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Hydrate formation poses a threat to the safety of petroleum transport in flow lines due to the risk of plugging. In this work, conceptual mechanisms of hydrate formation and plugging in oil-water systems are proposed, based on flow loop tests at 30%, 50% and 80% water cut (water fraction). The experiments were conducted using Kerdane oil, water (with 30 g/L of NaCl) and natural gas at 75 bar and 4 °C. The employment of several instruments, such as acoustic emission, permittivity, and flowmeter, to cite a few, allowed identifying the different flow patterns until hydrate blockage and detecting the phase that carries the hydrates. A model based on density measurement is proposed to calculate the fraction of hydrates flowing locally. It was observed that there are local accumulations of most of the hydrates in a small portion of the flowing volume, which, together with deposition, ends up leading to plugging.

Introduction

The operational safety and economical regards involving multiphase flow transport in petroleum flowlines are studied in an engineering analysis process called flow assurance. Flow assurance's most important issues are the appearance and deposition of solids in deepwater long-distance flow lines due to the high pressures and low temperatures [START_REF] Olajire | Flow assurance issues in deep-water gas well testing and mitigation strategies with respect to gas hydrates deposition in flowlines -A review[END_REF]. In case of pipeline blockage, the operation must be interrupted for remediation, risking the occurrence of accidents and financial losses. Among the flow assurance issues, hydrate problems might be the most significant challenge nowadays [START_REF] Cardoso | Design options for avoiding hydrates in deep offshore production[END_REF][START_REF] Jamaluddin | Hydrate plugging problems in undersea natural gas pipelines under shutdown conditions[END_REF][START_REF] Sloan | Clathrate Hydrates of Natural Gases[END_REF].

Gas hydrates are crystalline compounds formed from a network of hydrogen-bonded water molecules entrapping light natural gas molecules [START_REF] Englezos | REVIEWS Clathrate Hydrates[END_REF][START_REF] Khurana | A review of clathrate hydrate nucleation[END_REF]. These crystals are studied in different applications, including, for example, their use as an energy source [START_REF] Shaibu | An assessment of methane gas production from natural gas hydrates: Challenges, technology and market outlook[END_REF]. In the oil and gas industry, hydrates form when the undesired water content in flow lines is in interaction with gas under high pressure and low temperature [START_REF] Sloan | Fundamental principles and applications of natural gas hydrates[END_REF]Sum et al., 2009). Gas hydrates have a dual effect on multiphase flow: (i) they change the characteristics of the slurry flow and the flow pattern [START_REF] Delahaye | Rheological study of CO2 hydrate slurry in a dynamic loop applied to secondary refrigeration[END_REF][START_REF] Ding | Investigation of natural gas hydrate slurry flow properties and flow patterns using a high pressure flow loop[END_REF]; (ii) the particles may agglomerate or form deposits [START_REF] Bassani | Modeling the effects of hydrate wall deposition on slug flow hydrodynamics and heat transfer[END_REF][START_REF] Chen | Insights into methane hydrate formation, agglomeration, and dissociation in water + diesel oil dispersed system[END_REF][START_REF] Stoner | Perspective on the role of particle size measurements in gas hydrate agglomeration predictions[END_REF][START_REF] Straume | Experimental study of the formation and deposition of gas hydrates in non-emulsifying oil and condensate systems[END_REF]Wang et al., 2020) due to the capillary forces [START_REF] Colombel | Discussion of Agglomeration Mechanisms between Hydrate Particles in Water in Oil Emulsions[END_REF], which affect the rheological properties [START_REF] Chen | Insight into the plugging mechanism in water-continuous hydrate slurries[END_REF][START_REF] Ding | Rheology of natural gas hydrate slurry: Effect of hydrate agglomeration and deposition[END_REF][START_REF] Fidel-Dufour | Rheology of methane hydrate slurries during their crystallization in a water in dodecane emulsion under flowing[END_REF][START_REF] Liu | Hydrate slurry flow characteristics influenced by formation, agglomeration and deposition in a fully visual flow loop[END_REF][START_REF] Pham | Relative pressure drop model for hydrate formation and transportability in flowlines in high water cut systems[END_REF][START_REF] Sinquin | Rheological and Flow Properties of Gas Hydrate Suspensions[END_REF][START_REF] Song | Experimental investigation on the microprocess of hydrate particle agglomeration using a high-speed camera[END_REF], possibly leading to the onset of plugging.

The formation of gas hydrates in oil-water systems has been the object of many research. The first studies proposed that hydrates form a shell around water droplets in water-in-oil systems with an inward growth [START_REF] Melchuna | Topological modeling of methane hydrate crystallization from low to high water cut emulsion systems[END_REF][START_REF] Sloan | Natural Gas Hydrates in Flow Assurance[END_REF]Turner, 2005), or a shell around oil droplets in oil-inwater systems that has an outward growth [START_REF] Melchuna | Topological modeling of methane hydrate crystallization from low to high water cut emulsion systems[END_REF][START_REF] Sloan | Natural Gas Hydrates in Flow Assurance[END_REF]. The models assume that hydrate formation occurs at the oil-water interfaces, as the gas is mainly dissolved in the oil phase.

As a result, for the shell approach, hydrates always entrap the dispersed phase. As an alternative to the shell approach, a "sponge approach" has been recently proposed, where hydrates are porous structures that entrap only the water phase [START_REF] Bassani | A multiscale approach for gas hydrates considering structure, agglomeration, and transportability under multiphase flow conditions: I. phenomenological model[END_REF]. While most of the data available in the literature are limited to oil continuous systems, there is an increasing demand for water continuous test cases. Indeed, in order to maintain a petroleum reservoir explorable, the pressure must be kept constant, and this is done by means of continuous water injection.

A unified hydrate formation flow model for different flow characteristics (oil-dominated, gasdominated, gas condensate, and high water cut system) does not exist. Identifying which phase, oil or water, transports hydrates at different conditions could help to better understand hydrate blockage. The literature has not yet reported a methodology that allows this analysis. Although agglomeration and deposition have commonly been considered the dominant mechanisms of plugging, it is possible that changes in the multiphase flow due to hydrate formation may play an important role in hydrate blockage risk. While solid agglomeration and multiphase flow are often studied separately, an analysis combining these two is necessary for addressing this costly flow assurance problem in offshore petroleum exploration.

In this sense, the objective of this work is to present new insights about the two-way coupling between flow regime and hydrate formation. This paper aims to answer the following questions: (i) How do different oil-water systems affect hydrate formation? (ii) How do hydrates act on the flow pattern and on the flow characteristics? (iii) How do hydrate plugs form? To answer these questions, flow loop experiments were conducted to study the different stages of hydrate slurry formation and plugging at low, intermediate, and high water cuts. The facility is equipped with a unique combination of instruments that allows detecting the continuous phase, tracking hydrate particles, and detect which phase carries the hydrates. The impact of hydrate formation on multiphase flow and the main cause of plugging for each scenario are discussed. An extensive analysis is carried out in order to identify the flow regime at each different stage of the tests. A simplified model using the density measured by a flowmeter is proposed to calculate the local accumulations of hydrates in the flow. Finally, based on this model, a methodology is proposed to classify the different tests according to their heterogeneity in hydrate distribution along the pipe.

Experimental methodology

Flow loop description

The Archimede flow loop, illustrated in Figure 1, consists of a pipeline that is approximately 56 meters long, divided into three sections: a vertical downward section, a slightly inclined or horizontal section, and a vertical upward section. The vertical sections have a pipe internal diameter of 15.7 mm, while the slightly inclined or horizontal section has a pipe internal diameter of 10.2 mm. The temperature is controlled by a cooling system composed of two circulating baths (one for the horizontal section and the other for the vertical sections), which send a refrigerated fluid (mixture of water and ethanol) to the heat exchanger pipes. In order to limit heat exchange with the room, the entire flow loop apparatus is jacketed with an insulating material. A Moineau pump, which allows a flow rate of up to 500 L/h, provides the power for the circulation of the liquid in the pipeline.

The flow loop is equipped with several probes, listed in Table 1, that measure temperature, absolute pressure, pressure drops, the gas flow rate injected by an automatic gas compensation system, density, and flow rate (monitored by means of a Coriolis flowmeter). Furthermore, the apparatus is equipped with a high-speed camera (HSC), a Particle Vision Microscope (PVM), a Focused Beam Reflectance Measurement (FBRM), an acoustic emission technology system (AE) and a permittivity probe.

Table 1. Probes installed in the Archimede flow loop, with their notations and features.

Instrument

Notation / Measurements Feature Temperature probes T1-T10 Nine equally distributed sensors along the loop and one additional for room temperature. Measurements in °C every 1.0 s.

Pressure probe pabs

Absolute pressure of the gas in the separator. Measurements in bar every 1.0 s.

Pressure drops probes

∆p1, ∆p2, ∆p4, ∆ph Pressure drops at the downward and upward vertical sections (∆p1 and ∆p2, in bar), gravitation pressure drop on the right vertical pipe of the separator (∆p4, in mbar), and horizontal section (∆ph, in bar).

Measurements every 1.0 s.

Coriolis flowmeter (density and flow rate)

ρ, Q Measures the density (in kg/m 3 ) and the flow rate (in L/h) at the downward section. Measurements every 1.0 s.

Gas injection pc, QG Automatic gas compensation system with an absolute pressure and a gas flow meter probe. Measurements in NL/min every 1.0 s.

Acoustic emission AE

Measures the absolute energy (in aJ) every 0.5 s. using 4 or 6 sensors, as shown in Figure 1, identified as 1A to 4A (in blue) or from 1B to 6B (in red).

Focused beam reflectance measurement FBRM Measures chord counts (per second) in a 1-1000 µm range every 5.0 s.

Particle vision measurement PVM

Microscope coupled with a camera that takes pictures of the flow at a resolution of 1050 x 825 µm every 5.0 s.

Permittivity probe εr

It measures the relative permittivity near the wall every 3 to 6 s.

High-speed camera HSC

Monochromatic camera installed in front of a 52 x 12 mm visualization window. Up to 1GB/s or 211 fps at a maximum resolution of 2560 x 2048 pixels.

Figure 1. Schematic illustration of the Archimède flow loop.

Experimental conditions and protocol

The experiments are conducted with oil, saline water and natural gas. Table 2 specifies the physical properties of the fluids at room pressure and temperature, while Table 3 provides the composition of the natural gas. Table 4 specifies the control parameters according to their variation range. Each experimental condition, defined by a combination of water cut and flow rate, was repeated at least once. 

Parameter Values

Flow rate 200 L/h, 400 L/h

Water cut 30%, 50%, 80%

The experimental protocol, illustrated in Figure 2, can be summarized in four main steps:

i. Controlling the flow rate at 200 or 400 L/h.

ii. Cooling down the temperature to a minimum of 4 °C.

iii. Fast pressurizing to 75 bar.

iv. Maintaining the pressure constant by means of the gas compensation system. During the last step (iv), the injected gas flow rate is measured in order to calculate the amount of gas consumed for hydrate formation. Some intermediate steps (flow rate control to 100 L/h, temperature to 8 °C and absolute pressure to 8 bar) are applied in order to reduce the influence of room temperature on the results during emulsification, as shown in Figure 2.

Data synchronization

Due to the many instruments that are installed in the flow loop, where each one of them is placed in a different position, a methodology to synchronize the data was developed. In order to compare the same portion of the flow when it passes in front of two different instruments, the time required for the flow to move from one of the instruments to the other is calculated. This calculation is a function of the volume between the instruments and the flow rate measured by the Coriolis flowmeter. When this time correction is applied, an indication is given on the x-axis of the graphs (see, for instance, Figure 5). The procedure applied for this paper consisted of fixing the flowmeter as a reference and then correcting the time data set of the other instruments in a way to synchronize them with the time data sets obtained with the flowmeter.

Methodology to calculate the hydrate volume

With the aim to determine the hydrate fraction and the water conversion as a function of time, a model based on mass and volume balances is proposed. The model has the following assumptions:

• The mass of gas dissolved in the oil phase is constant after the onset of hydrate formation.

• The fraction of each gas component being consumed for hydrate formation is proportional to its mole fraction in the free gas.

• The hydrate density is constant and equal to 910 g/L, which is approximately the density of methane hydrates [START_REF] Sloan | Clathrate Hydrates of Natural Gases[END_REF].

• The hydration number, that is, the ratio between the number of water molecules and gas molecules consumed for hydrate formation, is constant and equal to 6.0.

The mass balance, considering the mass of free gas (𝑚 𝐺 ), the mass of free water (𝑚 𝑊 ) and the mass of hydrates (𝑚 𝐻 ), is given by the following equation:

𝑚 𝐺 + 𝑚 𝑊 + 𝑚 𝐻 = 𝑚 𝐺 0 + 𝑚 𝑊 0 + 𝑚 𝐺,𝑖𝑛𝑗 ( 1 ) 
where the superscript 0 corresponds to the instant of onset of hydrate formation. The term 𝑚 𝐺,𝑖𝑛𝑗 is the mass of gas injected by the gas compensation system since the onset of hydrate formation. The volume balance between gas volume (𝑉 𝐺 ), water volume (𝑉 𝑊 ) and hydrate volume (𝑉 𝐻 ) is represented by the following equation:

𝑉 𝐺 + 𝑉 𝑊 + 𝑉 𝐻 = 𝑉 𝐺 0 + 𝑉 𝑊 0 ( 2 ) 
One should notice that the oil phase and the dissolved gas were not considered in equations ( 1) and

(2). This is because the oil mass is constant over time, and the amount of dissolved gas is assumed to be constant after the onset of hydrate formation. The gas density can be calculated from the pressure, temperature and composition of the gas using the Soave-Redlich-Kwong equation of state, and can be used to relate the mass and volume of the gas:

𝜌 𝐺 (𝑝, 𝑇) = 𝑚 𝐺 𝑉 𝐺 ( 3 ) 
As previously mentioned, hydrate density is assumed to remain constant at 910 g/L, and it is the ratio between hydrate's mass and volume:

𝜌 𝐻 = 𝑚 𝐻 𝑉 𝐻 ( 4 )
The water density is also constant and given by:

𝜌 𝑊 = 𝑚 𝑊 𝑉 𝑊 ( 5 )
Finally, the hydration number is:

𝑁 ℎ = (𝑚 W 0 -𝑚 𝑊 ) 𝑀 W ⁄ (𝑚 G 0 + 𝑚 𝐺,𝑖𝑛𝑗 -𝑚 𝐺 ) 𝑀 G ⁄ ( 6 )
where 𝑀 𝑊 is the water molar mass and 𝑀 𝐺 is the gas molar mass. Substituting the equations (3)-(5) into equation (1), and then combining them with equations ( 2) and ( 6), we obtain the following system of equations, where 𝑉 𝑤 , 𝑉 𝐺 and 𝑉 𝐻 are the unknowns to be determined:

[ 𝜌 𝑊 𝜌 𝐺 𝜌 𝐻 1 1 1 𝜌 𝑊 𝑀 𝑊 - 𝑁 ℎ 𝜌 𝐺 𝑀 𝐺 0 ] [ 𝑉 𝑊 𝑉 𝐺 𝑉 𝐻 ] = [ 𝑚 𝐺 0 + 𝑚 𝐺,𝑖𝑛𝑗 + 𝑚 𝑊 0 𝑉 𝐺 0 + 𝑉 𝑊 0 𝑚 𝑊 0 𝑀 𝑊 -𝑁 ℎ ( 𝑚 𝐺 0 + 𝑚 𝐺,𝑖𝑛𝑗 𝑀 𝐺 ) ] ( 7 ) 
Once the volume of each phase is known, it is possible to calculate the global hydrate fraction in the system relatively to the oil and water phases, which are the phases that circulate in the loop with the hydrates. The hydrate fraction is given by the following expression:

𝛼 𝐻 = 𝑉 𝐻 𝑉 𝐻 + 𝑉 𝑊 + 𝑉 𝑂 ( 8 )
where 𝑉 𝑂 is the oil volume, which is constant.

Results and discussion

The results of the carried-out experiments, summarized in Table 5, are discussed in six subsections.

In the first one, it is introduced the methodology for identifying the continuous phase for characterizing the flow pattern before hydrate formation. The subsequent three subsections present the results of hydrate formation for tests at low, intermediate and high water cut. The fifth subsection presents a methodology to quantify the local hydrate fraction and to characterize the heterogeneity of the system. The last subsection presents a summary of the main outcomes. Identifying the continuous phase and whether the dispersed system is oil-in-water or water-in-oil before hydrate formation is important because hydrates preferentially form at oil-water interfaces, and thus their shape, kinetics and dynamics are strongly affected by the two-phase flow pattern. In this work, a combination of the following three measurements is used to identify the dispersed phase before hydrate formation: the dielectric, the local water fraction calculated from the density, and the images from the camera.

The dielectric of saline water with 30 g NaCl/L is 87.9, while the dielectric of the Kerdane oil is 2.7, both at 4 °C, values obtained from tests in the flow loop apparatus. The local or instantaneous water fraction (𝛼 𝑙,𝑊 ) that passes through the flowmeter is calculated from the measured density (𝜌), using the equation:

𝜌 = 𝜌 𝑊 𝛼 𝑙,𝑊 + 𝜌 𝑂 (1 -𝛼 𝑙,𝑊 ) ( 9 ) 
where 𝜌 𝑊 and 𝜌 𝑂 are the densities of water and oil.

In order to obtain the dielectric as a function of the water fraction, an algorithm is proposed, as illustrated in Figure 3. In every 30-second slot of the whole measurement, the highest, lowest and timeaveraged values of dielectric are calculated, as depicted in Figure 3(a). The same procedure is performed for the calculated water fraction, as represented in Figure 3(b). These values of dielectric and water fraction are synchronized in such a way that, for each interval of 30 seconds, the highest value of dielectric is coupled with the highest value of the water fraction, the same for their respective average and lowest values, as shown in Figure 3(c). This method is applied to the entire dataset before hydrate formation. During the first three minutes after hydrate formation, as the particles were evenly dispersed in the liquid, the horizontal pressure drop increases significantly (blue line in Figure 5(c)). This increase in pressure drop is believed to be due to an increase in apparent viscosity that occurs as more interfaces are created when hydrates form. However, as the flow starts to became more heterogeneous, at 20.5 minutes, the horizontal pressure drop reduced, due to a reduction of the interfacial area between the phases.

Meanwhile, the local accumulation of hydrates in parts of the pipeline started to cause significant restrictions. This can be noted, for instance, from the pressure drop in the right vertical pipe of the separator (∆p4, cyan line in Figure 5(c)), which reduced when hydrates passed through the separator. This indicates that, when hydrates pass therein, they cause a restriction at the bottom of the separator that temporarily interrupts the flow. This causes the suction of liquid from the right vertical pipe of the separator, explaining why the liquid level in that part of the separator reduced. The hydrate plugging was observed after 30 minutes, when the flow rate indicated zero, causing the end of the experiment. It was therefore a sudden event and was caused by a restriction in the bottom pipeline of the separator.

Figure 5. Experiment at 30% water-cut and 200 L/h (#1 in Table 5), showing the time evolution of (a) dielectric and density, (b) dielectric and absolute energy, and (c) pressure drops and flow rate.

The visual observation that peaks of density and absolute energy (shown in Figure 5) are in phase, which indicates that hydrates are carried by the water phase, can be verified statistically by using a timelagged cross-correlation [START_REF] Cheong | Four ways to quantify synchrony between time series data[END_REF]. This gives the time synchrony between two data sets and consists in incrementally shifting one data set over time and repeatedly calculating the correlation to the other data set. If the peak correlation is at the center (no time lag), this indicates the signals are mostly in-phase at that time interval. To obtain the correlation between two signals, the Pearson correlation can be used [START_REF] Schober | Correlation coefficients: Appropriate use and interpretation[END_REF]. This is a correlation coefficient that ranges from -1 to +1, where a coefficient +1 means that all values from one data set increase as the values from the other one increase in a perfectly linear relationship, while a coefficient -1 means that all values from one data set decrease as the values from the other one increase, also in a linear relationship. A coefficient of zero means that there is no relationship between the data sets.

Figure 6 shows a comparison between density and absolute energy (sensor 1A) at the top panel (the last six minutes of the experiment), and the correlation coefficient between these two data sets for a period of three minutes at the bottom panel. The peak for the correlation coefficient occurs near the center, for a time lag of 4 seconds, which is very low compared to the period it takes for the flow to circulate around the loop. This proves that these signals are in phase.

Figure 6. Time-lagged cross-correlation analysis between density and absolute energy (sensor 1A) for a test at 30% water cut (#1 in Table 5).

Hydrate formation could be detected by the images from the PVM. It is shown in Figure 7 three images: the first one was taken before hydrate formation, the second one was obtained immediately after hydrate formation, and the third one at the end of the test, just before hydrate blockage. It is shown in the first image (Figure 7(a)) a droplet with a perfectly spherical shape, most likely a water droplet dispersed in oil. Once hydrates form, as shown in Figure 7(b-c), they have an irregular shape and the appearance of a porous structure rather than solids with well-defined surfaces.

Figure 7. PVM images for the test at 30% water-cut and 200 L/h (#1 in Table 5).

Three additional tests were performed at 30% water cut, as listed in Table 5, with similar results being observed. The induction time, that is, the time required for the onset of hydrate formation, varied between 14.5 and 24.6 minutes. For all the tests, water was the carrier phase for hydrates. Furthermore, it was observed that plugging at 400 L/h occurs faster than at 200 L/h despite less water conversion. This can be explained by considering that at a higher flow rate, the flow is more homogeneous (see, for instance, Figure 4). Therefore, when hydrates form, the appearance of more interfaces between the phases is expected to increase the apparent viscosity and, as a result, the transportability of the system is reduced.

When summarizing the results from the test at 30% water cut, the most important outcomes are:

• The flow is initially water-in-oil before hydrate formation, as explained in section 4.1 by analyzing the permittivity data and images from the camera.

• During the onset of hydrate formation, hydrates are homogeneously distributed during the first few minutes, as can be deduced from the absolute energy in Figure 5 behavior, with the apparent viscosity being higher immediately after hydrate formation than during the stages of agglomeration, growth, and deposition.

• Water droplets rapidly coalesce, forming large pockets of sponge structures (seen in the PVM images, Figure 7) formed by water and hydrates. This was observed by synchronizing and comparing the peaks of dielectric, density and absolute energy in Figure 5(a-b), after 20 minutes.

Images from the camera, shown in the top panel of Figure 8, also captured an intermittence, with the images becoming darker after hydrate formation (central image) and later presenting an intermittence (two images on the right) between parts of the flow whose images are transparent (mostly with oil) and parts that are dark (due to the presence of hydrates, which block the lighting positioned behind the visualization window). The reason why hydrates stay preferably with the water phase can be due to the higher affinity between hydrates and water than between hydrates and oil [START_REF] Bassani | A multiscale approach for gas hydrates considering structure, agglomeration, and transportability under multiphase flow conditions: I. phenomenological model[END_REF].

• A complete separation into two phases, oil and water with hydrates, is observed. The presence of large pockets of this porous structure containing hydrates and water may easily cause plugging, especially during transit towards points of singularity, where deposition or local accumulation of hydrates increases over time.

Based on test results at 30% water cut, a conceptual model for hydrate formation and plugging at low water cut in oil-water dispersed systems is proposed, shown in Figure 8. The model consists of four stages. The first stage is the entrainment of water droplets into the oil phase due to the shear caused by the flow. The second stage is the formation of hydrates on the surfaces of water droplets.

As hydrates form, they eventually break down inside the water droplets. In the third stage, the water droplets with hydrates become porous structures that may easily adhere to the wall, cause some deposition, and they quickly coalesce to form large pockets of water that carry the hydrate particles.

In the final stage, as the pockets of water with hydrates continue to grow, they eventually plug the pipeline. Plugging is a sudden event, and it occurs when porous-structured pockets containing water and hydrates are large enough to block the pipe. Figure 8. Depiction of the conceptual model for hydrate blockage at low water cut.

Hydrate formation at intermediate water cut

Similar to the previous section, Figure 9 shows the time evolution of dielectric and density (top panel), dielectric and absolute energy (second panel), dielectric and chord counts (third panel), and pressure drops and flow rate (bottom panel). Hydrates formed around 7 minutes, when there was a sudden reduction in dielectric and density (Figure 9(a)) along with a net increase in absolute energy (Figure 9(b)). An intermittent behavior was observed after hydrate formation, with some parts of the flow containing more oil (low density and dielectric) than others. For this test, it was also observed that it was the water phase that transported the hydrates, since regions of high density and dielectric (which contain more water) had the highest values of absolute energy. This is clear by noting in Figure 9(b) that the troughs of dielectric and absolute energy were in phase. Hydrate formation was also detected by the FBRM during the last stage of the experiment, after 12 minutes, when the flow is intermittent. It is possible to see in Figure 9(c) that the chord counts increased and showed similar oscillatory behavior to the dielectric, density and absolute energy, which confirms the presence of more particles and droplets in the part of the flow that contains more water.

There was also a temporal oscillation in the horizontal pressure drop, which is periodic and whose amplitude increases with time (Figure 9(d)). The portion of the flow that contains an accumulation of hydrates is expected to have a local apparent viscosity that increases over time and causes the blockage of the pipe. Plugging probably occurred in the downward section, as the pressure drop in this section (∆p1) decreased whenever the hydrates passed through it and reached zero at the end of the experiment. This occurs because an increase in pressure loss due to viscosity or deposition counterbalances the gravitational differential pressure (positive for downward flow).

Figure 9. Experiment at 50% water-cut and 400 L/h (#10 in Table 5), showing (a) dielectric and density, (b) dielectric and absolute energy, (c) dielectric and chord counts, and (d) pressure drops and flow rate.

For the tests at 50% water cut, hydrate particles have a regular shape, and seem to be solid structures, as observed in the PVM images. Figure 10(a) shows a PVM image before hydrate formation with oil droplets of regular spherical shape. Once hydrates form, as shown in Figure 10(b-c), hydrate particles also have a regular spherical shape, indicating that these particles are entrapping oil droplets.

Figure 10. PVM images for a test at 50% water-cut and 400 L/h (#10 in Table 5).

A total of seven tests were conducted at 50% water cut, three of which were conducted at 200 L/h and four of which were conducted at 400 L/h. The main outcomes from these tests are:

• An oil-in-water dispersed system is the flow regime before hydrate formation, as shown in section 4.1.

• The initial oil-in-water dispersion is completely disrupted after hydrate formation. This is because the hydrates, that formed on the surfaces of oil droplets, have more affinity to the water phase.

Therefore, they are detached from the oil and preferentially carried by the water phase. The conclusion that hydrates are carried by the water phase is based on the correspondence between the density, dielectric, absolute energy and chord counts measurements, whose peaks are in phase, as shown in Figure 9(a-c).

• A separation of phases occurs, with oil droplets coalescing and forming large oil pockets, while hydrates flow suspended in the water phase. This heterogeneous behavior causes an increase in pressure loss in the region of the flow that contains more hydrates. This can be observed in Figure 9(d) due to the increase in horizontal pressure drop (blue line) as hydrates pass through the horizontal section.

• Hydrates apparently entrap part of the oil droplets that are dispersed in the water phase, as seen in the PVM images (Figure 10) where there are particles with a regular shape.

• An intermittent flow forms, characterized by two regions: one containing only oil, and another containing porous hydrate structures that entrap more and more the water phase, and hydrates entrapping oil as well, increasing the pressure loss due to viscosity in these regions. The main cause of plugging was due to a blockage of hydrates in specific parts of the loop, particularly in the downward section, as shown in Figure 9(d) where the pressure drop in the downward section is detected, for all the measurements, after 10 minutes, indicating that the flow is heterogeneous and, once again, parts of the flowing volume contain more hydrates than others: the transit of hydrates is therefore intermittent. Figure 12(a) shows that the density oscillates in a way that the troughs are around 950 kg/m 3 , which can be a mixture of all the phases, while the crests are at more than 1000 kg/m 3 , which means that there is mostly water on this part of the flow. Density and dielectric are in phase, as the time lag for a maximal Kendall correlation between the two data sets is 4 seconds. As a reminder, the tests are carried out with saline water, which has a density of more than 1000 kg/m 3 , while hydrates have a density of around 910 kg/m 3 and oil has a density of around 815 kg/m 3 . Therefore, with hydrates, the flow will be heterogeneous in the sense that there is a region that consists of water as a single phase and another region containing hydrates with oil flowing dispersed in the water continuous phase. Indeed, in Figure 12(b) one can notice that absolute energy and dielectric are in exact antiphase, i.e., the higher values of absolute energy (regions containing more hydrates) correspond to the troughs of dielectric (regions containing more oil).

The results shown in Figure 12(b) indicate that most of the hydrates entrap the oil phase, as evidence by the absolute energy being nearly 80 times higher when there is oil than when there is only water as a single phase. Although most of the hydrates flow entrapping oil droplets, it is expected that some hydrates may break apart from the oil droplets and flow suspended in the water continuous phase (de Almeida et al., 2022).

Figure 12. Experiment at 80% water-cut and 200 L/h (#12 in Table 5), showing the time evolution of (a) dielectric and density, (b) dielectric and absolute energy, (c) dielectric and chord counts, and (d)

horizontal pressure drop and flow rate.

Using the method proposed in subsection 4.1 to calculate the time-lagged cross-correlation between density and absolute energy, for this test at 80% water cut, it is shown in Figure 13 that the time lag between the two data sets is about 1.3 minutes, which is approximately half of the period of oscillation of the curves. One can also notice that the lowest correlation occurs near the center, for a time lag of zero.

This proves that the parts of the flow with more hydrates (peaks of absolute energy) are the same parts of the flow with more oil (valleys of density). Figure 13. Time-lagged cross-correlation analysis between density and absolute energy for the test at 80% water cut (#12 in Table 5).

To gain better understanding of the formation of this oscillatory behavior, Figure 14 shows an enlarged portion of Figure 12(b,c) at two different moments: after a few minutes of hydrate formation (left panels), and close to the end of the experiment (right panels). By analyzing the absolute energy along with the chord counts, one notices a different pattern between the two cases. On the left, hydrates are mostly spread throughout the flow, with a front carrying more particles. In contrast, on the right panel, hydrates are mostly collected at the front, with dispersed hydrates that flow with the continuous phase, while part of the flow will contain mainly water without hydrates or dispersed oil droplets. This is likely due to the difference in velocity between suspended particles of different sizes. Smaller particles accumulate over time behind large hydrate particles because they are faster than the larger ones. 5).

Figure 15. Images from the HSC for the experiment at 80% water cut and 200 L/h (#12 in Table 5)

showing that parts of the flow contain hydrates all the time (images on the left), while others have a reduction in the number of particles over time (images on the right).

We conclude the section proposing a conceptual model for hydrate formation and plugging at high water cut in oil-water dispersed systems, based on our experiments at 80% water cut. The model, represented in Figure 16, contains four stages. The first stage is the formation of an oil-in-water dispersion due to the shear caused by the flow. The second step includes the onset of hydrate formation around oil droplets. Hydrates will trap the oil droplets, while part of the hydrates detaches from the oil surfaces and flow suspended in the water continuous phase. In the third stage, due to the difference in velocity between particles of different sizes, the flow gradually becomes heterogeneous. Small particles seem to accumulate more and more behind large particles, since they can flow faster than the large ones. In the fourth stage, as one region of the flow contains an important local hydrates fraction and has a high enough pressure loss due to viscosity, the plug may eventually occur. For this case, hydrate blockage is a gradual event, and it takes longer than for tests at intermediate or low water cut to occur.

In Figure 16 The density measured by the Coriolis is influenced by the densities of the three phases that flow in the pipeline (water, hydrates and oil). This can be mathematically expressed as: 

𝜌 =
It should be noted that the volumes of the three phases (𝑉 𝑊 , 𝑉 𝑂 , 𝑉 𝐻 ) are time-dependent and must be calculated in advance using the model proposed in section 3. Finally, the sum of all phases results in the simple relation:

𝛼 𝑙,𝐻 + 𝛼 𝑙,𝑊 + 𝛼 𝑙,𝑂 = 1 ( 13 )
The model represented by equations ( 10)-( 13) can be used to calculate the local fractions that pass through the Coriolis flowmeter. At low water cut, as illustrated in Figure 8 and Figure 11, where hydrates are transported by the water phase, equations ( 10), ( 11) and ( 13) are used. By combining these equations, the following expression can deduced for the local hydrate fraction:

𝛼 𝑙,𝐻 = 𝜌 -𝜌 𝑂 𝜌 𝐻 -𝜌 𝑂 + (𝜌 𝑊 -𝜌 𝑂 ) 𝑉 𝑊 𝑉 𝐻 ( 14 ) 
At high water cut, as illustrated in Figure 16, where hydrates flow preferably with the oil phase, it is used equations ( 11), ( 12) and ( 13), from which the following expression is deduced:

𝛼 𝑙,𝐻 = 𝜌 -𝜌 𝑊 𝜌 𝐻 -𝜌 𝑊 + (𝜌 𝑂 -𝜌 𝑊 ) 𝑉 𝑂 𝑉 𝐻 ( 15 ) 
Figure 17 shows the application of equation ( 14) for a test at 30% water cut and 200 L/h (#1 in Table 5). The hydrate fraction and local hydrate fraction are shown in Figure 17(a), while the absolute energy from sensor 1A is shown in Figure 17(b). The peaks observed in the local hydrate fraction are in phase with the peaks observed in the absolute energy, which indicates that the model is accurately capturing the regions containing more hydrates and regions with more liquid. Despite the final global hydrate fraction in the whole system (in orange) being nearly 7%, the local hydrate fraction can vary between 0 and approximately 18%. It is also important to consider that, due to the porosity, water is trapped inside the hydrate particles and, therefore, the volume fractions of the structures containing hydrates and water (see Figure 8) are expected to be much larger than the calculated local hydrate fractions. Figure 17. Hydrate fractions and absolute energy for a test at 30% water-cut and 200 L/h (#1 in Table 5).

Figure 18 shows hydrate fraction, local hydrate fraction and absolute energy for a test at 50% water cut and 400 L/h (#9 in Table 5). The global hydrate fraction in the system just before plugging (orange line, top panel) is approximately 6.6%, but due to the heterogeneous suspension of hydrates and their accumulation in some parts of the liquid, the local hydrate fraction (blue line, top panel) that passes through the Coriolis varies between 0 and 11.3%. Once more, the peaks of the local hydrate fraction are in phase with the peaks of absolute energy (bottom panel).

Figure 18. Local hydrate fraction and absolute energy for a test at 50% water-cut and 400 L/h (#9 in Table 5).

The application of equation ( 15) for a test at 80% water cut and 200 L/h (#12 in Table 5) is shown in Figure 19. The hydrate fraction (orange line, top panel) is approximately 8.5% just before plugging, but due to the heterogeneity of the flow, the local hydrate fraction may be up to 13.3%. One can notice that the peaks observed for local hydrate fraction are in phase with the absolute energy (bottom panel).

The proposed model can be used to predict plugging by monitoring local peaks of the hydrate fraction.

However, it is important to discuss the limitations of the model that led to the development of equations ( 14) and (15). It can only be used when all the hydrates are being transported by one phase only, water or oil. In this sense, further experiments combined with the implementation of other techniques to obtain the local hydrate fraction could validate the proposed model. Despite its limitations, equations ( 14) and ( 15) can be used for a rapid estimation of the local hydrate in the system and help to better understand the degree of heterogeneity of the flow.

Figure 19. Apparent hydrate fraction and absolute energy for a test at 80% water-cut and 200 L/h (#12 in Table 5).

To conclude the analysis, a methodology to classify the tests according to their heterogeneity is proposed here. It consists of calculating the volume fraction of the flow (relative to the global volume of liquid and hydrates inside the flow loop) that contains 50% of all the hydrates (the upper half of data) formed globally in the system. This means that an integration of the local hydrate fraction (equations ( 14) or ( 15)) over time is performed during the last lap around the loop, just before plugging, in a decrescent order from the highest to the lowest hydrate fraction, while keeping track of the volume as a function of the flow rate measured by the Coriolis. For instance, a system that is highly heterogeneous will have 50% of the hydrates accumulated in a very small fraction of the flow.

This method is applied to all the tests listed in Table 5. The results are shown in Figure 20, which shows the time for plugging since the onset of hydrate formation as a function of the volume (in fraction)

occupied by the 50% of the hydrates (the upper half of data) flowing in the pipeline.

The results indicate that tests at high water cut (in red) are less prone to plug and are more homogeneous, with 50% of the hydrates concentrated in a volume fraction between 26% and 34% of the flow volume. As the water cut reduces, the slurry flow regime becomes increasingly heterogeneous and plugs faster than at high water cut. For the tests at intermediate water cut (in blue), hydrates are concentrated in a volume fraction between 17% and 28% of the volume, while for tests at low water cut, they are concentrated in a volume fraction between 10% and 23%.

Figure 20. Time for plugging as a function of the heterogeneity of the system.

Summary of results

As previously discussed, from the literature, the conceptual models of hydrate formation and plugging in oil-water dispersed systems assume that the formation of large particles that cause plugging occurs mainly due to agglomeration. Agglomeration models have been extensively studied. In this work, it was observed, however, that there are other mechanisms that deserve better attention and could be very important for a better understanding of how plugging occurs.

Separation of phases has been observed in the tests, whose main outcomes are summarized in Table 6. The separation of phases changes the flow regime in a way that presents distinct structures along space, comparable to an intermittent flow. Parts of the flowing volume have higher concentrations of hydrates than others. This can be because structures of different sizes or densities will flow at different velocities, which facilitates the formation of the intermittent flow. It was also observed, especially at low and intermediate water cut, that the dispersed phase rapidly coalesces (large water pockets at low water cut, or large oil pockets at intermediate water cut). This mechanism is not well understood and requires additional studies. The analysis proposed in section 4.5 showed that this separation of phases is more significant at low and intermediate water cut, and it can lead to plugging in a few minutes.

Table 6. Summary of conceptual mechanisms for hydrate blockage from low to high water cuts.

Water cut Model

Low A water-in-oil dispersion is the initial flow regime. When hydrates form, they break into water droplets. Water droplets coalesce, forming large pockets of water with suspended hydrates. Deposition occurs, and hydrates become highly concentrated in a portion of the flowing volume, which eventually causes plugging.

Intermediate

An oil-in-water dispersion is the flow regime in the beginning. When hydrates form, they preferably break into the water phase, while oil droplets coalesce.

This leads to deposition and concentration of hydrates in parts of the flow, eventually causing plugging.

High

An oil-in-water dispersion is the initial flow regime. Hydrates initially form around oil droplets. As they continue forming and entrapping the oil droplets, part of them breaks into the water continuous phase. Suspended particles seem to flow faster than hydrates with entrapped oil, resulting in a gradual transition to an intermittent flow.

Conclusions

In this work, flow loop tests were carried out with hydrate formation in oil-water flow at 30%, 50% and 80% water cut. New mechanisms on how the slurry flow after hydrate formation is and how hydrate blockage occurs were proposed. The main conclusion from the experiments is that there is a formation of a heterogeneous flow that results from a separation of phases. The resulting flow patterns are characterized by parts of the flow containing more hydrates than others. Deposition was also an important mechanism that contributed to plugging formation.

At low water cut, hydrate formation completely modifies from the initial water-in-oil dispersion to a flow pattern composed of large water pockets with hydrates that rapidly plug the system. At intermediate water cut, a rapid separation of phases is observed, disrupting the oil-in-water dispersion and forming a flow with a pattern composed of two main structures: one being a large pocket of oil, and another region containing hydrates suspended in the water phase. At high water-cut, hydrates apparently entrap the oil phase, as it was shown that hydrates flow mostly with the oil phase, although part of the hydrates may break loose and become suspended in the water continuous phase.

A simplified model based on density measurement was proposed to estimate the local hydrate fraction and quantify the heterogeneity of the system. It was shown that tests at high water cut are less heterogeneous, which explains why they flow much longer than at intermediate or low water cut. The extension of the tests to other conditions, the improvement and validation of the model could be conducted in a further work for a better understanding of the mechanism of plugging due to the formation of these heterogeneous flows and the quantification of the transportability of the system.

Figure 2 .

 2 Figure 2. Experimental protocol.

Figure 3 .

 3 Figure 3. Representation of the algorithm to obtain the dielectric as a function of the water fraction.

Figure 4 .

 4 Figure 4. Analysis of the flow regime comparing dielectric vs. water cut (left panels) to images obtained from the camera (right panels) as a function of water cut and flow rate.

  (b), which consistently remains at high values for three minutes after the onset. The horizontal pressure drop (Figure5(c)) has its highest values during this early stage of hydrate formation, as there are more interfaces between the phases and shear due to flow if the system is homogeneous.Ding et al., 2019 observed similar 

(

  Figure 11. Depiction of the conceptual model for hydrate blockage at intermediate water cut.

Figure 15

 15 Figure15shows some images which visually confirm the intermittent behavior captured by the signals. The images on the left were taken during the passage of large agglomerates (the "front" part of the flow containing hydrates entrapping oil droplets), while images on the right are taken during the passage of parts of the flow containing mostly water as a single phase. The images observed on the right contain less and less hydrates over time, which corresponds to the reduction of absolute energy in that region of the flow (see Figure14(b), between 86.5 and 87.5 minutes).

Figure 14 .

 14 Figure 14. Comparison between dielectric, absolute energy and chord counts in two 3-minutes intervals for the experiment at 80% water cut and 200 L/h (#12 in Table5).

  , a few images from the camera are shown to illustrate how they compare to the different stages. The first image, on the left, shows the flow before hydrate formation. The second image was taken at the early stages of hydrate formation, when the droplets become darker, as hydrates form around them. The two images on the right are from the two different structures during the last stage, when one part of the flow contains hydrates entrapping oil suspended in water and the other part contains mostly water.

Figure 16 .

 16 Figure 16. Depiction of the conceptual model for hydrate blockage at high water cut.

Table 2 .

 2 Fluids used for the experiments and their properties.

	Fluid	Description	Fluid properties
	Salted water	30 g of NaCl per L of deionized water.	Density: 1023.8 g/L Viscosity: 0.0026 Pa.s
	Kerdane oil	Hydrocarbons, C11-C14, n-alkanes, isoalkanes, cyclics, <2% aromatics.	Density: 815 g/L Viscosity: 0.0017 Pa.s

Table 3 .

 3 Composition of the natural gas.

	Gas	%mol
	Methane	91.7
	Ethane	5.9
	Propane	0.6
	Carbon dioxide 0.8
	Nitrogen	0.8
	i-butane	0.1
	n-butane	0.1

Table 4 .

 4 Control parameters for the experiments.

Table 5 .

 5 List of experiments.

	Experiment	Water cut	Flow rate	Water conversion	Hydrate fraction	Time with hydrates until plug
	#1			18.7%	8.0%	13.4 min
		30%	200 L/h			
	#2			11.1%	4.1%	6.1 min

  𝜌 𝐻 𝛼 𝑙,𝐻 + 𝜌 𝑊 𝛼 𝑙,𝑊 + 𝜌 𝑂 𝛼 𝑙,𝑂( 10 ) It was explained in previous sections that hydrates are transported preferentially by the water phase at low and intermediate water cut, or preferentially by the oil phase at high water cut. In this sense, it is assumed that the proportion of local fraction of hydrates relative to the carrier phase is uniform in space and equal to the global proportion of those phases in volume. In other words, locally in the flow, the quantity of hydrates relative to the phase that transports the hydrates is everywhere the same.Therefore, if hydrates are transported by the water phase, it is assumed that, at any given instant, the local fraction of hydrates is proportional to the local water fraction via the global hydrate-to-water volume

	fraction:			
	𝛼 𝑙,𝐻 𝛼 𝑙,𝑊	=	𝑉 𝐻 𝑉 𝑊	( 11 )
	However, if hydrates are preferentially transported by the oil phase, it is assumed that, at any given
	time, the local hydrate fraction is proportional to the local oil fraction via the global hydrate-to-oil volume
	fraction:			
	𝛼 𝑙,𝐻 𝛼 𝑙,𝑂	=	𝑉 𝐻 𝑉 𝑂	
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