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Abstract There is nothing illogical in the concept that
hydrates are easily formed in oil and gas pipelines owing
to the low-temperature and high-pressure environment,
although requiring the cooperation of flow rate, water
content, gas-liquid ratio, and other specific factors.
Therefore, hydrate plugging is a major concern for the
hydrate slurry pipeline transportation technology. In order
to further examine potential mechanisms underlying these
processes, the present paper listed and analyzed the
significant research efforts specializing in the mechanisms
of hydrate blockages in the liquid-rich system, including
oil-based, water-based, and partially dispersed systems
(PD systems), in gathering and transportation pipelines. In
addition, it summarized the influences of fluid flow and
water content on the risk of hydrate blockage and
discussed. In general, flow rate was implicated in the
regulation of blockage risk through its characteristic to
affect sedimentation tendencies and flow patterns.
Increasing water content can potentiate the growth of
hydrates and change the oil-water dispersion degree,
which causes a transition from completely dispersed
systems to PD systems with a higher risk of clogging.
Reasons of diversity of hydrate plugging mechanism in
oil-based system ought to be studied in-depth by
combining the discrepancy of water content and the
microscopic characteristics of hydrate particles. At present,
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it is increasingly necessary to expand the application of the
hydrate blockage formation prediction model in order to
ensure that hydrate slurry mixed transportation technology
can be more maturely applied to the natural gas industry
transportation field.

Keywords hydrate, flow rate, water content, mechanism
of pipeline blockage, rich liquid phase system

1 Introduction

Natural gas hydrate is additionally known as “combu-
stible ice” [1], which is a cage crystal formed by water
molecules and gas guest molecules under low-temperature
and high-pressure conditions [2,3]. The water molecules
are related to each other through hydrogen bonds [4,5].
The guest molecules are surrounded by the water
molecule lattices by van der Waals forces. Natural gas
hydrates have many hidden uses, such as storage and
transportation of natural gas [6,7], desalination [8,9], gas
separation [10,11], cold energy storage [12,13], and
carbon dioxide storage and capture [14,15], etc.
However, natural gas hydrate is also a serious obstacle to
the safe and stable transportation of natural gas from oil
reservoirs to various gas processing sites. Outage owing
to hydrate blockage can cause a great deal of economic
losses and other serious consequences. In the Soviet
Union, the phenomenon of hydrate blockage in
transportation pipelines was discovered for the primary
time [16], subsequently, hydrate blockage in oil and gas
pipelines has become a hot spot for numerous scholars.
Long-term studies showed that formation of natural
gas hydrate required certain temperature and pressure
conditions [17]. The traditional blocking prevention and
control method was heating pipeline or adding thermody-
namic inhibitors to change the phase balance of hydrate
formation, making it more difficult for the environment
to satisfy conditions required for hydrate formation, and
fundamentally preventing the formation of hydrates.
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However, due to expensive economic cost, the traditional
method was not generally applicable to pipeline
prevention and control. There was an urgent sense that
improvements must come from fresh approaches. Then,
later generations developed a method of adding low-dose
kinetic inhibitors and anti-aggregation agents or mixing
the two in a certain ratio to prevent large amounts of
hydrates from accumulating in a pipeline, so as to keep it
flowing in the form of slurry in pipelines, which has
achieved an excellent anti-blocking effect [18]. Different
from the hydrate growth characteristics in a static environ-
ment, the hydrate generation state, post-generation mor-
phological evolution, and flow characteristics in a flowing
state affected the clogging process of pipeline hydrates
[19,20]. So far, many scholars have observed the state
and morphological characteristics of the hydrate formation
in the reaction system through the visual microscope in
the autoclave [21-23]. However, for the hydrate formation
process and slurry flow characteristics in various systems
in the flow loop, there is a lack of in-depth research and
summary.

Hydrate flow systems were divided into liquid-rich
systems and gas-rich systems according to the main
transport medium. According to the water content of the
liquid phase and the gas-liquid flow rate, the liquid-rich
systems can be further divided into oil-based, water-
based, and partially dispersed systems (PD systems) [24].
Pipeline blockage in the liquid-rich systems was affected
by many factors, such as temperature, pressure, water
content, oil phase type, gas-liquid ratio, and additives.
These factors can affect the accumulation and deposition,
the viscosity of the slurry, the induction time, and the final
production volume of hydrates in the oil-water emulsion,
which caused different pipe blockage mechanisms and
blockage risks. In-depth understanding of the influence of
various factors on the flow and blockage characteristics
of the hydrate slurry can improve the blockage prevention
and control in the actual pipeline transportation field. At
present, there are few reports on the clogging mechanism
in the gas-rich systems. Therefore, scholars are strengthen-
ing the research in this field. The research on the flow
and plugging characteristics of hydrates in the rich liquid
system mainly comes from the experiment results of loop
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which belong to Colorado School of Mines, China
University of Petroleum, Beijing, University of Western
Australia, and China University of Petroleum. The present
paper which combined studies in these institutions on the
hydrate blockage process in the liquid-rich system and
research on the influence of various factors on the flow
and clogging characteristics of hydrate slurry, summarized
the mechanisms of hydrate pipe blockage in the liquid-
rich systems, and explored in-depth the influence trend of
water content and flow rate on the risk of hydrate slurry
pipe blockage in order to provide certain theoretical
support for the safe transportation field of the natural gas
industry and the hydrate blockage risk control system.

2 Blocking process of hydrates in oil and
gas pipelines

The process of hydrate blockage in rich-liquid systems
generally include hydrate formation, aggregation and pipe
wall deposition, and pipe blockage. First, hydrates are
formed at the gas-water interface. The hydrates formed
are initially dispersed in the liquid phase and continue to
grow, and the hydrate particles eventually aggregate
under the action of the capillary liquid bridge force.
Thereafter, the hydrates continue to grow and hydrate
aggregates are also increasing, eventually inflicting
blockage owing to hydrate deposits in the pipeline. The
main process is shown in Fig. 1. Therefore, after the
formation of hydrates, perhaps the accumulation of
particles and the deposition on the pipe wall were the two
major causes of hydrate blockage. In this section, the
research on the aggregation and deposition mechanisms
of hydrate particles are sorted out.

2.1 Mechanism of hydrate aggregation

There are agglomeration and separation forces between
particles. The agglomeration forces include the van der
Waals force F,,, the capillary liquid bridge force F,,, and
the electrostatic force F.. The separation forces mainly
include the collision force F,, the shear force F.,, and
the aggregate gravity G and buoyancy F\, [26,27]. Figure 2
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Conceptual diagram of hydrate blockage in oil and gas pipelines (adapted with permission from Ref. [25]).
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Fig. 2 Schematic diagram of agglomeration and separation
forces between hydrate particles (« is the contact angle and 3 is
the semi-filled angle (adapted with permission from Ref. [24]).

depicts the force analysis between hydrate particles when
agglomeration occurs. Numerous studies have shown
[28,29] that the numerical magnitude of the aggregation
force between particles is the same as that of the capillary
liquid bridging force, which is much larger than other
aggregation forces. Therefore, the aggregation force
between the hydrate particles is dominated by the
capillary liquid bridging force which is calculated by
using Eq. (1) [30].

Fep =2TR,p;cOs 0, (D

where R, is the radius of the hydrate particles, y, is the
interfacial tension, and 8 is the contact angle between the
liquid bridge and the surface of the hydrate particles. The
annealing in the tube wall can cause the liquid bridge
between the hydrate particles to solidify and become a
fixed bridge. Correspondingly, the liquid bridge force
will also become a more stable fixed bridge force F, [31].
At this stage, the bridge force between particles can be
calculated by using Eq. (2) [32].

F,=1A, 2)

A =7 = m(Rsing)?, 3)
where 7, is the tensile strength of pure hydrate, and A is
the cross-sectional area of the fixed bridge, which can be
calculated by using Eq. (3), where ¢ is the fill angle, and
R is the radius of particles. One of the fundamental
assumptions in the study of hydrate aggregation is the
aggregation between hydrate particles. However, Palermo
et al. [33] had different opinions for particle aggregation,
who proposed that the reason for hydrate aggregation was
not the interaction between hydrate particles, but the

Table 1 Three major mechanisms of hydrate deposition

binding reaction between hydrate particles and water
droplets. The contact between natural gas hydrate and
water droplets induced the conversion of water droplets
into hydrate particles, resulting in hydrate particle
aggregation. Currently, there is no key microscopic
evidence on these aspects to prove the aggregation
process between hydrate particles. It is, therefore,
necessary to further study the mechanism of hydrate
aggregation.

2.2 Mechanism of hydrate deposit

According to Refs. [34-36], bedding, tube wall film
growth, and tube wall adhesion of hydrate particles are
considered to be three major mechanisms of hydrate
deposition in pipelines. The macro characteristics of the
three mechanisms and the reasons for their formation are
summarized and analyzed in Table 1.

2.2.1 Hydrate bedding

Hydrate particle bedding generally refers to the process
of hydrate particle sinking to the bottom of the tube under
the action of gravity (if the density of the hydrate is
lighter than fluid, the hydrate is at the top of the tube),
thereby forming a fixed hydrate bed [37-40]. Under
normal circumstances, hydrate particles with high
concentration, large particle size, and low flow velocity
are more likely to form bedding sedimentary layer. The
solid-liquid flow pattern of the pipeline during the entire
bedding and deposition process experienced four stages
[41]. The processes are shown in Fig. 3, in which Fig. 3(a)
is the uniform suspension flow. In the initial stage of
hydrate formation in the pipeline, the volume fraction of
particles is small, the particles can be evenly distributed
in the liquid phase, and the system maintains a stable
flow. Figure 3(b) is the non-uniform suspension flow.
With the continuous generation of hydrate, the number
and volume fraction of hydrate particles in the pipeline
increase, so does the particle size due to aggregation and
growth. Therefore, the fluid flow rate decreases. The
hydrate particles begin to unevenly distribute in the liquid
phase, and the particle concentration at the bottom of the
pipeline increases. Figure 3(c) is the moving bed laminar
flow. The flow rate continues to decrease, the hydrate

Deposition Implantation deposition Tube wall film growth Tube wall adhesion

mechanism

Macro A process in which numerous hydrate After the medium in the pipe After the hydrate is generated inside the flow
characteristics particles settled to the bottom or top contacts the pipe wall, the field and contacts with the pipe wall, hydrate

of the pipe under the action of gravity
to form a fixed bed of hydrates
High concentration of hydrate particles,
large particle size, and low fluid flow rate

Main reasons
for formation

hydrates are formed
on the pipe wall and grew into a film
There is a temperature gradient
between the fluid in the pipe

particles stay on the pipe wall through the
adhesion force with the pipe wall
Capillary liquid bridge force and van der
Waals force

and the pipe wall, which causes
the medium to diffuse from the
center of the pipe to the pipe wall
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Fig.3 Schematic diagram of four processes of hydrate
implantation and deposition (adapted with permission from Ref.
[41]).

(a) Uniform suspension flow; (b) non-uniform suspension flow;

(c) moving bed laminar flow; (d) fixed bed laminar flow.

particles sink down under the action of gravity, and the
moving bed formed by the hydrate particles begins to
appear at the bottom of the pipeline. Figure 3(d) is the
fixed bed laminar flow. With continuous subsidence of
the hydrate particles, the height of the bed rises and the
moving speed gradually decreases until it comes to a
stop. At this time, the moving bed is completely
transformed into a fixed bed.

2.2.2  Wall film growth of hydrate

The growth of hydrate tube wall film generally refers to
the process of forming hydrate and growing into a film
on the tube wall after the medium in the tube contacts the
tube wall. The growth of the hydrate film typically
requires a metal tube wall with a lower temperature than
that of the liquid phase in the tube to provide subcooling

Gas molecule diffusion

support. The main reason for the growth of the tube wall
film is the temperature distinction between the fluid in
the tube and the tube wall. This temperature difference
causes the diffusion of the medium from the center of the
tube with a higher temperature to the tube wall with a
lower one. Related research shows that the temperature
difference between the fluid and the pipe wall is the main
driving force for the growth of hydrates [42]. The larger
the temperature difference, the more it promotes the
diffusion of hydrate molecules, the faster the hydrate film
grows, the thicker the hydrate film forms, and the easier
the pipeline blockage occurs. The growth of tube wall
membrane, which is divided by different media diffusion
modes, is confirmed in gas-dominated systems, water-
dominated systems, oil-based systems, and the PD
system. As demonstrated in Fig. 4, hydrate wall film
growth dominated by gas molecular diffusion is a
significant cause of hydrate film growth and deposition in
water-dominated and PD systems. When there is a
temperature gradient between the tube wall and the fluid,
and the tube wall can provide a large degree of
supercooling, the diffusion of the hydrate generating
medium from inside the fluid to the tube wall can trigger
the growth of the hydrate film of the water-dominated
system. In a PD system, the oil phase brings some of the
water phase to the tube wall to wet the surface of the tube
wall, and the hydrate can form a hydrate film and grow
after the tube wall has wettability. In the gas-based
system and the oil-based system, the water phase exists in
the form of free droplets, and the diffusion of water
molecules dominates the formation of the tube wall film
in these systems. In a gas-dominated system, the liquid
droplets or steam form a liquid film on the pipe wall by
splashing or condensation, and then the growth of hydrate
starts at the gas-liquid-pipe wall interface, and spreads on
the pipe wall through continuous growth to form a
hydration film. The growth of the tube wall film in the
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Fig. 4 Schematic diagram of hydrate film growth in four systems (adapted with permission from Ref. [42]).
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oil-based system requires the wetting of the tube wall as a
prerequisite, and a hydrate film is formed on the tube
wall through the process of water molecule diffusion.

It is worth noting that although both the gas molecule
diffusion and the water molecule diffusion are affected by
the temperature difference between the fluid and the tube
wall, the driving forces of the two are not the same.
Water molecules diffuse from the fluid with a higher
concentration to the tube wall with a lower one, while gas
molecules diffuse from the fluid with a low solubility to
the tube wall with a high concentration. The reason for
this that the diffusion process of water molecules is
driven by the concentration gradient, while the driving
force for the diffusion of gas molecules is mainly the
chemical potential gradient.

2.2.3 Wall adhesion of hydrate

The pipe wall adhesion process of hydrate particles
generally means that after the hydrate generated inside
the pipeline contacts with the pipe wall, hydrate particles
can stay on the pipe wall by the adhesion force between
the hydrate particles and the pipe wall. This adhesion
force includes the electrostatic force, the capillary liquid
bridge force, and the van der Waals force. Among these
forces, the capillary liquid bridge force and the van der
Waals force are the main ones promoting the adhesion of
hydrate particles to the tube wall. When there is no water
on the pipe wall and no external load on the particles, the
van der Waals force is the main adhesion force. After the
pipe wall is wetted, a liquid bridge is formed between the
hydrate particles and the pipe wall. Because the negative
pressure inside the liquid bridge can generate a strong
capillary force, the capillary liquid bridge force becomes
the main adhesion force [43]. After the tube wall hydrate
deposit layer is annealed, the liquid bridges are converted
into solid ones [32]. In general, the adhesion rate of the
hydrate particles under the action of the solid bridge force
is on the brink of 100%, and hydrate particles are difficult
to remove under the action of their own flow. The
schematic diagram of the mechanism of tube wall
adhesion is exhibited in Fig. 5, in which ¢ is the contact
angle, 6; and 6, are the contact angles of the sphere and
the substrate, respectively.

Undeformed spherical hydrate parti@rsl N

\</ ‘ \\

I
I
1
I
1
I
2
1
I
Tube wall :
1
1

|

i
[
L

Fig.5 Schematic diagram of mechanism of hydrate particles
adhesion to tube wall (adapted with permission from Ref. [43]).

The van der Waals force (Fyqw) between the standard
spherical hydrate particles and the tube wall can be
expressed as

AnR @)
622’

where A4, is the Hamaker constant between sphere and
substrate, R is the radius of the particle, and z, is the
separation distance between the particle and the surface.
When the wall surface is wetted, a liquid bridge is formed
between the hydrate particles and the tube wall. The
capillary liquid bridging force generated by the liquid
bridge can cause the particles to condense with the tube
wall. The capillary liquid bridging force with a smaller
filling angle can be expressed as

F., = 27Ry,(cos 0, +cos 6,), ®)

where y, is the surface tension of the liquid, while 8; and
6, are the contact angles of the sphere and the substrate,
respectively. The calculation of the fixed bridge force
formed owing to the solidification of the liquid bridge
can refer to the calculation of the fixed bridge force
between the hydrate particles in Eq. (2).

dew=

3 Mechanism of hydrates blockage in rich-
liquid systems

3.1 Mechanisms of hydrate blockage in oil-based systems

In the early stage of mining, the water content of the
mined product is comparatively low, resulting in a higher
dispersion rate of water in the oil. Systems formed in this
case is called oil-based systems. The oil-based systems
contained oil, gas, and water phases with the oil phase as
the dominant phase. Under the action of the oil phase, the
majority of the water in the oil phase exist in the form of
emulsified water droplets. The hydrate blockage
mechanism in the oil-based system is the most diverse
and complex. The aggregation of hydrate particles and
the three hydrate deposition processes can cause pipeline
blockage in the oil-based system. Turner of the Colorado
School of Mines and Abrahamson of the University of
Canterbury in New Zealand supported the speculation of
blockage mechanism caused by hydrate accumulation.
They proposed a mechanism of hydrate plugging in oil-
based systems, which was accepted by most scholars
[44]. The mechanism is displayed in Fig. 6. The hydrate
blockage of oil-based systems can be divided into oil-
water emulsification, hydrate shell growth, aggregation,
and blockage.

In oil-water emulsification, under the action of various
factors, most of the water in the system is dispersed in the
continuous oil phase with the form of emulsified water
droplets, and the whole system exists as a water-in-oil
emulsion.

In hydrate shell growth, when the surrounding environ-
ment of the pipeline meets the conditions for hydrate
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Fig. 6 Schematic diagram of mechanism of hydrates plugging in oil-based systems established by Turner et al. (adapted with permission

from Ref. [45]).

formation, hydrates quickly forms at the oil-water interface,
and the generated hydrates diffuses and surrounds the
water droplets to form a hydrate shell. Turner et al. [45]
believed that after the hydrate shell around the water
droplets was formed, the hydrate continued to infiltrate
into the water droplets and continuously grow. Therefore,
the thickness of the hydrate shell continued to increase,
and eventually the hydrate particles completed the
infiltration process into the droplets or the growth was
hindered by heat mass transfer process. The growth of the
hydrate shell is presented in Fig. 7. Taylor et al. [46] also
found that during the growth of the hydrate shell, the
diameter of the formed hydrate particles is the same as
that of the original water droplets until the end of the
growth.

In aggregation, the initial form of hydrates exists as
dispersed particles in the oil phase. As the hydrates
continue to form, continuous coalescence occurs between
hydrate particles or between hydrate particles and water
droplets under the action of liquid bridging force, larger
aggregates form which causes the deposition of hydrates
in the pipeline. In blockage, eventually the hydrate
aggregates settle in the pipelines and form blockages.
Moreover, under the action of annealing, the hydrate film
in the pipeline densifies, which increases the tendency of
blockage in the pipeline.

With the widespread application and renewal of shaking
reactors and experimental loops, scholars continue to
propose new ideas for pipe blockage and deposition
mechanisms in oil-based systems. Sum et al. [47] derived
a deposition mechanism based on a wet solid surface.

Water droplets  Hydrate shell growth

y

Thin hydrate shell

—

Fig. 7 Inward growth model of hydrate shell

Thick hydrate shell

First, hydrates grow on the wet wall surface or at the
phase interface and accumulate and deposit on the surface
of the pipe wall, which leads to the fact that a hydrate
deposit is formed on the pipe wall. Then, based on the
original hydrate sediments, hydrates continue to grow to
form a richer sedimentary layer, which eventually results
in the obstruction of the flow cross-section. The mechanism
of hydrate deposition is plotted in Fig. 8, which explains
the mechanism of blockage caused by the hydrate growth
of the pipe wall film and the regrowth of the hydrate
sedimentary layer. Ding et al. [48] also discovered the
instability of hydrate sediments, which could cause
shedding, regrowth, and redeposition of hydrate deposits.
They studied the mechanism of hydrate deposition in
water-in-oil emulsions through high-pressure loops, and
used the variety of slurry density to characterize the
process of hydrate deposition, which was divided into the
initial formation of hydrates and deposition stage, the
falling off of the hydrate layer deposition from the tube
wall, the secondary formation and redeposition, and the
deposition aging stage.

Song et al. [49] believed that the implantation and
deposition of hydrate particles might be the core of
hydrate deposition in oil-based systems. Concerning the
clogging mechanism, they held that when the
environment met the hydrate formation conditions, the
hydrates began to nucleate and grow. Because of the
uneven distribution of hydrate particles as well as the
continuous increase in particle size and concentration,
hydrate particles settled to the bottom and formed an
implantation sedimentary layer. With the continuous

Partially transformed

Fully formed hydrate water droplets

(adapted with permission from Ref. [46]).
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Fig. 8 Conceptual diagram of deposition process of hydrate on pipe wall (adapted with permission from Ref. [47]).

accumulation of the bed, the friction in the pipeline
increased and the flow area decreased. Eventually, the
bed layer covered the entire flow cross-section and
caused local blockage.

In addition, tube wall adhesion of hydrates was also
found in the oil-based system, Hu et al. [43] established a
kinetic model of oil-based gas hydrate pipe wall
adhesion, as manifested in Fig. 9, which shows the
effects of interphase drag force Fy (M, is the additional
force couple of the interphase drag force, N-m), the lift
force F,, the adhesion force F,, and other forces that the
hydrate particles receives on the pipe wall. The above-
mentioned forces can be roughly divided into the force
that promotes attachment of hydrate particles to the pipe
wall and the force that promotes the removal of hydrate
particles from the pipe wall, according to the effect of the
action. The calculation methodology of adhesion can be
obtained by Egs. (4) and (5), and the calculation equation
of drag force F, additional force couple of interphase
drag force M, and lift force F; is

Fy=1.7009 x 6muRU,, (6)
Mgy =0.944 x 8TuR*U,, (7
2 P du :
F, = 6.46uR(—— | | U, (®)
mdy

where u is the viscosity of the liquid phase, Pa's; U, is
the central velocity of the hydrate particle, m/s; o, is the
density of the liquid phase, kg/m3; u is the liquid phase

Y
u F,

1N

M,
ty ; ; — Hydrate particles
WL

Ly ’ Pipe wall
- |

N x

Fig.9 Force analysis diagram of adhesion of hydrate particles
on pipe wall (adapted with permission from Ref. [43]).

velocity, m/s. They quantitatively studied the wall
adhesion state of hydrates in different environments, and
mentioned that the hydrate particles on the tube wall
could be removed by rolling (meeting the condition
Mg+ F\l, + Fyl, > F,l,, and /| and [, are radial vector.) and
pulling up (meeting the condition F;> F,), and the
critical particle size corresponding to the rolling removal
method was smaller, which was more likely to occur than
stretching relatively.

In summary, hydrate accumulation, implantation, and
wall adhesion may be significant mechanisms for hydrate
blockage in oil-based systems. When the tube wall is wet,
perhaps the blockage in the oil-based systems are mainly
caused by the growth of the tube wall film of hydrate.
There are no detailed explanations and distinguishing
methods for the diversification of clogging mechanisms
in oil-based systems. The authors of the present paper
believe that although the oil-water dispersion states in the
oil-based system are similar, specific parameters in each
study, such as water content, flow rate, particle size, and
friction coefficient are obviously different, which lead to
different blockage mechanisms. Therefore, the present
paper explores the influence of different factors on the
risk of hydrate blockage and the mechanism of blockage
(described in Section 3.2). The current reports on the
flow characteristics of hydrate slurry in oil-based systems
have been relatively comprehensive. However, there is
still a lack of models related to the process of hydrate
accumulation, deposition, and blockage, which can
accurately predict the flow of hydrate slurry and the
process of pipe blockage under different external
conditions and at different flow parameters. Therefore, it
is necessary to further model and analyze the clogging
mechanisms in oil-based systems under various working
conditions, because taking different measures according
to different clogging mechanisms is the key to hydrate
prevention and control strategies.

3.2 Mechanisms of hydrate blockage in water-based
systems

Water-based systems are classified into pure water
systems and water-dominant systems. The pure water
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systems contains only water or a small amount of gas
while the water-dominant systems with water as the main
phase contains three phases of oil, gas, and water. Joshi
et al. [25] believed that the core of the hydrate blockage
mechanism in a high water content system (pure water)
was implantation deposition, which was consistent with
the results of most scholars. They established a schematic
diagram of hydrate blockage mechanism in a high water-
cut system. As shown in Fig. 10, the hydrate clogging
process in this system includes the following steps: the
hydrate particles are uniformly distributed in the initial
stage; the system flow is stable; and the pressure drop
does not change significantly. With the continuous
increase of the number, volume fraction, and particle size
of the hydrate, the multiphase fluid in the pipeline
gradually changes from a homogeneous flow to a
heterogeneous flow, which causes the pressure drop in
the pipeline to increase rapidly. @uansition can be used to
characterize the hydrate blockage entering a high-risk
state, which is defined as the point of sudden increase in
pressure drop. Subsequently, the hydrate deposit deposits
on the pipe wall. The medium in the system is primarily
the gas phase at this moment. The continuous increase in
pressure drop and the irregular violent fluctuations can be
found, indicating that the hydrate bed layer gradually
thickens and becomes unstable. Akhfash et al. [50] used a

400 ——
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300

Pump AP/kPa
)
S
S

0 10 20 30 40
¢hydra[e/ %

Fig. 10 Schematic diagram of hydrate blockage mechanism in
pure water system (adapted with permission from Ref. [25]).
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sapphire autoclave to study the hydrate deposition
process, who also observed the transition of hydrate
slurry flow from uniform to non-uniform, and eventually
forming a sedimentary bed.

Different from the pure water systems, because the
hydrate blockage mechanism of water-dominant systems
is more complicated, scholars have numerous different
opinions on the research in this area. At present, there are
no unified and mature conclusions. Further research is,
therefore, urgently needed.

Domestic and foreign scholars have experimentally found
that the emulsification state and oil-water dispersion can
affect the hydrate deposition in water-dominated systems.
Moreover, oil-water demulsification occurs in the system
under the action of generated hydrate. Majid et al. [51]
observed oil-water demulsification in the process of
depositing hydrates in high water-cut systems using high-
pressure loops. They found that after the hydrate was
formed, the system became the independent continuous
oil-water two phase, and hydrates could be formed in the
two phases at the same time, based on which, they
established a conceptual diagram of oil-water demulsifica-
tion during the formation of hydrates. As shown in Fig. 11,
the higher water content gathers water droplets together
and separates them from a thin film. When the hydrate is
formed, the surface active components of the oil film are
affected, resulting in a decrease in the stability of oil-
water emulsion, thereby causing the oil-water phase to
separate. In the water-dominated system, the rate of
hydrate formation and the total amount of formation are
relatively small, and the risk of pipe blockage is low.
Because the adhesion force between hydrate particles in
the water-dominated system is the van der Waals force
with a weaker effect, the adhesion of the pipe wall is
unlikely to be the root cause of the blockage in this
system. However, the emulsified state and oil-water
dispersion degree may be the core of hydrate deposition
in the water-dominated system.

The authors of the present paper believe that the oil-
water demulsification may be related to the aggregation
of particles. The PVM (particle video microscope) image

® o @ v

Fig. 11

Occluded
water

O Hydrates

Conceptual mechanism diagram of oil-water demulsification (adapted with permission from Ref. [51]).
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when oil-water demulsification occurs was photographed
in Fig. 12. Obviously, there are giant hydrate aggregates
in the systems. The oil phase content and the amount of
water droplets dispersed in the oil phase are small in high
water cut systems. According to the particle aggregation
mechanism of Palermo et al., the interaction between the
hydrate particles and the water droplets might function in
effect as inducing water droplets to form hydrates,
thereby consuming the water phase dispersed in the oil
phase, which results in the continuity of the oil phase.
Few studies have been conducted on the phenomenon of
oil-water demulsification. Therefore, research can be
administered around this aspect.

200" pm

Fig. 12 Oil-water demulsification image taken by PVM
(adapted with permission from Ref. [51]).

3.3 Clogging mechanism in PD system

In general, a system with a higher fluid flow rate and a
lower water content can form a stable water-in-oil
emulsion under the action of flow shear, which is called a
completely dispersed system or an oil-based system.
When the water content of the system is beyond the
phase transition point of water-in-oil emulsion liquid, it is
usually considered as a water-based system [52]. When

the water content gradually increases, part of the water
dispersed in the oil phase in the system separate and exist
as free water. This system is referred to as a PD system.
Majid et al. [53] used the Mobil loop to explore the
hydrate formation and transportation characteristics in PD
systems and completely dispersed systems in actual
pipelines. They found that the hydrate blockage risk in
PD systems were higher than that in completely dispersed
systems. At present, most researches are aimed at the
hydrate slurry flow in a completely dispersed system, but
few studies have been conducted and no unified conclu-
sions have been reached on PD systems. Vijayamohan
et al. [54] used the high-pressure loop of the University
of Tulsa to study the blockage of hydrates in PD systems
and proposed a mechanism. As shown in Fig. 13, the
low-viscosity oil in the pipeline carried free water at the
bottom flew to the top of the pipe wall to form a water
film. After the environment reached the condition of
hydrate formation, the water film turned into a hydrate
film and blocked the pipeline. Hydrates were conjointly
formed on the surface of water droplets or oil-water
interface in the oil phase, which consumed tremendous
free water to form hydrate mud. Eventually, blockage
occurred in the pipeline caused by implantation deposition
owing to the increase of friction coefficient and viscosity.

Akhfash et al. [55] studied the hydrate slurry
characteristics in PD systems by using a high-pressure
transparent reactor, and concluded that the degree of
hydrate blockage with a water content of 50% to 70% in
a PD system is more severe than that with a water content
of less than 30%. They also found that the formation of
hydrates in a PD system could cause disturbances at the
oil-water interface, which resulted in the fact that the
water phase was completely dispersed in the oil phase
and accelerated the formation of hydrates. The blockage
mechanism diagram of the disturbances of interface is
shown in Fig. 14. In a PD system, the initial growth of
hydrate particles leads to the destruction of the water-oil

Hydrate film on pipe wall

Water occluded hydrate slush

After hydrate formation

Hydrate accumulation

Fig. 13  Growth mechanism of hydrate film in a PD system proposed by Vijayamohan (adapted with permission from Ref. [54]).
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Fig. 14 Schematic diagram of migration of oil-water interface established by Akhfash et al. (adapted with permission from Ref. [55]).

interface, which induces complete dispersion of the water
phase in the oil phase and the rapid growth of hydrates.
The fully dispersed system may increase the deposition
of hydrate particles on the wall, intensifying hydrate
blockage.

Grasso [42] proposed that the blockage of the PD
system was caused by the hydrate film growth or the wall
adhesion of hydrates, which mainly depended on the
temperature difference between the fluid and the tube
wall and the gas solubility in the bulk phase. Based on
the experiment of a self-made rocking reactor, they found
that a stronger driving force for film growth prompts
hydrates to form on the wall tremendously and quickly
when there was a significant difference in temperature,
and when the temperature of wall surface was close to
that of the fluid, the gas solubility in the body phase
replaced the temperature difference and became the main
driving force for the formation of hydrates. Hydrates
were mainly generated in the bulk phase under the latter
circumstance. When the gas solubility was high, the pipe
blockage was dominated by the wall adhesion mechanism.
A hydrate bed was formed on the bottom of pipe wall and
caused pipe blockage when the gas solubility was low.

Taken together, most attention has been directed at the
study of oil-based systems, the research on water-based
systems, PD systems. The gas-based system has not yet
entered the mature stage, and explanations of several
microcosms of existing experimental phenomena are not
comprehensive enough (such as demulsification caused
by the presence of hydrates or migration at the oil-water
interface). The liquid water content and flow rate
determines the dispersion state of the oil-water two-phase
system. Especially, the existence of free water in the PD
systems can affect the blocking mechanism. Therefore,
quantitative analysis of the free water layer in a PD
system is the key to explore the hydrate blockage
characteristics of this system. It is worth noting that most
of the processes and mechanisms of hydrate blockage,
even those widely recognized by most scholars, usually
come from assumptions. Current grasp of microscopic
evidence about process of hydrate formation republican
clogging is far from sufficient. Therefore, it is urgent to
study the microscopic state of each phase in the
multiphase flow of oil-gas-water in a dynamic system. In
addition, a hydrate particle aggregation model and three
types of accumulation mechanism models should be

established and improved to explore the influence of
various factors on hydrate nucleation, growth,
aggregation, deposition, and blockage.

4 Factors affecting the blockage under the
liquid-rich system in the pipeline

In this section, the effects of flow velocity and water
content on hydrate induction time, pipe blocking time,
hydrate formation, deposition rate, and pipe blocking
mechanism are to be explored in order to provide a
theoretical support for the hydrate slurry transportation
technology and hydrate blockage prevention and control.

As the direct driving force for the formation of hydrate,
temperature and pressure have a significant influence on
the blocking tendency in the pipeline. In general, a lower
temperature and a higher pressure will lead to a faster rate
of hydrate formation, a stronger hydrate film, and a more
severe tendency to block the pipe. Several scholars had
come to different conclusions about this research. Arjmandi
et al. [56] kept the supercooling constant and tested the
influence of pressure on the induction period of hydrate
formation in systems with and without inhibitors, and
found that the induction period did not change significantly,
and the induction period was defined as the stage where
the system characteristics remained stable before the
hydrates crystal nucleation appeared tremendously and
grew rapidly. However, scholars had significant differences
in the definition of induction time [57]. Generally speaking,
the induction period of hydrates can not only measure the
ability of the system to maintain a metastable state, but
also characterize whether there is a risk of blockage in the
mixed transportation pipeline, which is an important
kinetic parameter. The authors of the present paper
believe that normally, lowering the temperature and
increasing the pressure are beneficial to the formation of
hydrates and can promote the shortening of the hydrate
induction period. In the experiment conducted by Arjmandi,
it was discovered that it was possible that the pressure
exceeded the limit that can significantly promote the
growth of hydrates, which made the pressure factor
ineffective. The reason for this might also be that the high
concentration of inhibitor added made the effect of
pressure promotion not obvious. Further research is
needed in this regard.
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With the exception of temperature and pressure, there
is increasing evidence that the flow rate of hydrate slurry
in the pipeline, the water content in the oil-water two-
phase system, additives, and other factors have a marked
influence on the formation rate, amount of formation,
induction time, deposition, and pipe blockage under the
liquid-rich system in the flow system [58—62]. Since
temperature and pressure are proven to be favorable
driving forces for the growth of hydrates, the influence of
water content and fluid flow rate on the blockage risk and
blockage mechanism in the pipeline have been deeply
studied, in order to provide theoretical support for imple-
mentation of pipeline blockage risk control and guarantee
the security of deep-sea oil and gas flow. Table 2 summarizes
some experimental investigations of hydrate slurry flow
in the pipeline, hydrate induction period, and hydrate
blockage experiments conducted by the domestic and
foreign researchers through the various flow experiment
loop.
4.1 Effect of fluid flow rate on hydrate blockage
Flow velocity is an external disturbance factor. On the
one hand, the larger shearing effect produced by the
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higher flow velocity leads to smaller water droplets, a
larger contact area, and an enhanced mass transfer by
reducing the thickness of boundary layer of the interface
diffusion. On the other hand, flow system under the
enhanced shearing action owing to a relatively high flow
rate forms a more uniform emulsion, and the increase in
flow rate can make the gas and liquid phase contact more
completely which results in improving the degree of mixing
and increasing the nucleation sites of hydrates. Therefore,
hydrate nucleation is promoted and the induction period
is shortened. In addition, the hydrate aggregates or
hydrate fixed sedimentary bed in the pipeline would be
damaged under the shearing action caused by the high
flow rate, and the blockage mechanism of the hydrates
would change accordingly, thereby affecting the degree
and risk of the hydrate blocking the pipeline. Moreover,
the flow rate can also change the viscosity and friction
coefficient of the hydrate slurry and make it shear thin
[70-72].

Shi et al. [73] studied the flow characteristics of the
hydrate slurry in the water-in-oil emulsion system and
found that with the increase of the flow rate, the friction
coefficient of the system decreased significantly. They
believed that there was a critical suspension height in the

Table 2 Summary of the investigation of the loop experimental of hydrate

Experimental Hydrate guest

Ref. Time device or method molecule type Main research content Research result
[63] 1995 High-pressure Methane, ethane, Inhibition performance of chemical Most kinetic inhibitors can increase the degree of
wheel loop propane hydrate additives on gas hydrate supercooling required for the formation of hydrates,
thereby inhibiting the formation of hydrates
[64] 1999 NTNU (Norwegian =~ Methane or a Flow characteristics of hydrate slurry The apparent viscosity of the hydrate slurry increased
University of  mixture of methane, under different hydrate concentrations with the increase of the hydrate concentration; in the
Science and ethane, and propane turbulent state, the frictional pressure drop of the
Technology) hydrate slurry was only determined by the nature of
loop experiment the water-carrying phase
[33] 2002 Archimede Loop  Methane hydrate Influence of dispersant and kinetic inhibitor The concentration of additives had a significant impact
(PVP) on the formation and fluidity of on the flow characteristics of water-in-oil emulsions
methane hydrate slurry and hydrate slurries, and additives can effectively
alleviate pipe blockage
[65] 2012 ExxonMobil loop  He, Nj, CO,, etc. Main factors affecting the formation Determination of the main parameters affected the
of hydrate slurry transportation of hydrate slurry
[25] 2013 ExxonMobil loop CHy Mechanism of hydrate formation and The mechanism was the increase of interaction and
blocking in the high water content system  agglomeration between particles, which ultimately led
to the formation of hydrate beds and wall deposits
[66] 2014 Small flow loop CH4+C3;Hg/CH4+i—C  Effect of dual kinetic inhibition of PVP and The simultaneous addition of PVP and L-Tyrosine
experiment 4Hjo two-component L-Tyrosine on the induction period of increased the induction time of gas hydrate formation
gas hydrate binary component gas hydrate formation several times, which was more effective than adding
PVP alone as a kinetic inhibitor
[58] 2014 High-pressure  Natural gas hydrate Influence of subcooling, supersaturation, Induction time was inversely proportional to the
hydrate flow rate, water content, and polymerization degree of subcooling; as flow rate and supersaturation
experimental inhibitor concentration on the induction period  increase, the induction time presented a V-shaped
circuit of natural gas hydrate formation curve or gradually increased; the induction time
decreased first and then increased with the increase of
water content
[67] 2014 IFP-Lyre CH4 Influence of factors such as moisture content, The higher the water content, the more difficult it was
(Institut Francais liquid phase flow rate, and polymerization  to crystallize the hydrate; addition of AA-LDHI (Anti-
Du Petrole) inhibitors on the flow characteristics of hydrate ~ Agglomerates and Low Dosage Hydrate Inhibitor)
loop experiment slurry in the case of high water content could effectively maintain the fluidity of the pipeline
[68] 2014  University of = Natural gas hydrate Mechanism of hydrate formation and The growth of hydrate/sediment on the tube wall
Tulsa loop blocking in the PD system seemed to be the dominant phenomenon of hydrate
growth in PD systems
[69] 2017 CUPB (China  Natural gas hydrate Mechanism of hydrate formation and The blocking mechanism and pipe blocking
University of blockage under different gas-liquid tendency of hydrates were different under
Petroleum, flow patterns different flow patterns. (mentioned later)

Beijing) storage
and transportation
experimental loop
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pipeline which balanced the lift force on the hydrate
generated by the velocity gradient with the gravity of the
particles. The velocity gradient increased as the distance
between the particles and the pipe wall decreased. Thereby,
the higher velocity, the farther critical suspension height
was from the pipe wall. When the critical height was
about 71% of the entire pipeline, the friction caused by
the interaction between the hydrate and the pipe wall
could be ignored and would not be affected by the
suspension height. In this stage, the particle flow was
relatively stable. Therefore, the particles could be suspended
in this area by controlling the flow rate of the actual
operating pipeline, which might effectively maintain the
safe transportation of the pipeline.

Liu et al. [35] studied the flow characteristics of
hydrate slurry at different liquid loads and mixing speeds
based on a fully visualized flow circuit. They divided the
flow of hydrate slurry under multiphase flow conditions
into hydrate formation (stage I), aggregation (stage II),
sedimentation (stage III), and implantation (stage IV)
according to the variety in the flow rate of the mixture
and pressure drop. The hydrate formation volume
fraction at different flow rates, the mixture flow rate, the
pressure drop, and the temperature change are shown in
Fig. 15. Obviously, the hydrate formation rate in the first
three stages at a high flow rate is higher than that at a low
flow rate, and in the third stage at a high flow rate lasts
longer. This means that increasing the flow rate can
increase the rate of hydrate formation. In addition, the
transition time from deposition to implantation at a high
flow rate is longer than that at a low flow rate. The reason
for this is that the influence of the mixture flow rate on
the critical implantation rate, which causes hydrate implan-
tation deposition at a high flow rate is inhibited [74, 75].
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However, the report did not explain the weakened
sedimentation. Figure 16 shows the effective hydrate
volume fraction and water conversion rate at different
flow rates (Cases 2 and 3). The increase in the mixture
velocity means frequent gas-water contact, which leads to
a higher hydrate volume fraction and water conversion
rate. In the initial stage, the lower flow rate has a higher
water conversion rate. The reason for this might be that,
in this stage, the low flow rate generates less frictional
heat, which would not affect the heat transfer in the water
conversion process. Subsequently, the mass transfer of
gas to water caused by high flow rate is dominant, so that
the water conversion rate increases with the increase in
flow rate.

The authors of the present paper believe that although
Liu et al. comprehensively introduce all the parameters
and macro characteristics of each scheme, there are few
experimental programs and only two sets of experimental
controls for one factor, whose conclusion is yet to be
verified. In addition, Liu’s experiment does not mention
the effect of flow rate on the aggregation of hydrate
particles, and there are no microscopic image and specific
description of the interaction between hydrate particles
during the hydrate aggregation stage. Blockage of hydrates
is a comprehensive and complex process, micro and macro
phenomena and parameter changes should be combined
to understand the behavioral characteristics of hydrates.
An in-depth analysis of the hydrate deposition and
aggregation process may provide a more comprehensive
understanding of the flow behavior characteristics of
hydrate slurry.

Regarding the effect of flow velocity on hydrate
deposition and implantation, Ding et al. [48] had different
conclusions. As shown in Fig. 17, they studied the
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Fig. 15 Variation of hydrate formation volume fraction, mixture flow rate, pressure drop, and temperature at different flow rates

(adapted with permission from Ref. [35]).

(a) At a low flow rate; (b) at a high flow rate.
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Fig. 16 Schematic diagram of effective volume fraction and water rate conversion in different flow rate systems (adapted with

permission from Ref. [35]).

deposition rate and deposition thickness at five different
flow velocities in the same water content and dosage of
anti-aggregation agent and found that the hydrate deposi-
tion rate and deposition thickness both increased first and
then decreased and the maximum value occurred at a
flow rate of 1650 kg/h. This experimental phenomenon
can be explained as follows. According to the conclusion
of Rao et al. [76], hydrate deposition can be understood
as the mass transfer process between the liquid body and
the pipe wall surface. This process should be related to
the mass transfer coefficient of the tube wall surface,
which can be characterized by the Sherwood number.

4 1
Shp = 0.023Rep5Sc¢3, )
where Shp is the Sherwood number, Rey, is the Reynolds
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Fig. 17 Variation in hydrate deposition rate and deposition
thickness at different flow rates (adapted with permission from
Ref. [48]).

number, and Sc is the Schmidt number. For a particular
system, a higher flow rate resulted in a larger Reynolds
number which results in a larger Sherwood number.
Accordingly, a higher flow velocity can enhance the
hydrate deposition process by enhancing the mass
transfer coefficient on the pipe wall surface. Therefore,
when the flow rate increases from 600 to 1650 kg/h, the
hydrate deposition rate increases. However, a further
increase in the flow rate can increase the flow shear rate
on the pipe wall surface. The strong flow shear rate
makes it difficult for the hydrate particles to adhere to the
pipe wall, and even causes the sediment layer to fall off.
These characteristics dominate the changes in deposition
rate and deposition layer thickness.

The fluid velocity had a significant effect on the rate
and quantity of hydrate formation [77], the variation in
fluid velocity and the formation of hydrate could affect
the flow patterns, which also had a marked influence on
the hydrate blockage mechanism [69]. Based on the
method of characterizing the aggregation and deposition
characteristics of hydrates by particle density variations
and chord length distributions, Ding et al. [78] analyzed
the mechanism of hydrate blockage under different flow
pattern conditions. The flow pattern was modified by
changing the gas-liquid flow rate and relied on the visual
loop to determine. Figure 18 shows the change of the
parameters of each flow pattern versus time. Several
macro features at the viewing window are shown in Fig. 20.

Under all flow conditions, the relative pressure drop
(the ratio of pressure drop to flow rate) increases in the
stage of hydrates formation. As shown in Fig. 18(a),
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when the hydrates in the stratified flow begins to form at
about 1.7 h, the whole number of hydrate particles/droplets
decreases rapidly, indicating that hydrate agglomeration
has occurred at this time. Subsequently, hydrate formation
leads to an increase in the number of particles. The
variation of mud density is not prominent after the
hydrate is formed, indicating that the degree of hydrate
deposition in the stratified flow is slight. In addition, the
total number of hydrate particles in the liquid phase
continues increasing after the initial stage, which also
means that hydrate particles tend to grow in the liquid
phase instead of depositing on the surface of the tube
wall. Therefore, the blockage in the stratified flow is
dominated by the continuous growth and accumulation of
hydrates in the liquid phase. According to the image and
analysis, the blockage mechanism of the stratified flow is
shown in Fig. 19(a), where (i) indicates the dispersion of
water droplets in the oil phase; (ii) the hydrate nucleation;
(iii) the beginning of aggregation of hydrate particles and
water droplets with each other; (iv) the aggregates
growth; (v) the deposition of aggregates on the pipe wall
and blocked the pipe.

The reason for the formation of bubbly flow is that the
system flows in a very small gas flow rate and its
parameter changes are similar to the stratified flow. As
shown in Fig. 18(b), in this flow pattern, the aggregation
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of particles also occur after the formation of hydrate. It is
worth noting that the total number of particles starts to
increase after the formation of hydrates because of the
continuous formation of hydrates rather than bubble
bursting and aggregate decomposition, which can be
proved by the increase in the average chord length of the
particles. Then, the total number of particles and slurry
density begins to decrease, which makes the authors infer
that this is caused by the hydrates deposited on surface of
pipe wall. In the end, a stable state is maintained in the
system and no blockages are formed. The blockage
mechanism of the bubble flow is shown in Fig. 19(b),
where (i) indicates the dispersion of water droplets in the
bubble flow in the oil phase; (ii) the formation of
hydrates at the water/oil interface; (iii) the aggregation of
hydrate particles and water droplets with each other; (iv)
the growth of aggregates; and (v) the deposition of
hydrates and agglomerates on the surface of the pipe
wall, and the maintaining of the system in a stable flow
state.

In the slug flow, the decrease in the density of slurry
when the hydrates begin to form indicates that the
deposition and accumulation of hydrate occur at an
equivalent time. As shown in Fig. 18(c), the massive flow
fluctuation of the slug flow increases the frequency of
contact between the hydrate particles and the pipe. The
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Fig. 18 Change of flow rate, relative pressure drop, slurry density, and the number of particles in the liquid phase in different flow

patterns (adapted with permission from Ref. [78]).

(a) Stratified flow; (b) bubble flow; (c) slug flow; (d) annular flow.
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(i) (ii) (iii)

(iv) )
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Fig. 19 Schematic diagram of hydrate blockage mechanism under different flow patterns (adapted with permission from Ref. [78]).
(a) Stratified flow; (b) bubbly flow; (c) slug flow; (d) annular flow.

deposition process in slug flow occurs earlier than other
flow patterns. Then, the smooth variation of slurry
density indicates that the deposition process stops.
According to measurements, during this period, the
average chord length decreases slightly and the total
number of particles increases slightly, which indicate that
some hydrate agglomerates are decomposed. But this
phenomenon is accidental and might not be regarded as a
typical feature of slug flow. Then, the system remains
stable and does not form a blockage. The mechanism of
slug flow is shown in Fig. 19(c), where (i) indicates the
dispersion of the water droplets in the slug flow in the oil
phase; (ii) the beginning of nucleation of hydrates at the
water/oil interface; (iii) the condensation of hydrates and
water droplets in the liquid phase or deposition on the
surface of the pipe wall at the same time; (iv) the
decomposition of some agglomerates by the shear force

of the fluid (may not happen); (v) the maintaining of the
system at a stable flow state.

The macroscopic phenomenon of the annular flow is
shown in Figs. 20(c) and 20(d). The immediate reduction
in the density of slurry and the number of particles is
caused by the fact that the hydrate directly forms a
hydrate layer on the pipe wall. Then the density of the
slurry and the number of particles begin to increase. At
an equivalent time, the hydrate layer formed begins to fall
off and the circuit is immediately blocked. As shown in
Fig. 18(d), it is inferred that the blockage is caused by the
fact that shedding hydrate fragments aggregate and get
stuck somewhere in the loop. The blockage mechanism
of the annular flow is shown in Fig. 19(d), where (i)
indicates the dispersion of water droplets in the annular
flow in the oil phase or their distribution in the form of a
water film covering the pipe wall; (ii) the beginning of
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Fig. 20 Behavior characteristics of hydrate slurry in specific flow patterns (adapted with permission from Ref. [78]).

(a) Hydrates formation in stratified flow; (b) hydrates bedding and plugging; (c) hydrates annular growth; (d) hydrates layer sloughing.

the formation of hydrates on the pipe wall or the oil-
water interface, forming a thick hydrate layer covering
the pipe wall; (iii) the beginning of the falling off of the
hydrate layer due to shearing force; (iv) the gathering of
the fallen hydrate fragments somewhere in the pipeline
and blocking of the flow cross section.

However, it should be noted that in the experiment of
Ding et al., the flow patterns were controlled by changing
the gas-liquid flow rate, and the water content in the system
was constant. Hydrate plugging was a complicated process
which could be affected by many parameters. Therefore,
if the influence of water content was not considered and
only the influence of flow rate was analyzed, the blocking
mechanism of each flow pattern could not be proved
under different water content conditions. It is necessary
to fully consider the influence of various factors. In
addition, Ding et al. determined the flow characteristics
of hydrate slurry, such as deposition and aggregation,
based on changes in parameters such as density, liquid
phase particle number, and particle size chord length.
However, there were no supports of microscopic pheno-
menon for each state of hydrate to prove their conjectures.
Thereby, scholars can consider using some microscopic
devices, such as focused beam reflectance measurement,
to combine specific microscopic phenomena and parameter
changes to analyze the flow characteristics of slurry.

In summary, from the aspect of hydrate nucleation,
increasing the flow rate would promote the mass transfer
between phases and increase the possibility of hydrate
nucleation, and result in a shortened hydrate induction
period and an increase in the amount and rate of hydrate
formation. In addition, based on the hydrates blockage
mechanism of oil-based systems, increasing the flow rate

can not only destroy the hydrate polymer formed, but
also increase the effect of the flow shear force on the
hydrate particles which reduces the probability of adhesion
between the particles. At a high flow rate, the tendency of
hydrate to deposit on the pipe wall is small and the
stability of the deposit layer is poor. The rheological
properties of hydrate slurry accord with shear thinning,
which means that increasing the flow rate can reduce the
viscosity of the system and keep it in a stable flow state.
Under the dominance of these factors, the risk of pipe
blockage is significantly reduced. Therefore, considering
the two aspects of hydrate nucleation and blockage
mechanisms, the authors of the present paper believe that
there might be a flow rate threshold. When the flow rate
is lower than this threshold, the risk of hydrate blockage
increases with the increase of the flow rate, and increas-
ing the flow rate can relieve the blockage when the flow
rate is higher than this threshold. Therefore, it is possible
to model the blockage of pipelines at different flow rates
and in flow patterns to explore the quantitative analysis
of flow factors on the blockage, which may lead to some
novel conclusions regarding the effect of flow velocity on
the blockage.

4.2 Influence of water content on blockage of hydrate

The flow rate factor is complex, so is the water content.
Water content is the key parameter of the oil-water
emulsification system. According to the difference in
water content between different systems, the system can
be divided into Water-based, oil-based, and PD systems.
The mechanism and risk of clogging in the system at
different water contents must be different. Akhfash et al.
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[55] of the University of Western Australia used mineral
oil in a water content of 10%—70% as a medium to study
the clogging mechanism of hydrates in a PD system and
found that when the water content was below 30%, the
degree of blockage would not change significantly due to
the variation of water content. However, the degree of
hydrate blockage would become more severe as the water
content increases to 50%—70%. The degree of blockage
of the pipeline by hydrate is greatly improved compared
with that in the low water content. The water content
would have a significant effect on the flow parameters,
friction coefficient, pressure drop, fluid flow patterns,
and viscosity of the hydrate slurry. Therefore, the ability
to control the water content in the oil-water two-phase
system to alleviate the tendency of pipe blockage in the
system is particularly important for the safe transporta-
tion of pipelines.

Lv etal. [18], using CO,, deionized water, and industrial
white oil as the experimental medium, explored flow rate
(25-35 kg/min), carrier liquid volume (7-9 L), water
content (60%—100%), and initial pressure (2.5-3 MPa) on
the induction time of hydrate formation based on the high-
pressure flow loop. According to the linear regression
coefficient method, the sensitivity of each factor was
ranked. They found that water content had the most signi-
ficant influence on hydrate induction time. In addition,
after comparing the hydrate formation and slurry flow
characteristics in pure water systems and oil-water
emulsion systems, they found that the pressure drop and
apparent viscosity in oil-water emulsion systems were far
higher than those in pure water systems, which indicated
that the emulsion system was more prone to blockage. As
the water content increased, the induction time required
for the formation of hydrates in oil-water emulsion systems
was gradually shortened. They believed that increasing
the water content would reduce the number of oil droplets
dispersed in the water phase, which weakened the influence
of oil droplets on bubbles and increased the chance of
combination of gas and water. In addition, the decrease in
the number of oil droplets around the generated crystal
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grains increased the growth rate of hydrate crystals.
Therefore, with the increase in the water content, th
macroscopical induction time was shortened and the final
volume fraction of hydrate at the end of the experiment
increased. The result of induction time and hydrate
volume fraction is shown in Fig. 22. Therefore, the average
friction coefficient and average apparent viscosity in the
stable phase were also increased with water content owing
to tremendous formation of hydrate. The average friction
coefficient and average apparent viscosity are shown in
Fig. 23. This conclusion was the same as the effect of
water content on viscosity measured by Ding et al. [79].

The authors of the present paper speculate that the
increase in water content not only enlarged the formation
of hydrate, but also intensified the aggregation of hydrate
particles. The combined effect of the two led to the
increase in the average friction coefficient and average
apparent viscosity. This can be combined with images
taken by the microscopic experimental device for in-depth
research.

It should be noted that in the 80% water content
system, the experiment on the influence of water content
on the final volume fraction of hydrate was insufficient
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Fig. 21 Temperature-time curves at different water contents
during formation of hydrates (adapted with permission from
Ref. [18]).
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(a) Hydrate induction time and (b) hydrate volume fraction at different water contents (adapted with permission from Ref. [18]).
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because of occurrence of pipe blockage, because the
shearing effect of fluid flow always acts on the hydrate
nucleation process before the pipeline is blocked by the
hydrate. Hydrate formation process might not finish
spontaneously after the pipeline is blocked, but is forced
to stop owing to changes in external disturbance factors.
Therefore, if the final hydrate value measured is the
amount of hydrate generated when the pipe is blocked,
i.e., when the flow is zero, it is impossible to clearly
characterize the true amount of hydrate generated in the
flowing system, which would bias the experimental
results.

What is interesting is that there are different experi-
mental results about the effect of water content on
hydrate induction time. Lv et al. [58] experimentlly
studied hydrate induction time under the conditions of
adding 1%, 2%, and 3% of anti-polymerization agent and
found that the induction time first decreased and then
increased as the water content of the system increased.
This was in stark contrast to the result of induction time
which was inversely proportional to water content. The
authors of the present paper believe that the reason for
this may be that on the one hand, a higher water content
produces a larger gas-water interface area, which leads to
more nucleation sites and accelerated formation rate of
nucleation; on the other hand, the increase in water
content would also lead to the decrease of gas solubility
in unit volume of oil-water emulsion during nucleation
and growth, which limits the mass transfer of the gas and
reduces the nucleation and growth rate of hydrates.

The water content would also affect the hydrate
deposition rate and the thickness of the sedimentary
layer. Ding et al. [48] explored the influence of four
different water contents in systems with two different
flow rates on hydrate deposition at the same content of
anti-polymerization agent. The results were shown in
Fig. 24. Obviously, for water-in-oil emulsion systems,
both the deposition rate and thickness of hydrate were
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Fig. 23  Apparent viscosity and friction coefficient of hydrate
under different water contents (adapted with permission from
Ref. [18]).
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directly proportional to the water content in the systems.
As the water content increased, the more severe the
hydrate deposition became. The reason for this is that the
amount of hydrate formation in a high water cut system is
more tremendous, which is in good agreement with the
explanation of Lv et al. In addition, the amount of
adhesion water in a high water content system is also
larger, resulting in a larger hydrate deposition rate.
Accordingly, with the increase of water content, the
amount of hydrate deposition increased significantly
attributable to the higher amount of hydrate formation
and adhesion water.

Additionally, the difference in water content also
affected the flow characteristics, the morphological
evolution of the hydrate in the pipeline, the pipeline
blockage process, and the blockage mechanism. Song
et al. [49] conducted a hydrate blockage experiment
under different water content and flow rate conditions
and found that the free continuous water phase existing in
the high water content system could adhere to the wall
surface in the form of splash, causing the hydrates to
simultaneously form on the main body of the liquid phase
and the wall of the pipe. The higher water content
reduced the mass fraction of hydrates and shortened the
blocking time, making it impossible for the hydrates in
the pipeline to form a stable sedimentary layer. In
addition, when the friction increases and the flow rate
decreases, the weakening of shearing effect cause the oil
and water to stratify under the action of gravity owing to
the abundant free water phase.

In the low water content system, most or all of the
water phase were dispersed in the oil phase and the
hydrates were only formed in the main body of the liquid
phase in the form of fine sand. The hydrate sedimentary
layer formed was in the form of flocs. The lower water
content caused the free water in the system to be
exhausted due to the formation of hydrate. Therefore,
there was no oil-water stratification phenomenon. The
morphology of the hydrate slurry in the two systems was
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Fig. 24 Deposition rate and thickness of hydrate at different
water contents (adapted with permission from Ref. [48]).
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Fig. 25 Formation of hydrates in pipeline during two types of blockage processes (adapted with permission from Ref. [49]).

shown in Fig.25. Song et al. proposed two clogging
mechanisms based on the difference in water content.
The clogging mechanism of the first type (in a low water
content system) was that the continuous growth of
hydrates made the hydrate concentration in the system
continue to increase. Consequently, the formation of
hydrate deposits was observed at the bottom of the
pipeline. The deposited layer underwent secondary
growth and thickening, which increased the friction in the
system and eventually blocked the pipeline. The clogging
mechanism of the second type (in a high water content
system) was that, with the increase in the friction and the
decrease in the flow rate, the oil and water phases that
were originally evenly distributed in the pipeline would
be stratified due to gravity. The concentration of the
slurry mixture on the bottom in the liquid phase caused
the fluid viscosity to dramatically increase. When the
viscosity and frictional resistance of the system reached a
certain level, the fluid would completely lose its fluidity
and result in blockage eventually. The mechanism of the
two types of pipe blockage is shown in Fig. 26.

In summary, the water content in an oil-water two-
phase system not only affected the hydrate growth and
hydrate induction time, but also affected the oil-water
two-phase dispersion in a liquid-rich system. The
variation of the oil-water dispersion state could lead to a
change in the morphology of hydrate formation and
clogging mechanism. In general, the risk of pipe
blockage in a PD system was higher than that in a fully
dispersed system. Additionally, the water content would
change the basic phase in the liquid-rich system, which
also affected the flow behavior of the hydrate slurry and

the blocking mechanism. Eventually, the influence of the
free water layer in PD systems on the plugging
mechanism and the diversity of the plugging mechanism
in the oil-based system owing to different water content
are still in the research stage, which need to be studied in-
depth.

5 Model of hydrate in rich liquid system

The formation of hydrates in the pipeline is the result of
the combined effects of intrinsic kinetics, heat transfer,
and mass transfer [80]. Accumulation, deposition, bedding,
and blockage of hydrate in the pipeline are not only
related to thermodynamic driving force, intrinsic kinetics,
and mass transfer limitation, but also the function of flow
velocity, water content, gas-liquid ratio and physical and
chemical parameters of gas and liquid phases, etc. [81].
At present, relevant models for hydrate formation, adhesion,
deposition, and accumulation have been reported [13,
82-84]. Through the in-depth understanding of the
mechanism behind the hydrate flow behavior through
various models, it is possible that the solution of hydrate
risk management through prediction technology as the
technical guidance for a new type of hydrate treatment
will be better than the traditional hydrate blockage
prevention and control strategy. Therefore, it is
imperative to establish a comprehensive model of hydrate
blockage in gas-liquid-solid pipelines. The present paper
mainly summarizes the various related behaviors of the
formed hydrate in the form of slurry in the flow state and
the modeling of the clogging tendency.
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Fig. 26 Schematic diagrams of mechanisms of two types of blocking processes (adapted with permission from Ref. [49]).
(a) The first category; (b) the second category.

5.1 Hydrate bedding model

Based on the energy required to balance the suspended
solids and the energy dissipated by the turbulent eddies in
the two-phase solid-liquid turbulence, Oroskar et al. [85]
proposed the steady-state correlation of the critical
velocity of the hydrate slurry flow in the oil-based
system. Correlation was applicable to multiphase flow
systems with interaction between hydrate particles.
Applying this correlation to hydrate slurry transportation,
the critical velocity of bedding (v.) was calculated as

d —-0.378 _
Vv, = 1.85§010'1536(1 _¢1)0.3564(5A) ]\)?Q.BQ gdA(S— 1)’
p (10)

NRe = [Dppoil ngA(S_ D)/ o,

where d, are the sizes of the hydrate agglomerates, ¢, is
the volume fraction of the hydrate (relative to the liquid
phase), u,; is the viscosity of the oil phase, g is the
acceleration of gravity, s is the ratio of hydrate density to
oil phase density (ona/poi), D, is the inner diameter of the
pipe, and N, is the modified Reynolds number, defined
in Eq. (11). The critical hydrate aggregate size that can
exist under the flow shear force corresponding to the
critical liquid suspension velocity can be calculated by

(11)

0.167 _ Ve
Acrit —

0.1536 03564 14 0.378( Dploit o 0.545 .
1.85¢, (1-9) D, e [g(s—1)]

oil (12)

Under the action of the oil phase slip, the aggregate
suspensions larger than the particle with critical size will
be affected by gravity (g), buoyancy (Fp), and lift (Fjg).
The Fji comes from the inertia effect of flow around the
hydrate agglomerates caused by the momentum of the
fluid and perpendicular to the flow direction [86], which
can be calculated by

Fiy =1.615 \/m Voil _Vhyd|7'§,, (13)
where y is the fluid shear rate. The equation was the
balance equation of lift and bedding force when hydrate
aggregates were decomposed. When the pipe inclination
angle and flow shear force were constant, the lift and
bedding force of the hydrate particles would increase
with the increase in the particle size. However, if the size
exceeded a certain size, the bedding force would be far
greater than the lift force and the hydrate would have bed
deposition. In addition, when the hydrate agglomerate
rased, it received resistance from the opposite direction to
that of movement of aggregate relative to the fluid, which
was called fluid friction Fp, which can be calculated by [87]

C P TtH>
Fp= —E2 (14)

where Cy is the drag coefficient, which is treated to be

2
Voil — Vhyd' s
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constant for simplicity. It should be noted that the fluid
frictional force taken into consideration was the
resistance against the direction of gravity and the bedding
force when the hydrate aggregates fell. The horizontal
resistance is not considered because the flow friction
force in the horizontal direction had little effect on the
bedding force. In summary, the bedding speed and the
lifting speed can be obtained, and combined with the two
behaviors of hydrate lifting and bedding. The equation
for the bedding rate (¥) of hydrate aggregates was
synthesized as

8}’ (p ~ Poi )g sin@
Vbedding = AT l s (15)
3005Cq
2Fn
Vig = 4 | —————, 16
it = 4 /pou Cur (16)
W= phyd(vbeddingahyd/oil ~ ViiftAhyd/bed YA bed ’ 17)

VCV

where C, is the drag coefficient, for simplicity, it can be
considered as a constant [88], with a value of 0.47 for
rough spheres; @nyaon and @hyared are the volume fractions
of hydrate agglomerates in the oil layer and bed layer,
respectively; A, is the surface area of the bed in a pipe
section; and V¢y is the volume of the pipe section.

5.2 Quantitative model of hydrate blockage risk

The quantification of the risk of hydrate blockage in a
liquid-rich system is the key and core of the prevention
and control of hydrate blockage based on theoretical
knowledge. However, due to the difference in system
parameters and steady-state conditions between the static
reactor and the experimental loop, and the gap with the
pilot-scale pipeline, the quantification of the risk of
hydrate blockage still has theoretical flaws.

Zerpa et al. [89] quantified the risk of hydrate blockage
based on pressure drop, hydrate volume fraction, and
relative viscosity, but this method was limited to fluids
with specific geometric shapes. Kinnari et al. [81] based
on Statoil’s adapted hydrate kinetics technology to assess
the risk of hydrate blockage through induction time, hydrate
transportability, water content, and related parameter
information of the pipeline. Wang et al. [90] proposed
tetrahydrofuran (THF) and hydrochlorofluorocarbon-
141b (HCFC-141b) hydrate risk assessment and
prediction models based on non-dimensional parameters,
which evaluated the effect of fluid kinetic energy on the
agglomeration and separation tendency of hydrate
particles. The dimensionless parameters were given by

_ P mixvlznix/ 2
6dpipe ¢crilT/dpanicle ’
where d,;,. is the diameter of the pipe, p,.;, is the density

Gy (18)
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of the mixture, @, is the critical concentration of the
hydrate particles in the system, of which a sudden increase
in pressure drop is observed, dpumid. 1S the diameter of
hydrate monomer/aggregate, v, is the mixing speed, and
7 is the sum of cohesion, which can be used in the form
of yield stress and can be obtained from pressure drop
data. Although this model can predict the risk of hydrate
and quantify the flow guarantee safety, it is difficult to
obtain reliable yield stress values of natural gas hydrate
formations. In addition, due to the lack of consideration
of interface characteristics, it is impossible to apply this
model to other fluids.

Based on the Buckingham-Pi theorem, Chaudhari et al.
[91] determined the dimensionless number that played a
key role in the transition of hydrate blockage risk. The
results showed that the transformation to a system mainly
depended on the Reynolds number and the number of
capillaries [32]:

thd,transition

= koRe"Cd, (19)

¢l1yd,packing

where Ca is the capillary number; Re is the Reynolds
number of the continuous phase, which is oil in the case
of an oil-dominated system; Dyyquunsiion 1S the hydrate
volume fraction when the hydrate risk transits from low
to medium or high hydrate blockage risk area; @y packing
is the volume fraction of packing hydrate, assumed to be
0.52; and k;, @, and B are constants involved in the
correlation, which can be obtained after linear regression
analysis of experimental data. Therefore, Chaudhari et al.
obtained the Eq. (20) after linear regression analysis.

cDhyd,tra\nsition

=0.02[Re(1 - LL)|**Ca"?, (20)

qjhyd,packing
where LL is the liquid load of the system. Combining the
relevant parameters of the experiment with extended
dimensionless numbers (Re and Ca) by their definition,
they developed the hydrate risk evaluator (HRE) index

@hydrate/ 1- ¢hydrate
LL

oi mixd ipe 02 iVoir %%
[(p 1V pip )(1 —LL):| ( /Jmlvml )

HRE = 500

., 2D

Hoil O oil-water

where @pygrae 1S the volume fraction of hydrate, and
Ooil-water 1S standard deviation. The HRE index is a
function of the number of hydrates formation. It should
be noted that the HRE index was based on and only
applicable to oil continuous systems, and was not be
applicable in water-dominated or PD systems. Moreover,
the deposition effect caused by the growth of the hydrate
tube wall film was ignored in the calculation process.

5.3 Pressure drop model of rich liquid system

In order to better characterize the flow behavior and
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stability of the hydrate slurry, it is necessary to introduce
the pressure drop curve during the slurry flow. Therefore,
it is important to model the pressure drop to estimate the
energy loss in the flow process. Chen et al. [92],
combining the hydrate flow rate and pressure drop under
the bubbly flow condition of the water-dominant system,
characterized the resistance characteristics of the first
hydrate formation and the start-up process, and predicted
the hydrate formation, aggregation, deposition, and
uniformity of particle distribution based on the rising and
falling of the flow velocity and pressure drop. In general,
the more stable the pressure drop with time, the higher
the flow stability of the hydrate slurry. The most classic
calculation of pressure drop is the Darcy-Weisbach
equation [93]
L pV*?

AP =pgh = /lD 7
where p is the density of the mixture, g is the acceleration
due to gravity, /& is head loss of the test section; [ is
length of the test section, D is the inner diameter of the
test section, V is the velocity of the flowing mixture in
the test section, and A is the friction coefficient. However,
because the collision, aggregation, and decomposition of
aggregates between hydrate particles generally exist in
the gas-liquid system, the total friction coefficient is
divided into the hydraulic friction coefficient (4,) of the
liquid when there is no hydrate, the additional friction
coefficient (1,) affected by hydrate aggregation, and the
friction coefficient (4;) owing to the effect between the
hydrate particles and the liquid phase. Therefore, the
pressure drop of the hydrate slurry flow is expressed as [92]

P wV2
7
For the first type of friction coefficient, first, determine

the low state according to the calculation of the Reynolds

number. The calculation equation of the Reynolds
number is

(22)

L

VD
Re, =272 (24)
Ly
2e
Rei= . 25)

where p,, is the density of water, u, is the kinematic
viscosity of water, e is the absolute equivalent roughness
of the pipe, Re. is the Reynolds number of the liquid
carrier, and Re, is the critical Reynolds number at which
the pipe flow changes from laminar flow to turbulent
flow. The critical Reynolds number for the transition
from laminar flow to turbulent flow is 3000, and the
critical Reynolds number when pipe flow changes from a
hydraulically smooth zone to a transition zone is 27065.
Here taking the hydraulically smooth zone as an example,
A, can be calculated using the Blasius equation
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For the second type of friction coefficient, combining
the shear force on the tube wall caused by the action of
hydrate particles and the Darcy-Weisbach formula, the
hydrate force balance can be used to obtain the friction
coefficient A, caused by the aggregation of hydrate
particles, specifically expressed as

8p

A= ()7,

=V 27)
where p, is the density of methane gas hydrate particles,
fp) is the function of hydrate volume fraction, d, is the
diameter of hydrate particles or aggregates, and y,, is the
shear rate of the turbulent wall. Assuming ignoring the
non-Newtonian behavior of hydrate slurry, combining the
turbulent shear rate equation and the wall shear force
equation based on the definition of the friction coefficient
caused by the liquid, the expression of the shear rate can
be obtained as

1%

= f 8V :Cf_s
D

Ve = TE
Re;,

(28)

where f is the Fanning coefficient of friction and C; is
the correction coefficient for the shear rate. Therefore, the
additional friction factor caused by hydrate formation and
aggregation can be obtained as

4 =510 (% o) Re) P (% 2 29
) = fp_(B) fp)=g( eL)p_w(B) flo), (29

w

where g(Re,) is a factor affected by the Reynolds number
of the liquid carrier. In addition, it is of great significance
to determine the relationship between f(p) and the
calculated hydrate volume fraction. According to the
Camargo-Palermo viscosity model [94], which treats
hydrate aggregates as complex structures, the complex
structure increases the effective volume fraction of
hydrate aggregates, which can be expressed as

d,\""
f(¢)=¢(d—o) , (30)

where d, is the initial diameter of hydrate particles and f;
is the fractal dimension of hydrate aggregates. According
to the more compact structure of the aggregate, fractal
dimensions range from 2 to 2.7 under shear conditions
[95], and are usually regarded as 2.5 [59]. The determina-
tion of the liquid-hydrate friction coefficient A; can be
calculated based on the energy loss caused by the friction
between the hydrate and the liquid [96].
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where F is the local resistance imposed by the turbulent
vortex, @ is the energy dissipation rate due to the friction
between hydrates and the liquid carrier, o is the average
length of the hydrate when it moves freely in the
turbulent vortex, ¢ is the average frequency of turbulent
fluctuations [96], N is the numerical volume fraction of
hydrate per unit volume, Re, is the local Reynolds
number of the hydrate particles, and ¢, is the maximum
packing volume fraction, which takes 5.7 here. The
liquid-hydrate friction coefficient (43) can be calculated

using
1
3
w ((pmax ) _ 1
®
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where py is the density of the hydrate slurry and v, is the
kinematic viscosity of water. Finally, the prediction
model of the total pressure drop can be derived,

expressed as
1
3
(comax) »
®

(33)
Because there are few research reports on hydrate
plugging in PD systems, there is a lack of relevant
hydrate slurry models to help understand the mechanism
of hydrate flow behavior in this system. At present,
hydrate research in gas dominant systems and water
dominant systems has become mature [97-99].
Therefore, the establishment of a comprehensive model
for hydrate pipe plugging in a PD system may be the
focus of future research.
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6 Conclusions and perspectives
6.1 Conclusions

Liquid-rich systems in a gathering pipeline can be
divided into oil-based systems, water-based systems, and
PD systems. The mechanism of hydrate pipe plugging in
oil-based systems is diversified, mainly including
accumulation, implantation deposition, and wall adhesion
of hydrate. In water-based systems, the growth rate of
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hydrates is low and the risk of pipe blockage is the lowest
in all systems. The pipe blockage mechanism is
dominated by the implantation and deposition of hydrate
particles and affected by the emulsification state and oil-
water dispersion. The hydrate blockage mechanism in PD
systems is hydrate film growth and tube wall adhesion,
which mainly depend on the temperature difference
between the fluid, the wall, and the gas solubility in the
bulk phase. The formation of hydrate in a PD system
would lead to the occurrence of migration at the oil-water
interface, which increases the tendency of hydrate to
block pipes. The flow rate and water content in an oil-
water two-phase system would have a certain impact on
oil-water dispersion state, friction coefficient, pressure
drop, fluid flow pattern, hydrate slurry viscosity, and
hydrate formation rate in the system.

6.2 Future research perspectives

At present, influence of water content and flow velocity
in the system on the mechanism and risk of blocking is
still in the research stage. Combining the current
experimental research status of hydrate slurry flow
characteristic and hydrate blockage mechanism under a
flow system, several suggestions can be proposed.

There is a general lack of reports on the results of
microscopic instrumentality in current research loop
experiments. Experimental studies of microscopic
behavior of hydrates, such as hydrate nucleation growth,
aggregation between particles, and hydrate deposition,
are necessary to combine specific parameter changes and
microscopic phenomena for in-depth analysis to reinforce
the persuasiveness and accuracy of the experiment. At the
same time, it is essential to establish a comprehensive
hydrate blockage model to predict the process of hydrate
blockage.

There is currently no rationalization for the oil-water
demulsification in water-based systems and migration of
oil-water interfaces in PD systems. Moreover, there is no
corresponding microscopic experiment to confirm the
phenomenon that the free water phase in the solution
would affect the oil-water dispersion state in rich-liquid
systems and thus affect the hydrate blockage mechanism.
Research on the formation and blockage of hydrates in
PD systems is still in its infancy. Therefore, scholars
should continue to strengthen the mastery of theoretical
knowledge of the clogging mechanism of this system.

Most of the hydrate loop experimental research are
devoted to the hydrate formation in straight pipelines, but
the theoretical knowledge on hydrate formation in special
environments such as bends, valves, and dead angle is
relatively scarce and lacking. Although several scholars
used simulation software of fluid dynamics to conduct
research in this field, there was a scarcity of comparison
between actual experimental data that can enhance
accuracy and practicability. Therefore, the characteristics
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of hydrate formation in special environments except for
straight pipelines should be the next research hotspot.

The present paper has principally explored the
influence of water content and flow rate factors on
hydrate blockage. The effect of other factors such as
particle size, gas-liquid ratio, kinetic inhibitors and anti-
polymerization agents on hydrate accumulation and
deposition and blockage should also be studied in-depth.
Additionally, a quantitative analysis of the effect of each
factor on the risk of pipe blockage should be conducted.
The proficiency in these theories can improve the
practical application of guaranteeing the transportation of
hydrate slurry by controlling external conditions.

Up to the present, most loop devices are opaque or
have only a single window, which is not convenient for
observing the fluid flow behavior in the whole loop. It is
necessary to development a fully visualized flow loop
experimental device that can demonstrate flow patterns
and flow characteristics of any part of the loop test
section. Through these improvements, scholars can more
deeply understand the influence of hydrate accumulation
and deposition on the flow stability of hydrate slurry.
More and greater breakthroughs of improvements and
upgrades to flow loop devices are still expected.
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