is in layers that are either parallel or perpendicular to the incident beam. The attenuation of the gamma radiation for the perpendicular distribution is given as [26]


  I =  I 0   e    −    ρ o   μ    o     x o  +  ρ w   μ    w     x w         



(7)




where    μ o    and    μ w    are the mass absorption coefficients of oil and water, respectively, and    x o    and    x w    are the path lengths of the beam in the oil and water phases, respectively [26]. Dual-energy gamma densitometry that measures the different components in a mixture depends not only on the densities but also on the distribution of the components if they are not mixed in the pipe and water salinity. To monitor and detect the salinity component of the water, we can couple the measurements obtained from the transmitted and scattered gamma radiation since they have different values to the interactions and the fluid medium [25].




2.4. Infrared Water-Cut Meter


The infrared water-cut meters rely on Near-Infrared (NIR) absorption spectroscopy. This water-cut meter can measure the water cut for the full range (0–100%) in transient conditions [29]. It is based on the large difference between the absorption of infrared radiation by crude oil and water [30]. There are certain peaks in the NIR spectrum, where water absorbs more energy at higher wavelengths than oil [31], as shown in Figure 10a [32]. A water-cut sensor based on IR spectroscopy exploits the differences in water and oil’s absorption properties [31].



The insertion probe of the water-cut meter consists of a NIR emitter and detector on the opposite ends while the oil–water emulsion flows in between, as shown in Figure 10b [32]. The emitter transmits the NIR waves, and the detector converts the signals to a photocurrent value. There are sapphire windows that shield the radiation at both ends [7,32].



The water molecules contain O-H bonds and the hydrocarbon molecules do not, making it easy for the NIR waves to differentiate between them [33,34]. The NIR water-cut meter can distinguish between water, condensate, methanol, and gas at specific wavelengths [7,32].



Water cut can be calculated using the following equation [7]


  W C =      A  o w , λ   −  A  o , λ      A  w , λ   −  A  o , λ       100 .  



(8)




where    A  o w , λ     is the absorption of the oil–water mixture at wavelength  λ ,    A  o , λ     is the absorption of oil phase only, determined via calibration at wavelength  λ , and    A  w , λ     is the absorption of water phase only, determined by calibration at wavelength  λ .



The main advantages of infrared water-cut meters include that they are unaffected by salinity and emulsions [7], relatively tolerant to changes in oil properties, and able to measure water-cut even in the presence of free gas [34]. One of the main drawbacks is that the contaminants present in the oil–water mixture can change the optical properties of the insertion probe in the water-cut meter, and thus require regular cleaning. Other disadvantages include that the absorption spectroscopy of the oil must be known, and if the flow velocity is too low, then upstream mixing is required to maintain the flow stream [7]. This technology can be used to measure gas–liquid flow.




2.5. Coriolis Flowmeter


Coriolis flow metering is a widely used technique for measuring industrial flow measurements [35]. Coriolis flowmeters provide the mass flow rate and density of the bulk fluid, which can be used to calculate the volumetric flow rate and water cut over the full range (0–100%). Calculation of the water-cut depends on factors such as the water density, operating surface pressure, and liquid density. The density of water should be greater than the density of the oil and the emulsion. Operating pressures below the bubble point generate entrained gas, which lowers the density of the emulsion and, in turn, reduces the water cut value. A Coriolis meter requires that the liquid density for a homogeneous oil–water emulsion lies between the oil and water density values [36].



A typical Coriolis meter consists of two flow tubes (i.e., the sensor element) oscillating 180° out of phase at their natural frequency [37], which is connected in series with process piping, and an electronic transmitter, which is responsible for controlling the flow tube vibration, as shown in Figure 11 [38]. The transmitter carries out the measurement calculations and finally relays the measured data to the user [38].



The flow tubes are typically 1–300 mm in diameter and oscillate at their natural resonant frequency according to a selected mode of mechanical vibration called the drive mode. The frequency of oscillation is 50 Hz–1 kHz, which depends on the geometry and stiffness of the flow tube, and is calculated by the overall mass of the system. The overall mass varies with the density of the fluid [39,40].



As the fluid passes through the flow tubes, it exerts a Coriolis force that opposes the tubes’ vibration. This Coriolis force creates a distortion or twist between the two legs of the sensor tubes. The magnitude of the twist is proportional to the mass flow rate. The phase is converted to time, which is proportional to the mass flow rate. The resonance frequency of the sensor tubes will also be affected by the fluid flowing through the tubes. Thus, the density of the fluid can be determined by the change in the resonance frequency [41]. Most of the Coriolis flowmeters also have a temperature sensor to compensate for the changes in the tube stiffness with temperature [42].



The advantages of Coriolis flowmeters are as follows: (1) they provide the correct reading for mass flow rate and density; (2) there is no need for multiple complex devices and flow computers to calculate and reach the final result; (3) the Coriolis flowmeter is bidirectional (i.e., it can handle the fluid flow in either direction without any adjustments); (4) they are extremely accurate (0.1% for steady flow rates); (5) it is easy to install since it has no moving parts. On the other hand, the limitations of the Coriolis flowmeters are as follows: (1) the capital cost is high and drastically increases with size [42]; (2) the introduction of gas and salinity in the process instantly affects the accuracy of water-cut measurements; (3) density-based measurements are limited to light oil due to the small difference between the densities of water and heavy oil [6]; (4) oil and water densities must be known; (5) the changes in oil and water densities with temperature must be known [7].




2.6. Ultrasonic Water-Cut Meters


Ultrasonic techniques are used to determine the composition of heterogenous mixtures for industrial applications [43]. This technique is still in the developing phase and has yet to be fully commercialized [7]. Ultrasonic meters can operate over the full water-cut range (0–100%). The main advantages of an ultrasonic water-cut meter are as follows: (1) it is easy to install; (2) less maintenance is required [44]; (3) it has the ability to analyze emulsions non-invasively; (4) it is non-hazardous to personnel (unlike gamma ray densitometry); (5) it has the ability to penetrate highly dense fluid mixtures [43]; (6) it has a low cost; (7) it is simple to operate; (8) temperature variations have less influence [45].



The main types of ultrasonic meters are the transit-time method, frequency-difference method, phase-difference method, cross-correlation method, and Doppler method [46].



Transit Time Method


The flowrate of a given mixture can be obtained by measuring the transit time of the of the ultrasonic wave in both directions. The difference between the transit times in both directions is linearly proportional to the flow velocity. If the flowrate is too low, the transit time difference (TTD) will be small as well. This difference can be as small as a few picoseconds, which can be difficult to measure within a given accuracy. This transit time ultrasonic flow meter is a new, improved method for water flowrate measurements. This meter consists of two transducers that are mounted coaxially, as shown in Figure 12. The upstream and downstream transducers are separated by a known distance, L. A piezoelectric crystal inside the upstream transducer sends an ultrasonic signal to the downstream one when subjected to an alternating voltage. This ultrasonic signal can travel in the direction of flow (downstream) and against the direction of flow (upstream), to be received by the opposite transducer in the time interval called transit time. The signal travels faster in the direction of flow and slowly against the flow. The difference between the two transit times is directly proportional to the flow velocity [44].



To further explain the measurement parameters, assume the upstream and down stream transit time to be    t  u p     and    t  d o w n    , which are given by Equations (9) and (10) respectively. c is the speed of sound, and transit time difference (TTD) is calculated by Equation (11) [44].


   t  u p   =  L  c − ν    



(9)






   t  d o w n   =  L  c + ν    



(10)






  T T D = Δ t =  t  u p   −  t  d o w n   =   2 ν L    c 2  −  ν 2     



(11)







Assuming    ν 2  ≪  c 2    (flow velocity,  ν , is very small in comparison to speed of sound)


  Δ t =  t  u p   −  t  d o w n   =   2 ν L    c 2     



(12)




which can be simplified as:


  ν ≈    c 2  Δ t   2 L    



(13)







There are two models used for calculating the water volume fraction,    V w   , given by Urick and Kuster–Toksöv. The common assumptions of the models are as follows: (1) the wavelength of the acoustic waves is much longer than the characteristic size of the dispersed particles/phase; (2) the multiple scattering effects of the sound field are negligible [47].



The Urick model uses a linear equation where   ϕ = ( 1 −  V w  )  


  ρ = ϕ  ρ o  +   1 − ϕ    ρ w   



(14)







And the Kuster–Toksöv model uses [47]:


     ρ w  − ρ    ρ w  + 2 ρ   = ϕ    ρ w  −  ρ o     ρ o  + 2  ρ o     



(15)







The models can be simplified and expressed as a general quadratic equation [47]:


  A  ϕ 2  + B ϕ + C = 0  



(16)




where


  ϕ =   − B ±    B 2  − 4 A C     2 A    



(17)







The solution of the above quadratic equation yields two roots, and only the root corresponding to   0 ≤ ϕ ≤ 1   is used.



The coefficients  A ,  B  and  C  are listed in Table 1 below [47,48].



Thus, the water cut is:


  W C = 100 ×   1 − ϕ    










  W C = 100 % ×   1 −   − B ±    B 2  − 4 A C     2 A      



(18)







Some of the disadvantages of the ultrasonic meter are: (1) a high capital cost, (2) transit time meters are sensitive to particulates and impurities, (3) they provide errors even with small gas bubbles, (4) Doppler meters are also sensitive to changes in concentration, temperature and density, (5) these meters do not work well with slurries and other highly concentrated mixtures [49], (6) water and oil densities should be known, and their changes with temperature must also be known, (7) the water and oil speed of sound should be known and, finally, (8) in-line testing is required for a smooth performance [7].





2.7. Microwave Sensor


Microwave-based measurements are non-intrusive, non-destructive and can measure from a short distance using low-power penetration waves without any health hazards to personnel. Thus, they offer minimal disruption to the flow in the pipe. They work based on the variations in the permittivity in the fluid composition [50,51]. Microwave sensors can detect a wide range of samples varying in viscosity, density and permittivity, and the accuracy of the measurements is not affected by these factors [52]. The microwave method has the ability to perform non-contact, high-resolution measurements in real-time. They have a low external influence in comparison to other techniques and are easy to install [52]. Microwave-based methods can be broadly categorized as wave resonance, reflection, and transmission line methods [4].



2.7.1. Microwave Resonator


A resonator consists of a section of a transmission line that is shorted (i.e., open on both ends). There are different resonators depending on the type of transmission line being used, such as coaxial, microstrip, stripline, slot line, or cavity resonators. The material under test (MUT) or object is brought into contact with a part of the electromagnetic field when used as a sensor. As a result, the resonance frequency and the quality factor will change with changes in the permittivity of the object [51,53]. The microwave resonance technology contains energy peak resonances at the fixed frequencies at which the sensor is designed to operate when acquiring the volume fraction of the flow [52,54]. This method has a low salinity tolerance, and no resonance will occur if the water content is too high [52].



Resonant Cavity Sensor


A microwave resonant cavity is a metallic cavity that can be cylindrical or any other shape (rectangular waveguide cavities or microstrip). It is constructed with both ends open, as shown in Figure 13. Here, ‘a’ and ‘d’ denote the radius and height of the cylindrical cavity [4]. It is filled with a fluid under test [55]. The cavity confines the electromagnetic waves in the microwave band and resonates at these frequencies [50]. The cavity is bulky [56], and the resonance frequency shows a change with a slight difference in the water content of the fluid [55]. Waveguide cavity sensors are popular due to their high quality-factor and sensitivity and are in direct contact with the material under test [56]. Thus, a resonant cavity could be used to detect the changes related to the total complex permittivity of the fluid, consisting of oil and water phases, indicated by a shift in the resonance frequency pattern inside the cavity [50].





2.7.2. Transmission Sensors


The basic setup of a transmission sensor consists of two horn antennas, a transmitter and a receiver. The material under test (MUT) is placed between the two antennas so that a microwave signal of a fixed frequency is sent through a fluid mixture containing oil and water components, which produces different attenuation peaks. These peaks relate to the water content present in the emulsion. The attenuation or the phase shift is thus measured [50,53]. Such sensors are used for the measurement of liquids or films. They are similar to resonator sensors but a better fit for high-loss materials [53]. The sensitivity of these sensors is lower than the resonator sensors, and they are prone to contamination of the surface from which the fringing field arises [57].




2.7.3. Reflection Sensors


A reflection sensor works by measuring the reflection coefficient of a wave reflected from the transmission end of the line. It is designed so that the fringing field is in contact with the object, and thus leads to a change in the reflection coefficient. An example of this type of sensor is the open-ended coaxial sensor [53,57].





2.8. Conductance Method


The conductance method is based on the large difference in the conductivity of water and crude oil [9]. There are many types of conductance sensors, such as arc-type conductance sensors with guard electrodes, ring-shaped conductance array probes, and multiple electrode sensors. These sensors have the advantages of a fast response, simple structure, ease of implementation and good reliability [58]. Water cut can be calculated using Maxwell’s formula [59]. If the conductivity of the oil–water emulsion is    σ m    and the conductivity of water is    σ w   , then the ratio of    σ m    to    σ w    can be obtained using Maxwell’s equations [60].


     σ m     σ w    =   2 β     3 − β      



(19)




where  β  is the volume fraction of the continuous conductive phase in a two-phase flow.



A conductance probe is a type of electrical sensor used to determine the water cut in multi-phase flows. Chen et al. [61] developed a conductance-probe-based well-logging instrument, as shown in Figure 14. Its response is combined with the total flow rate to determine the water cut in a two-phase flow in a vertical well. A probe arm is installed on the shaft of the instrument. It can be opened or withdrawn with the help of a motor driver. The conductance probe is installed on this probe arm, and its tip is directed towards the incoming flow. The conductance probe consists of a stainless needle, an insulation layer, and a stainless shell. The shell is separated from the needle with the help of the insulation layer. When the probe arm is in the open position, the conductance probe records the varying conductivities of the emulsion using a conductance telemetry circuit. The response of this probe is recorded and transmitted using a logging cable. A turbine instrument is connected to the conductance probe to determine the total flow rate. The response from both these instruments is used to calculate the water cut [61].





3. Laboratory Offline Methods


3.1. Karl Fisher Titration


The Karl Fisher is a highly precise analytical method used to determine the amount of water in oil. It relies on the oxidation of sulphur dioxide with iodine in the presence of water. It is based on the Bunsen reaction:


   I 2  + 2  H 2  O + S  O 2  → 2 H I +  H 2  S  O 4   











After adding an iodine-containing reagent, the endpoint of the titration is calculated amperometrically by detecting the amount of iodine present in the mixture [62]. The water content is calculated using the standard Karl Fischer reaction:


   H 2  O +  I 2  + [ R N H ] S  O 3  C  H 3  + 2 R N → [ R N H ] S  O 4  C  H 3  + 2 [ R N H ] I  








where   R N   represents a base, and iodine and water react in a 1:1 mole ratio using anhydrous methanol as a solvent [63]. There are two different techniques for water determination by the Karl Fischer method, including volumetric KF titration and Coulometric KF titration.



3.1.1. Volumetric Karl Fischer Titration


In the volumetric titration method, iodine is added using a burette to the solvent in the titration flask containing the sample [64]. The amount of water that is present is quantified from the volume of iodine consumed [65]. This method is preferred when the sample size is large and moisture content is 2% and above [66].




3.1.2. Coulometric Karl Fischer Titration


In this method, the sample is added to an electrolytic solution containing   S  O 2   , a base, and a solvent in a titration cell. The iodine-containing reagent is released by electrolytic oxidation by the induction of an electric current. The amount of water present is quantified by the total charge passed [64]. This method is suited to samples containing 1% or less water [66]. The Karl Fischer titration has the advantages of high accuracy as it is based on a chemical reaction that depends on the presence of water, is specific for water determination as it can be used for volatile and non-volatile substances, a small amount of sample is needed to perform the titration, and it has a wide measurement range, from 0.001 to 100%, where smaller percentages of up to 1% are suited to coulometric titration and samples with more than 2% water are tested with volumetric titration. It is suitable for determining water in solids, liquids and gases, and is simple and requires less sample preparation and a shorter analysis time. On the other hand, the Karl Fischer titration has the disadvantage of high solvent consumption (in the case of volumetric). Strong acids, ketones, aldehydes, and metal peroxides are not suitable for this technique as their reaction with the solvent methanol produces water, and this titration method depends on a redox reaction. Hence, any compound within the sample that is an active redox chemical reagent can react with iodine and provide incorrect values. Coulometric titration is only suitable for samples containing a small amount of water, as a larger amount of this sample may provide wrong results in addition taking a much longer time to generate the results [67,68].





3.2. Dean-Stark Distillation


The first continuous refluxing method was developed by Dean and Stark, which has now become the reference method for determining the water content of a sample. This method is commonly employed for water determination in herbs, spices and petroleum products [69]. The water present in the sample is vaporized using a solvent (e.g., toluene, xylene). The solvent is chosen such that it is immiscible with water at room temperature but forms an azeotropic mixture at the boiling point [69]. Water and solvent condensates are collected in a graduated glass cylinder. Due to the density contrast, the two liquids separate, making it possible to determine the volume of water being extracted. Once the solvent has condensed, it is returned to the heating flask, where it is re-circulated until no more water can be extracted [70]. Figure 15 shows the Dean–Stark extraction apparatus for the gravimetric determination of water [70].



The procedure is generally very accurate and simple to carry out and does not require much attention during distillation [71]. The main limitation of this method is that it is a time- and energy-consuming method since it has to be carried out until the receiver’s water level does not increase more than 0.1 mL in 30 min, or until the distillation has been carried out for 2 h [69]. Water from the sample evaporates when it is not immediately set up in the extractor at room temperature. There is a loss of water due to joints not being tight in the extraction flask or from insufficient flow to the condenser, and inaccurate results for water determination arise when the solvent has not been thoroughly dried or when the extraction time is not long enough [71]. The same distillation concept is also used in rotary evaporator (rotovap) apparatus where the vaporized water from an oil sample is condensed, collected, and used to calculate the water content.




3.3. Centrifugal Separation


The centrifuge method used to determine water in crude oil is also known as the Basic Sediment and Water (BS &W) process. It is one of the oldest and most widely used techniques. This test involves spinning equal volumes of oil and solvent placed in a centrifuge tube, which is heated to   60   ° C ± 3   ° C   for a specified amount of time until all the water and heavier sediments settle at the bottom of the tube. After centrifugation, the volume of the water–sediment layer at the bottom is measured [72,73].



The equipment used and skilled labour required for this procedure is less expensive than Karl Fischer titration [74]. However, this method usually understates the water content for most types of oils. Hence, this method does not have good accuracy [72].





4. Summary of Water-Cut Measurement Techniques


The properties of an oil–water emulsion that are used to detect the water cut are summarized below. Each technique has its own advantages and limitations, and we have to be mindful of all the parameters of each technique before selecting a particular one. A qualitative comparison/summary of the discussed techniques is presented below in Table 2.




5. Trends and Future Research Developments


After a review of the most common methods available for WC measurement, the present and future of WC measurements in the industry are briefly discussed. Oil is still a major source of energy in many countries, and developing new optimizations factors for production could make the industry more efficient and sustainable. With a slight increase in operational measurement efficiency, oil and gas companies can produce the same amount of energy at a lower cost and with less energy consumption, resulting in a lower environmental impact. Furthermore, the oil and gas industry’s rapid digitalization has paved the way for the emergence of the ‘digital oilfield’, a process that is gaining traction. The digital oilfield allows for all operational data to be monitored, evaluated, and used in real-time, owing to the upsurge in data analytics, cloud computing and big data, resulting in safer and more sustainable decisions. Some of the current and most prominent hotspots of research for water-cut measurements are discussed below.



5.1. Computer Vision


Computer vision is a fast-growing research area with many applications, including measuring water cut. A novel, non-contact prototype has been developed and tested by Q. Liu et al. [3]. In this method, the oil–water phases were separated out by electric dehydration. A mixture with a clear color difference was obtained. A low-cost image sensor was used to photograph RGB images of this mixture into a grayscale image. The grayscale-accumulated value difference (IGAVD) algorithm was used to detect the pixels of each component in the oil–water mixture and obtain their coordinate positions. The water content was then determined by image plane correspondence.



The main factor affecting the accuracy and success of this method is light brightness. The image acquisition range function needs to be adjusted to cancel out the noise from other environmental factors. Features such as contrast, brightness and robustness need to be considered when considering a light source. Another limitation of this method is that transparent containers should be used after separating the oil–water emulsion [3].




5.2. Artificial Intelligence in Oil and Gas


Artificial Intelligence (AI) has been in use since the 1950s, and is rapidly progressing through various algorithms, such as Artificial Neural Network (ANN), Fuzzy logic, Support Vector Machine (SVM), Genetic Algorithm, and Hybrid Intelligent System (HIS). AI concepts have been widely used in the oil and gas industry, from intelligent drilling, production, and pipeline to the refinery, and will continue to be the leading research area in future. AI is being used in oil and gas to predict oilfield production and the optimization of the development plan, as well as being utilized for water content measurements [75].



The prediction method for oil production/forecasting is increasingly attracting attention. When combined with AI methods such as neural networks with fuzzy logic, the predictions result in a better fitting accuracy with the production data. These data are used to estimate the current status of an oilfield, such as its cumulative production volume and injection volume, and predict the future trends in the water cut rise rate, oil recovery rate, etc. Algorithms such as the Graph Neural Network (GNN) and Improved Particle Swarm Optimization (IPSO) have been employed to determine the water cut and oil production. However, there is the potential to apply more practical algorithms to the real-time water-cut measurement data. This has yet to be explored for the efficient development and dynamic prediction of an oilfield. Accurate water-cut measurements play a significant role in the success of the development of oil production/forecasting predictions using AI approaches [75].



Oil field development plan optimization is crucial as it directly affects the lifespan of an oilfield. Long-term water injections have caused the oilfields to enter a phase characterized by high water cut. Various algorithms have been adopted to evaluate and optimize the development of plans aiming to improve the production rate by taking the economic factors into consideration. The current methods of analysis should be further improved by more accurate and reliable water-cut measurement data. AI is the current and future research hotspot. Every AI algorithm has its own limitations but selectively choosing an algorithm for a specific application is the key to solving problems. Collaboration at all levels and regions and the capacity to utilize the big data of oil fields is needed for the transition from digital oilfields to AI oilfields [75].




5.3. Soft Computing


Soft computing is a set of algorithms that aim to predict the tolerance level for imprecision and uncertainty. It covers a range of computational techniques in artificial intelligence, computer science and machine learning. Soft computing techniques are also being used for multi-phase flow measurement, particularly to determine phase flowrates, phase fraction, and the identification of flow regimes. These computational techniques, when combined with traditional sensors such as ultrasonic sensors, electrical sensors, optical sensors, differential pressure devices and Coriolis flowmeters, provide an optimized and effective solution. The main feature of soft computing techniques is their ability to provide effective methods to model complex multi-phase flows, which are difficult to interpret, and hence estimate the phase fractions. In this way, sensor fusion extends the accuracy, measurement range and suitability of the above-mentioned traditional sensors. It should be noted that the evaluation of models is a critical step in achieving better results. Therefore, careful consideration of the input variable selection method and model evaluation are vital in the successful development of data-driven models for multi-phase flows. These techniques may provide an intelligent and cost-effective solution. However, it is worth mentioning that the calibration of such multi-phase meters (estimating phase fractions) is a challenging issue that needs to be tackled [5].




5.4. Metamaterial THz EIT-like Sensor


Metamaterials are a new class of functional materials that are fabricated with unique properties, such as super lensing and negative refraction. A THz Electromagnetically Induced Transparency (EIT) metamaterial sensor was developed by Song et al. [76] to detect water in oil–water emulsions. These materials are sensitive to changes in the permittivity of the surrounding medium. It was found that the sensitivity increased with the increasing distance between the bright and dark modes, similar to a weakened plasma resonance. The sensor exhibited a red-shifted resonance frequency response when the water content in the emulsions varied from 60 to 98%. The absolute errors were less than 1%. This method was proven to overcome the limitation associated with the Terahertz Spectroscopy of being strongly attenuated by a water layer and low-quality factor (Q-factor). However, for this method to develop an EIT-like effect, a significant difference in the Q-factors or the full-width-at-half-maximum of the bright and dark resonance modes is required [76].




5.5. All Optical Detection


A new method to measure the full range of water cut was proposed by Lu et al. [77] using an all-optical detection method. This comprises a non-contacting laser source and a laser interferometer, which works as the receiver and achieves, hence the name, all-optical detection. The method works by irradiating an optically absorbing surface with a short pulse, high-energy laser, which excites the ultrasonic P-waves via thermoelastic expansion. The resulting waves are detected by a second laser coupled with an optical interferometer. The data from this interferometer are then recorded by an oscilloscope. The data are then further processed to determine the time the ultrasonic P-waves take to pass through a sample by detecting when the first significant peak appears. The water content is thus measured by the different ultrasonic P-waves velocities corresponding to different water contents. It was found that the P-wave velocity increases with the increase in water content. While this method has great potential in the industry, it still needs to be studied further to improve the precision of real-time detection and the portability of the detection device [77].




5.6. Nuclear Magnetic Resonance (NMR)


NMR is a robust online flow measurement technique that is fast and reliable, and has high sensitivity [78]. It has the ability to probe systems non-invasively and requires few samples for measurement. It is unaffected by salinity, temperature and emulsion characteristics [79]. This technique measures the response of the nuclei of atoms when placed in a magnetic field. Some nuclei responses depend on whether they possess a property known as “spin”. These spinning nuclei can interact with the external magnetic field and produce measurable signals. The most commonly used nuclei are hydrogen atoms, as they have the largest magnetic moment and are abundant in water and hydrocarbons. An NMR tool polarizes the hydrogen atoms present in the crude oil and water in the presence of a magnetic field and measures the time it takes for these protons to return to equilibrium. This time is recorded as the transverse relaxation time. This relaxation time is shorter for bitumen compared to water, as the movement of the protons in crude oil is limited due to high viscosity [80,81]. The NMR measurement cycle, known as the Carr–Purcell–Mei-boom–Gill pulse sequence (CPMG), generates a spectrum of amplitude versus relaxation time, and the water content can be calculated by measuring the peak area of water in the spectrum [80,82]. While this technique has promising applications for the online detection of water content, it is also accompanied by the risk of magnetic disturbances requiring magnetic shielding. It is costly and requires a statistical approach to correlate the data obtained from the spectrum with the characterization of crude oil [83].




5.7. Intensifying Device (ID) in Mobile Well Production Treatment Units


Flow measurement in the presence of emulsions is challenging [84]. A design has been reported to enhance emulsion separation, leading to more accurate separation and water-cut measurements [85]. The new technique is based on the usage of an Intensifying Device (ID) in mobile well production treatment (MWPT) [85]. The study involved testing an intensifying device on a mobile well production treatment unit for emulsion separation [85]. In this design, cassettes were positioned within the unit’s sump, with two distinct distances between the plates: 5 mm (standard design) and 2.5 mm. The experiments involved several variations in process conditions, such as the direction of fluid entry to the sump, temperature, and flow rates. It was found that a smaller distance between the plates (2.5 mm) in the intensifying device led to turbulent diffusion, which improved the emulsion separation process. This resulted in a more effective treatment of oil. The research demonstrated that the desalting process was more efficient at higher temperatures (70 °C) than lower temperatures (60 °C). This suggests that higher temperatures promoted more efficient oil and water separation. The study produced novel results showcasing that the use of intensifying devices with a smaller distance (2.5 mm) between the plates resulted in improved oil treatment, leading to more accurate water-cut measurements in the presence of emulsions [85].





6. Conclusions


Water cut is an important parameter in the oil and gas industry, which directly affects the many aspects of crude oil production and is now gaining more and more attention. It is very important for quality control in the production of an oilfield and reduces the energy and time consumption. New water-cut measurement technologies should be evaluated based on their accuracy, working range, sensor configuration, maintenance requirements and cost.



This review discusses and includes the principles of some of the most commonly employed methods for water-cut measurements and provides some background on recent and future technologies. Different techniques are presented and compared based on their optimum working range, along with their advantages and limitations.



The future development trends in water-cut measurement techniques are also predicted and discussed. New research techniques such as soft computing algorithms, functional materials like metamaterials, computer vision, and optical detection methods are progressively being developed, which have proven to increase the reliability and sensitivity response in water-cut sensing.



Each measurement technique outlined in this review has its own characteristics, and users should be equipped with sufficient knowledge about their process specifications and chosen technology. This review will provide a roadmap for users that will help them in making a better decision as to which sensor best fits their requirements.
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Figure 1. Various water-cut measurement techniques. 
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Figure 2. Correlation of capacitance to water cut. Reproduced with permission from ref. [10]. 






Figure 2. Correlation of capacitance to water cut. Reproduced with permission from ref. [10].



[image: Energies 16 06410 g002]







[image: Energies 16 06410 g003a][image: Energies 16 06410 g003b] 





Figure 3. (a) Structure of coaxial capacitance sensor. Reproduced with permission from ref. [13] and Copyright 2019 MDPI. (b) Schematic diagram of a wire-mesh sensor comprising a grid of electrodes [14]. Copyright 2013 Elsevier Ltd. 
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Figure 4. (a). Diagram of the cylindrical capacitance sensor. Reproduced with permission from ref. [13] and copyright 2019 MDPI. (b) Cross-sectional view of the cylindrical capacitance sensor. Reproduced with permission from ref. [17] and copyright 2002 IOP Publishing. 
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Figure 5. (a) General schematic diagram of a tomography system. The output of the tomography method is either an image (tomography) or a set of process parameters (tomometry) [20]. Copyright 2013 IOP Publishing Ltd. (b) Electrical Tomographic System [21]. Copyright 2001 SPIE and IS & T. 






Figure 5. (a) General schematic diagram of a tomography system. The output of the tomography method is either an image (tomography) or a set of process parameters (tomometry) [20]. Copyright 2013 IOP Publishing Ltd. (b) Electrical Tomographic System [21]. Copyright 2001 SPIE and IS & T.



[image: Energies 16 06410 g005a][image: Energies 16 06410 g005b]







[image: Energies 16 06410 g006] 





Figure 6. An ECT system with a 12-electrode sensor [22]. Copyright 2009 IOP Publishing Ltd. 
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Figure 7. An ERT sensor with a voltage measurement circuit around the periphery of a conductive ring. Reproduced with permission from ref. [19] and Copyright 2005 Elsevier Ltd. 
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Figure 8. An EMT sensor with excitation and detection coils, along with a magnetic shield. Reproduced with permission from ref. [19] and Copyright 2005 Elsevier Ltd. 
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Figure 9. Gamma densitometer with a gamma source and detector unit located diametrically opposite to each other with a collimator structure to ensure a narrow beam production. Reproduced with permission from ref. [28] and Copyright 2007 Elsevier Ltd. 
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Figure 10. (a) NIR spectrum depicting the differences in the absorption properties of oil and water. (b) Schematic diagram of the insertion probe of an infrared water-cut meter [32]. 
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Figure 11. A Coriolis meter with two flow tubes through which fluid passes, and an electronic transmitter responsible for maintaining the vibrations in the tube and performing calculations [38]. Copyright 2019 Elsevier Ltd. 
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Figure 12. Schematic of transit yime flow meter—(1) inlet; (2) cable connector; (3) upstream transducer; (4) flow meter body; (5) downstream transducer; (6) outlet. Reproduced with permission from ref. [44] and Copyright 2016 MDPI. 
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Figure 13. Cylindrical cavity resonator. Reproduced with permission from ref. [4] and copyright 2018 Elsevier Ltd. 
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Figure 14. Conductance-probe-based well-logging instrument [61]. Copyright 2015 IOP Publishing Ltd. 
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Figure 15. Dean–Stark extraction apparatus for the gravimetric determination of water [70]. Copyright 2019 Elsevier Ltd. 
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Table 1. Coefficients of quadratic equation.
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	Coefficient
	Urick Model
	Kutser–Toksöv Model





	  A  
	   ( o − r w ) ( 1 − r )   
	   ( o − r w ) ( 1 − r )   



	  B  
	   2 r w − o −  r 2  w   
	   2 r w − o +  r 2  w + 2 r ( 1 − o − r )   



	  C  
	   r ( 1 − w )   
	    r ( 1 + 2 r ) ( 1 − w )    







where   r =  ρ o  /  ρ w  ,   o =  c 2  /  c o 2  ,   w =  c 2  /  c w 2   .













 





Table 2. Comparison of different water-cut sensing techniques.
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	Measurement

Techniques
	Range
	Advantages
	Limitations
	Application





	Capacitance-based

water-cut meters

[6,7]
	50–80%
	
	
Simple design and structure.



	
Insensitive to water conductivity.



	
Fast response speed.



	
High sensitivity.



	
Low cost.





	
	
Works best when the water cut is low.



	
Works for water-in-oil emulsion where oil is the continuous phase.



	
Impact of density, temperature and salinity.



	
Frequent in-line calibration required.





	Oil–water two-phase flow (petroleum industry)



	Electrical Capacitance Tomography (ECT)

[19,20,21,23]
	<40%
	
	
Rapid response.



	
Robust.



	
No radiation,



	
Relatively low cost.



	
High-temperature and pressure tolerance.



	
Non-invasive and non-intrusive.





	
	
Challenges in image reconstruction.



	
Electrodes must have a large surface area to provide sufficient signal.



	
Challenge in detecting changes in the order of 10−15F in the presence of standing capacitance and stray capacitance of the order of 100 pF.



	
Only suitable for oil-continuous flows.





	Gas/oil flows in oil pipelines,

gas/solid flows in pneumatic conveyors and gas/solid distribution in fluidized beds.



	Electromagnetic

Tomography (EMT)

[19,24]
	N/A
	
	
Flexibility in sensor design.



	
No contact with the sensing zone.





	
	
Requires a high excitation frequency to receive a signal from sensor.



	
Image resolution is poor.





	Multiphase flow in the offshore industry.



	Electrical Resistance Tomography (ERT)

[9,21,24]
	>40%
	
	
Electrodes are relatively small.





	
	
Only suitable for continuous water flows.



	
Only suitable for measurement in vertical pipes.



	
Impacted by temperature and mineralization degree.





	Oil–water two-phase flow in vertical pipes.



	Gamma Densitometry

[26,27]
	0–100%
	
	
Non-intrusive technique.



	
High penetration abilities.



	
Less expensive in comparison to neutron densitometry.



	
Produces mono-energetic rays without intensity fluctuations as opposed to the X-ray attenuation technique.





	
	
Flow regime dependence.



	
Discontinuity in measurement.



	
Uses a radioactive source.





	Gas hold-up, oil–water flow in horizontal and slightly inclined pipes.



	Infrared

water-cut meter

[7,34]
	0–100%
	
	
Unaffected by salinity and changes in oil and water densities.



	
Relatively tolerant to changes in oil property.



	
Measures water-cut even in the presence of free gas.





	
	
Requires regular cleaning of the insertion probe.



	
Absorption spectroscopy of the oil must be known.



	
Upstream mixing is required if flow velocity is low.





	Multi-phase flow in horizontal wells.



	Coriolis flowmeter

[6,7,42]
	0–100%
	
	
Multi-variable output: flowrate, temperature and density.



	
Bi-directional, and can handle flow in either direction.



	
No moving parts and less maintenance, thus enhancing personnel safety.





	
	
Capital cost is high.



	
Free gas and salinity affect water cut values.



	
Oil and water densities must be known.



	
Changes in oil and water densities with temperature must be known.





	Monitoring density of catalyst in copolymer production. Monitoring TiO2 concentration in paper manufacturing; monitoring flowrates of chemicals (e.g., ethylene); petroleum industry.



	Ultrasonic water-cut meter

[7,43,44,49]
	0–100%
	
	
Easy to install; inexpensive.



	
Less maintenance.



	
Penetrates highly dense mixtures.



	
Non-hazardous to personnel.



	
Non-invasive technique.



	
It has bi-directional flow capabilities.





	
	
High capital cost.



	
Transit-time flowmeters are sensitive to the presence of particulates and impurities.



	
Water and oil densities must be known and change with temperature.



	
Not suited for slurries and dense mixtures.



	
Doppler method is sensitive to changes in temperature, concentration and density.





	Oil–water emulsions.



	Microwave sensor

[9,50,51,52,56]
	0–100%
	
	
High accuracy.



	
Non-intrusive, non-destructive.



	
Safe for personnel.



	
Easy installation and fabrication.



	
Low cost; small size.



	
Contactless; real-time measurement.



	
No phase-inversion phenomena.





	
	
Affected by salinity.



	
A high degree of specialization.



	
Several parameters (moisture, temperature, density) affect the measurement.





	Multi-phase fluid flow in the oil industry.



	Conductance sensor

[58,61]
	0–100%
	
	
Fast response.



	
Ease of implementation.



	
Good reliability.



	
Simple structure.





	
	
Variations in water conductivity affect measurement values.



	
Inaccurate values due to complex flow regimes and slippage between oil and water.





	Oil–water two-phase flow; gas–liquid two-phase flow.



	Karl Fischer titration

[67,68]
	0.001–100%
	
	
High accuracy and specificity.



	
Simple method.



	
Less time-consuming.



	
Suitable for water content determination in solids, liquids and gases.





	
	
High solvent consumption.



	
Unsuitable for compounds containing active redox chemical reagents.



	
Coulometric titration is suitable only for samples containing small amounts of water.





	Quality control in the pharmaceutical, food and chemical industries.



	Dean–Stark distillation/Rotary Evaporator

[69,71]
	N/A
	
	
High accuracy.



	
Simple method.





	
	
Time and energy consuming process.



	
Inaccurate results if the solvent is not dried properly.



	
Incorrect reading can occur when there is a loss of water due to joints in the extraction flask not being vapor-tight or due to an inadequate amount of water flowing to the condenser.





	Water determination in herbs, spices, food, petroleum products and crude oil.



	Centrifugal separation

[72,74]
	0–100%
	
	
Equipment used and personnel needed is less expensive than KF titration.





	
	
Provides a lower value of water content; low accuracy.





	Secondary or tertiary production of crude oil.
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