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ABSTRACT

Natural gas hydrate is a potential energy source in the near future, and its commercial development can
alleviate the global energy crisis. Disturbance of drilling mud invasion on hydrate reservoir can lead to
hydrate dissociation, affecting wellbore stability while drilling in clayey silt hydrate reservoirs. In this
work, the coupled thermo-hydro-chemical finite element model was developed, and influences of drilling
mud properties on hydrate dissociation were investigated. The obtained results show that the hydrate
dissociation range around wellbore widens as the mud temperature increases. The final dissociation
range caused by drilling mud invasion nonlinearly increases from 3.83cm to 10.57cm when the mud
temperature has increased from 17.25°C to 21.25°C. Therefore, the drilling mud needs to be cooled
during preparation in platform. In addition, dissociation range narrows as the bottom-hole pressure
increases. Dissociation range decreases from 12.18cm to 7.46cm when the bottom-hole pressure is
increased from 14.50MPa to 17.00MPa. Thus, the overbalanced/near-balanced drilling operation is
preferred during drilling in hydrate reservoirs, and the underbalanced drilling operation is not
recommended. Moreover, the increase of mud salinity exacerbates hydrate dissociation in the near-
wellbore region. In view of the prevention of hydrate dissociation in the near-wellbore, it is necessary to
confect the drilling mud that with appropriate salinity while drilling in hydrate-bearing sediments.

doi: 10.5829/ije.2022.35.01a.13

1. INTRODUCTION

Natural gas hydrates are ice-like crystalline that is formed

Four strategies are usually used for gas production
from hydrate reservoir: (1) Depressurization [7], to
decrease the reservoir pressure below the phase

by water and gas molecules at low temperature and high
pressure [1-3]. Some investigations found that organic
carbon stored in gas hydrates is about twice as much that
in conventional fossil energy sources [2, 4-6]. Moreover,
it is estimated that natural gas hydrates discovered in the
South China Sea are about 64 billion tons of oil
equivalent [4], which is only about 80% of China's total
proved reserves. Natural gas hydrates are bound to be an
important potential replacement energy source in China
in the near future. Therefore, it is of great significance to
carry out numerical and/or experimental investigations
related to gas hydrates to ensure energy supply and
energy security.
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equilibrium pressure; (2) Thermal stimulation [8], to heat
the reservoir above the phase equilibrium temperature
with injection of hot water, hot brine or steam; (3)
Thermodynamic inhibitor injection, to inject chemicals
[9]; and (4) combination of these above strategies [10].
Among them, the last one appears to be the most
efficient. In the past two decades, several field trials have
been conducted [11], but most have failed for different
reasons. Even so, current research on hydrate
development is generally in the stage of theoretical
investigation and laboratory exploration, its commercial
development still has a long way to go.

Up to now, investigations related to hydrate
development mainly focus on the optimization of
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production strategies. Li et al. [12] explored the
production behavior when horizontal wellbore are used
to develop hydrate deposits in the northern South China
Sea. The investigation found that current production
methods are unable to achieve the goal of commercial
development of natural gas hydrates. Wang et al. [13]
evaluated the gas production potential of hydrate
reservoir in the South China Sea by depressurization. The
investigation results showed that the maximum gas
production rate was only 9500m?/d, which was far lower
than the goal of commercial development offshore. Feng
et al. [14] evaluated the effect of well configuration on
hydrate dissociation behaviors when depressurization
and thermal stimulation methods were simultaneously
used. The simulation results indicated that the horizontal
wellbore was more efficient for development of hydrate
reservoirs. Overall, these studies are beneficial to
understand the gas production behavior during
development with different strategies. However, almost
all studies have proved that no matter which production
strategy is adopted, it is difficult to realize its large-scale
exploitation. Therefore, if the old development ideas
were not broken through, the road to commercial
development must be long and difficult.

Accelerating dissociation of gas hydrates in reservoir
is the focus for development of natural gas hydrates.
However, hydrate dissociation around wellbore while
drilling in hydrate reservoirs will worsen the borehole
collapse, affecting drilling safety [15]. Therefore,
inhibiting excessive hydrate dissociation in the near-
wellbore region is an important idea for ensuring
wellbore integrity during drilling in hydrate reservoir.
However, the reality is that most studies related to
hydrate dissociation kinetics concentrate on the effect of
inhibitors in drilling fluid on phase equilibrium
conditions. Sensitivity analysis of dissociation status of
hydrate around wellbore during the drilling operation is
scarce now. Fereidounpour and Vatani [16] developed
the polyacrylate drilling fluid to prevent hydrate
dissociation and wellbore instability caused by
disturbance of drilling mud during drilling operation. The
experimental results show that the designed drilling
fluids can effectively reduce the possibility of hydrate
dissociation in the near-wellbore region. Zhao et al. [17]
investigated the effect of inhibitors in water-based
drilling fluid on hydrate dissociation during drilling
operation. They found that all of thermodynamic hydrate
inhibitors can affect hydrate dissociation. Moreover, the
investigation showed that the combination of 0.1wt%
polyvinyl pyrrolidone and 0.5wt% soybean lecithin
exhibited the best inhibition effect. Therefore, it is of
great engineering significance to carry out investigation
on hydrate dissociation around wellbore during drilling
in hydrate reservoirs. Moreover, conduction of relevant
scientific research can provide theoretical premise for the

design and optimization of the corresponding drilling
operation.

In the present work, a numerical simulation model for
investigating hydrate dissociation around wellbore
during drilling operation is developed. Based on this,
influences of mud properties (such as mud density and
temperature) on hydrate dissociation caused by drilling
mud disturbance are then investigated. The aim of this
work is to provide reference for in-depth understanding
the mechanism of wellbore instability in hydrate
reservoirs.

2. FUNDAMENTAL THEORY

During drilling in hydrate reservoir, mud temperature is
usually higher than the initial reservoir temperature.
Besides, mud pressure is generally close to the initial
pore pressure. In this case, disturbance of drilling mud is
detrimental to stability of natural gas hydrates around
wellbore, resulting in serious hydrate dissociation.
Moreover, the dissociation products of hydrates enter the
wellbore and change the bottom-hole pressure, affecting
drilling safety [18]. Considering the fact that hydrate
dissociation caused by drilling mud disturbance around
wellbore is a complex process involving seepage, heat
transfer and phase change [19], relevant fundamental
theories should be clarified.

2. 1. Mass Conservation Equations The
continuity equations for methane gas, water and hydrate
in hydrate reservoir can be expressed by Equations (1),
(2) and (3), respectively.

(pySy)
-v. ((ppgngg ) +my +qg = 76’? g (1)
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where ¢, S and p indicate porosity (%), saturation (%) and
density (kg/m?), respectively; m is the formation rate of
hydrate or production rate of dissociation products (kg/s);
q represents the source/sink terms of dissociation
products (unitless); v is the velocity (m/s); tis time (s). In
addition, the subscripts g, w and h represent methane gas,
water and hydrate, respectively.

2. 2. Filtration Equations The seepage of all
fluids in the pores follows Darcy's law, which can be
expressed as:
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where Q is the flow rate (m%/s); K is the permeability (m?);
P is the pressure (Pa); u represents the fluid viscosity in
reservoir (Ps-s); A is the cross-sectional area of the
reservoir (m?); L is the length of reservoir (m).

Therefore, filtration equations of methane gas and
water in hydrate reservoir can be written as the following
equations, respectively:

K
PSqVrg =~ 'urg (VPQ + pgg) (5)
4

K
OSyVrw = _ﬁ(va +p,9) (6)

where g is the gravitational acceleration (m/s?). The
subscripts rw and rg represent the relative value of water
and methane gas, respectively.

2. 3 Energy Conservation Equation Hydrate
dissociation is an endothermic reaction [20], which can
affect the reservoir temperature. Besides, heat transfer
and thermal convection occurred in the near-wellbore
region during drilling operation are also two important
factors affecting reservoir temperature. Therefore, the
energy conservation equation can be written as

V-(ACVT)—V-(pgngg+vaWHW)+Qin:§ -

[@=@)peH, +0SopHy +9SgpgHg + 0S,o,H,, |

where ¢ is the thermal conductivity of reservoir
(W/(m-K)); H is the enthalpy (J/mol); T is the reservoir
temperature (K); Qin is external energy supplement (J).

2. 4. Stability of Methane Hydrate Phase
equilibrium equation of methane hydrate in Equation (8)
is commonly preferred to determine hydrate dissociation
or not in fresh water [21].

Log,,P,, = 0.034T,, +0.0005T,; +6.4804 ®)

where Peg and Teq are the equilibrium pressure (Pa) and
the equilibrium temperature (K), respectively.

The mud salinity is an important factor affecting the
stability of natural gas hydrates [22]. Effect of drilling
fluid salinity on the equilibrium temperature of methane
hydrate can be determined by Equation (9).

AT,,=2335-Con /M (100 - Con) 9)

where Con is the mud salinity (wt%); M is the relative
molecular weight of inhibitor (unitless).

3. NUMERICAL SIMULATION

3. 1. Simulation Model As we all know, drilling
operation in hydrate reservoir generally only lasts for a
very short time. Hydrate dissociation during drilling in
hydrate reservoirs only occurs in the near-wellbore
region, so the model size does not need to be particularly
large. Figure 1 shows the location and geometry of the
investigation model. As shown in Figure 1, the
simulation model is a long rectangular cuboid stratum.
The cross section of the simulation model in the Y-Z
coordinate plane is a square with a side length of 1.0m,
the lateral (X-direction) model length is 20.0m; which is
sufficient to simulate the hydrate dissociation in the near-
wellbore region during drilling operation. In addition, the
borehole size is approximately 0.1988m.

During drilling operation, one side (i.e., side A in
Figure 1) of the simulation model directly contacts and
interacts with the drilling fluid. On the other side (i.e.,
side B in Figure 1) of the model is the hydrate-bearing
sediments far away from the borehole. The simulation
model has been divided into 200 elements along its X
direction. However, there is only one element in the Y
direction and the Z direction, respectively.

3. 2 Boundary Conditions As mentioned earlier,
reservoir temperature and pore pressure are the two most
important factors affecting the stability of natural gas
hydrates. Therefore, two boundary conditions of mud
temperature and bottom-hole pressure are defined on the
left side of the simulation model (i.e., side A in Figure 1).
Apart from this, no other boundary conditions are defined
for the model.

3. 3 Reservoir Properties Generally speaking,

reservoir properties can be obtained by the logging data.
The reservoir properties at site SH2 of the GMGS-1

Depth

Overlying Layer

195
mbsf

|
il
i

Drill pipe Hydrate Layer

mbsf

220
mbsf

20m

—
Invasion of drilling mud

Figure 1. Location and geometry of the investigation model
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project have been investigated by some experts. Figure 2
shows some reservoir properties required for
investigation herein at site SH2 of the GMGS-1 project.

The exploration results indicate that hydrate reservoir
at site SH2 of the GMGS-1 project is located in the depth
range of 195mbsf (meaning "meters below the seafloor")
to 220mbsf. Herein, the reservoir properties within the
investigation model are intended to be represented by that
at 210mbsf. Therefore, as can be seen from Figure 2, the
reservoir porosity is 55.06%, the thermal conductivity is
1.308 W/(m-K), the hydrate saturation is 40.42%, and the
reservoir temperature is 15.25°C. Besides, some other
reservoir properties required to conduct the investigation
are displayed in Tables 1, and 2 summarized some
properties of drilling mud.

TABLE 1. Other hydrate reservoir properties required for
investigation

Property Value Unit
Water depth 1232 m
Permeability 4.0 mD
Matrix density 2650 kg/m®
Pore pressure 15.50 MPa
Wiater saturations 59.58 %

Capillary pressure parameters:

Van-Genuchten model Sa=0.24, =184, 2=10.0

Density Thermal Hydrate
Porosity (%) | © ivity (W/m-k)| s ion (%) Temperature ('C)
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Figure 2. Some reservoir properties at site SH2

TABLE 2. Properties of drilling mud

Property Value Unit
Mud temperature 17.25-21.25 C
Bottom-hole pressure 14.50-17.00 MPa
Mud salinity 0, 15 and 30 wt%o
Total drilling time 10800 S

4. RESULTS AND DISCUSSION

4. 1. Disturbance of Drilling Mud on Hydrate
Reservoir Figure 3 shows the reservoir conditions
at site SH2 of GMGS-1 project and the phase equilibrium
conditions of methane hydrate. As can be seen from
Figure 3, natural gas hydrates under reservoir conditions
are stable, but changes of reservoir temperature and
reservoir pressure caused by mud invasion can result in
hydrate dissociation. In other words, changes of reservoir
temperature and reservoir pressure in the near-wellbore
region are the premise for investigation of hydrate
dissociation. Therefore, variation of temperature
distribution around wellbore caused by drilling mud
invasion is firstly analyzed.

Figure 4 shows the evolution of temperature
distribution around wellbore when the drilling mud
temperature is 17.25°C. We can see from Figure 4 that
the temperature disturbance range in the near-wellbore
region gradually widens during drilling operation, but the
disturbance effect gradually weakens. When the drilling
operation lasted for 1h (i.e., 60min), the temperature
disturbance front reached the position with a distance of
14.50cm from the borehole. However, the temperature

30 1

— Phase equilibrium curve

25 4 ®  Reservoir conditions

®  Drilling mud properties

(15.25,15.50) ¢
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(17.25, 15.00)
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Pressure/ MPa
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Temperature rise
+ Pressure reduction

0 T T T T T T |
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Temperature/ degrees Celsius

Figure 3. Reservoir conditions at site SH2 of the GMGS-1
project and the phase equilibrium condition

Temperature/C

I 17.25
16.25

# 180min
W 15.25 /
7 150min
120min
17.75 - 90min :7:!
N J
16.75 60min B
§

30min

Temperature/ C
w
n
~
b

10min
14.75 ¢ f ?
0.00 0.05 0.10 0.15 0.20 0.25

Radial distance from borehole /m
Figure 4. Evolution of temperature distribution in the near-
wellbore region when the mud temperature is 17.25°C
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disturbance range is only 22.35cm at the end of drilling
operation. The temperature disturbance range during the
first third of the drilling operation accounted for 64.88%
of that for the entire drilling operation. Therefore, we can
infer that if the drilling operation continues, the
temperature disturbance range will continue to increase
at a gradually decreasing rate.

Figure 5 shows the evolution of pore pressure within
the near-wellbore region when the bottom-hole pressure
is 15.00MPa. From Figure 5, one can see that the drilling
mud invasion disturbs the pore pressure in the near-
wellbore region severely. When the drilling operation
started less than 2.0h, the pore pressure in almost the

entire model had been disturbed by drilling fluid invasion.

In this work, we define the situation when mud
temperature is higher than the reservoir temperature as
the positive temperature difference. In addition, due to
mud circulation in wellbore, the mud temperature is
usually higher than that of hydrate reservoir. Therefore,
only the cases of positive temperature difference are
investigated in this work. Figure 6 shows the dissociation
range of natural gas hydrate when mud temperature is
different.

4. 2 Effect of Mud Temperature on Hydrate
Dissociation Firstly, the basic characteristics of
hydrate dissociation around wellbore during drilling
operation are analyzed in this section. From Figure 6, one
can see that hydrate dissociation range around wellbore
gradually widens at a decreasing rate at any mud
temperature, which can be clearly illustrated by the
decreasing curve slope. Taking the mud temperature of
21.25°C as an example, dissociation front reached the
position of 6.47cm away from wellbore axis after 1 hour
of drilling operation. However, the final dissociation
front only reached the position of 10.93cm from the
wellbore axis. Therefore, it can be inferred that the
dissociation range will also continuously widen if the
drilling operation continues, but the dissociation rate will
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Figure 5. Evolution of pore pressure within the near-

wellbore region when the bottom-hole pressure is 15.00MPa
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Figure 6. Effect of mud temperature on hydrate dissociation
when mud pressure is 15.00MPa

gradually slow down as usual. This is mainly because that
hydrate dissociation is an endothermic reaction, and
hydrate dissociation can lead to the decrease of reservoir
temperature near the dissociation front, hindering the
further dissociation. In addition, the dissociation products
(i.e., methane gas and water) can increase the pore
pressure, which is another important factor hindering the
further hydrate dissociation in pores.

Then, effect of mud temperature on hydrate
dissociation around wellbore was analyzed. It can be seen
from Figure 6 that mud temperature influences hydrate
dissociation seriously while drilling in hydrate reservoir,
hydrate dissociation range increases with an increase in
mud temperature. When the mud temperature is 21.25C,
the final dissociation range is 10.93cm after drilling
operation starts for 3 hours. However, when the mud
temperatures are 20.25°C, 19.25°C, 18.25°C and 17.25C,
the final dissociation ranges are 10.93cm, 10.02cm,
8.81cm, 7.07cm and 3.83cm, respectively. The hydrate
dissociation range of the case when the mud temperature
is 21.25°C is 2.76 times the size when the mud
temperature is 17.25°C. The main reason for this is that
high positive temperature difference can result in severe
heat transfer between the drilling mud and reservoir, and
then reservoir temperature within the near-wellbore
region will be severely disturbed. The severe disturbance
of drilling mud to reservoir temperature results in a wide
dissociation range of natural gas hydrate when mud
temperature is high. Therefore, the drilling mud should
be cooled when it is prepared on the platform, so as to
avoid massive dissociation of natural gas hydrates around
wellbore.

Moreover, we can also draw the conclusion from
Figure 6 that with an increase in mud temperature, the
difference in final dissociation range will gradually
decrease for the same temperature difference (i.e., 1°C
herein). This can be clearly seen by the decreasing
intervals between each curve in Figure 6. The decreasing
intervals show the decreasing effect of mud temperature
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on anincrease in hydrate dissociation range. In the future,
effect of mud temperature on borehole collapse can be
investigated. Besides, based on investigation of borehole
collapse in hydrate reservoir, engineering measures for
reducing the drilling risk can be proposed for mud
temperature.

4. 3. Effect of Mud Density on Hydrate Dissociation
As we all know, the bottom-hole pressure can be directly
simplified as the value obtained by multiplying mud
density by reservoir depth. Therefore, in this section,
drilling mud density is directly replaced by bottom-hole
pressure, and its influence on hydrate dissociation around
wellbore is discussed. Figure 7 displays the effect of
bottom-hole pressure (drilling mud density) on hydrate
dissociation within the near-wellbore region. As can be
seen from Figure 7, hydrate dissociation around wellbore
will gradually weaken with an increase in bottom-hole
pressure (drilling mud density). When the bottom-hole
pressure is 14.50MPa, the final dissociation range is
12.18cm. Such violent hydrate dissociation can pose a
great threat to the strength of reservoir around wellbore,
which is not conducive to maintaining the stability of
borehole. However, when the bottom-hole pressure
increases to 17.00MPa, the final dissociation range is
only 7.46cm, which is only about 61.25% of that when
bottom-hole pressure is 14.50MPa. According to
investigation conducted by Li et al. [22], this is mainly
because when the mud density is small, the pore pressure
at the same location in the near-wellbore region around
wellbore is relatively low. For the same ambient
temperature (i.e., reservoir temperature), lower ambient
pressure (i.e., pore pressure) is not conducive to the
stability of natural gas hydrates in pores.

In order to prevent uncontrolled hydrate dissociation,
the research results can provide the reasonable
suggestion for the design of drilling fluid density used in
hydrate reservoir. It can be seen from the investigation
results that high-density drilling mud is preferred for
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Figure 7. Effect of mud density on hydrate dissociation
when the mud temperature is 21.25°C
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maintaining wellbore stability while drilling in the
hydrate reservoirs. That is to say, in order to prevent
serious borehole collapse caused by hydrate dissociation,
the overbalanced drilling technology or near-balance
drilling technology are recommended during drilling in
hydrate reservoir. However, the underbalanced drilling
operation can result in serious hydrate dissociation in
clayey silt hydrate reservoirs, which may lead to the
borehole collapse with the near-wellbore region.
Therefore, the underbalanced drilling technology is not
recommended during drilling hydrate reservoirs.
Furthermore, in the future, method for determination of
the safe mud weight window with considering hydrate
dissociation can be explored by mechanical experiment.

4. 4. Effect of ilnhibitor Concentration on Hydrate
Dissociation Hydrate inhibitors are usually used
to control hydrate formation in borehole annulus or
submarine pipeline for flow safety. Herein, we want to
investigate the influence of inhibitor on hydrate
dissociation, not on hydrate formation. NaCl is one of the
most commonly mentioned inhibitors. The influence of
NaCl solution concentration on hydrate dissociation
around wellbore is investigated in this section. Therefore,
inhibitor concentration can be considered as the mud
salinity here. The effect of inhibitor on hydrate
dissociation is essentially achieved by affecting its
dissociation kinetic conditions. However, it is sometimes
difficult to directly determine the phase equilibrium
conditions for any inhibitor concentrations. Just as Figure
8 shows, a method for quantitatively determining the
effect of inhibitor on phase equilibrium conditions of
methane hydrate is presented. First of all, it is necessary
to determine the decrease in phase equilibrium
temperature caused by inhibitor addition according to
Equation (7). Then, the phase equilibrium pressure can
be determined by combining the calculated phase
equilibrium temperature by Equation (8) through

Curve for mud
with inhibitor s
/

Pressure

Ped
Add the W};'

inhibitor

Original curve

-
>

Temperature

Change direction
\ of the curve -

» Curve after adding
4 the inhibitor

Figure 8. Method for determining effect of inhibitor (NaCl)
on phase equilibrium conditions



148 Q. Liand Q. Li / IJE TRANSACTIONS A: Basics Vol. 35, No. 01, (January 2022) 142-149

trigonometric function. By this method, the phase
equilibrium conditions for any inhibitor concentrations
can be determined rapidly.

Figure 9 displays the effect of inhibitor concentration
on hydrate dissociation during drilling in hydrate
reservoir. As can be seen from Figure 9, hydrate
dissociation occurs more and more violently with an
increase in inhibitor concentration. The final hydrate
dissociation range is only about 3.83cm when the
inhibitor concentration is Owt% (i.e., fresh water is used
as the drilling mud). However, the dissociation range
reaches 8.72cm when the inhibitor concentration has
increased to 30wt%, which is 2.28 times the dissociation
range when fresh water is used as the drilling mud. The
influence mechanism of inhibitor concentration on
hydrate dissociation around wellbore in drilling operation
has been revealed in literature [21]. According to Zhao et
al. [21], we know that the main reason for this is that
inhibitors can reduce the range of the stable area (i.e., the
upper left part of Figure 3) in the hydrate phase diagram,
making the formation of naturals gas hydrates more
difficult. On the contrary, addition of inhibitor can
expand the range of unstable area, which makes the
hydrate dissociation occurs more easily.

In spite of the fact that proper increase in inhibitors in
the drilling mud can inhibit the formation of natural gas
hydrates within the wellbore, which is beneficial to well
control during the drilling operation. However, excessive
concentrations of inhibitors can not only lead to violent
hydrate dissociation and severe borehole collapse, but
also may cause malignant corrosion of the casing string
and affect subsequent operations. Therefore, a reasonable
inhibitor concentration should be proposed according to
the requirements of drilling operation, rather than an
arbitrary concentration. In addition, in the future, effect
mechanism of different hydrate inhibitor can be
experimentally explored to facilitate the optimization of
inhibitor concentration.

0.100

— Owt%o
0.080 — 15wt%o
— 30wt%eo

0.060

0.040

0.020

Dissociation range from axis/m

0.000 . . .
0 50 100 150 200
Time/min
Figure 9. Effect of inhibitor concentration in drilling mud
on hydrate dissociation when the mud temperature and
bottom-hole pressure are 17.25°C and 15.00MPa
respectively

5. CONCLUSIONS

Borehole collapse caused by hydrate dissociation in
drilling operation endangers drilling safety. In this study,
dissociation characteristics of natural gas hydrates
around wellbore in drilling operation was explored with
finite element model, and the influence of various factors
on hydrate dissociation was also investigated. The
obtained results demonstrate that stability of gas hydrates
in near-wellbore region can be affected by drilling mud
invasion through disturbing reservoir temperature and
pore pressure. In drilling operation, hydrate dissociation
weakens with an increase in mud density. However, an
increase in drilling fluid temperature and inhibitor
concentration in drilling fluid will aggravate the
dissociation of gas hydrates around wellbore. Therefore,
in order to weaken the influence of uncontrollable
hydrate dissociation on borehole stability during drilling
operation, it is effective to cool the drilling fluid or
increase the drilling mud density. Besides, adding
hydrate stabilizer to drilling fluid or reducing the
inhibitor concentration in drilling fluid is also a desired
method.
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