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Abstract

Borehole collapse will pose a threat to the safety of equipment and personnel during drilling operation. In this paper, a finite
element multi-field coupling model for investigating borehole collapse in hydrate reservoir was developed. In this model, fluid
seepage, heat transfer, hydrate dissociation and borehole deformation are all considered. Based on which, effects of drilling
fluid density on both of hydrate dissociation and borehole collapse are investigated. The investigation results show that distur-
bance of drilling fluid invasion to hydrate reservoir will lead to hydrate dissociation around wellbore, and dissociation range
narrows obviously with the increase in drilling fluid density. When the relative fluid density is 0.98, natural gas hydrates in
reservoir with a width of about 16.65 cm around wellbore dissociate completely. However, dissociation range of natural gas
hydrate has decreased to 12.08 cm when the relative fluid density is 1.10. Moreover, hydrate dissociation around wellbore
caused by drilling fluid invasion may lead to borehole collapse, and borehole collapse can be significantly restrained with
the increase in relative fluid density. Borehole enlargement rate is 33.67% when the relative fluid density is 0.98, but nearly
no collapse area displays around wellbore when the relative fluid density increases to 1.12. In addition, investigation herein
can provide an idea for designing drilling fluid density in hydrate reservoir when different allowable borehole enlargement
rate is considered. The minimum fluid density designed for avoiding disastrous borehole collapse increases nonlinearly when
higher requirements for borehole stability are proposed.

Keywords Drilling fluid density - Drilling fluid invasion - Hydrate dissociation - Borehole collapse - Borehole enlargement
rate - South China Sea

Introduction

Natural gas hydrates are crystals mainly composed of gas
molecules (such as methane) and water molecules (Sloan
1998; Klar et al. 2010; Lu 2015; Gai and Sanchez 2017;
Zhao et al. 2019). Appropriate temperature and pressure
conditions in reservoir and sufficient gas source are three
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important factors affecting the formation of hydrates in
nature (Klar et al. 2010; Lu 2015; Gai and Sanchez 2017).
Due to the fact that natural gas hydrates can ease the poten-
tial energy crisis, in-depth investigations on production
strategies of natural gas hydrates have been conducted.
At present, the total reserves of natural gas hydrates in the
world have not be unified due to the difference in statisti-
cal methods. However, it is generally recognized that the
organic carbon stored in natural gas hydrates is more than
twice that of conventional energy sources (Milkov 2004; Li
et al. 2013; Merey 2016; Zhang et al. 2017a, b). Therefore,
if natural gas hydrates can be commercially developed, they
have the potential to become a mainstream energy to replace
the conventional energy sources in the near future. How-
ever, only the laboratory experiments and/or the numerical
simulation related to natural gas hydrates can be carried out
now, and the implementation of field experiments is still
somewhat difficult.
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Strength of hydrate-bearing sediments in natural envi-
ronment is usually very low, and various engineering geo-
logical hazards will arise during its development (Rutqvist
and Moridis 2007; Li et al. 2011; Uchida et al. 2012; Klar
et al. 2013; Cha et al. 2016). Moreover, hydrate dissociation
during natural gas production from hydrate reservoirs may
aggravate the occurrence of these geological hazards. Effect
of hydrate dissociation on hydrate-bearing sediments can be
clearly illustrated by Fig. 1. As is illustrated in Fig. 1, even
for hydrate-bearing sediments with higher hydrate satura-
tion, it still looks soft. Let alone the deposits after hydrate
dissociation, it looks like fluid.

It is known that hydrate dissociation in the near-wellbore
region is fatal to borehole stability during drilling in hydrate
reservoir (Tan et al. 2005; Qiu et al. 2015; Ning et al. 2013a,
b; Fereidounpour and Vatani 2014, 2015; Matsuda et al.
2016; McConnell et al. 2012). Reservoir temperature and
pore pressure are the two most important factors affecting
the stability of natural gas hydrate. However, hydrate dis-
sociation within the near-wellbore region will occur vio-
lently due to the disturbance of drilling fluid during drilling
operation, resulting in borehole collapse (Li et al. 2018a).
Disturbances of pore pressure and temperature within the
near-wellbore region caused by drilling fluid invasion mainly
depend on drilling fluid density and fluid temperature,
respectively. Therefore, thorough analysis of drilling fluid
invasion and its impact on borehole stability during drilling
operation in hydrate reservoir is important to the safe and
efficient development of natural gas hydrates.

Up to now, most of the relevant experimental studies
are focused on exploring ways to inhibit hydrate formation
within wellbore during drilling operation (Zhao et al. 2015;
Zhao et al. 2020; Liu et al. 2016; Mech and Sangwai 2016).
Few works have been carried out for investigating the inter-
action between drilling fluid and hydrate reservoir, let alone
wellbore instability caused by drilling fluid invasion. In
addition, some researchers have done some numerical inves-
tigations on borehole stability during the drilling operation
in hydrate reservoir. Tan et al. (2005) presented the require-
ments to develop a comprehensive risk management capa-
bility for drilling in gas hydrate-bearing sediments. And,

Hydrate

Dissociation

Fig.1 Photo of natural hydrate deposit before and after dissociation in
the South China Sea
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the methodology reducing risk and uncertainty of wellbore
stability associated with gas hydrates in deep water during
hydrate development was also investigated. Qiu et al. (2015)
proposed a new workflow to carry out the investigation of
wellbore integrity for a methane hydrate production test well
in the Nankai Trough. Moreover, the effect of cement bond
quality on the wellbore integrity during hydrate develop-
ment was also conducted. Li et al. (2018a) developed the
investigation method and finite element model for analyz-
ing borehole stability in hydrate-bearing sediments with
ABAQUS software. It has been verified that the established
model has good accuracy and applicability. In a word, all
these studies are valuable for analyzing collapse behavior of
borehole during drilling in hydrate reservoir. However, few
in-depth analyses specifically aimed at the effect of drill-
ing fluid density on borehole collapse have been launched,
not to mention the corresponding mechanism analysis and
engineering guidance.

In the present work, the finite element model that inte-
grated seepage, heat transfer, hydrate dissociation and bore-
hole deformation was developed. With this model, distur-
bance of drilling fluid to hydrate-bearing sediment around
wellbore was then investigated. Moreover, effects of drill-
ing fluid density on borehole collapse associated with drill-
ing operation in hydrate-bearing sediments were analyzed.
Finally, the method for determining the minimum fluid den-
sity with considering different acceptable borehole enlarge-
ment rate is obtained. The investigation results herein can
provide reference and support for the drilling fluid design
while drilling in hydrate reservoir.

Study area

With an area of about 3.5 million square kilometers, the
South China Sea undoubtedly becomes the largest marginal
sea in the Western Pacific. Water depth in the northern South
China Sea is mostly between 500 and 3500 m, with an aver-
age water depth of 1350 m. Such deep-water environment
provides favorable temperature and pressure conditions for
the formation and existence of natural gas hydrate. Figure 2
shows the location and geological setting of the Shenhu area
in the northern South China Sea. As can be seen from Fig. 2,
the Shenhu area is located in the Zhu II depression of the
Pearl River Mouth Basin in the Northern South China Sea,
and it is the main area for the exploration of natural gas
hydrate for China (Wan et al. 2017).

Although China started late in its hydrate-related explo-
ration or development activities in the South China Sea, it
has made rapid progress in the present years. In 1998, China
Geological Survey officially conducted the first exploration
of natural gas hydrate in the South China Sea. Subsequently,
China Geological Survey organized four activities for
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Fig.2 Geological setting of the
study area (revised from Wu
and Wang 2018) ;
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exploring gas hydrate in 2007, 2013, 2015 and 2016, respec-
tively, in the South China Sea. After more than 20 years
of exploration, it is found that there are abundant hydrate
resources in the South China Sea. Therefore, Guangzhou
Marine Geological Survey conducted two production tests
in this area in 2017 and 2020, and the gas production rates
of the two production tests were 5000 m*/day and 28700m?/
day in average, respectively. Although these two produc-
tion tests have achieved great success compared with that in
other countries, production practice proved that underground
accidents such as borehole collapse are still important issues
affecting efficient development of natural gas hydrates.

II' Drilling site Production test site

Therefore, in the present work, site of GMGS(2007)-SH2
is taken as the example for investigating borehole collapse
in hydrate reservoir.

Investigation model

Borehole collapse occurred in hydrate reservoir is a com-
plex physical phenomenon involving drilling fluid invasion,
hydrate dissociation and strata deformation. Development
of the corresponding simulation model on ABAQUS plat-
form includes (1) defining model geometry, (2) defining
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material properties and constitutive model, (3) discretizing
the numerical model into elements, (4) specifying loads,
boundary conditions and initial conditions.

Model geometry

The established 2D coupled finite element model that used
for investigating the effects of drilling fluid density on bore-
hole collapse is displayed as Fig. 3. It can be seen from
Fig. 3a that water depth is 1235 m at site GMGS(2007)-
SH2, and the thicknesses of overlying formation and hydrate
reservoir are 195 m and 25 m, respectively. The investiga-
tion model adopted in this work is chosen at the depth of
210 m below seafloor, which is approximately the middle
depth of the hydrate layer. In addition, it is assumed that the
8.5 inch drill bit is used in the drilling operation of hydrate
layer. Therefore, borehole in the model is assumed to be an
uncased vertical one (see Fig. 3b) with a radius of 0.216 m.
Moreover, considering the fact that hydrate dissociation dur-
ing drilling operation only occurs within the near-wellbore
region, the model radius is designed to be 20 m.

After model discretization, there are a total of 16,250
stress/pore pressure elements (CPE4P) in the investigation
model (see Fig. 3c). All elements included in model can
efficiently simulate the drilling fluid invasion, hydrate dis-
sociation and borehole collapse during drilling in hydrate

Fig.3 Schematic of borehole
stability model during drilling
operation in hydrate reservoir.

a Wellbore trajectory and
wellbore structure; b the model
geometry and the model size;

¢ Mesh model for simulating
hydrate dissociation and bore-
hole collapse in hydrate-bearing
sediments

Sea water

Seafloor
Overlying layer

Underlying layer

NOTE:

» Borehole diameter is 0.432 m;

» P, is the drilling mud pressure;

m
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reservoir. Since hydrate dissociation mainly occurs within
the near-wellbore region, elements are denser in this area
than other region after mesh refinement. There are 8024 ele-
ments within the near-wellbore region after discretization,
which accounts for about half of the elements in the whole
model. It is worth noting that the element size within the
model displayed in Fig. 3 is determined after evaluation and
optimization.

Simulation steps and boundary conditions

Ideally, hydrate reservoir in natural environment should
be undisturbed by any artificial activities. In this case, the
established model should be a plane strain model without
borehole. However, in order to reduce the number of ele-
ments within the model to speed up the simulation, the bore-
hole has been directly presented herein. In this case, the
normal displacement of borehole needs to be constrained at
the initial moment of simulation, then release it and apply
drilling fluid pressure on borehole to complete the subse-
quent work. Therefore, simulation needs to be implemented
by two consecutive analysis steps: Geostatic step and Bore-
hole Collapse step, and the analysis time of two steps is 1 s
and 14400 s, respectively. The aim of the Geostatic step is to
obtain the initial properties of reservoir, which can provide
a basis for subsequent simulation. In the Borehole Collapse

[~ Sealevel (0 m) ¥ Injection of

drilling mud

Drilli i
—Seafloor(1235 m) BN g sty

(b)

l‘/Drilling bit

Near-wellbore
Outer region

boundaries
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step, simulations of fluid invasion, hydrate dissociation and
borehole collapse should be completed. All boundary condi-
tions have been shown in Table 1. In Table 1, the ticks (\/ )
indicate that these boundary condition has been applied in
corresponding analysis step, while the blank indicates that
these boundary condition has not been applied.

Loads need to be applied herein are the drilling fluid pres-
sure. Drilling fluid pressure is the integral of the drilling
fluid density along the vertical depth, and pore pressure is
the integral of the sea water density along the vertical depth.
For the convenience of subsequent investigation, parameter
of relative fluid density P, is defined as the ratio of drilling
fluid pressure to pore pressure. For example, the drilling
fluid pressure and pore pressure are equal to each other if the
fluid relative density is 1.00. Considering the fact that high
drilling fluid pressure on borehole may not result in borehole
collapse, and can only result in hydrate dissociation. So, the
range of relative fluid density herein is chosen from 0.98 to
1.12. Moreover, considering that the Mohr—Coulomb crite-
rion is one of the most commonly used yield criterions, so
all numerical simulations in the present work are based on
the Mohr—Coulomb criterion.

Only when the numerical simulation relies on the field
data as much as possible, can it provide a specified reference
for field construction. The basic input data for investigation
of borehole stability in silt hydrate-bearing sediments at site
GMGS(2007)-SH2 herein are listed in Table 2 (Wu et al.
2010; Wang et al. 2011; Xiao et al. 2013; Liu et al. 2017,
Li et al. 2018b). It should be stated that all parameters in
Table 2 are all obtained from the open literature.

Change of physical parameters with hydrate
dissociation

Properties of hydrate-bearing sediments will change with
hydrate dissociation caused by invasion of drilling fluid in
hydrate reservoir. However, there is no uniform model to
describe the property variation of hydrate-bearing sediments
during hydrate dissociation now. Therefore, some empiri-
cal formulae describing the relationship between properties
of hydrate-bearing sediments and hydrate saturation have
been obtained based on some experimental investigation
(Chaet al. 2016).

Considering the fact that borehole deforms large within
the near-wellbore region during the whole simulation, the
Mohr—Coulomb failure criterion is used herein. There-
fore, evolution equation of mechanical properties such as
Young's modulus and cohesion of hydrate reservoir during
drilling operation should be given. The relationship between
Young's modulus of hydrate-bearing sediments and hydrate
saturation can be expressed by Eq. (1).

E =125+1000 - S, (1

where E is the Young's modulus of hydrate-bearing sedi-
ments in MPa when the hydrate saturation is S,,.

Some investigations have shown that Poisson's ratio of
hydrate-bearing sediment varies little with hydrate disso-
ciation. Therefore, it is assumed that no change occurs in
Poisson's ratio of hydrate-bearing sediment within the near-
wellbore region during the whole drilling operation herein.

Table 1 All the boundary

- N Step No
conditions in different

Geostatic step (1 s)

Borehole collapse step (14400 s)

simulation steps

Boundary Type Displacement Temperature Pore pressure Displacement Temperature Pore pressure

Outer boundary \/

v v

Borehole \/ \/ \/

Table2 Physical ;.)a.ram.eters Parameter Value Unit Parameter Value Unit

of hydrate reservoir at site

GMGS(2007)-SH2 and the Density, p 2000 Kg/m®  Thermal conductivity, A 1.308 W/(m-K)

drilling conditions Young's modulus, E, 625 MPa Specific heat capacity, C,;, 1362 J/(Kg-K)
Initial dilation angle, y 17.46 ° Relative fluid density, P, 098~1.12 MPa
Poisson's ratio, v, 0.35 - Fluid temperature, T, 21.25 C
Friction angle, € 23 ° Drilling time, #, 4 h
Initial cohesion, C, 1.035 MPa Initial porosity, ¢, 52.46 %
Void ratio 0.8512 - Hydrate saturation, S, 41.40 %
Initial pore pressure, P, 14.586  MPa Max. horizontal stress, o;  2.25 MPa
Vertical effective stress, oy, 1.96 MPa Min. horizontal stress, o, 1.75 MPa
Initial temperature, T 15.25 C Density of sea water 1030 Kg/m?
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The cohesion also changes with hydrate saturation, and
relationship between cohesion and hydrate saturation can be
expressed by the following equation:

C=25xS, )

where C is the cohesion of hydrate-bearing sediments in
MPa when the hydrate saturation is S,

In addition, influence of hydrate saturation on the internal
friction angle of hydrate-bearing sediment can be expressed

by Eq. (3).
siny =0.05+0.5 %S, 3

where y is the dilation angle of hydrate-bearing
sediments.

Permeability of hydrate-bearing sediment will also be
affected by change of hydrate saturation during drilling opera-
tion, which can be described by the following equation (Saka-
moto et al. 2010).

K=K (I_Sh)N

) @)
N=10.384 x §,-22.773 X S, +13.639

where K|, is the initial permeability of hydrate-bearing sedi-
ment, N is a variable related to hydrate saturation.

Hydrate dissociation around the wellbore and the result-
ing changes in sediment physical parameters are realized by
USDFLD subroutine during simulation. The source code of
USDFLD subroutine is shown in Appendix A.

Determination of hydrate saturation

Herein, the phase equilibrium curve of methane hydrate in
sea water is used to determine whether hydrate will dissoci-
ate. The phase equilibrium equation curves of pure methane
hydrate can be written as follows (Nazridoust and Ahmadi
2007):

— 2
Ig (Pog) = 0.034T,, + 0.0005T2, + 6.4804 )

where P, is the phase equilibrium pressure, and 7, is the
phase equilibrium pressure.

As shown in Fig. 4, the phase equilibrium curve of meth-
ane hydrate was obtained according to Eq. (5). Based on this,
the stability of methane hydrate at any temperature and pres-
sure can be judged. We can know from Fig. 4 that natural
gas hydrates are stable in natural state. However, although
the highest relative fluid density is 1.10, hydrates become
extremely unstable when the drilling fluid temperature is
21.25°C. That is, disturbance of drilling fluid may make nat-
ural gas hydrates around the wellbore begins to dissociate.
Although Eq. (5) can be used to determine whether hydrates
dissociation can occur at certain temperature and pore
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Fig.4 Phase equilibrium curve of methane hydrate

pressure, dissociation degree of methane hydrate still needs
to be achieved by the kinetic equation shown in Eq. (6).

mg = KrdMgAdec¢Sh (fe _fg) (6)

where m,, is gas production rate from hydrate dissociation,
K, ,1is the hydrate dissociation constant, M p is the molecular
mass of methane, A . is the surface area hydrate in unit vol-
ume, ¢ is porosity of hydrate reservoir, f, and f, are fugacity
of methane at equilibrium pressure and gas phase pressure,
respectively.

Model validation

In this section, the applicability of the numerical simulation
model used in the present work is verified by the drilling
fluid disturbance experiments.

As we all know, when there are differences in the material
composition of hydrate-bearing sediments, the measurement
results of acoustic wave velocity will also be significantly
different. Therefore, the change of acoustic wave velocity
can be used to judge whether hydrate dissociates during the
experiments. Herein, the influence of drilling fluid on natural
gas hydrate within the near-wellbore region is investigated
by the drilling fluid disturbance experimental system. The
main component of the experimental system is the high-
pressure cylinder, which can withstand high pressures up
to 100 MPa. Figure 5 shows the structure of high-pressure
cylinder in the experimental system. As shown in Fig. 5,
the high-pressure cylinder is a cylinder with the length of
100 cm and the radius of 10 cm. In addition, three acoustic
probes are set along the radial direction of the high-pressure
cylinder according to a certain distance (it is 20 cm herein),
which are used for measurement of acoustic wave velocity
during experiment.

Before the experiment, the high-pressure cylinder was
filled with hydrate-bearing sediments with hydrate saturation
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Fig.6 High-pressure cylinder in the experimental system

of 0.414. During the experiment, the drilling fluid with cer-
tain temperature (25.25°C) and pressure (14.586 MPa) con-
tinuously circulates through one end of the high-pressure
cylinder (left end in Fig. 5). Since the high-pressure cylinder
is always placed in cold storage, its temperature will always
be maintained at 15.25 °C. In addition, the pressure in cyl-
inder needs to be maintained at 14.586 MPa with the help
of servo-controlled pump during the experiments. At the
same time, three acoustic probes can real-timely collect the
acoustic wave velocity at different positions of high-pressure
cylinder at 5 min intervals during the experiment, so as to
judge the dissociation of natural gas hydrate at the corre-
sponding position.

According to the above experimental conditions, the cor-
responding mathematical simulation is also conducted by the
established simulation model. During simulation, the prop-
erties of hydrate-bearing sediments are shown in Table 2.
After processing the experimental results of wave velocity,
Fig. 6 shows the comparison of the time required for natural
gas hydrates to dissociate to three probes during experiment
and numerical simulation. We can clearly see from Fig. 6
that although the numerical simulation results are all slightly

smaller than the experimental results when hydrates dissoci-
ated to any probe position, the difference is small. Taking
the 1# probe (its position can be seen from Fig. 5) as an
example, the time required for experiment and simulation
is 1240 s and 1185 s, respectively, when natural gas hydrate
dissociates to this position. The experimental result is only
55 s longer than the simulation result. When natural gas
hydrate dissociates to 3# probe, the time required for experi-
ment and simulation is 35464 s and 34678 s, respectively,
the difference is only 786 s. Therefore, it can be concluded
that the numerical model established herein can be used for
analyzing the influence of drilling fluid density on hydrate
dissociation around wellbore and borehole instability during
drilling in hydrate-bearing sediments.

Results and discussions

Disturbance of drilling fluid invasion
on temperature and pore pressure

Disturbance of drilling fluid invasion on hydrate reservoir
is manifested by changes of temperature and pore pressure
within the near-wellbore region. Figure 7 displays the dis-
tribution of reservoir temperature within the near-wellbore
region at different drilling time. White numbers in Fig. 7
represent the position of temperature front at different times.
From Fig. 7, we can see that the temperature disturbance
front gradually advances along the radical direction through-
out the drilling operation. However, the advancement rate of
temperature front decreases with the drilling operation. At
the end of the drilling operation, temperature front is at the
position of 0.506 m from borehole.

Pore pressure within the whole investigation model can
also be affected by disturbance of drilling fluid. Figure 8
displays the evolution of pore pressure within the whole
investigation model at different times when relative fluid
density is 1.02. From the investigation results in Fig. 8, we
can see that effect of drilling fluid on pore pressure within
the model is greater than that on temperature. Correspond-
ingly, pore pressure within nearly the whole model has been
affected at the end of the drilling operation. Changes of both
pore pressure and temperature within the whole model due
to invasion of drilling fluid may result in hydrate dissocia-
tion in a large range of area around the wellbore. In the next
section, hydrate dissociation caused by invasion of drilling
fluid during drilling operation will be analyzed in detail.

Hydrate dissociation caused by fluid invasion
It is well known that methane hydrates are formed by water
molecules and methane molecules at high temperatures and

low pressures. Conversely, stability of natural gas hydrate
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Fig.7 Evolution of temperature
distribution around wellbore
during simulation when the
fluid temperature is 21.25°C

Temperature(C)
21.25
15.25

600s 3600s
Near-wellbore
region
0.506m
Borehole
7200s 10800s 14400s
Fig.8 Evolution of pore pres-
sure distribution within the
whole model when the relative
fluid density is 1.02 Borehole
600s 600s
Pore Pressure, MPa
14.586
14.586
14.586
14.586

7200s

in the hydrate-bearing sediments will be threatened when
reservoir temperature is higher than phase equilibrium tem-
perature or/and pore pressure is lower than phase equilib-
rium pressure. Disturbance of drilling fluid occurred during
the drilling operation is an important threat to the stabil-
ity of natural gas hydrates within the porous media around
wellbore.

Evolution curves of hydrate dissociation range around
wellbore for different drilling fluid density are presented as
Fig. 9. It can be seen from Fig. 9 that range of hydrate dis-
sociation decreases with the increase in drilling fluid density
at any time of the drilling operation. Natural gas hydrates

Jielase cllall aly .
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14400s

in hydrate reservoir with a width of 12.08 cm around well-
bore dissociate when the relative fluid density is 1.10. How-
ever, dissociation range around wellbore has increased to
16.87 cm when the relative fluid density is 0.98, which is
about 1.40 times as wide as that at a relative fluid density of
1.10. This is for the reason that the stability of natural gas
hydrate at low pore pressure is particularly weak. Therefore,
the lower the drilling fluid density is, the more easily hydrate
dissociation occurs.

The dissociation front depicted in Fig. 9 is defined as
the position where the natural gas hydrate has just com-
pletely dissociated at any simulation time. In other words,
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Fig.9 Effect of fluid density on hydrate dissociation caused by distur-
bance of drilling fluid during drilling in hydrate deposits

the dissociation front can be regarded as the junction of the
dissociation region and the transition region at any time.
However, hydrate dissociation is a very slow process, and
the area near the dissociation front is not a cliff-like area
where the hydrate saturation suddenly changes. A distinct
transition region, in which hydrate saturation varies continu-
ously from 0 to 41.40%, exits between the dissociated region
and the initial hydrate reservoir. Therefore, Fig. 10 presents
distribution evolution of hydrate saturation within the near-
wellbore region during the drilling operation for different
relative fluid density. From Fig. 10, we can see that the width
of dissociation transition region is always between 1.00 cm
and 2.00 cm throughout the simulation, and is primarily
related to the drilling fluid density. Moreover, we can also
clearly see from Fig. 10 that the intervals between transition
regions of hydrate saturation distribution curves for differ-
ent fluid densities at the beginning of drilling operation are
small. However, the intervals become so large at the end of
drilling operation. So, the conclusion that hydrate dissocia-
tion will increase as the drilling fluid density decreases can
also be indirectly drawn from Fig. 10.

Collapse area around wellbore

As mentioned above, equivalent plastic strain (PEEQ) is the
physical variable used to determine the collapse position in
investigation of engineering geology. It is considered that the
area where the equivalent plastic strain occurs around well-
bore may collapse in drilling operation. Herein, it is used to
illustrate the collapse area around the vertical wellbore in
hydrate-bearing sediments.

The potential collapse area (other areas except dark
blue) during drilling operation in hydrate-bearing

sediments under different drilling fluid density is presented
as Fig. 11. As can be seen from Fig. 11, the collapse area
is an elliptical area around wellbore, whose long axis
coincides with the direction of the minimum horizontal
principal stress. In addition, it can be qualitatively seen
from Fig. 11 that the area of the collapse region around
wellbore decreases with the drilling fluid density. How-
ever, the quantitative relationship between the potential
collapse area around the wellbore and the relative fluid
density cannot be determined by this. In order to solve this
problem, parameter of the borehole enlargement rate € is
defined herein and expressed by the following equation.

mc_R

€= R—” % 100% @)

where R, . is the maximum radius of the collapse area
around wellbore, and R, is the wellbore radius.

Figure 12 shows the quantitative relationship between
borehole enlargement rate and relative fluid density when
the temperature of drilling fluid is 21.25°C. It can be seen
from Fig. 12 that borehole enlargement rates decrease
nonlinearly with relative fluid density. Borehole enlarge-
ment rate decreases rapidly with the increase in drilling
fluid density when the relative fluid density is less than
1.03. However, when the relative fluid density is higher
than 1.03, the rate at which the borehole enlargement rate
decreases with the increase in fluid density has become
extremely slow. Borehole enlargement rate caused by
hydrate dissociation is 33.76% when the relative fluid
density is 0.98. However, borehole enlargement rate has
reduced to 2.38% when the relative fluid density increased
to 1.12, which can be ignored in drilling engineering.
The simulation result illustrates the impact of drilling
fluid density on the borehole collapse is enormous. The
reason for this can be explained by drilling fluid inva-
sion and hydrate dissociation. On one hand, strength of
hydrate deposit around wellbore can be greatly weakened
by hydrate dissociation caused by disturbance of drill-
ing fluid. For another, high effective stresses caused by
hydrate dissociation and invasion of drilling fluid are also
an important reason for borehole collapse. Therefore, with
the increase in drilling fluid density, hydrate dissocia-
tion around wellbore will gradually weaken, resulting in
slighter borehole collapse.

Polynomial showed in Eq. (8) can be used for describing
the relationship between borehole enlargement rate and rela-
tive fluid density in the present work.

£(% )=333.18-923.12P,+952.76P* — 262.63P> ®)

With the help of Eq. (8), the effect of drilling fluid density
on borehole collapse can be quantitatively evaluated.
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Fig.10 Distribution of hydrate saturation along a radial path at different times of drilling operation when the fluid density is different

Design of fluid density in hydrate deposits

As illustrated in Fig. 4, natural gas hydrate is stable in
high pressure, but it will become unstable in low pres-
sure. Therefore, according to the basic theory for well-
bore stability, only the minimum drilling fluid density
needs to be determined when hydrate deposits will not be
fractured during drilling operation. Moreover, controlla-
ble borehole collapse during drilling operation in hydrate
reservoir is permitted. Of course, it is best if the borehole
collapse does not occur. Based on Eq. (8) and Fig. 12, a
new method for determining the minimum fluid density
in hydrate reservoir with considering different accept-
able borehole enlargement rate is developed. Figure 13
shows the determination results of minimum fluid density

jllate ¢llodl ay .
des Shevis @) Springer

in hydrate reservoir at site GMGS (2007)-SH2 with con-
sidering different acceptable borehole enlargement rates.

It can be seen from Fig. 13 that the required drill-
ing fluid weight will be significantly increased with the
increasing requirements for borehole integrity. When the
acceptable enlargement rate of borehole is 2.5%, the mini-
mum fluid weight is 1.116, which is a higher weight value
for drilling operation in shallow layer in deep water area.
However, as the decrease in requirements for borehole
integrity, the minimum fluid weight decreases sharply. The
minimum fluid weight reduced to 1.010 when the accept-
able enlargement rate is decreased to 15%. It is foreseeable
that this phenomenon becomes more pronounced when the
temperature of the drilling fluid is higher.
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Fig.12 Relationship between the borehole enlargement rate and the
relative fluid density

Conclusion

In the present work, investigation on the effects of drill-
ing fluid density on both hydrate dissociation and borehole
collapse around vertical borehole in hydrate-bearing sedi-
ments is conducted. The main results conclusions are as
follows:

1) During drilling operation in hydrate reservoirs, effect of
drilling fluid invasion on pore pressure is much greater
than that on temperature. Pore pressure within almost
the whole model has been affected at the end of the drill-

Minimum relative mud density

1.14 : :
1.116 : !

1.12

1.10 - -

1.08

1.06

2.50
Acceptable enlargement rate of borehole (%)

5.00 7.50 10.0 1250 15.00

Fig.13 The minimum fluid weight when different acceptable bore-
hole enlargement rates are defined

2)

3)

ing operation, whereas only the temperature within an
annular area with a width of 0.506 m around wellbore
is disturbed when drilling fluid temperature is 21.25°C.
Hydrate dissociation occurs only in a portion of the
reservoir that is disturbed by drilling fluid invasion
around wellbore. Final range of hydrate dissociation
is 12.08 cm when the pressure coefficient is 1.10. The
final dissociation range of natural gas hydrate increases
with the decrease in bottom-hole pressure. It increases to
16.65 cm when the pressure coefficient of bottom-hole
is increased to 0.98.

Considering that borehole collapse in hydrate deposits is
mainly caused by hydrate dissociation, it is an indisput-
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able fact that the drilling fluid density will also affect the
borehole collapse. When the pressure coefficient is 0.98,
the borehole enlargement rate is 33.76%. However, the
borehole collapse caused by hydrate dissociation almost
disappears when the pressure coefficient is increased to
1.10.

4) The investigation herein can provide a method for deter-
mining the minimum fluid density in hydrate-bearing
sediments with considering different acceptable bore-
hole enlargement rates. For example, if the borehole
enlargement rate of 2.5% is acceptable, the pressure
coefficient of 1.116 can be viewed as the minimum fluid
weight. However, the minimum fluid weight decreases
with the increase in the acceptable borehole enlarge-
ment rate accordingly. The minimum fluid weight will
decrease to 1.010 if the acceptable borehole enlargement
rate is 15%.

Appendix A: USDFLD User subroutine

C The user subroutine can realize the continuous change
of physical parameters of hydrate bearing sediments with
hydrate saturation between integration points.

C This source code provides all content including code
and annotation in a relatively simple way. According to
this source code, simulation of related engineering geo-
logical hazards during hydrate development can be real-
ized by other researchers.

C USDFLD subroutine will be called at each node
within the investigation model to automatically determine
the physical parameters.

SUBROUTINE USDFLD(FIELD,STATEV,PNEWDT
,DIRECT,T,CELENT,

1 TIME,DTIME,CMNAME,ORNAME,NFIELD,NST
ATV,NOEL,NPT,LAYER,

2 KSPT,KSTEP,KINC,NDI,NSHR,COORD,JMAC,JM
ATYP,MATLAYO,LACCFLA)

C

INCLUDE 'ABA_PARAM.INC'

C

CHARACTER*80 CMNAME,ORNAME
CHARACTER*3 FLGRAY(15)

DIMENSION FIELD(NFIELD),STATEV(NSTATV),
DIRECT(3,3), T(3,3),TIME(2)

DIMENSION ARRAY(15),JARRAY (15)JMAC(*),JM
ATYP(*),COORD(*)

CT1, Peq and PORI1 herein are three real variables used
to store the temperature, pressure and phase equilibrium
pressure of each node.

Pielase clla)l auan .
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REAL T1, Peq, PORI1.

C According to the temperature of each node and Eq. (5),
the phase equilibrium pressure of each node can be deter-
mined.

Peq=10%%(0.034*T1 +0.0005*T1*T1 4 6.4804).

C According to the hydrate dissociation and saturation
distribution, the simulation platform will automatically
determine the spatial distribution of the sediment physical
parameters according to Egs. (1) to (4).

IF (POR1.GT.Peq) THEN.

FIELD(1)=2.

ELSE

FIELD(1)=1.

END IF

RETURN

END

C After that, ABAQUS will automatically perform subse-
quent borehole stability simulations based on the updated
physical parameter distribution.
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