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Abstract. In oil and gas production, forming hydrate plugs can lead to pipeline blockages, causing economic losses and
safety issues. Extended shutdowns during oil and gas production can increase the potential risk of hydrate blockage
when production is restarted. This work aims to characterize experimentally the process of hydrate formation in systems
with high salt concentrations, with or without the addition of inhibitors and/or antiagglomerants. Also, to investigate the
effect of high salinity brine on the flowability of hydrate formed by evaluating formation and transport under multiphase
conditions, agglomeration, and bedding deposition in a rock-flow cell. Pressure, temperature, image data, and the
estimated amount of hydrate formed were obtained. All experiments were conducted under constant pressure (60 bar
and 80bar),in a three phase system, water and additives as aqueous phase, synthetic natural gas as gas phase and crude
oil as oil phase). The hydrate formation were evaluated under different conditions: water cuts (10-50%) , liquid loading
(30-50%), subcooling (5-15°C) and salt concentration (up to 16 wt% ). In uninhibited systems, it was observed that the
bedding profile is favored for higher water cuts, and for lower water cuts, the dispersed/wall deposition profile was
obtained. The dispersed morphological profile was favored in scenarios where the salt concentration increased.
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1. INTRODUCTION

The risk of hydrate formation and the flow assurance must be evaluated under the study of several variables and their
influence on each other cross effect. Factors such as subcooling, presence of inhibitors, water cut, gas/oil ratio, etc.,
uniquely impact the morphology/hydrate formation, which, when analyzed together, can add adverse influences or even
be contrary to their effect.

After their formation and their possible agglomeration, a new non-flowing solid phase is created, and in gas and oil
industries they can trigger blockages (Figure 1) in pipelines, causing damage and preventing normal operations. It is a
flow assurance problem, where their occurrences can have high economic costs. The characterization of the hydrate
formation and transportability is of significant importance.
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Figure 1 -Hydrate plug being removed from a pipeline in a Petrobras installation.
Source: ONGC (2020)

The subcooling of a system is often studied when discussing gas hydrates kinetics. Defined as the difference between
hydrate stability temperature and the actual operating temperature at the same pressure, considered a driving force, it can
directly impact the morphological profile of the hydrates. When this temperature variation is high enough, a rapid
formation can be favored, trapping the forming available water inside the structure and reducing further agglomeration
(Mali et al., 2018).

There is no convention regarding a high/great subcooling interval. Mali et al. (2018) analyzed a specific subcooling
interval. However, tests were conducted at six different pressures of 1.72, 2.76, 6.21, 6.89, 10.34, and 17.24 MPa with
subcoolings from 3.2 K to 8.0 K. The results revealed that the scatter in induction time is higher at lower subcooling
levels than at higher subcooling levels. The mean values of induction time reduce as the subcooling increases due to the
greater thermodynamic driving force to form the hydrates. The authors also state that induction time is logarithmically
related to natural gas and distilled water system subcooling (Mali et al., 2018) . According to Umuteme et al. (2022), the
formation of hydrates is instantaneous at the right subcooling temperature. Additionally, hydrate deposition velocity is
assumed to be constant for a fully developed turbulent flow in the pipeline. (Umuteme et al., 2022)

Hydrate deposition can lead to forming a solid plug that obstructs the flow in a pipeline. The plugging risk depends
on several factors, including the hydrate deposition rate, the flow pattern, phase disposition, the subcooling temperature,
and the pipeline geometry. In liquid-dominated pipelines, the liquid phase is continuous, and the gas phase is dispersed.
In contrast, in gas-dominated pipelines, the gas phase is continuous, and the liquid phase is dispersed. The difference in
the flow pattern and phase distribution affects the hydrate formation and deposition rate, as well as the plugging flow time
and pressure drop. Therefore, it is essential to consider the dominant phase in the pipeline when observing hydrate
deposition and plugging.

Higher hydrate formation risks are possible in gas-dominant pipelines because of the lower volume fraction of liquid
water. The formation and agglomeration of hydrates are characterized by phase change and can be measured by the gas
flow rate in the fluid domain. Experimental results suggest an increase in gas flow rate during hydrate formation because
of the increased gas consumption rate. Also, the gas flow rate is relatively stable during agglomeration and decreases
during hydrates deposition because of a reduction in pipe hydraulic diameter (Zerpa et al., 2011). In systems with higher
liquid loads, it is observed to have higher mixture velocities due to more significant shear, favoring the transportability
of hydrates once formed. Another aspect that implies that smaller loads of liquids tend to present a greater risk is directly
associated with a more extensive layer of gas, consequently more gas available for forming hydrates.

According to Inemugha and Ajienka (2020), the water cut affects the cool-down time during an unplanned shutdown
scenario. They analyzed the cool-down time for different water cuts representing the mid-life and late life of the field.
For the 50% water cut representing the mid-life of the field, it took around 4 to 5 hours for the fluid to cool down to its
ambient temperature from a shut-in temperature and pressure(Inemugha et al., 2020).

Zhou et al. (2018) investigated the formation and flow characteristics in systems with high water cuts. They observed
that as the water cut increases, the friction coefficient increases, and the flow time decreases in the flow of the slurry.
That means that high water cuts, hydrate nucleation, and mass production mainly occur at the gas-water interface, and
due to the deposition and aggregation of the hydrates, the change in moving bed to fixed bed will result in the plug. For
medium water cuts conditions, hydrate nucleation and formation mainly occur at the oil-water interface, and the
accumulation of hydrate particles formed by water-in-oil is less. Eventually, it will get plugged due to the increase in
viscosity and the accumulation of the deposits formed. Eventually, getting plugged due to the increase in viscosity and
the accumulation of the deposits(Zhou et al., 2018).

Another feature that impacts the morphological arrangement of hydrates and inhibition, whether thermodynamic or
kinetic, is the presence of inhibitors. Sodium chloride and anti-caking agents can help in the non-formation of hydrates
or the controlled formation, that is, without caking. Liu et al. (2022) conducted experimental trials in water-in-oil
emulsions with various salinities in rich aqueous phase systems by using a high-pressure rheometer. The results suggested
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that the increase in the salt concentration could slow the hydrate formation rate and reduce the water conversion rate. The
hydrate slurry viscosity was also significantly reduced, and its stability was greatly improved (Liu et al., 2022).

Salts act as thermodynamic inhibitors, not allowing the formation of gas hydrates, however antiagglomerants agents
act as kinetic inhibitors in the phenomenon of hydrate formation, inhibiting the possibility of agglomeration of these
formed hydrates. In other words, hydrates can form, but flow assurance is guaranteed. There is no consensus regarding
cross-setting when salt and AA are present. There is a gap regarding the potentiation or deactivation effect of the
interfacial tension reduction effect due to the use of anti-caking agents. Ren et al. (2020) observed that under low-
concentration NaCl conditions, anionic surfactants were very effective in accelerating methane hydrate formation and the
final conversion of water to methane hydrate. Furthermore, he also finds that the high salt concentration can seriously
damage the internal hydrogen bond network of the solution and consequently inhibit hydrate nucleation and nucleate
growth (Ren et al., 2020).

There is no consensus between the use of higher or lower salt concentrations and/or the use of kinetic inhibitors.
Among these, the set of these numerous risk variables must be analyzed and a detailed review of this impact on the
formation of hydrates must be raised so that parameters and operating conditions are performed in a safe region.

2. METHODOLOGY

A rock-flow cell (Figure 2) was used to observe the flow development and the hydrate formation. The cell had an
internal cylindrical shape, a total volume of 1000 ml and was designed to operate up to 100 bar.
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Figure 2 -Schematic of the rock-flow cell setup.

The rock-flow cell oscillations promoted the mixing of the fluids by gravity and fluid density differences. The cell
can be operated with different inclinations (up to 20°) and oscillation rates (5 to 30 rpm). All experiments were performed
with a pipe inclination of 20° and oscillation rates of 16 rpm. The cell had eight transparent windows made of
polycarbonate — three windows at the front and three at the rear, and one round window on each side of the cell. The
interior sides of the windows were milled in such a way that their profiles matched the curvature of the pipe. Four webcams
captured the images from the front and left side views. The remaining windows were used to provide illumination. In
addition to the video images, pressure and temperature data were gathered throughout the experiment.

The cell temperature was controlled by separate cooling chambers placed at the top and bottom surfaces to control the
inner wall temperatures independently. The pressure sensor was installed in the gas line and the temperature sensors were
installed in different sections of the rock-flow cell to measure the temperature of the upper and lower surfaces. The syringe
pump supplied the gas used in the experiment and was used to pressurize the rock-flow cell and to keep the pressure
(isobaric conditions) stable throughout the experiment. The syringe pump was also used to monitor variations in gas
volume as the system was maintained at a constant pressure. A chiller was connected to the syringe pump to minimize
any temperature effects on the volume measurements due to oscillations in the ambient temperature.

The impact of different parameters, such as liquid loading (30-60 vol%), water cut (0-50 %), and salt concentration
(0, 3, 16 wt%) on the flow pattern and hydrate formation were investigated. All experiments used bacalhau crude oil as
the oil phase and distilled water as the aqueous phase, with and without salt mixture addition (NaCl and CaCl,). A gas
mixture containing methane/propane and synthetic natural gas were used as the gas phase in the experiments. The gas
compositions were shown in Table 1. All experiments were performed under isobaric conditions, at 60 bar and an initial
temperature of 50 °C.
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Table 1 - Methane/propane and a synthetic natural gas compositions

C1/Cs Synthetic Natural Gas (SNG)
CH4 92 mol% 82 mol%
C:Hs 8 mol% 10.5 mol%
CsHs o 6.3 mol%
I1C4 —--- 1.2 mol%

The aqueous (with or without additive) and oil phases used in the experiments were fed into the rock-flow cell. After
sealing the cell, a vacuum pump removed any air dissolved in the liquid phases. The syringe pump was then used to
pressurize the cell with the gas until the desired pressure was achieved. The cell was heated to 50 °C (the temperature at
which we are outside the wax deposition region). After the oil phase was saturated with gas, the cell was kept still in a
horizontal position, simulating the shut-in and avoiding the hydrate formation during the cooling stage.

The cell was cooled down until 4 °C, at a cooling rate of 7 °C per hour. To simulate the restart, the desired oscillation
rate was set, allowing for rapid hydrate formation and the test began to be analyzed and monitored via P, T, V, and
visualization. It was assumed that the system reached steady-state and the end of the experiment when changes in the
hydrate formation and volume variations in the syringe pump could no longer be measured.

A total of 26 experiments were performed with different filling compositions, pressure, and temperature conditions,
as listed in Table 2. Moreover, it was evaluated the effect of subcooling, salt concentration, liquid loading, and water cut
in the hydrate formation.

Table 2 — Test matrix

, | Gas '\é:‘ccll:' Pl L we| T | AT (HMFi:') (:':;'I) HRFI® ¢
phase [wt%] (bar) | [%] | [%] | [l | ™ | 1dlb | ald|b [%]®
1 | SNG 0 60 | 30 | 40 | 4 | 15 | 1/1|0 | 1/11 5 20
2 | CJC | 33 | 60 | 30 | 10 | 4 | 13 | 1]1c[o | 1|1c|o 4 14
3| C/C | 33 | 60 | 30 | 30 | 4 | 13 | 1|ic|t | 1)2all 7 24
4 | CJCs | 33 | 60 | 30 | 50 | 4 | 13 | 2|1c|L | 2|2a|2 10 10
5 | /G | 16 60 | 30 | 10 | 4 | 7 | 1/0]0 | 1|1c|o0 3 37
6 | C./C: | 16 60 | 30 | 30 | 4 | 7 | 1]1c/l | 1|1a|1 6 26
7 | /G | 16 60 | 30 | 50 | 4 | 7 | 2[1c|1 | 2|2a|2 10 14
8 | G/G | o 60 | 60 | 10 | 4 | 15 | 1]0]0 | 1]0/0 2 44
9 | SNG 0 60 | 60 | 10 | 4 | 15 | 1/0/0 | 1]0/0 2 42
10 | SNG 0 60 | 60 | 50 | 4 | 15 | 2|2all | 2|2a|2 11 9
11| SNG | 33 | 60 | 60 | 50 | 2 | 15 | 2|1c|1 | 2|2a|2 10 10
12| sNG | 16 60 | 60 | 50 | -5 | 15 | 2|1c|1 | 2|2a|2 10 19
13| SNG | 16 60 | 60 | 50 | 0 | 10 | 2|2all | 2|2a|2 11 28
14| SNG | 16 60 | 60 | 50 | 5 | 5
15 | SNG | 16 80 | 60 | 50 | -3 | 15 | 1|2all | 2|2a|2 10 10
16 | SNG | 16 80 | 60 | 30 | -3 | 15 | 1|1c|0 | 1|1c|o 4 17
17 | sNG | 16 80 | 60 | 30 | 2 | 10 | 1|1clo | 1|1ic|o 4 19
18 | SNG | 16 80 | 60 | 30 | 7 | 5 | 110/0 | 1]0/0 4 9
19| SNG | 33 | 8 | 60 | 30 | 4 | 15 | 1|1clo | 2|1c|o 5 33
20 | SNG 0 80 | 60 | 30 | 6 | 15 | 1|1cl0 | 2|1c|o 5 52
21| sNG | 16 80 | 60 | 40 | 3 | 15 | 0,5/0/0 | 0,5/0/0 1 32
2| sNG | 16 80 | 60 | 40 | 7 | 5 | 05/0/0 | 0,5/00 1 18
23| sNG | 33 | 8 | 60 | 10 | 2 | 15 | 0,5/0/0 | 0,5/0/0 1 19
24| sNG | 33 | 8 | 60 | 10 | 12 | 5 |05]1bj0] 0,500 2 16
25 | SNG 0 80 | 60 | 10 | 4 | 15 | 0,5]0/0 | 0,5/0/0 1 17
26 | SNG 0 80 | 60 | 10 | 14 | 5 |05/1b/0] 0,500 2 22
27 | SNG 0 80 | 60 | 30 | 6 | 15 | olojo | ojojo 0 44
28 | SNG | 16 80 | 60 | 30 | 3 | 15 | 3|2al4 | 3|2al4 21 22
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29 | SNG 0 80 | 20 | 30 | 6 15 | 3|1]0 | 0.5/1c|0 4 31
31 | SNG 16 80 | 20 | 30 | 7 5 3|0/4 | 0.5]1]0 19 47
(D Subcooling; @ Hydrate flow risk index — total(mid-+final); ® Water conversion.

3. RESULTS AND DISCUSSION

After the formation of hydrates, the system is assessed using an analysis methodology, which consists of feeding an
index based on weights attributed to the respective morphologies of formed hydrates. These are based on the possibilities
of formation and how dangerous these profiles are, and their combinations for the management of the hydrates (Melchuna
et al., 2020). The score, as seen in Figure 3, is based on combinations of aggregation, deposition, and bedding profiles.
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Figure 3 - Hydrate flow risk scoring
Source: Adapted from (Melchuna et al., 2020)

An index is calculated on the combinations and with the detailed views of the intermediate and final stage, we are able
to assign a risk value and talk about the reliability of those tests under the conditions. A summary of these observations
can be found in Table 2 previously presented.

The experimental data presents a series of tests evaluating the relationship between salt concentration, water cut,
subcooling, liquid load, etc. In Test 1, which had 0% salt, the conversion rate reached 50%. However, in Test 2, where
the salt concentration increased to 3.3%, the conversion rate dropped significantly to 28%. Further, in Test 3, with a higher
salt concentration of 16%, the conversion rate decreased even further to 15%. It can be seen in Figure 3. From these
observations, it can be inferred that there is a negative correlation between salt concentration and conversion rate to this
data set. As the salt concentration increases, the conversion rate decreases. This suggests that the presence of salt has an
inhibitory effect on the conversion process being tested. Furthermore, the data also indicates that the risk associated with
higher water content increases when compared to conditions with lower water content.. Water cut refers to the proportion
of water in a mixture, and a higher water cut implies a greater risk. The presence of salt seems to decrease this risk,
potentially leading to a more dispersed distribution.

According to Figure 4, for a scenario where the other variables, such as subcooling, water cut, pressure, etc. are kept
constant, and the salt concentration varies, it is observed that the increase in salt concentration favors the dispersion of
hydrates, migrating my system to a safe operational condition, based on scoring from the flow risk.
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Figure 4 — 1) Hydrate slurry + wall deposition; 2) Hydrate slurry + wall deposition; 3) Hydrate well dispersed;
Conditions and contents: SNG / Bacalhau crude oil / 80 bar / 60% LL / 30% WC/ AT =15°C /0, 3.3, 16 wt% salt

Managing hydrate formation in a three-phase system involves employing various strategies. These include
maintaining appropriate temperature and pressure conditions to avoid the hydrate stability zone, using thermodynamic

hydrate inhibitors, and implementing separation techniques to reduce the water cut before it reaches critical points in the
system.

The water cut of a system is a crucial variable of the flow assurance study by the simple relation that a greater amount
of available water would imply a high amount of hydrates, when under optimal pressure and temperature conditions.
However, not necessarily a large amount of water implies a greater risk, this will be directly dependent on other variables
such as subcooling or salt concentration. Higher water cuts mean a greater proportion of water relative to the other phases.
The higher the water cut, the more water molecules are available for hydrate formation, resulting in an elevated risk of
hydrate blockages or flow assurance issues.

This trend can be seen between Figure 6 to Figure 8 where this risk tends to increase as the points stand out in the
region with the highest water cut. Notably, in this risk tends to increase as the points stand out in the region with the
highest water cut evaluated: aggregation, deposition, and bedding. in the center of the square (A|D|B), the indexes are
represented. In the upper left part, we can visualize the experiment number (1-31), and in the upper right part, we have
the liquid load of each test (20 - 60%). At the bottom right, the estimated hydrate conversion is given (%). The colors of
the squares represent whether the system has a safe or unsafe condition based on the formed morphology. All this
information is summarized in Figure 5, which brings a subtitle representing the visual way of reading the data described
in the graphs shown between Figure 6 to Figure 8.

Test number N° Liquid load

Low RiSk/ AlDlB = (Aﬁnal)+(DﬁnaI)+(Bﬁnal)

High Risk ii% Water conversion

Figure 5 — Content subtitle
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Figure 6 — Summary of the results based on the correlation
between subcooling and water cut for the non-inhibited system cut
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Figure 7 — Summary of the results based on the correlation
between subcooling and water cut for the system with 3.3 wt% brine.
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Figure 8 — Summary of the results based on the correlation
between subcooling and water cut for the system with 16 wt% brine.

In addition to the observed correlation wherein higher water content increases the likelihood of the system entering
an unsafe condition, Figures 6 to 8 also illustrate a corresponding trend. Specifically, these figures demonstrate that as
salt concentration increases, the probability of encountering an unsafe state diminishes. This effect remains consistent
even in scenarios characterized by substantial water content. Notably, in the case of test 14, the formation of hydrates was
not observed. Consequently, the representation of this test continues without additional data, and a repeat test under
identical conditions will be conducted later. Test 30 is still in progress and its implementation was postponed for practical
purposes of the test schedule

3.1 Partial conclusions
Proper management and mitigation strategies, considering factors such as subcooling, water cuts, and hydrate
inhibitors, are essential for ensuring the safe and efficient operation of oil and gas production systems.

In summary, the following observations were made:

e Anincrease in salt concentration promoted the dispersion of hydrates.
e  The morphology and deposition of hydrates remained unaffected in saline systems.
e  With increasing water cut, there was a higher risk of agglomeration and deposition.
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