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Hydrate plug in the drainage line is a serious flow assurance problem for the pilot
production of offshore natural gas hydrates. Current research focuses on hydrate
deposition in the annular flow and the oil-dominated system. The multiphase flow
system in the drainage line is a water-dominated system which is normally a bubbly
flow. In this work, a new model is developed to study the temperature and pressure field in
the drainage line considering that the flow pattern is bubbly flow. Combining with the
methane hydrate phase equilibrium curve, the hydrate formation region in the drainage line
can be established. The hydrate formation region is enlarged with the ESP pressure
increasing and the water production rate decreasing, since the ESP can supply extra
pressures in the drainage line and the heat transfer phenomenon is enhanced between the
drainage line and environment under the low water production rate condition. The model
pointed out that the risk of hydrate formation rises up as the hydrate concentration
increases beyond 6%. This study can lay a theoretical foundation for the efficient
prevention of gas hydrates in the drainage line during offshore natural gas hydrate pilot
or long-term production.
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INTRODUCTION

Natural gas hydrate is a kind of new energy resource which compensates the lacks of onshore crude
oil and natural gas. Natural gas hydrate are crystalline inclusion compounds where methane
molecules are enclosed by water clathrates under low temperature and high pressure condition
(Fu et al., 2019a). Normally, natural gas hydrate reservoirs are found in deep water, plateau, or high
latitude areas. For example, in South China Sea, natural gas hydrates are located in the region where
water depth is about 1000 m and local temperature is close to 4°C (Fu et al., 2020a; Sun et al., 2020).

China has conducted two successful pilot productions of natural gas hydrate in the Shenhu area of
South China Sea. The production rates of natural gas hydrates for two pilot production have reached
5000 m3/d and 2.87 × 104 m3/d respectively (Xu et al., 2017). Since decomposition of natural gas
hydrates results in large water production rate in the well, the down hole separation technology is
utilized in the natural gas hydrate well. The submersible electrical pump is used to upload the water
through the drainage pipeline. The natural gas is produced though the gas line. According to the
published data, the actual separation efficiency of the gas-liquid separator in Japan’s first hydrate trial
production was around 80–90% (Liu et al., 2021). Since the down hole separation cannot complete
separate gas and liquid, some parts of gas may be entrained into the drainage line, as shown Figure 1
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(Ye et al., 2020). Considering the low temperature and high
pressure near the mud line, gas hydrates may be formed in the
drainage line which induce the risk of hydrate blockage. The
hydrate formation area in the drainage pipeline is larger than that
in the gas production pipeline. This is because the liquid is a
continuous phase in the drainage pipeline, and the mechanical
energy of the liquid is higher than that of the gas, leading to higher
pressure in the drainage pipeline. Therefore, the hydrate flow
assurance in the water drainage pipeline becomes an important
research area for the development of natural gas hydrates (Ye
et al., 2020).

Current research on the hydrate flow assurance focuses on the
hydrate problems in the water-oil-gas mixed transportation
pipeline and the testing stage of gas wells (Zerpa et al., 2013;
Chen et al., 2019). In the water-oil-gas mixed transportation
pipeline, predecessors tended to study the rheology of water-in-
oil emulsion and the mechanism of hydrate particle
agglomeration (Lv et al., 2013; Shi et al., 2018; Peng et al.,
2012), conducted the experiments to reveal the rheology of the
hydrate slurries formed from diesel oil/condensate oil and water
dispersed systems. The hydrate concentrations reach 30 vol% and
the rheology of hydrate slurry obeys the power law model which
exhibits shear-thinning behaviors. Based on Peng et al.’s study,
Yan et al. (2014) further experimentally studied the rheology of
hydrate slurries in water-in-oil emulsion with anti-agglomerant.
In Yan et al.’s work, the water cut is up to 30 vol% and anti-
agglomerant dosage is 3.0 wt%. The rheology of water-in-oil
emulsion also plays a shear-thinning behavior. Considering the
high energy density of hydrate slurry, Clain et al. (2012)
experimentally investigated rheology of hydrate slurries in
TBPB-water mixtures which is proven as a pseudoplastic fluid.

Fu et al. (2018), Fu et al. (2019a), Fu et al. (2019b), and Fu et al.
(2019c) presented a novel work on the methane hydrate
formation in bubbly flow and revealed the influences of
bubble behaviors on the hydrate formation, including bubble
breakup, coalescence, and deformation. The presented model has
been incorporated in the commercial software which used to
predict the hydrate risk in the deep-water wellbore. Wang et al.
(2010), Fu et al. (2020a), Fu et al. (2020b), Fu et al. (2020c), and Fu
et al. (2020d) primarily studied the rheology of hydrate slurry in
bubbly flow which is an important work in the hydrate flow
assurance in the pilot production of natural gas hydrates and the
drilling and production of deep-water oil and gas. Based on their
experimental analysis, the dual behaviors of hydrate slurries are
exhibited firstly where it behaves as the shear-thinning at the low
shear rate condition and the shear-thickening behavior at the
high shear rate condition. The hydrate blockage in the hydrate
slurry in the water-continuous system is considered to be induced
by the aggregation of hydrate particles. The rheology of hydrate
slurry normally is considered as shear-thinning and a few cases
exhibit as shear-thickening, where it depends on the interactions
between hydrate particles.

As the natural gas production from deep water environment
becomes popular, the hydrate flow assurance in the gas-
dominated system rises up (Hegde et al., 2015; Li et al.,
2015). In the testing stage of gas well, predecessors studied
the hydrate formation and depositions in the annular flow. Di
Lorenzo et al. (2014a)and Di Lorenzo et al. (2014b) firstly
conducted experiments to study the characteristics of
methane hydrate formation and deposition in the annular
flow. In their works, the hydrate formation is evaluated from
the liquid film of annular flow and the hydrate deposits inside the

FIGURE 1 | Hydrate formation region in the water drainage line and the gas production line for the pilot production of natural gas hydrates.
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liquid film along the pipe wall. Wang et al. (2016) andWang et al.
(2017) enriched the hydrate formation and deposition model in
the annular flow. Based on the characteristic of annular flow,
they further consider the influence of water entrainment and
liquid droplet deposition on the hydrate formation and
deposition. Their model pointed out that 24–31% of hydrate
particle formed from liquid droplets will deposit on the pipe wall,
and an effective deposition ratio is proposed to describe the
actual hydrate particle deposited on the pipe wall. The developed
model is much closer to the industrial condition and has been
widely accepted by field engineers. Based onWang et al.’s model,
Zhang et al. (2013) developed a real-time estimation model for
hydrate deposition in the deep-water gas well testing. The model
is enabled to calculate the distributions of pressure drop
influenced by the hydrate deposition which considers the
dynamic effect of hydrate behavior on fluid flow and surface
roughness. Overall, in annular flow, the hydrate risk is normally
induced by the hydrate deposition along the pipe wall and the
pressure drop is the dominant factor to display the hydrate risk
in the tubing. The variations of pressure drops are induced by the
shrinkage of pipe inner diameter.

In this work, the flow pattern in the drainage line is bubbly
hydrate slurry which is a water-continuous system. The hydrate
formation in the liquid mainly alters the rheology of the fluid
which finally changes the pressure drop. This work aims to
develop a pressure drop prediction model for the drainage line
in natural gas hydrate well by considering the influence of hydrate
formation on the rheology of bubbly flow. The developed model
provides a method to predict the risk of hydrate blockage in the
drainage line.

MODEL DEVELOPMENT

The accurate calculation of the temperature and pressure along
the drainage line is an important foundation for predicting the
hydrate formation region and developing hydrate management
strategy for the drainage line. Prior to building the temperature
and pressure prediction model, the gas-liquid flow behavior and
the mass transfer mechanism between the drainage line and the
sea water should be well understood.

In offshore natural gas production, the formation fluid
decomposed from natural gas reservoirs are the mixed fluid of
gas and liquid. The downhole production system is designed to
artificially lift the gas and liquid through the gas line and the
drainage line separately. Thinking that lower pressure drops are
caused by the gas flow, the natural gas hydrate reservoir can
provide efficient energy to lift gas to the platform. But the
submersible electrical pump (ESP) installed at the drainage
line is necessary to compensate the pressure drop, since higher
pressure drops are caused by the liquid flowing. The ESP has a
higher demand on the void fraction in the drainage line. If the
void fraction is larger than 10%, the ESP would experience serious
surge and the efficiency of liquid lifting is lowered seriously.
However, the bubbly flow is unavoidable in the drainage line since
the downhole separator cannot separate gas and liquid
completely.

Moreover, the biggest difference between the conventional
deep wellbore for oil and gas and the wellbore for natural gas
hydrate is that the most parts of wellbore in the natural gas
hydrate reservoir are located in the environment of the low
temperature and the high pressure. The gas and liquid flowing
in the wellbore can form gas hydrates easily which increases the
risks of hydrate blockage. Generally, the heating or the chemical
inhibitor injection in the bottom hole becomes an unavoidable
measure to prevent hydrate blockage in the wellbore. If the
hydrate formation happened in the drainage line, the pressure
drops in the drainage line may increase theoretically and the load
of the ESP be increased at the same time. Thus, the production
efficiency of natural gas hydrates is also degraded.

Continuity Equation
Considering that the downhole separation technology cannot
completely separate water and gas, some gas will be entrained in
the drainage line. Thus, the drainage line has a gas-liquid two-
phase flow, where the inflow of gas and liquid is from the natural
gas hydrate reservoirs and the suction of the ESP. Because most of
the gas will flow in the gas line, the flow pattern may be bubbly
flow. The mass of gas and liquid are conserved and the mass
conservation equations are given as Eq. 1 and Eq. 2 (Doron and
Barnea, 1996; Doron et al., 1997; Zhang et al., 2021).

z

zt
(AEgρg) + z

zz
(AEgρgυg) � Qg (1)

z

zt
(AElρl) + z

zz
(AElρlυl) � Ql (2)

where A is the cross-section area of drainage pipe, m2, Eg is the
volumetric fraction of gas phase, dimensionless, El is the
volumetric fraction of liquid phase, dimensionless, ρl is liquid
density, kg/m3, ρg is gas density, kg/m

3, vg is gas velocity, m/s, vl is
liquid velocity, m/s, t is production time of natural gas hydrate, s,
z is the location of drainage line, m, Qg is gas flow rate, m3/s, and
Ql is liquid flow rate, m3/s.

Momentum Conservation Equation
The gas and liquid in the drainage line is mainly subject to gravity,
pressure difference force, and friction. Considering that the void
fraction in the drainage line is less than 5%, the gas expansion
induced by the temperature increasing is ignored. Based on the
momentum conservation theory, the momentum conservation
equation in the drainage line considers the variations of gas
volumetric fractions and liquid volumetric fractions induced by
gas expansion, which is given as Eq. 3 (Kokpmar and Gogus,
2001; Eskin and Scarlett, 2005; Sun et al., 2011; Zhang et al., 2021).
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ρmυ

2
m

2d
+ Aρmg cos θ � 0

(3)

where ρm is the mixed density of gas and liquid, kg/m3, vm is the
mixed velocity of gas and liquid, m/s, θ is the inclined angle of the
drainage line, °, P is pressure, Pa, d is the diameter of drainage line,
m, and subscript g and l are gas and liquid phase. The mixed
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density is calculated based on the density and the volumetric
fraction of gas and liquid, as Eq. 4.

ρm � ρgEg + ρlEl (4)

Temperature Calculation Equation
The temperature field in the drainage line plays an important role
in determinations of the hydrate formation region and
calculations of the pressure field. The heat exchange occurs
during the flow of the mixed gas-liquid fluid in the drainage
line which is induced by the temperature difference between the
drainage line and the sea water. Ignoring the effect of hydrate
formation on the temperature, the temperature field in the
drainage line can be evaluated by Eq. 5 (Hasan and Kabir, 2012).

z

zt
[Aρm(CpmT + v2m/2)] + z

zs
[Aρmvm(H + v2m/2)]

� −Aρmvmg sin θ + Q (5)

where Cpm is the specific heat at the constant pressure of the
mixed fluid, J/(kg·°C), T is the mixed fluid temperature, °C, H is
the enthalpy of mixed fluid, J/kg, Q is the heat exchange rate
between the and environment, J/(m·s), ρm is the density of mixed
fluid, kg/m3, and vm is the velocity of mixed fluid, m/s.

Considering that the drainage line is above the mud line, the
heat exchange rates between drainage line and sea water are
calculated by Eq. 6 (Zhang et al., 2021).

Q1 � 2rtoUto

vr2ti
· (Tsea − Tf )H≤Hsea (6)

where Tsea is the temperature of sea water, °C, and Tf is the
temperature of drainage line, °C.

The total heat transfer coefficient (Uto) is a critical parameter
participating in the calculation of temperature field and affecting
the heat transfer rate. Considering the thickness of the drainage
line, Uto can be calculated by Eq. 7 (Zhang et al., 2021).

U−1
to � rto

rtihc
+ rto ln(rto/rti)

kp
(7)

where rto is the outer radius of the drainage line, m, rti is the inner
radius of the drainage line, m, hc is the thermal conductivity of the
fluid, W·m−1·K−1, and kp is the conductivity of the drainage line,

W ·m−1 · K−1

Hydrate Slurry Rheology Model
The rheology of the mixed fluid participates in the calculation of
pressure drop in the drainage line. Considering that the flow
pattern in the drainage line is bubbly flow, the hydrate formation
induces the bubbly flow transiting to the hydrate slurry bubbly
flow which is a gas-liquid-hydrate mixed flow. Since the void
fraction is less than 5%, the influence of bubbles on the rheology
of hydrate slurry is ignored. Sun et al. (2020) has experimentally
revealed the rheology of hydrate slurry bubbly flow where it
performs as a non-Newtonian fluid. The non-Newtonian fluid

index and the consistency faction can be calculated by Eq. 8 and
Eq. 9 (Sun et al., 2020).

n � 2.51αhydr + 1.92 (8)

K � 3 × 10−7α−2.07
hydr (9)

where n is the non-Newtonian fluid index, K is the consistency
factor, and αhydr is the hydrate concentration in the hydrate
slurry, %.

The shear rate of the hydrate slurry presents the influence of
flow velocity on the apparent viscosity of the hydrate slurry. The
hydrate slurry in the drainage line is considered as a shear-
thickening fluid, since the flow rate is higher than the critical flow
rate. Thus, the apparent viscosity increases with the hydrate
concentration and the shear rate increasing. The shear rate
and the apparent viscosity are be calculated by Eq. 10 and Eq.
11 (Sun et al., 2020).

γ � 8vHS

D

3n + 1
4n

(10)

μapp � 3 × 10−7α−2.07hydr γ
2.51αhydr+0.92 (11)

Where γ is the shear rate, s−1, and μapp is the apparent viscosity of
the hydrate slurry, mPas.

Hydrate Phase Equilibrium Model
The hydrate formation region is the cross-section area between
the hydrate equilibrium curve and the temperature-pressure
curve along the drainage line. In the field condition, the gas
decomposed from the natural gas reservoir is pure methane. The
produced water has a few salinities owing to the sea water and the
formation water. However, the salinities can increase the hydrate
equilibrium condition which enhances the difficulty for
crystallization of gas hydrates and is beneficial for the hydrate
prevention. Considering a safety factor for the hydrate
prevention, the liquid phase is treated as a pure water in the
drainage line (Zhang et al., 2021).

Pe � 106 exp⎛⎝∑5
n�0

an(T + ΔTd)n⎞⎠ (12)

where Pe is the hydrate phase equilibrium pressure, MPa, a0 �
−1.94138504464560 × 105, a1 � 3.31018213397926×103, a2 �
−2.25540264493806 × 10, a3 � 7.67559117787059 × 10–2, a4 �
−1.30465829788791 × 10–4, a5 � 8.86065316687571 × 10–8.

SOLUTION METHOD

The pressure, temperature, pressure drop, and ESP power are
calculated by the algorithm which reveals the influences of
hydrate formation on the multiphase flow behaviors in the
drainage line. The hydrate formation region and the hydrate
risk in the drainage line are evaluated by the developed model.
The algorithm of the developed model is achieved by the visual
basic language. The detailed solution steps are presented in
Figure 2 and described as follows:
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1) Obtaining basic information from the pilot production well,
including gas-liquid flow rate, well head pressure and
temperature, gas-liquid volumetric fraction, etc., the
drainage line is divided into a few of control volumes. The
dividing standard of control volume is 0.1 m. Gas-liquid flow
rates are assumed to be constant.

2) In each control volume, void faction, temperature, and
pressure are calculated by Eqs 1–11. The flow velocities of
gas, liquid, and hydrate are obtained sequentially by the
Runge-Kutta method prior to the calculation error within
the allowable range.

3) Based on temperature and pressure in the drainage line, the
methane hydrate equilibrium temperature and pressure are
calculated by using Eq. 12. Comparing the temperature of the
drainage line (Tf) and the gas hydrate equilibrium
temperature (Tef), if Tf > Teq, no hydrate formation
happens in the drainage line and stops the calculation. If Tf

< Teq, gas hydrate would form in the drainage line and the
consequent steps should be taken.

4) After the hydrate formation region is confirmed, the
pressure drops in the hydrate formation region should
consider the influence of hydrate formation which uses
Eqs 8–11. The new bottom hole pressure and pressure drop
(ΔPd) in the drainage line can be calculated based on the
rheology of hydrate slurry. The comparisons between the
pressure drop in the drainage line (ΔPd) and the ESP power
(ΔPp) are conducted. If ΔPd < ΔPp, the ESP can work
effectively. If ΔPd > ΔPp, the ESP is over-loaded and
cannot lift the liquid to the platform effectively. A
hydrate management should be taken in the drainage
line and stop the calculation.

FIGURE 2 | Algorithm for predicting the risk of hydrate in the drainage
line during the pilot production of offshore natural gas hydrate.

FIGURE 3 | Hydrate formation region in the drainage line under varied
water production rates.

FIGURE 4 | Hydrate formation region in the drainage line under varied
pump pressures.

Frontiers in Earth Science | www.frontiersin.org February 2022 | Volume 9 | Article 8168735

Guimin et al. Hydrate Risk in Drainage Pipeline

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


CASE STUDY

The risk of hydrate formation in the drainage line is analyzed
based on the pilot production well during the second pilot
production of natural gas hydrates in the Nankai Trough of
Japan. In the pilot environment profile, the depth of sea water is
995 m, the mud line temperature is closed to 3.5°C, the
geothermal gradient is 3°C/100 m, reservoir pressure is about
13 MPa (1,309.4 m), reservoir temperature is about 13.7°C,
thickness of hydrate reservoir is about 60 m. In the wellbore
profile, the first casing size is 13–3/8″, the second casing size is
8–1/2″, and the riser size is 9–5/8″. In the production profile, the
average gas production is 8,330 Sm3/d and the average water
production is 343.6 m3/d.

After comparing the temperature field and the methane
hydrate equilibrium temperatures along the drainage line, the
drainage line faces the risk of hydrate formation. Figures 3 and 4
exhibit the hydrate formation regions under the different water
production rates and the ESP pressure. Figure 3 indicates that the
fluid temperatures decrease gradually in the drainage line from
the platform at the first and then increase gradually, where the
dash curves are temperatures of fluid under varied water
production rates and the solid green curve is the methane
hydrate equilibrium temperature. As the water decomposed
from the hydrate reservoir flows from the bottom hole to the
platform, the temperatures of fluid decease gradually due to the
geothermal temperature decreasing at the beginning. After the
water passes though the wellhead, the fluid temperatures in the
drainage line increase gradually since the temperatures of sea
water increase with the water depth decrease. Moreover, an
interesting observation is found that the environment
temperatures have larger influences on the water temperature
in the drainage line at low water production rate condition. For
instance, at the water production rates of 50 m3/d, the water
temperatures in the drainage line increase from 4.38 to 16.78°C as
the water flows from the wellhead to the platform. The reason is

speculated that, when the water flows under the lower rates, the
environment and the drainage line will have an adequate heat
transfer process between each other. The environment
temperatures including the sea water temperature and the
geothermal temperature have strong impacts on the water in
the drainage line. Thus, at the low water flow rate condition, the
temperatures of water at the platform will be close to the
environment condition which is 16.78°C.

Moreover, starting from the bottom hole, the methane hydrate
equilibrium curve decreases gradually. After sudden increasing at
the well depth of 1108 m, the hydrate equilibrium curve starts to
decrease gradually. The main reason inducing the hydrate
equilibrium curve decreasing is that the wellbore pressure
decreases gradually from the bottom hole to the platform.
Since the ESP is installed at the well depth of 1108 m which
can supply an extra pressure in the wellbore, the sudden increase
of wellbore pressure leads to the sudden increase of the hydrate
equilibrium curve. Although the installation of the ESP can
effectively lift the water to the platform and improve the
production efficiency of natural gas hydrates, the ESP also
increases the pressure of the drainage line which increases the
risk of hydrate formation.

Figure 4 exhibits the influences of the ESP pressures on the
hydrate formation region. The dashed line is the methane hydrate
equilibrium curves under the ESP pressures of 11, 12, and
13 MPa. The solid blue line is the fluid temperature in the
drainage line. As shown in Figure 4, the increases of the ESP
pressures will enlarge the hydrate formation region in the
drainage line. Under the ESP pressure of 11 MPa, the hydrate
formation region is located in the well depth from 1104 to 646 m
which the total length is 458 m. Under the ESP pressure of
13 MPa, the total length of hydrate formation region is 652 m
which is from 1098 to 446 m. The hydrate formation region is
increased about 194 m. Since the increases of the ESP pressure
can increase the flow pressure of water in the drainage line, the
high flow pressures favor hydrate formation in the drainage line.

FIGURE 5 | The drainage line pressure distributions along the
drainage line.

FIGURE 6 | The outflow pressures at the platform along hydrate
concentrations under varied pump pressure conditions.
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Figure 5 shows that the influence of ESP pressure on the water
flow pressure in the drainage line. The water flowing pressure are
same in the section of wellbore from the bottom hole to the
location that ESP is installed. After the water flows passing
though the ESP pump, the pressure in the drainage line is
suddenly increased. Since the ESP pump provides the extra
energy to the water inside the drainage line and enables the
water flow faster which increases the efficiency of liquid
uploading, the water flowing pressures increase due to the
extra energy correspondingly. Based on Figure 4, although the
increase of ESP pressure can increase water flowing pressure
inside the drainage line and enhance the efficiency of liquid
uploading, the hydrate formation region and the risk of hydrate in
the drainage line also enlarges at the same time.

Figure 6 shows the pressures at the platform along the hydrate
concentration increasing under the varied ESP pressure conditions.
As shown in Figure 6, the increasing pump pressures increases the
outflow pressure of water in the drainage line at the platform. It
demonstrates that the increase pump pressures can increase the
efficiency of liquid uploading and the natural gas hydrate
production. Focusing on the case of pump pressure at 11MPa,
when the hydrate concentrations increase beyond 8% inside the
drainage line, the outflow pressures become negative. The increases
of hydrate concentrations increase the apparent viscosity of the
mixed fluid and the wall resistances between fluid and pipe wall also
increase correspondingly. Thus, the pressure drops of the fluid
flowing in the drainage line increase and the flow velocities of
the mixed fluid decrease at the same time. The native outflow
pressures mean that the ESP cannot upload the water to the
platform. The production problem induced by the hydrate
formation is risen up and the hydrate management measures
should be taken to deal with the problem. In the analysis of
Figure 4, it is mentioned that the increase of ESP pressure will
increase the hydrate formation area and thus increase the risk of
hydrate formation in the drainage pipeline. However, the increase of
hydrate formation area does not necessarily mean that the risk of

flow barrier formation will increase. Outflow pressure more directly
reflects the risk of flow barrier. Increasing the ESP pressure within a
certain range can effectively lift fluid in the line that has increased
viscosity due to hydrate formation. Therefore, in the pressure range
of 11–13Mpa discussed in this paper, the higher the ESP pressure,
the lower the risk of flow barrier formation in the drainage line.

Figure 7 presents that the influences of water production rates
and hydrate concentrations on the outflow pressure of the
drainage line at the platform. As seen in Figure 7, the
increases of water production rates result in outflow pressure
decreasing at the platform. The reason is that the higher water
production rates have higher flow velocities of water in the
drainage line and higher friction losses between water flow
and pipeline. Considering the pressure losses induced by the
wall resistance contain the 99% of the total pressure losses in
bubbly flow, the higher friction losses stand for the higher
pressure drops and lower outflow pressure at the platform.
Moreover, when the hydrate concentration is beyond 6%, the
outflow pressures are decreasing dramatically for all water
production rate conditions. When the hydrate concentration in
pipeline is low, the non-Newtonian fluid properties of hydrate
grout are not obvious, and the fluid properties of hydrate grout
mainly depend on the properties of continuous phase fluid, which
can be considered as Newtonian fluid. The shear stress has a linear
relationship with flow velocity, the rheological index is 1, and the
viscosity can approximate to that of the continuous phase fluid in
the tube (Sun et al., 2020). When the hydrate concentration
exceeds 6%, the hydrate grout begins to show the
characteristics of non-Newtonian fluid, the viscosity increases
suddenly, the pressure drop increases, and the outlet pressure of
drainage pipeline decreases. It speculates that the risks of hydrates
becomes serious where the hydrate formation, deposition, and
agglomerate happened in the drainage line. The hydrate
management measures are suggested to be used in the
drainage line when the hydrate concentration is found beyond
6%. The measures include hydrate inhibitor injection, heating,
lower water production rate, etc.

CONCLUSION

In this work, a model is developed to forecast the hydrate
formation region and the risk of hydrate in the drainage line
for the offshore natural gas hydrate pilot production. The model
calculates the temperature-pressure field in the drainage line and
the methane hydrate phase equilibrium curve by incorporating
the influence of hydrate on the rheology of mixed fluid. An
algorithm is developed correspondingly by the visual basic
language. The model shows that the hydrate formation region
is enlarged as the ESP pressure increases and the water
production rate decreases. The ESP pressures increasing can
increase the water flowing pressure in the drainage line which
favors hydrate formation. The water production rates decreasing
can enable better heat transfer between the drainage line and
environment. The fluid temperature in the drainage line will
decrease faster as the environmental temperature decreasing at
the lower water production rate condition. Moreover, when the

FIGURE 7 | The outflow pressures along hydrate concentrations under
varied water production rates.
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hydrate concentration is beyond 6%, the outflow pressure at the
platform will drop sharply, the risk of hydrate formation appears,
and the hydrate management measure is necessary. In the future,
the model should be studied further by considering the hydrate
deposition and agglomerate in the drainage line and the influence
of hydrate inhibitors on the hydrate formation in the drainage
line should be revealed as well.
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