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a b s t r a c t

The natural gas hydrate resources in the South China Sea alone are about 85 trillion cubic meters. In the
drilling process of marine gas hydrate, the natural gas hydrate will decompose and produce gas, as the
rising of temperature and dropping of the pressure in the annulus. This process will have a significant
impact on drilling safety. Therefore, it is necessary to study the wellbore temperature distribution during
the drilling of marine hydrate layer. In this paper, the wellbore temperature distribution of safe drilling in
hydrated formation is taken as the research goal, and the research status of relevant domestic and in-
ternational wellbore temperatures was investigated. According to the characteristics of the marine
environment and reservoir-forming characteristics of hydrate reservoirs in the South China Sea, the
wellbore temperature distribution model of offshore drilling wellbore under the condition of hydrate
decomposition was established. The temperature distribution curve of drilling straight wellbore in hy-
drate layer of South China Sea was obtained. When drilling the hydrate reservoir, the distribution reg-
ularity of the wellbore temperature is similar to that of the conventional offshore drilling wellbore.
However, the temperature of the wellbore annulus near the hydrate decomposition site is lower than the
ambient temperature, mainly due to the hydrate decomposition endothermic. In this paper, the sensi-
tivity analysis of several main parameters of the wellbore temperature distribution of drilling straight
wellbore in hydrate layer of South China Sea was carried out. Through the conduction of experiment and
numerical simulation, we have get some new findings: (1) The hydrate saturation has little effect on the
wellbore temperature; (2) As the drilling fluid displacement increases, the annulus temperature of the
wellbore above the mudline increases, and the temperature of the wellbore below the mudline decreases
continuously; (3) As the density of the drilling fluid increases, the temperature at the wellhead decreases,
and the temperature at the bottom of the well increases slightly; (4) The greater the rate of penetration
of the well, the temperature at the upper part of the wellbore decreases, and the temperature at the
bottom of the wellbore increases; Among them, the penetration rate has the most obvious effect on the
annular temperature. The results are expected to be helpful to guide the drilling process of marine gas
hydrate and offer some references.

© 2021 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Natural gas hydrate attracts people's attention as a new type of
clean energy at present. The reserves of marine gas hydrate are
about 100 times that of land, and the total amount is conservatively
estimated to be 2.83 � 1015 m3, which is 1.56 times that of known
natural gas reserves [1,2]. The Ministry of Land and Resources and
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other exploration preliminarily delineated 11 potential hydrate
occurrence areas in the South China Sea, with prospective resources
of about 680� 108 t. In the face of such a huge amount of resources,
speeding up the safe and efficient development of gas hydrate
reservoirs is of great strategic significance to alleviate the contra-
diction between energy supply and demand and ensure national
energy security. When drilling the marine hydrate layer, the hy-
drate enters the annulus, which will bring new problems and
challenges to the drilling and production process parameter design,
wellbore safety control, riser design and so on [3e5]. When drilling
hydrate layer, the change of external environment can easily cause
the decomposition of natural gas hydrate to produce gas. The
decomposition of hydrate will also lead to the decrease of the
cementation between the formation particles and the sharp change
of the submarine formation pressure, which will lead to the
structural destruction and severe deformation of the formation.
The decomposition gas of hydrate will also lead to a sharp increase
in the content of dangerous gases in the drilling area, which will do
great harm to the marine environment.

Scholars at home and abroad have carried out related research
from different perspectives. In 1961, Edwardson [6] put forward an
approximate model for estimating formation temperature distri-
bution after mud circulation. By using heat conduction difference
equation, the temperature distribution of different formation
radius under various mud displacements was obtained in the form
of chart. In 1962, Ramey [7] combined the heat transfer mechanism
in the wellbore with the transient heat conduction in the sur-
rounding formation, regarded the fluid temperature as a function of
well depth and time, and deduced a formula for predicting the
temperature of incompressible fluid in the wellbore. In 1965, the
method proposed by Satter [8] improved the work of Ramey, taking
into account the effect of fluid phase transition in steam injection
wells. In 1967, Willhite [9] derived the classical expression for
calculating the comprehensive heat transfer coefficient. In 1970,
Holmes and Swift [10] ignored the heat generated by the bit and the
axial and radial heat conduction of the fluid, and assumed the linear
variation of the ground temperature profile, established an one-
dimensional steady-state mathematical analysis model, and pro-
posed the analytical solution of the borehole heat exchange equa-
tion in the steady state. In 1980, Wooly first developed a transient
model computer software for predicting wellbore temperature
during drilling of geothermal wells or oil wells [11]. In 1990, Arnold
viewed that when the drilling fluid circulates in the wellbore, the
wellbore temperature distribution was determined by the heat
exchange between the formation and the wellbore drilling fluid,
and the heat exchange process was described by the differential
equation under steady condition [12]. In 2005, Harris studied the
influence of temperature distribution and well pressure change of
drilling fluid on the equivalent density of drilling fluid [13]. In 2009,
Gilberto and Espinosa applied feedback control theory to establish
amethod to obtain static formation temperature using temperature
measurement data, and at the same time correct the calculation
results according to the obtained static formation temperature
[14,15]. However, there are few studies focusing on wellbore tem-
perature distribution in gas hydrate layer during drilling.

In order to implement the drilling construction design of
marine gas hydrate layer safely and smoothly, we need to have a
more detailed grasp of the data in the drilling process. Wellbore
temperature is one of the most important parameters in the
process of drilling. Understanding the temperature change dur-
ing drilling is of great significance to the safe and efficient drilling
of marine gas hydrate layer. It is also of great significance to the
safe and efficient drilling and production of gas hydrate in the
South China Sea.

2. Physical model of wellbore heat transfer

The physical model of heat transfer during the offshore drilling
process is established as shown in the Fig. 1.

3. Mathematical model of wellbore temperature

Based on the basic theory of heat transfer, combined with the
actual working conditions in the process of offshore drilling, the
wellbore temperature mathematical model of offshore drilling
hydrate layer is established according to the law of conservation of
energy. We have set up the following assumption to make it
convenient for calculation and simulation.

(1) The drilling fluid and other liquids in the wellbore are single-
phase incompressible fluids.

(2) There is only radial and axial heat conduction in and around
the wellbore, and the thermal convection in the formation
hole is not taken into account.

(3) The decomposition rate of natural gas hydrate in the annulus
is the same under the same environment (temperature,
pressure and migration velocity).

(4) The fluid in the wellbore takes into account the influence of
heat source term and axial and radial forced thermal con-
vection heat transfer.

(5) The geothermal gradient and sea water temperature are
constant, and the distribution is always stable in the process
of drilling.

In the actual situation of the offshore drilling site, the drilling
fluid is pumped into the wellbore and circulates out of the wellbore
through the bit annulus. We set this process as a complete system.
The wellbore and the surrounding formation system are compre-
hensively considered, and the fluid in the wellbore is taken as the
main research target. The system satisfies the law of conservation
of energy. The change of the energy of the system in a certain
period of time is equal to the difference between the energy
entering the system and the energy leaving the system. Establish
the following equation:

dEþdW ¼ dU (1)

where dE is the energy that enters the system; dW is the total work
done by the external environment to the system; dU is total energy
change of the system.

3.1. Seawater temperature distribution model

According to the database of Levitus in 1994 [16], the water
temperature in the region of 200 me3500 m was obtained by
taking a value of longitude and latitude at every interval in the area
of latitude 7�e12�N and longitude 111�e118�E. the data were
compared with the data obtained by the Chinese Academy of Sci-
ences, and the data were accurate [17]. According to the water
temperature data obtained by Levitus, the sea water temperature
equation of the South China Sea is fitted as follows.

Tsea ¼ aþ b

1þ e
hþc
d

;h>200m (2)

where a ¼ 39.398, b ¼ 37.091, c ¼ 130.137, d ¼ 402.732; Tsea is sea
water temperature, �C; h is sea water depth, m.

The mixed layer in the South China Sea is not obvious in spring
and summer, but respectively reaches 50 m and 100 m in autumn
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and winter. Assuming that the thermocline has a fixed temperature
gradient, that is, the temperature in this region decreases with the
depth, the following fitting equations are obtained.

In spring: Tsea ¼ Tsð200� hÞ þ 13:68h
200

0 � h < 200m

In summer: Tsea ¼ Ts 0 � h<20m

Tsea ¼ Tsð200� hÞ þ 13:7ðh� 20Þ
180

20 � h < 200m

In autumn : Tsea ¼ Ts 0 � h<50m

Tsea ¼ Tsð200� hÞ þ 13:7ðh� 50Þ
150

50 � h < 200m

In winter: Tsea ¼ Ts 0 � h<100m

Tsea ¼ Tsð200� hÞ þ 13:7ðh� 100Þ
100

100 � h < 200m (3)

where Tsea is seawater temperature, �C; Ts is sea surface tempera-
ture, �C; h is sea water depth, m.

3.2. Phase equilibrium and decomposition model of natural gas
hydrate

In the production of offshore water-producing gas wells, based
on the phase equilibrium model of natural gas hydrate, combined
with wellbore temperature and pressure, it can be judged whether
hydrate is formed or decomposed in the wellbore. In order to
analyze the law of non-equilibrium formation and decomposition
of gas hydrate in offshore water-producing gas wells, a phase
equilibrium and decomposition model of gas hydrate was estab-
lished considering the continuous variation of wellbore tempera-
ture and pressure with well depth.

(1) Phase equilibrium of natural gas hydrate

Hydrate phase equilibrium equation:

Dm0
RT0

�
ðT
T0

DH0 þ DCPðT � T0Þ
RT2

dT þ
ðP
P0

DV
RT

dP¼ ln
�
fw
.
f 0w
�

�
X2
i¼1

vi ln

0
@1�

XNC

j¼1

qij

1
A (4)

where T is system temperature, K; vi is number of type I holes per
unit water molecule in hydrate phase; Cij is Langmuir constant of
component j in type I hole is fugacity of component j in equilibrium
phases, Pa; NC is the number of components in the mixture that can
form hydrate; Dm0 is chemical potential difference between empty
hydrate lattice and pure water in standard state; T0 and P0 are the
temperature and pressure in the standard state, T0 is 273.15K and P0
is 0.1 MPa under the standard condition. DH0, DV and DCP are
specific enthalpy difference, specific tolerance difference and spe-
cific heat difference between empty hydrate lattice and pure water.

The Langmuir constant can be solved by the following correla-
tion [18]:

Cij ¼
Aij

T
exp

�
Bij
T

�
(5)

where Bij is Empirical constant.

(2) Decomposition model of natural gas hydrate

Based on the Englezos model [19], the kinetic model of non-
equilibrium hydrate formation was established.

dnf
dtf

¼Kf Af

h
fmðTm; PmÞ � feq

�
Tm; Peq

�i
(6)

Based on the Kim model [20], the kinetic model of non-
equilibrium decomposition of hydrate was established.

�dnd
dtd

¼KdAd

h
feq
�
Tm; Peq

�� fmðTm; PmÞ
i

(7)

where nf and nd are the amount of substance in the process of non-
equilibrium formation and decomposition of gas hydrate in well-
bore, mol; tf and td are formation and decomposition time of nat-
ural gas hydrate, s; Kf are Kd reaction rate constant of formation and
decomposition of natural gas hydrate, mol/(s$m2$Pa); Af and Ad are
effective area of formation and decomposition of natural gas hy-
drate, m2; fm(Tm, Pm) is methane fugacity under wellbore temper-
ature Tm and wellbore pressure Pm, Pa; feq(Tm, Peq) is methane
fugacity under wellbore temperature Tm and hydrate phase equi-
librium pressure Peq, Pa; The parameters are solved as follows.

The calculation model of reaction rate constant of gas hydrate
formation and decomposition is as follows:

K ¼ KcKm

Kc þ Km
(8)

where K is reaction rate constant of formation and decomposition
of natural gas hydrate, mol/(s$m2$Pa); Kc is reaction rate of hydrate
self-formation or decomposition; Km is mass transfer rate of
methane at a certain temperature and pressure, mol/(s$m2$Pa).

In order to simplify the calculation and more clearly analyze the
law of non-equilibrium formation and decomposition of hydrate in
the wellbore, it's assumed that all the hydrate generated are ho-
mogeneous spherical particles and rise continuously along the
wellbore at the same velocity as the air flow. The hydrate begins to
decompose when a critical decomposition condition is reached at a
certain position. Based on this, a model for calculating the effective
area of gas hydrate formation and decomposition is established.

Fig. 1. Schematic diagram of heat transfer in offshore drilling hydrate layer.
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A¼pD2
h ¼ p

�
6Vh

p

�2
3

¼ p
1
3

�
6nh,Mh

rh

�2
3

(9)

where A is effective area of formation or decomposition of natural
gas hydrate, m2; nh is the amount of substance in the process of
formation or decomposition of natural gas hydrate, mol; Dh is hy-
drate particle diameter, m; Vh is hydrate particle volume, m3; Mh is
molar mass of hydrate, kg/mol; rh is hydrate density, kg/m3.

According to the definition of gas fugacity, the calculation model
of methane fugacity is as follows.

RTx , ln fxðTx; PxÞ¼ lim
P*/0

 ðPx
P*

VxdPx þRTx ln P*
!

(10)

Px ¼ RTx
Vx � b

� a

Tx0:5VxðVx þ bÞ
(11)

Therefore:

ln fxðTx; PxÞ¼ ln
RTx

Vx � b
þ b
Vx � b

� 1
RT1:5x

�
a
b
ln

Vx þ b
Vx

þ a
Vx þ b

�
(12)

where fx(Tx, Px) is methane fugacity at a certain temperature Tx and
pressure Px, Pa; Tx is a certain temperature, K; Px is a certain pres-
sure, Pa; P* is reference state pressure, Pa; R is general gas constant,
m3$Pa/(mol$K); Vx is the Molar volume of methane under Tx and Px,
L/mol; a and b are R-K gas equation of state constant,
Dimensionless.

(3) Decomposition heat of natural gas hydrate

The decomposition heat of hydrate above 0 �C is calculated by
Clausius- Clapeyron equation [21].

DH¼ ZR,
d ln P
dð1=TÞ (13)

where P and T are pressure and temperature of hydrate formation/
decomposition, MPa, K; DH is decomposition heat, kJ/mol; Z is gas
compression factor.

3.3. Mathematical model of wellbore temperature in drilling
hydrate layer

(1) Mathematical model of drilling fluid temperature in drill
string

Fig. 2 is a schematic diagram of heat transfer of microplasma in
drilling fluid inside the drill string. Through the analysis of the
heating microplasma of the drilling fluid inside the drill string, it is
mainly affected by flowing four aspects [22,23].

1) The heat carried by the drilling fluid in the axial drill pipe as it
moves downward along the wellbore

2) Heat transfer of drilling fluid and drill pipe inner wall facing flow
3) Heat generated by the change of drilling fluid's own energy
4) The work done by other factors to the microplasma of the dril-

ling fluid includes the heat produced by friction, the heat
generated by the drilling fluid through the bit nozzle, the work
done by the bit breaking rock, and so on.

According to the principle of conservation of energy, the
following equations are established:

Inside the drill string:

Ed � racaq
vTa
vx

þ2pr1h
0
a1ðTs � TaÞ¼ racapr

2
1
vTa
vt

(14)

where ra is drilling fluid density, kg/m3; ca is specific heat capacity
of drilling fluid, J/(kg$�C); Ta is drilling fluid temperature in drill
string, �C; Ts is temperature of drill string inner wall, �C; h0a1 is
convective heat transfer coefficient on the inner surface of drill
string, J/(m2$s$�C); q is drilling fluid displacement, m3/s; Ed is po-
wer per unit length of heat source in drill string, J/s; r1 is drill string
inner diameter, m.

(2) Temperature mathematical model of wellbore annulus fluid

Fig. 3 is a schematic diagram of fluid microplasma heat transfer
in wellbore annulus. The thermal analysis of fluid microplasma in
the riser annulus is mainly affected by four aspects:

1) The amount of heat carried by a fluid in an axial annulus as it
moves upward along the annulus.

2) Heat transfer of annular fluid and heat transfer between the
outer wall of the drill string and the inner wall of the wellbore

3) Heat generated by the change of the energy of the annular fluid
itself

4) The work done by other factors to the microplasma of the dril-
ling fluid includes the heat produced by friction, the heat
generated by the drilling fluid through the bit nozzle, the heat
absorbed by hydrate decomposition, and so on.

According to the principle of conservation of energy, the
following equations are established:

In Annulus:

Eb þ rmixcmixqmix
vTb
vx

þ2pr3h
0
r1ðTr � TbÞ�2pr2h

0
s2ðTs � TaÞ

¼ rmixcmixp
�
r23 � r22

� vTb
vt

(15)

where rb is fluid density in wellbore annulus, kg/m3; cb specific
heat capacity of fluid in wellbore annulus, J/(kg$�C); Tb is annular

Fig. 2. Schematic diagram of microplasma heat transfer of drilling fluid in drill string.
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fluid temperature, �C; Tr is wellbore inner wall temperature, �C; ha1
is convective heat transfer coefficient of wellbore inner wall, J/
(m2$s$�C); qm is fluid displacement in wellbore annulus, m3/s; Ea is
the work done by the outside world on the annular fluid, J/s; r3 is
wellbore inner diameter, m.

4. Mathematical model solving method

The temperature variables required in the mathematical model
are merged radially from the wellbore to the formation, longitu-
dinally from the wellhead to the bottom of the well and in time
from the smallest to the largest, to form a set of algebraic equations
to be solved [24]. For each node, the system of finite difference
equations can be expressed in the following general format:

aijT
nþ1
i�1;j þ bijT

nþ1
i;j þ gijT

nþ1
iþ1;j þ dijT

nþ1
i;j�1 þ lijT

nþ1
i;jþ1 ¼ Cij (16)

The finite difference equations of all nodes are expressed in
matrix form:

a T
!nþ1 ¼ C

!
(17)

The solution can be realized by the fast successive over relaxa-
tion iterative method (SOR), and the general form of the expression
is as follows:

T

vþ 1
N þ 1
i;j ¼ u

Bi;j

2
64Fi;jTNi;j þ Ai;jT

vþ 1
N þ 1
i�1;j þ Ci;jT

v
N þ 1
iþ1;j þ Di;jT

vþ 1
N þ 1
i;j�1

þ Ei;jT

v
N þ 1
i;jþ1

3
75þ ð1�uÞT

v
N þ 1
i;j

(18)

where: when u ¼ 1, the SOR method is the Gauss-Seidel iterative
method. When u>1, it is called over relaxation method. When u<
1, it is called low relaxation method. The calculation process is
shown in Fig. 4.

5. Sensitivity analysis

In order to obtain the wellbore temperature distribution of the
drilled gas hydrate layer, the simplifiedwellbore structure shown in
Fig. 1 is set. Total well depth is 2000 m, water depth is 1500 m,
wellbore diameter is 215.90 mm, drill pipe size is 127.00 mm, outer
diameter of riser is 533.40 mm, sea surface temperature is 25 �C,
displacement is 20L/s, geothermal gradient is 0.041 �C/m, drilling
fluid density is 1.2 g/cm3. The thermodynamic parameters of each
substance are shown in Table 1.

There are many factors affecting wellbore temperature distri-
bution in marine hydrate layer. The main factors studied in this
paper are as follows: hydrate abundance, drilling fluid density,
drilling fluid displacement, mechanical penetration rate and so on.

5.1. Hydrate abundance

According to the well depth structure and the basic parameters of
drilling fluid, the mechanical penetration rate is 10 m/h and the circu-
lation time is2h.According to theabovewellbore structureparameters
and data, the hydrate phase equilibrium diagram in the wellbore in
Fig. 5 can be calculated by the hydrate phase equilibrium condition
formula. From the following figures, we can see that the hydrate phase
equilibrium curve and the wellbore annulus temperature curve inter-
sect at the well depth of 500 m, and the region where the wellbore
annulus is less than500mcanmaintain the stable state of hydrate, and
the hydrate in the annulus begins to decompose above 500 m.

Fig. 6 shows the temperature distribution in the wellbore under
different hydrate abundance, and the hydrate abundance is 10%, 30%
and 50%, respectively. From the above Figure, we can see that the
effect of hydrate abundance on wellbore temperature is very small,
only the wellbore temperature below the mud line changes very
little, with the increase of hydrate abundance, the wellbore tem-
peraturebelowthemud line is slightly lower. Themain reason is that
the hydrate decomposition rate is mainly affected by temperature
andpressure conditions, and the increase of abundancehas a limited
effect on the hydrate decomposition rate. The amount of hydrate
decompositiondoesnot increase, and theheat absorptionof hydrate
decomposition does not change, so the change of temperature in the
wellbore is not obvious. Only the annular density decreases, and the
annular temperature increases slightlydue to the increaseofhydrate
abundance in the well below the mud line.

Fig. 7 shows the comparison of temperature difference between
wellbore annulus and drill string under different hydrate abun-
dance. From the above picture, we can see that with the increase of
hydrate abundance, the temperature difference in thewellbore drill
string and annulus does not change obviously, only below the mud
line, the temperature difference decreases with the increase of the
abundance, but the decrease is very small. This is mainly due to the
increase of hydrate abundance, which reduces the density of liquid
in the annulus, which leads to the increase of annular temperature
and the decrease of temperature difference.

5.2. Drilling fluid displacement

According to the well depth structure and the related basic
parameters of drilling fluid, the mechanical penetration rate is
10 m/h and the circulation time is 2h. Through the hydrate phase
equilibrium condition formula, the phase equilibrium diagram of
hydrate in the wellbore with different drilling fluid displacement
can be calculated. From Fig. 8, we can see that with the increase of
drilling fluid discharge, the hydrate decomposition position in-
creases gradually, and the temperature of the decomposition point

Fig. 3. Schematic diagram of fluid microplasma heat transfer in wellbore annulus.
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decreases. When the drilling fluid displacement is 30L/s, the
decomposition point is at the well depth of 490 m, when the dril-
ling fluid displacement is 20L/s, the decomposition point is at the
well depth of 500 m, and when the drilling fluid displacement is
10L/s, the decomposition point is at the well depth of 510 m.

Fig. 9 shows the temperature distribution in the wellbore under
different drilling fluid displacement. From the figure, we can see

that with the increase of drilling fluid discharge, the wellbore
annulus temperature above the mud line also increases, and the
wellbore temperature below the mud line continues to decrease,
but the extent of the decrease is becoming smaller. The increase of
the temperature in the upper annulus is mainly due to the increase
of heat carried into the wellbore from the outside, and the tem-
perature in the upper annulus is affected by the temperature in the
drill string and increases gradually. Because the wellbore below the
mud line is the first contact between the formation and the annulus
fluid, the formation heat is first transferred into the annulus, the
displacement increases and the annular liquid velocity increases,
which shortens the convective heat transfer time between the
annulus liquid and the formation and reduces the heat absorbed.
Therefore, with the increase of discharge, the annulus temperature
in the lower part of the wellbore decreases gradually.

Fig. 10 shows the comparison of temperature difference be-
tween wellbore annulus and drill string under different drilling
fluid displacement. With the increase of drilling fluid discharge, the

Fig. 4. Calculation flow chart.

Table 1
Thermodynamic parameters of each substance.

Physical parameters Density
(kg/m3)

Specific heat
(J/kg$�C)

Heat conduction
(W/m$�C)

Drilling fluid 1200 1600 1.75
Cement 2140 2000 0.70
Formation 2640 800 2.25
Sea water 1010 400 0.57
Drill pipe/Casing pipe 8000 400 43.75
Drill collar 8900 400 43.75
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range of temperature difference between drill string and annulus in
wellbore gradually decreases. In the section below the mud line,
the wellbore temperature is mainly affected by the formation
ambient temperature. the larger the discharge, the greater the ve-
locity, the shorter the convective heat transfer time between the
liquid in the annulus and the formation, so the temperature dif-
ference between the liquid in the annulus and the liquid in the drill
string decreases, and the temperature in the annulus and the drill
string is closer.

5.3. Drilling fluid density

According to the well depth structure and the basic parameters
of drilling fluid, the mechanical penetration rate is 10 m/h and the
circulation time is 2h. Through the hydrate phase equilibrium
condition formula, the phase equilibrium diagram of hydrate in the
wellbore under different drilling fluid density can be calculated.
From Fig. 11 below, we can see that with the increase of drilling
fluid density, the hydrate decomposition position increases grad-
ually, and the temperature of the decomposition point decreases.
When the density of drilling fluid is 1400 kg/m3, the decomposition
point is at the depth of 450 m, when the density of drilling fluid is
1200 kg/m3, the decomposition point is at the depth of 500 m, and
when the density of drilling fluid is 1050 kg/m3, the decomposition
point is at the depth of 530 m.

Fig. 12 shows the temperature distribution in the wellbore un-
der different drilling fluid densities. As shown in the figure, with
the increase of drilling fluid density, the wellbore temperature
decreases slightly in the upper section of the mud line, and the
annulus temperature increases slightly in the lower part of themud

Fig. 5. Phase equilibrium of hydrate in wellbore.

Fig. 6. Temperature distribution in wellbore under different hydrate abundance.

Fig. 7. Comparison of temperature difference between wellbore annulus and drill
string.

Fig. 8. Phase equilibrium of hydrate in wellbore under different drilling fluid
displacement.

Fig. 9. Temperature distribution in wellbore under different drilling fluid
displacement.

Fig. 10. Comparison of temperature difference between wellbore annulus and drill
string.
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line. However, the change of temperature is not obvious, and the
increase of bottom hole temperature is mainly due to the increase
of density, the increase of wellbore annulus, the influence of hy-
drate decomposition rate and the decrease of hydrate decomposi-
tion heat, so the bottom hole annulus temperature increases
slightly.

Fig. 13 shows the comparison of the temperature difference
between the wellbore annulus and the drill string under different
drilling fluid densities. It can be seen from the above diagram that
the temperature difference between the wellbore annulus and the
drill string increases gradually with the increase of the density, but
the increase is small.

5.4. Mechanical penetration rate

According to the well depth structure and the related basic
parameters of drilling fluid, under the conditions of 10 m percus-
sion rate, 20 m stroke h and 30 m/h respectively, the phase equi-
librium diagram of hydrate in the wellbore under different
mechanical penetration rates can be calculated by the hydrate
phase equilibrium condition formula. From Fig. 14, we can see that
the effect of the increase of mechanical penetration rate on the
hydrate decomposition position is negligible.

Fig. 15 shows the comparison of the temperature difference
between the wellbore annulus and the drill string before and after
drilling hydrate. From the figure, we can see that with the increase
of mechanical penetration rate, the wellbore temperature de-
creases gradually in the well section above the mud line, and the
temperature in the wellbore increases gradually below the mud
line. In the well section above the mud line, due to the increase of
drilling mechanical penetration rate, the increase of hydrate cut-
tings and the increase of hydrate decomposition, the required
decomposition heat increases, which leads to the gradual decrease
of annulus temperature. In the section below the mud line, the

friction heat generation between the bit and the formation in-
creases with the increase of the mechanical penetration rate, which
leads to the increase of the temperature at the bottom of the
wellbore.

Fig. 16 shows the comparison of the temperature difference
between the wellbore annulus and the drill string at different
penetration rates. It can be seen from the temperature curve in the
figure that near the decomposition position, the temperature dif-
ference between the annulus and the drill string increases gradu-
ally with the increase of the mechanical penetration rate, and at the
upper 200 m of the decomposition position, the temperature dif-
ference between the annulus and drill string is also gradually
affected by the heat absorption of hydrate decomposition. The
greater the amount of hydrate decomposition, the more heat
needed for decomposition, and the lower the annular temperature.
Therefore, it will cause the temperature difference to increase with
the increase of mechanical penetration rate.

Fig. 11. Phase equilibrium of hydrate in wellbore under different drilling fluid
densities.

Fig. 12. Temperature distribution in wellbore under different drilling fluid density.

Fig. 13. Comparison of temperature difference between wellbore annulus and drill
string.

Fig. 14. Phase equilibrium of hydrate in wellbore under different mechanical pene-
tration rates.

Fig. 15. Temperature distribution in wellbore under different penetration rates.
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6. Conclusions

(1) Based on the phase equilibrium and decomposition theory of
natural gas hydrate, the decomposition position of gas hy-
drate in wellbore is studied, and the wellbore temperature
distribution model under hydrate decomposition is estab-
lished. According to the relevant conditions and the physical
parameters of hydrate, the wellbore temperature distribu-
tion curve of drilling vertical well in marine hydrate layer is
calculated. At first, the wellbore temperature decreases
gradually, and then due to the influence of ground temper-
ature, the wellbore temperature begins to increase. The
temperature of the wellbore annulus near the hydrate
decomposition position is lower than the ambient temper-
ature, which is mainly caused by the heat absorption of hy-
drate decomposition.

(2) This paper makes a sensitivity analysis of wellbore temper-
ature distribution in vertical wells drilled in marine hydrate
layer, and mainly analyzes the effects of hydrate abundance,
drilling fluid displacement, density and mechanical pene-
tration rate on wellbore temperature distribution. The main
conclusions are as follows: ① Hydrate abundance has little
effect on wellbore temperature. ② With the increase of
drilling fluid discharge, the wellbore annulus temperature
above the mud line also increases, and the wellbore tem-
perature below themud line decreases continuously.③With
the increase of drilling fluid density, the wellhead tempera-
ture decreases, and the bottom hole temperature increases
slightly. ④ When the mechanical penetration rate increases,
the temperature in the upper part of the wellbore decreases
and the temperature at the bottom of the wellbore increases,
and the mechanical penetration rate has the most obvious
effect on the annular temperature.

(3) In the process of marine gas hydrate drilling, in order to
ensure safe drilling, it is necessary to select the appropriate
drilling fluid displacement and density, and control the
mechanical penetration rate, so as to reduce the impact of
hydrate decomposition on drilling safety.
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