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Abstract: The accurate prediction of wellbore temperature and pressure is important for safe drilling.
However, annulus temperature and pressure changes are more complicated due to phase transition.
To study this problem, a prediction model of temperature and pressure in deep water riserless drilling
is established by considering hydrate cuttings decomposition, interphase mass transfer, and phase
transition heat. Based on this model, the effects of hydrate cuttings decomposition on the temperature
and pressure of drilling in a hydrate reservoir are explored. The results show that the influence
of hydrate cuttings decomposition increases significantly with an increase in the inlet temperature.
The influence of hydrate cuttings decomposition on temperature and pressure decreases with an
increase in displacement. A small range in the variation of density and penetration rates has little
impact on the annulus pressure but mainly affects the temperature. The influence of hydrate cuttings
decomposition increases with an increase in the penetration rate. In normal drilling conditions,
hydrate cuttings decomposition has little impact on annulus temperature and pressure, but under
the conditions of a high inlet temperature, high hydrate saturation, low displacement, and high
penetration rate, it is necessary to consider the impact of hydrate cuttings decomposition. This study
can provide reference for the prediction of temperature and pressure in deep water hydrate reservoir
riserless drilling.

Keywords: hydrate reservoir; hydrate cuttings; riserless drilling; horizontal well; annular temperature
and pressure

1. Introduction

The transformation of energy structures and sustainable development have promoted
the exploration and development of clean energy [1,2]. As a new type of clean energy,
natural gas hydrate has attracted widespread attention [3–5]. Due to the phase equilibrium
characteristics of natural gas hydrate, it mainly occurs in land permafrost and marine
slope sediments in low-temperature and high-pressure environments [6–8]. At present,
depressurization [9], heat injection [10], carbon dioxide replacement [11], and other produc-
tion methods [12,13] need to establish flow channels through drilling; therefore, safe and
efficient drilling is the premise and basis for hydrate reservoir exploitation. The second
depressurization production test in the South China Sea shows that a horizontal well can
significantly improve gas production efficiency and have broad application prospects [14].
However, due to the shallow burial and poor diagenesis of deep water hydrate reservoirs,
the narrow safety pressure window is obvious, and it is very difficult to drill a horizontal
well. Studies have shown that deep water riserless drilling can reduce annular pressure loss
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and form a double density gradient to adjust bottomhole pressure, which can effectively
solve the problem of a narrow safe pressure window in the drilling process [15–17].

Previous research on deep water riserless drilling mainly focuses on the prediction
model of the reservoir temperature and pressure field and the calculation of drilling hy-
draulics. Peng et al. [18] established the hydraulic analysis method applicable to the
riserless drilling system and calculated and analyzed the change rule of drilling fluid
displacement with water depth and well depth. The results show that in order to avoid
a U-shaped pipe effect in the drill string, the displacement of drilling fluid should not be
lower than the critical displacement. Jiang et al. [19] established an equivalent circulation
density calculation model and analyzed the variation law of zero vertical pressure displace-
ment with water depth and well depth. The results show that the zero vertical pressure
displacement increases with the increase in water depth and decreases with the increase in
well depth. Gao et al. [20,21] established the temperature field model of deep water riserless
drilling considering the coupling of wellbore and reservoir and calculated the influences of
different drilling fluid displacement, density, injection temperature, and reservoir depth
on the wellbore temperature field. Mao et al. [22] studied the wellbore pressure field of
riserless drilling in a deep water gas well and analyzed the influence of riserless drilling
displacement and drilling fluid density on annulus pressure and pressure response char-
acteristics under gas invasion conditions. Choe et al. [23] studied the calculation method
of annulus pressure for riserless drilling in a deep water well and focused on analyzing
the characteristics of fluid invasion pressure for riserless drilling with different drilling
fluid parameters. However, there are few reports on the prediction of the temperature
and pressure field and the multiphase flow law in the annulus of riserless horizontal well
drilling in hydrate reservoirs. In terms of hydrate reservoir drilling research, previous
research mainly focuses on the stability of wellbore in hydrate reservoir drilling, the temper-
ature and pressure field in riser drilling, and the multiphase flow model. Sun et al. [24,25]
simulated and analyzed the influence of irreducible water saturation, hydrate saturation,
drilling fluid density, drilling fluid temperature, and drilling fluid salinity on the stability
of the reservoir around the well with the help of TOUGH + HYDRATE software. Cheng
and Gelet [26,27] established the temperature field model of riserless drilling to simulate
the influence of the annulus temperature field on wellbore stability during riserless vertical
drilling in a marine hydrate reservoir. Liao et al. [28,29] established a multiphase flow
model of riser drilling in a hydrate reservoir. Based on this model, it is calculated that
the upper part of the riser is the area of rapid decomposition of hydrate cuttings, and the
influence law of the decomposition of hydrate cuttings in the upper part of the riser on
wellbore pressure is analyzed. Dong et al. [30] established a riser drilling temperature
calculation model for shallow hydrate reservoirs in deep water and analyzed the effects of
drilling fluid displacement, density, and initial temperature on wellbore temperature. The
results show that the initial temperature and displacement of drilling fluid are key factors
affecting the wellbore temperature. However, there is no report on the evaluation of the
influence of hydrate cuttings migration and decomposition on annular temperature and
pressure of drilling without a riser.

In sum, there is still a lack of systematic research on the temperature and pressure
prediction model of riserless drilling in deep water hydrate reservoirs. The temperature
and pressure field prediction model without a riser considering the migration and decom-
position of hydrate cuttings is of particular and great significance for the safe and efficient
drilling of deep water natural gas hydrate reservoirs in the future. Therefore, combined
with the characteristics of riserless horizontal well drilling in deep water hydrate reser-
voirs, this study established a prediction model of the temperature and pressure field in
deep water gas hydrate reservoirs, taking into account influencing factors such as hydrate
cuttings migration and decomposition, interphase mass transfer, phase transition heat, and
gas phase transition. Based on the established model, the effects of drilling in different
layers and different drilling parameters on the temperature and pressure field of riserless
horizontal well drilling in the second test production reservoir in the South China Sea are
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explored with or without the consideration of the annular phase transition factor. This
model is a further extension of the traditional multiphase flow model which can provide
reference and technical support for the temperature and pressure prediction of deep water
gas hydrate reservoir riserless drilling.

2. Model Development

In this study, the influence of hydrate cuttings migration and decomposition on
annular temperature and pressure is evaluated by constructing and solving a multi-phase
flow and heat transfer model in wellbore. Open-circuit drilling is usually used during
riserless drilling in deep water gas hydrate reservoirs. The drill pipe is in direct contact
with the sea water in the seawater section, and the drilling fluid is discharged directly
into the seabed after returning from the annulus to the seabed mud line. Therefore, the
wellbore annulus section refers to the annulus formed by the casing or formation below the
mudline and the drill pipe, while the section above the mudline is the seawater section. Its
characteristic is its dual density gradient, which means that the fluid density in the seawater
section and annulus section is different. Due to the phase equilibrium characteristics of
natural gas hydrate, phase transition in the annulus during drilling hydrate layer is mainly
the decomposition of hydrate cuttings. When drilling the three-phase layer, the annulus
phase transition above the phase equilibrium condition is mainly the decomposition of
hydrate cuttings, and below the phase equilibrium condition, the annulus phase transition
is mainly the formation of gas hydrate. All of these will lead to more complex changes
in the multiphase flow and interphase mass transfer behavior in the annulus; therefore,
the above factors need to be considered when establishing the prediction model of the
temperature and pressure field of riserless drilling in deep water hydrate reservoirs. In
order to properly develop the model, reasonable assumptions are as follows:

(1) Hydrates contained in cuttings are regarded as methane hydrate.
(2) The area of any flow section is equal to the sum of the areas occupied by the three

gas–liquid–solid phases.
(3) Methane hydrate is evenly distributed in hydrate cuttings.

Natural gas hydrates in the South China Sea are mainly methane hydrates. On the
basis of considering the characteristics of studied reservoirs, hypothesis (1) is proposed to
facilitate the establishment and solution of the model. The gas–liquid–solid phase of the
annulus consists of hydrate decomposition gas, drilling fluid, and cuttings, respectively,
so any flow cross-section is composed of these three phases, which is hypothesis (2). If
methane hydrate is not uniformly distributed in the cuttings, this will greatly increase the
difficulty of modeling and solving, and hypothesis (3) is proposed in order to simplify the
physical problem.

2.1. Hydrate Phase Equilibrium and Phase Transition Rate Model

During the drilling process, salt additives in the drilling fluid have a significant
impact on the phase equilibrium of annulus hydrate. In order to characterize the ef-
fect of the salt concentration in the drilling fluid on the hydrate phase equilibrium, the
gas hydrate temperature–pressure–salt concentration phase equilibrium model fitted by
Chuai et al. [31] is adopted in this study. This model has high prediction accuracy when
the salt concentration is less than 25%.

Te(C, Pa) = 247.268 + 3.7167 ln(A− C) + 0.0793175[ln(A− C)]3+
ln Pa

{
9.57275− 0.547938 ln(A− C) + 0.104963[ln(A− C)]3

}
+

(ln Pa)3
{
−0.118983 + 0.0123896 ln(A− C)− 0.00260223[ln(A− C)]3

}
+

(ln Pa)5
{

0.00388941− 0.0000814427 ln(A− C) + 0.0000307206[ln(A− C)]3
} (1)
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where A is the translation coefficient, dimensionless; C is the salt concentration of the
drilling fluid, %; Pa is the annulus pressure, MPa; and Te is the phase equilibrium tempera-
ture corresponding to the current annulus pressure and drilling fluid salinity, K.

Over the years, researchers have studied the process of gas hydrate decomposition to
characterize the rate of hydrate decomposition, among which the hydrate decomposition
rate model proposed by Kim et al. [32] on the basis of experiments is the most widely used.

−dnh
dt

= Kd Ah( fe − fg) (2)

where nh is the mole number of hydrate, mol; fg is the gas fugacity at the current tempera-
ture and pressure, Pa; fe is the gas fugacity at the current temperature and corresponding
equilibrium pressure, Pa; Ah is the dissolution surface area of hydrate, m2; and Kd is the
decomposition rate constant, mol/(m2·Pa·s).

2.2. Multiphase Flow Model

During the drilling of a hydrate reservoir, the migration and decomposition of hydrate
cuttings in the annulus are main factors leading to the complex multiphase flow. Based
on the traditional drilling annulus multiphase flow model, the annulus multiphase flow
continuity equation considering hydrate cuttings migration and decomposition can be
expressed as:

∂(AaEgρg)

∂t
+

∂(AaEgρgvg)

∂z
= mgEs Aa (3)

∂(AaElρl)

∂t
+

∂(AaElρlvl)

∂z
= mwEs Aa (4)

∂(AaEsρs)

∂t
+

∂(AaEsρsvs)

∂z
= −mhEs Aa (5)

where Aa is the area of annulus, m2; Eg, El , and Es are the volume fractions of the annular
air phase, liquid phase, and solid phase, respectively; ρg, ρl , and ρs are the annulus air
phase, liquid phase, and solid phase density, respectively, kg/m3; vg, vl , and vs are the gas
phase, liquid phase, and solid phase velocity, respectively, m/s; and mg, mw, and mh are
the gas production rate, water production rate, and hydrate consumption rate, respectively,
kg/(m3·s).

According to the principle of momentum conservation, the momentum equation of
gas–liquid–solid multiphase flow in the annulus can be expressed as:

∂(AaEgρgvg+AaEl ρl vl+AaEsρsvs)
∂t +

∂(AaEgρgv2
g+AaElρlv2

l +AaEsρsv2
s )

∂z

+(AaρgEg + AaρlEl + AaρsEs)g cos θ + d(Pa Aa)
dz +

d(Pf a Aa)

dz = 0
(6)

where θ is the well inclination angle, ◦ and Pf a is the annular friction, Pa.

2.3. Heat Transfer Model

When riserless drilling in deep water hydrate reservoirs, drill pipe in the seawater
section directly contacts with seawater and exchanges heat. The drilling fluid returns to
the mud line along the annulus and is directly discharged into the seabed. Based on the
traditional wellbore temperature field model, the drilling string and annulus temperature
models obtained by further considering the heat generated by the flow friction and heat of
the hydrate phase transition are as follows:

ρmCmqm
∂Tp

∂z
+ ρmCmπr2

pi
∂Tp

∂t
= 2πrpoUps(Tsea − Tp) + Q f p (7)
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ρmCmqm
∂Tp

∂z
+ ρmCmπr2

pi
∂Tp

∂t
= 2πrpoUpa(Ta − Tp) + Q f p (8)

ρmqmCm
∂Ta
∂z + ρmCmπ(r2

w − r2
po)

∂Ta
∂t −

mh Aa∆H
Mg

=

2πrpoUpa(Tp − Ta) + 2πrwU f (Tf − Ta) + Q f a
(9)

where ρm is the annulus drilling fluid density, kg/m3; Cm is the specific heat capacity of
annular drilling fluid, J/(kg·K); qm is the annulus drilling fluid displacement, m3/s; rpi,
rpo, and rw are the inner radius of the drill pipe, the outer radius of the drill pipe, and
the borehole radius, respectively, m; Ups is the total heat transfer coefficient between the
drill pipe and seawater, W/(m2·K); Tsea is the sea water temperature, K; Tp is the fluid
temperature in the drill pipe, K; Q f p and Q f a are the average frictional power per unit
length of the drill pipe section and annulus section, W/m; Upa is the total heat transfer
coefficient between the drill pipe and annulus, W/(m2·K); ∆H is the enthalpy of the hydrate
decomposition, J/mol; and U f is the total heat transfer coefficient between the formation
and annulus, W/(m2·K). Equations (7) and (8) are the drill pipe temperature model of
the seawater section and the formation section, respectively. Equation (9) is the annulus
temperature model of the formation section.

2.4. Hydrate Cuttings Slip Model

Hydrate cuttings will slip in the process of migration with drilling fluid, and the slip
velocity (cuttings velocity relative to drilling fluid velocity) is affected by many factors,
such as the cuttings particle size, drilling fluid viscosity, drilling fluid velocity, cuttings
density, and drilling fluid density. The accurate calculation of slip velocity is beneficial
to accurately predict the influence of hydrate cuttings migration and decomposition on
the annulus temperature and pressure field. Mohammadzadeh et al. [33] proposed an
empirical model of cuttings slip velocity that can be used in engineering practice:

uls =
ρl(ρs − ρm)d2

s (g− vm · ∇vm)

18µlρlCD
(10)

where uls is the slid velocity of cuttings, m/s; ds is the diameter of cuttings, m; vm is
the annular drilling fluid return rate, m/s; µl is the drilling fluid viscosity, Pa·s; g is the
acceleration of gravity, m/s2; and CD is the drag coefficient, dimensionless, which can be
calculated according to the Schillere–Nauman formula [33]:

CD =

{
1 + 0.15Re0.687

s Res ≤ 1000

0.0183Res Res > 1000
(11)

where Res is the Reynolds number of the cuttings phase, dimensionless.

2.5. Definite Solution Conditions and Model Solution

In the process of riserless open-circuit drilling in a hydrate reservoir, the pressure at
the annulus wellhead is the seawater column pressure:

Pa(0, t) = ρseagHsea (12)

where ρsea is the sea water density, kg/m3 and Hsea is the depth of the sea water, m.
The inlet temperature of drilling fluid is known as:

Tp(0, t) = Tin (13)

where Tin is the inlet temperature of the drilling fluid, K.
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The fluid temperature in the drill pipe is equal to that in the annulus at the bottom of
the hole:

Ta(H, t) = Tp(H, t) (14)

The temperature of the annulus and drill string at the initial time is equal to the
environment temperature [34]:

Tp(z ≤ Hsea, 0) = Tsea (15)

Tp(Hsea ≤ z, 0) = Ta(Hsea ≤ z, 0) = Tf (16)

Due to the complexity of the gas–liquid–solid three-phase flow in the annulus, it is
very difficult to directly solve the model. Therefore, this study adopts numerical methods to
solve the model. The solution process is shown in Figure 1. The numerical solution method
used in this study is a differential iterative solution. After setting the calculation parameters
and solution conditions, the temperature and pressure of the grid are assumed first. Then,
the decomposition rate of the hydrate cuttings is calculated as well as the flow rate and
volume fraction of each phase. The grid temperature is calculated based on the heat transfer
equation, and the grid pressure is calculated based on the momentum equation. If the
calculated values of temperature and pressure exceed the allowable error from the assumed
values, the calculated values of temperature and pressure are used instead of the assumed
values to recalculate until the calculated values of temperature and pressure are less than
the allowable error compared to the assumed values.

Figure 1. Solution flow of the temperature and pressure field for riserless drilling in hydrate reservoirs.
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3. Engineering Background and Calculation Parameters

The second depressurization test production of natural gas hydrate in the South China
Sea adopted a riserless method for drilling a horizontal well. The second trial production
area was located in the Shenhu area on the north slope of Baiyun Sag, Pearl River Mouth
Basin, northern South China Sea. The target hydrate reservoir consists of three different
layers, namely the hydrate layer (45.6 m), three-phase layer (24.6 m), and free gas layer
(19.0 m), from top to bottom. The inclined section of the horizontal well crosses the upper
hydrate layer, and the horizontal section is deployed in the three-phase layer [14]. The
relevant parameters used in the calculation of this study are shown in Table 1.

Table 1. Relevant parameters used for calculation and analysis.

Parameter Value Parameter Value

Mudline temperature, ◦C 3.6 Rate of penetration, m 25
Geothermal gradient, ◦C·m−1 0.047 Hydrate density, kg·m−3 910
Drilling fluid density, kg·m−3 1045 Salinity of drilling fluid, % 5.0

Drilling fluid displacement, L·min 2280 Formation thermal conductivity, W·m−1·◦C−1 2.25
Drilling fluid inlet temperature, ◦C 24 Thermal conductivity of drill pipe, W·m−1·◦C−1 43.75

Initial viscosity of drilling fluid, mPa·s 12 Thermal conductivity of drilling fluid, W·m−1·◦C−1 0.60
Hydrate saturation of hydrate layer, % 31.0 Specific heat capacity of drilling fluid, J·kg−1·◦C−1 3930

Hydrate saturation of three-phase layer, % 11.7 Phase equilibrium translation coefficient 24.0

Gas saturation of three-phase layer, % 13.2 Average diameter of
cuttings, mm 8

Inside diameter of drill
collar, m 0.073 Inside diameter of drill pipe, m 0.121

Outside diameter of drill
collar, m 0.165 Outside diameter of drill pipe, m 0.139

4. Results and Discussion

The accurate prediction of the temperature and pressure in riserless drilling is of great
significance for the safe drilling of gas hydrate reservoirs. However, there are few reports
on the influence of different drilling layers, different drilling parameters, and annulus
hydrate phase transition factors on temperature and pressure in the riserless drilling of
hydrate reservoirs. Therefore, based on the wellbore structure and geological parameters of
field trial production, this study uses the established prediction model of the temperature
and pressure of riserless drilling in deep water hydrate reservoirs to explore the influence of
the annulus phase transition on temperature and pressure when drilling the hydrate layer
and three-phase layer. It further evaluates the influence of annulus phase transition factors
on the temperature and pressure of riserless horizontal well drilling in hydrate reservoirs.
In this study, t = 0 is the initial time of drilling the hydrate layer. When analyzing the
influence of the drilling fluid inlet temperature, drilling fluid displacement, drilling fluid
density, rate of penetration on the annulus temperature, and pressure, the calculation data
are based on Table 1. When analyzing the influencing factors, the values of the drilling fluid
inlet temperatures are 20 ◦C, 24 ◦C, and 28 ◦C. The values of the drilling fluid displacement
are 30 L/s, 38 L/s, and 46 L/s. The values of the drilling fluid density are 1045 kg/m3,
1075 kg/m3, and 1105 kg/m3. The values of the penetration rates are 15 m/h, 25 m/h, and
35 m/h. These values are within the reasonable range of drilling parameters.

4.1. Annular Temperature and Pressure Distribution along with Drilling Time

Figure 2 shows the variation of the annulus temperature distribution with circula-
tion drilling time. With the increase in circulating drilling time, the annulus temperature
shows a trend of increasing gradually, but the increasing range gradually decreases. After
circulation for 20 h or more, the annulus temperature increases slightly and reaches a rela-
tively stable state. The annulus temperature is lower than the hydrate phase equilibrium
temperature when drilling for 4 h and 8 h, and the hydrate cuttings are not decomposed.
Due to heat exchange between the annulus drilling fluid and the drill pipe and reservoir
around the well, the annulus temperature increases slightly at first and then decreases
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gradually. The annulus temperature is higher than the hydrate phase equilibrium tem-
perature after circulating drilling for 12 h or more. Due to the influence of migration and
the decomposition of hydrate cuttings and heat transfer with the formation around the
well, the annulus temperature gradually decreases from the bottom hole to the mud line.
When circulating drilling at 12 h and 24 h, the reduction range of the annulus temperature
from the bottom to the mud line gradually increases when the influence of hydrate cuttings
decomposition is not considered, while the reduction range of the annulus temperature
decreases first and then increases when the influence of hydrate cuttings decomposition is
considered. The decreasing section is mainly dominated by the decomposition of hydrate
cuttings because with the gradual reduction in the undecomposed hydrate in cuttings, the
influence of the heat absorption of hydrate cuttings on the annulus temperature drop is
gradually weakened. The decreasing range of annular temperature increases mainly due to
the influence of ambient temperature, and the decreasing range of annular temperature
increases due to the significant decrease in the ambient temperature near the mud line. The
temperature drop in the returned drilling fluid caused by the decomposition of hydrate
cuttings at 12 h and 24 h of circulating drilling is 0.39 ◦C and 0.22 ◦C, respectively. This is
mainly caused by drilling different layers. It is located at the bottom of the hydrate layer
when circulating for 12 h, and the hydrate saturation in the hydrate cuttings is relatively
high, while it is located at the bottom of the three-phase layer when circulating for 24 h, and
the hydrate saturation in the hydrate cuttings is relatively low. Therefore, when drilling a
high hydrate saturation reservoir, considering the influence of the hydrate phase transition
on the annulus is more conducive to the accurate prediction of the annulus temperature.

Figure 2. Annular temperature distribution with drilling time.

Figure 3 shows the comparison of the annulus pressure when drilling the hydrate layer
and three-phase layer. Due to the influence of hydrate cuttings decomposition, the bottom
hole pressure difference is 0.093 MPa when circulating drilling for 12 h and 0.061 MPa
when circulating drilling for 24 h. This mainly depends on the hydrate saturation in the
cuttings which is located at the bottom of the hydrate layer when circulating for 12 h. Since
hydrate saturation in this layer is relatively high, the decomposition of the hydrate cuttings
has a large impact on the bottom hole pressure. The above calculation shows that the
decomposition of hydrate cuttings has little effect on the annulus pressure when riserless
drilling in the hydrate layer. Due to the relatively high annular pressure below the mud line
and the relatively small gas volume, the decomposition of hydrate cuttings has little impact
on the annular pressure. However, due to the heterogeneity of the actual hydrate reservoir,
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the influence of hydrate phase transition on annulus pressure will increase when drilling
into a continuous high saturation area. Therefore, in order to improve the prediction
accuracy of annulus pressure, the influence of hydrate cuttings decomposition should be
considered when drilling a hydrate layer with high hydrate saturation.

Figure 3. Annular pressure comparison of drilling a hydrate layer and a three-phase layer.

4.2. Influence of Drilling Fluid Inlet Temperature

The variation curve of the annulus temperature with the well depth under differ-
ent drilling fluid inlet temperatures is shown in Figure 4. When the inlet temperature
of the drilling fluid is 20 ◦C, the annulus temperature is lower than the hydrate phase
equilibrium temperature. Hydrate cuttings migrate in the original phase state, and a small
amount of free gas from the three-phase layer transforms into hydrate in the annulus. As
shown in Figure 5, when the inlet temperature of the drilling fluid is 20 ◦C, the annulus
gas consumption rate is about 6.89 × 10−12~3.44 × 10−11 m3/s. Combined with the an-
nulus temperature and pressure curves in Figures 4 and 6, when the inlet temperature
of the drilling fluid is 20 ◦C, the hydrate generation effect only increases the return tem-
perature of the drilling fluid by about 0.07 ◦C, and the bottom hole pressure increment
is less than 0.01 MPa. The calculation results show that the generation rate of hydrate
is very low when riserless drilling in a hydrate reservoir, and the influence of annulus
hydrate generation on annulus temperature and pressure can be ignored. When the inlet
temperature of the drilling fluid is 24 ◦C and 28 ◦C, the annulus temperature is higher
than the hydrate phase equilibrium temperature and the hydrate cuttings decompose. As
shown in Figure 5, the peak decomposition rates when drilling to the bottom of the well
are about 2.01 × 10−8 mol/s and 2.59 × 10−8 mol/s. At this time, the annulus hydrate
decomposition rate gradually decreases from the bottom hole to the mud line direction,
and the decomposition rate decreases to zero at about 170 m and 110 m away from the
bottom hole. This is mainly because the decomposition area of hydrate cuttings decreases
continuously during the process of migration and decomposition, and the hydrate existing
in the cuttings completely decomposes after a certain distance of migration. The effect of
hydrate cuttings decomposition on annulus temperature and pressure is more significant
with the increase in the drilling fluid inlet temperature. When the inlet temperature is
28 ◦C, the return temperature drop of the drilling fluid caused by the decomposition of
hydrate cuttings is about 0.34 ◦C, and the bottom hole pressure drop is about 0.105 MPa.
Therefore, when the inlet temperature of drilling fluid is relatively high, it is more beneficial
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to accurately predict annulus temperature and pressure by considering the influence of the
decomposition of hydrate cuttings.

Figure 4. Annulus temperature curves at different drilling fluid inlet temperatures.

Figure 5. Variation curves of annular hydrate phase transition rates with well depth under different
drilling fluid inlet temperatures at completion of drilling.
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Figure 6. Annulus pressure curves at different drilling fluid inlet temperatures.

4.3. Influence of Drilling Fluid Displacement

Figures 7 and 8 show the annulus temperature and pressure curves of riserless hor-
izontal well drilling in the hydrate reservoir under different drilling fluid displacement.
With the increase in drilling fluid displacement, the heat transfer time between the fluid in
the drill pipe and seawater decreases, and the bottom hole temperature increases, while
the annular pressure loss increases significantly with the increase in displacement, and
the bottom hole pressure increases accordingly. When the displacement of drilling fluid is
30 L/s and 46 L/s, the bottom hole temperature is 289.35 ◦C and 290.73 ◦C, respectively,
and the bottom hole pressure is 15.542 MPa and 15.749 MPa, respectively, considering the
decomposition of hydrate cuttings. When comparing the annulus temperature and pressure
curves under different drilling fluid displacement, it is found that the influence of hydrate
cuttings decomposition on annulus temperature and pressure decreases gradually with
the increase in displacement. When the drilling fluid displacement is 30 L/s and 46 L/s,
the return temperature drop of drilling fluid caused by hydrate cuttings decomposition
is 0.53 ◦C and 0.31 ◦C, respectively, and the bottom hole pressure drop is 0.095 MPa and
0.060 MPa, respectively. This is mainly due to the slow return rate of drilling fluid when
the displacement of drilling fluid is low. The volume fraction of hydrate cuttings in the
annulus increases, and the decomposition time of hydrate cuttings is prolonged. Therefore,
considering the influence of hydrate cuttings decomposition under lower drilling fluid
displacement is more conducive to the accurate prediction of the temperature and pressure
of riserless drilling in hydrate reservoirs.
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Figure 7. Annulus temperature curves under different drilling fluid displacement.

Figure 8. Annulus pressure curves under different drilling fluid displacement.

4.4. Influence of Drilling Fluid Density

Figures 9 and 10 show the variation curves of the annulus temperature and pressure
with the well depth under different drilling fluid densities. With the increase in drilling
fluid density, the bottom hole temperature and pressure increase slightly. Compared to the
drilling fluid density of 1045 kg/m3, the bottom hole temperature and pressure increase
by 0.41 ◦C and 0.082 MPa, respectively, when the drilling fluid density is 1075 kg/m3. The
increase in the bottom hole temperature is due to the fact that the drilling fluid of the
same temperature has more heat content with a higher density, and the temperature drop
is smaller under the same heat loss. When the density of the drilling fluid increases by
30 kg/m3, the equivalent density of the bottom hole pressure only increases by 5.5 kg/m3,
which is mainly due to the double gradient effect of riserless drilling. The increase in
drilling fluid density is mainly applied to the short annulus section below the mud line,
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while the longer section above the mud line is the seawater hydrostatic column pressure.
By comparing the annulus temperature and pressure curve with or without considering
the decomposition of hydrate cuttings, the influence of hydrate cuttings decomposition
on the annulus temperature gradually decreases with the increase in drilling fluid den-
sity. The influence of hydrate cuttings decomposition on annulus pressure varies slightly
under different drilling fluid densities. When the drilling fluid densities are 1045 kg/m3,
1075 kg/m3, and 1105 kg/m3 respectively, the bottom hole pressure differences caused by
hydrate cuttings decomposition are all about 0.071 MPa.

Figure 9. Annulus temperature curves under different drilling fluid densities.

Figure 10. Annulus pressure curves under different drilling fluid densities.
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4.5. Influence of Penetration Rate

The variation curves of the annulus temperature with the well depth under different
penetration rates are shown in Figure 11. The bottom hole temperature decreases with
the increase in the ROP (rate of penetration). Considering the decomposition of hydrate
cuttings, the bottom hole temperature is 290.31 ◦C when the ROP is 15 m/h, while the
bottom hole temperature is 290.15 ◦C and 289.78 ◦C when the ROP is 25 m/h and 35 m/h,
respectively. This is mainly because the circulating drilling time decreases with the increase
in the ROP, and the wellbore temperature also decreases. In addition, with the increase in
the ROP, the effect of hydrate cuttings decomposition on the annulus temperature gradually
appears. When the ROP is 15 m/h, the decomposition of hydrate cuttings reduces the
return temperature of the annulus drilling fluid by about 0.14 ◦C, while when the ROP is
25 m/h and 35 m/h, the return temperature of the annulus drilling fluid decreases by about
0.23 ◦C and 0.37 ◦C, respectively. This is mainly due to the increase in the annulus hydrate
cuttings volume fraction alongside the increase in the ROP. Figure 12 shows the variation
curves of the annular pressure with the well depth under different penetration rates. The
annular pressure changes little with the increase in the ROP. This is because the increase
in the ROP mainly affects the bottom hole pressure through the change in the annulus
drilling fluid density. However, due to the double gradient effect, the increase in the
drilling fluid density only acts on the short annulus section below the mud line. Compared
to the annulus pressure curve under the same penetration rate, the influence of hydrate
cuttings decomposition on the annulus pressure gradually increases with the increase in
the ROP, which is also caused by the increase in the volume fraction of hydrate cuttings
in the annulus. The maximum bottom hole pressure drop caused by hydrate cuttings
decomposition is about 0.101 MPa when the ROP is 35 m/h. The above calculation results
show that the decomposition of hydrate cuttings under different penetration rates has a
major impact on the annulus temperature during the riserless drilling of hydrate reservoirs,
while the impact on the annulus pressure under high penetration rates is noteworthy.

Figure 11. Annulus temperature curves under different penetration rates.
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Figure 12. Annulus pressure curves under different penetration rates.

5. Conclusions

In this study, the temperature and pressure prediction model for riserless drilling
in deep water gas hydrate reservoirs is established considering influence factors such
as the migration and decomposition of the annulus hydrate cuttings, interphase mass
transfer, and phase transition heat. Based on the established model, the effects of drilling in
different layers and different drilling parameters on the temperature and pressure field of
the riserless horizontal well drilling in a hydrate reservoir are explored with or without the
consideration of the annular phase transition factor. The main conclusions are as follows:

(1) Compared to drilling the three-phase layer, the annulus temperature and pressure
change caused by the decomposition of hydrate cuttings is more obvious when drilling
the hydrate layer.

(2) When the inlet temperature of the drilling fluid is 20 ◦C, the annulus phase transition
is mainly hydrate generation by free gas. However, the generation rate is very low,
and the influence on the annulus temperature and pressure can be ignored. When the
inlet temperature of the drilling fluid is 24 ◦C and 28 ◦C, the annulus phase transition
is mainly the decomposition of hydrate cuttings. The influence of hydrate cuttings
decomposition on the annulus temperature and pressure increases significantly with
the increase in inlet temperature.

(3) The annulus temperature and pressure increase significantly with the increase in
drilling fluid displacement, while the influence of hydrate cuttings decomposition on
temperature and pressure decreases with the increase in displacement.

(4) Due to the double gradient effect of riserless drilling, a small range of variation in
the ROP and drilling fluid density have little impact on the annulus pressure but
mainly on the annulus temperature. When drilling without a riser, the change in dis-
placement has a significant impact on the annular pressure, and the inlet temperature
of the drilling fluid has the smallest impact on the annular pressure, while the inlet
temperature of the drilling fluid has the greatest impact on the annular temperature.
The influence of hydrate cuttings decomposition on the annulus temperature and
pressure increases with the increase in ROP.

When drilling in deep water hydrate formation, the variation range of the drilling
fluid inlet temperature is usually determined by the sea surface temperature. The inlet
temperature of drilling fluid in the South China Sea is usually 20–30 ◦C. Hydrate saturation
mainly depends on reservoir properties, which is usually between 10% and 70%. The dis-
placement of drilling fluid mainly depends on the cuttings carrying effect, which is usually
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10% to 30% higher than the minimum cuttings carrying displacement. The ROP is usually
between 10 and 40 m/h. How to reduce the impact of hydrate cuttings decomposition on
the annulus temperature and pressure during drilling in reservoirs with a high hydrate
saturation will be a research direction worth paying attention to in the future.

(5) In normal drilling conditions, hydrate cuttings decomposition has little impact on the
annulus temperature and pressure, but under the conditions of a high drilling fluid
inlet temperature (above 28 ◦C in this study), high hydrate saturation (above 31% in
this study), low drilling fluid displacement (less than 30 L/s in this study), and a high
penetration rate (above 35 m/h in this study), it is necessary to consider the impact of
hydrate cuttings decomposition on annulus temperature and pressure.

It is worth noting that when drilling in deep-water hydrate formation without a riser,
if there is too much methane gas generated by hydrate decomposition in the annulus,
it is necessary to consider using an “unconventional natural gas collector” to reduce
environmental pollution [35].

On the basis of this study, further research will be conducted on modeling and impact
assessments of temperature and pressure fields during riser drilling in natural gas hydrate
reservoirs as well as the migration and decomposition of hydrate cuttings.
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