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ABSTRACT

It is easy to change the original temperature state of marine gas hydrate reservoir by drilling, which leads
to uncontrollable decomposition of gas hydrate and release of large amount of gas. The decomposition
gas will further escape and expand, and the reservoir will break and collapse due to its weak cementation
characteristic, which will easily lead to a series of other potential risks. Therefore, in this study, based on
the drilling process of marine gas hydrate, we establish the theoretical model and numerical calculation
method of wellbore temperature field, analyze the influence on wellbore temperature of drilling fluid
displacement, density, viscosity and injection temperature, and seawater depth. Then the sensitivity laws
of reservoir risk in marine gas hydrate drilling are obtained. The results show that with the increase of
drilling fluid displacement, density, viscosity and injection temperature, the temperature in lower well
section and bottom hole will increase, making the increasing amplitude of temperature in hydrate
reservoir larger and the scope of influence on hydrate reservoir stability bigger. Moreover, drilling is
more likely to raise the temperature of reservoirs in shallow seawater depth, posing greater risks. Thus,
engineering measures to avoid risks caused by rising reservoir temperature in marine gas hydrate
reservoir drilling are presented. This study is of great significance to ensure the safety of marine gas

hydrate reservoir drilling.
© 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

temperature and pressure [1]. It is mainly distributed in the surface
sediments or sedimentary rocks of the land slope, islands and ba-

At present, natural gas hydrate, a new type of clean energy, has
attracted more and more attention. Natural gas hydrate is a white
clathrate crystalline compound formed by the interaction of
methane and other hydrocarbon gases with water under certain
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sins in the permafrost regions with high latitude or high altitude
and the marginal areas of ocean with depth of 300—3000 m, and it
can also be distributed on the seabed surface [2,3]. It is estimated
that 20.7% of the land and 90% of the ocean floor [4] have favorable
conditions for the formation of gas hydrate, and the temperature
and pressure in these areas keep gas hydrate stable. Since the
1970s, natural gas hydrate has been found directly or indirectly in
many regions through programs and projects such as deep-sea
drilling programs, ocean drilling programs, etc. around the world.
It is estimated that the total amount of natural gas hydrate re-
sources are about 2.1 x 10'® m? [5—8], which is about twice the
carbon content of proven traditional fossil energy. More than 90% of
gas hydrate is distributed in the ocean.

The regions in the world where gas hydrate trial production has
been carried out mainly include [9—11]: Messoyakha gas field in
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Siberia [12,13], Mallik permafrost region in Canada [14,15], Mount
Elbert well No.1 in the North Slope, Alaska [16,17], Aichi—ken Sea
Area in Japan [18,19] and Shenhu Area in South China Sea [20,21].
To exploit gas hydrate, we must first drill wells. Some scholars have
carried out research on marine gas hydrate reservoir drilling. Wang
et al. [22] established the wellbore multi—phase flow equation and
numerical calculation method during drilling overflow in marine
gas hydrate reservoir, and analyzed the overflow law and the
change of bottom hole pressure. Wei et al. [23—27] studied the
wellbore multi—phase flow law of drilling through marine gas hy-
drate reservoir, and obtained the sensitivity effect of different
drilling parameters. They also analyzed the law of cuttings migra-
tion in horizontal wells in marine gas hydrate reservoir drilling
[28]. Merey [29] analyzed the measured drilling parameters during
drilling through gas hydrate reservoir and the engineering and
reservoir parameters in the drilling process in frozen soil and the
ocean, and believed that borehole enlargement often occurs in
marine gas hydrate reservoir drilling. Sahu et al. [30] reviewed the
drilling of natural gas hydrate reservoir, and summarized the
progress in hydrate drilling design, drilling tools, drilling fluid,
logging and so on. Yan et al. [31] analyzed the creep rule of natural
gas hydrate reservoir and obtained the variation characteristics of
wellbore size during drilling of marine gas hydrate reservoir. Huang
et al. [32] studied the effects of different drilling fluid circulation
rates on the reservoir during the drilling of hydrate bearing sedi-
ments. Chaturvedi et al. [33] investigated the low—temperature
rheology of drilling fluid containing new additives and presented
drilling fluid additives suitable for drilling in marine gas hydrate
formation.

Compared with conventional oil and gas reservoirs, marine gas
hydrate is often buried shallow [34], and hydrate reservoirs are
loose and unstable, without tight caprock. In marine gas hydrate
reservoir drilling, the drilling fluid is continuously injected from the
drill string to the bottom of the well, which is very easy to change
the original temperature state of hydrate reservoir. When the
reservoir temperature rises to the phase equilibrium temperature
under reservoir pressure, the hydrate will decompose and release a
large amount of gas. This decomposition is often uncontrollable.
The decomposition gas will further escape and expand, and the
reservoir will break and collapse due to its weak cementation
characteristic, which will easily lead to a series of other potential
risks. Therefore, it is very important to figure out the risks during
marine gas hydrate reservoir drilling. Based on the wellbore tem-
perature analysis of drilling in marine gas hydrate formation, this
study will further investigate the rule of reservoir risk sensitivity.

2. Theoretical model

As shown in Fig. 1, during marine gas hydrate reservoir drilling,
there is continuous heat exchange between drilling fluid, drill
string, mixed fluid in annulus, marine riser and seawater in the well
section above the seabed mudline, and heat exchange also occurs
between drilling fluid, drill string, mixed fluid in annulus, casing,
cement sheath and formation in the well section below the seabed
mudline. At the same time, the fluid flow in the wellbore will carry
heat and generate heat by friction with the wall. In addition, the
heat of phase change should also be considered in multi—phase
flow in annular space.

The gas hydrate reservoir can remain stable under the original
temperature and pressure. Affected by drilling, when the hydrate
reservoir temperature increases to the phase equilibrium temper-
ature under reservoir pressure, the hydrate in the reservoir will
decompose and pose potential risks, namely, the “decomposition
risk area” in Fig. 2. The decomposition front facies is the position of
hydrate phase equilibrium, so hydrate phase equilibrium is
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Fig. 1. Schematic diagram of marine gas hydrate reservoir drilling.

important to evaluate the risks of marine gas hydrate reservoir
drilling.

2.1. Temperature equations in annulus

According to the first law of thermodynamics, the total energy in
a flow control body is constant [35]. As shown in Fig. 3, the micro-
element section of the wellbore with length dz is taken as the
control body in annulus. The annulus fluid flows in from cross-
section S1 and flows out from cross-section S2. The heat transfer
process in annulus is analyzed as follows.

The heat flowing into the control body in dt time is:

T.
Qal::PmeCmTESadt4*99&3225?15g52dzdt 1)
The heat flowing out of the control body in dt time is:
(a2 = PmVmCmTaSadt (2)

The heat exchange of the control body in the radial direction in
dt time is:

a3 =qpa + Gsa + dfa + Gna (3)

The heat energy in the control body at time t is:

Hydrate
phase equilibrium

Hydrate
TESErvoir

Decomposition
risk area

AT

Annulus Well wall Far-end stratum

Fig. 2. Risk area of reservoir in marine gas hydrate drilling.
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(9579.)

S,
S,
Fig. 3. The heat transfer control body in annulus.

Ga4 = pmCmTaSadz (4)

The heat energy in the control body at time t+dt is:
a5 = pmCmTaSadz + W dzdt (5)

Therefore, it can be concluded that:
a1 —qa2 + a3 = a5 — qaa (6)
namely
76(vamaﬁz'mTaSa) dzdt + (pa +Qsa+gfa +dha = a(ﬂmcan;Tasa) dzdt

(7)

where T, is the temperature in the annulus, K; pp, is the density of
mixed fluid in the annulus, kg/m>; v, is the velocity of mixed fluid
in the annulus, m/s; ¢y, is the specific heat capacity of mixed fluid in
the annulus, J/(kg-K); S. is the annular cross—sectional area, m?; Qpa
is the heat exchange between fluids in the annulus and the drill
string, J; qsa is the heat exchange between the mixed fluid in
annulus and outside of wellbore, J; gs, is the heat generated by the
friction between the mixed fluid in the annulus and the wall, J; qha
is the heat released or absorbed by hydrate phase transition in the
annulus, J. qpa, gsa, fa, Gha and S, are solved as follows:

Gpa =mdyi (Tp — Ta) hpadzdt (8)

Gsa = Tdao(Ts — Ta)hsadzdt (9)

_ 2fmpmVmSa 4,4

dfa = dao — dai (10)

Qpa = NpSadzdt- Aqy, (11)
w(d2, — d?

ga:M (12)

4

where Tp, is the temperature in drill string, K; Ts is the temperature
outside of wellbore, K; hy, is the integrated heat transfer coefficient
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between annulus and drill string, W/(m?-K); hs, is the integrated
heat transfer coefficient between annulus and outside of wellbore,
W/(m?-K); dy is the inner diameter of annulus, equal to the outer
diameter of drill string, m; d,, is the outer diameter of annulus, m;
fm is a flow friction coefficient, dimensionless; np is the molar
quantity of hydrate phase transition in unit volume annulus, mol/
m?>; Aqy, is the hydrate phase transition heat, W/mol. Aqp is calcu-
lated by Clausius Clapeyron equation [36] as follows:

d(ln peq>

A4q, = —ZR-———~
n d(1/Ts)

(13)

where Z is the gas compression factor, dimensionless.
Combining Equations (7)—(13), the temperature equation in the
annulus can be obtained as follows:

9(pmvmCmTa) 4d,; (Tp - Ta)hpa 4dao(Ts — Ta)hsa 2fmpmv?n
0z (dgo - dii) <d§0 - d§i> da
0(pmCmT.
+nhAQh: (pmatl'ﬂ a)
(14)

2.2. Temperature equation of inner drill string

Using the same method as the annular temperature equation,
the temperature equation in the drill string can be obtained as
follows:

3
0(oiriciTo) _ady(Ty — T)hpa | 201(11)" 3 (piciTy)
0z dlz)i d - ot

: (15)
pi

where pj is the fluid density in drill string, kg/ms; v} is the fluid flow
velocity in drill string, m/s; ¢ is the specific heat capacity of fluid in
drill string, J/(kg-K); f{ is the flow friction coefficient in drill string,
dimensionless; dy; is the inner diameter of drill string, m.

2.3. Calculation of integrated heat transfer coefficient

2.3.1. The integrated heat transfer coefficient between annulus and
drill string (hpa)
hpa is calculated as follows:
1
dail dai di
REATCAM

hpa (16)

 (da/dy)
U,

1
1 U

3

where U is the convective heat transfer coefficient between the
fluid in the drill string and the inner surface of the drill string, W/
(m?-K); Uy is the thermal conductivity of drill string, W/(m-K); Us is
the convective heat transfer coefficient between the mixed fluid in
annulus and the outer surface of the drill string, W/(m?-K); dpi is
the inner diameter of drill string, m.

2.3.2. The integrated heat transfer coefficient between annulus and
outside of wellbore (hsg)

(1) Well section above the mudline

In the well section above the mudline, the outside of the
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wellbore is seawater. In Equation (9), the temperature outside the
wellbore represents the seawater temperature, hg, is the integrated
heat transfer coefficient between annulus and seawater:

1

In(dro/dao)
2Us

”sa - d
1 a0
Us +

(17)

(dao/dro)

6

+

where Uy is the convective heat transfer coefficient between the
mixed fluid in annulus and the inner surface of the marine riser, W/
(m?-K); Us is the thermal conductivity of the marine riser, W/
(m-K); Ug is convective heat transfer coefficient between seawater
and outer surface of marine riser, W/(m?-K); dy is the outer
diameter of the riser, m. Sea water temperature from top to bottom
can be divided into mixing layer, thermocline layer and constant
temperature layer. According to relevant studies, the temperature
of the mixing layer and thermocline layer is calculated as follows
[37,38]:

Teea0,0 < h <20m
Tsea = 1
TaTsea0(200 — ) + 13.7(h — 20)], 20m < h <200m
(18)

The temperature of constant temperature layer is calculated as
follows [37,38]:

2.30713 — 39.39839

1 e(h+130.13719)/402.73177° 200m<h < hw

Tsea =2.30713
(19)

where Tge, is the seawater temperature, K; Tgea0 is the ocean surface
temperature, K; hyy is the sea depth, m; h is the well depth, m.

(2) Well section below the mudline

In the well section below the mudline, the outside of the well-
bore is stratum. In Equation (9), the temperature outside the
wellbore represents the temperature of outer surface of wellbore,
hg, is the integrated heat transfer coefficient between annulus and
the outer surface of wellbore:

1

= 1 dao In(deo/dao) dao In(deso/desi)
[0/ ST A S 11/

hsa (20)

where U} is the convective heat transfer coefficient between the
mixed fluid in annulus and inner surface of the casing, W/(m?-K);
Uz is the thermal conductivity of the cement sheath, W/(m-K); dco
is outer diameter of the casing, m; d¢s is outer diameter of cement
sheath, m; d is inner diameter of cement sheath, m. Equation (20)
shows the integrated heat transfer coefficient calculation model of
the mixed fluid in annulus and the outer surface of the wellbore in a
single—layer casing structure. In the actual process, under the
condition of multi—layer casing structure, the corresponding heat
exchange terms can be accumulated according to the equation.

The heat exchange between the stratum and the outer surface of
wellbore is:
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_27TU7

G="1" (Tf Js)dzdt (21)

where (s is the heat exchange between the stratum and the outer
surface of wellbore; ] is the thermal conductivity of the stratum, W/
(m-K); Tp is dimensionless temperature; Tf is the original stratum
temperature, K. Tp is calculated as follows [39]:

1.1281t35(1 - 0.3tg5), 1010<tp <15

T (22)
(0.4063 + 0.5 In tp) (1 + 0.6t51) tp>1.5
Uyt
_ 23
b prCere (23)

where tp is dimensionless time; t is the drilling time, s; pr is the
density of stratum, kg/m?; cf is the specific heat capacity of stratum,
J/(kg-K); 15 is the wellbore radius, m.

Tt is calculated as follows:

Ty =Ty + Gr(h — hy)cos 0 (24)
where Thw is the seabed temperature, K; Gr is the geothermal
gradient, K/m.

According to the first law of thermodynamics, the heat exchange
between the stratum and the outer surface of wellbore is equal to
that between the mixed fluid in annulus and the outer surface of
wellbore:

dfs =dsa (25)
Combining Equations (9), (21) and (24), Equation (25) can be
obtained as follows:

T :2U7Tf + daohsaTDTa
: 2U7 + daohsaTp

(26)

2.4. Phase equilibrium model of natural gas hydrate

Since the empirical model of methane hydrate phase equilib-
rium established by researchers in the Natural Gas Hydrate Labo-
ratory of China University of Petroleum (East China) based on
experimental data has been verified [40], we choose this model to
describe the phase equilibrium of natural gas hydrate in this study:

— 8 x 10-130.1052T

Peq (27)
where peq is the phase equilibrium pressure of methane hydrate at
temperature T, MPa.

3. Numerical calculation method

Based on the finite difference method, the wellbore temperature
in marine gas hydrate reservoir drilling is solved iteratively. The
calculation domain is the node in annulus, drill string, seawater and
surrounding stratum, and the sequence is from wellhead to the
bottom hole. The difference scheme of annular temperature equa-
tion is:
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n+1
1 1) [4d,(Tp — Ta)h 4d,i(Tp — Ta)h
E[(vamCmTa)}lfll*(PmUmCmTa)JFH]+§ l alc(izp d;) Pﬁ] +{ 316(1219 iy Pa
! ( ao ai) j+1 (
n+1 n+1 n+l (28)
_|_1 [4dao(Ts — Ta)hsa] n |:4da0(Ts — Ta)hsa] a [(mepmvm) 4 (zfmﬂmvm :|
2 2 42 2 _ g2 2 d
(dao dai) - (d dai> ] a Jin
1
+ [(mndan)f + (g} | =5 At (b} = (PmCmTa)fi1 + (omCmTa)f " = (pmcenTa)] |
The difference scheme of drill string temperature equation is:
n+1 n+1
1 nt1 4d,i (Tp — Ta) hpa 4d,i (Tp — Ta)hpa
1z (T — (ot To)} ] - 5{ {d— N e A
b1 j+1 pi j
( >3 n+1 < >3 n+1 (29)
1) [2fin(m 2f{pi (v 1 1
2) |y Tdy =241, {(PinTp)Fﬂ — (AeTo)j 1 + (iiaTp)] " — (PinTp)ﬂ
j+1 j

To carry out numerical calculation, as shown in Equations
(29)—(32), some definite conditions are set as follows: the tem-
perature in the drill string at the wellhead is equal to that of the
injected drilling fluid; the temperature in the drill string at the
bottom hole is equal to that in the annulus; seawater temperature
and far—end stratum temperature do not change with time, but are
only functions related to well depth.

TP(Ov t)=Tin (30)
Tp(H.t)=Tai(H,t) (31)
aTsea

ot ° (32)
oTy

T (33)

4. Calculation results and discussions

Basic parameters are as follows: the depth of sea water is
1000 m, the density of sea water is 1030 kg/m’, the sea surface
temperature is 303.15 K, the geothermal gradient is 0.03 K/m, the
formation pressure coefficient is 1.03—1.06, the buried depth of
hydrate reservoir is 150—200 m below the seabed, the reservoir
porosity is 60%, and the hydrate saturation in the pores is 60%. The

Table 1
The well structure and casing parameters of the example well.

drilling parameters of the example well are as follows: it is a ver-
tical well, the well depth is 1200 m, drilling fluid displacement is
60 L/s, drilling fluid density is 1030kg/m?>, drilling fluid viscosity is
0.003 Pa s, the injection temperature of drilling fluid is 303.15 K, the
mechanical drilling rate is 5 m/h, the bit diameter is 0.311 m, the
drill collar diameter is 0.228 m, the drill pipe diameter is 0.139 m,
the well structure and basic thermophysical parameters are shown
in Table 1 and Table 2 respectively.

4.1. Influence of drilling fluid displacement

In the process of marine gas hydrate reservoir drilling, under the
condition of drilling fluid displacement of 30 L/s,40L/s, 50 L/s, 60 L/
5,70 L/s and 80 L/s, the temperatures in annulus and drill string are
calculated, as shown in Fig. 4.

In Fig. 4, the initial temperature represents the temperature
distribution of seawater and the original temperature distribution
of stratum, and the phase equilibrium temperature represents the
equilibrium temperature of natural gas hydrate corresponding to
the pressure distribution of seawater and stratum. With the in-
crease of drilling fluid displacement from 30 L/s to 80 L/s, the
temperatures both in annulus and drill string increase, and the
increase amplitude increases continuously from wellhead to the
bottom hole. The wellhead temperature changes slightly. The bot-
tom hole temperature increases from 282.13 K to 291.93 K, the
minimum temperature in annulus increases from 281.58 K to
290.10 K, and the minimum temperature in drill string increases
from 281.88 K to 290.70 K. The major reasons for situation above

Parameter Bit diameter, m  Outer diameter of casing, m  Inner diameter of casing, m  Casing depth from sea surface, m  The top depth of cement ring
Marine riser / 0.508 0.466 1080 At the mudline
First opening 0.445 0.339 0.315 1150 At the mudline
Second opening  0.311 0.244 0.220 1200 At the mudline
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Table 2
Basic thermophysical parameters of the example well.
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Specific heat capacity, J/(kg-K)

Thermal conductivity, W/(m-K)

Parameter
Seawater 4212 0.6
Stratum 800 2.25
Natural gas hydrate 200 0.5
Drilling fluid 3290 0.65
Drill pipe, drill collar, casing, marine riser 400 43.75
Cement sheath 2000 0.7
0r 0r
200 f 200 |
. — 30L/s 40L/s
\E 400 } —— 50L/s —— 60L/s \E 400
= — 70L/s 80L/s =
& 600 | Original temperature & 600 | ——30L/s
E ----- tPhase e:quilibrium E 40L/s
3 | emperature 3 | 50 L/S
= 800 = 800 60L/s
1000 1000 ey
1200 : : . : ! 1200 : : : : * !
275 285 295 305 315 325 275 280 285 290 295 300 305 310
Temperature in annulus/K Temperature in drill string/K
(a) (b)
Fig. 4. Temperatures in annulus and drill string under different drilling fluid displacement.
1150 1150
1
1160 1160 r
g | £
i 7o vt e Phase equilibrium '{i A T A Phase equilibrium
_g : temperature % temperature
= 1180 | Others from left to right: T 1180 Others from left to right:
= . 0,0.1,0.2,0.3,0.4, 0.5, = 0,0.1,0.2,0.3, 0.4, 0.5,
1190 ! 06,0.7,0.8,09,1,2,3, 1190 f 0.6,0.7,0.8,09, 1,2, 3,
| 4,5 m away from wellbore 4, 5 m away from wellbore
1200 “ — . . . ) 1200 - . : )
289 287 285 283 281 279 277 275 293 289 285 281 277 273

Temperature of hydrate reservoir/K

Fig. 5. Temperature distribution of hydrate reservoir at different distances from
wellbore when drilling fluid displacement is 60 L/s.

1150 ¢
1
1160 | I
E :
< 1170 R Y | B EEETE Phase equilibrium
o \ temperature
; 1180 ! Others from left to right:
= : 0,0.1,0.2,0.3,0.4, 0.5,
I | 0.6,0.7,0.8,09, 1,2, 3,
1190 ! 4, 5 m away from wellbore
1200 = L . . . ‘
291 289 287 285 283 281 279 277 275

Temperature of hydrate reservoir/K

Fig. 6. Temperature distribution of hydrate reservoir at different distances from
wellbore when drilling fluid displacement is 70 L/s.

are as follows: with the increase of drilling fluid displacement, the
heat carried by the drilling fluid injected into the wellbore through
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Temperature of hydrate reservoir/K

Fig. 7. Temperature distribution of hydrate reservoir at different distances from
wellbore when drilling fluid displacement is 80 L/s.

the drill string increases per unit time. Besides, the time of drilling
fluid flowing through the control unit in the annulus and the time
of heat exchange time between the drilling fluid and the seawater
and the formation are both shortened. Meanwhile, the friction
between drilling fluid and the inner surface of wellbore increases,
generating more heat.

When the drilling fluid displacement is 30 L/s, 40 L/s and 50 L/s,
the annulus temperature of the well section in the gas hydrate
reservoir is lower than the phase equilibrium temperature of the
hydrate. Under such conditions, drilling has little influence on the
hydrate in the reservoir. When the displacement of drilling fluid is
60 L/s, 70 L/s and 80 L/s, the annulus temperature of well section or
some well sections in gas hydrate reservoir is higher than the hy-
drate phase equilibrium temperature. Under such conditions, hy-
drate in the reservoir is easy to decompose. Through the heat
exchange analysis between wellbore and hydrate reservoir, the
temperature distributions of hydrate reservoir at 0 m, 0.1 m, 0.2 m,
03m,04m,05m,06m,07m,08m,09m,1m,2m,3m,4m,
5 m away from wellbore are obtained, as shown in Figs. 5—7.
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0 i
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=
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Temperature in drill string/K

(b)

Fig. 8. Temperatures in annulus and drill string under different drilling fluid densities.
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Fig. 9. Temperature distribution of hydrate reservoir at different distances from
wellbore when drilling fluid density is 1130 kg/m°.
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Fig. 10. Temperature distribution of hydrate reservoir at different distances from
wellbore when drilling fluid density is 1230 kg/m>.

It can be concluded from Figs. 5—7: when the drilling fluid
displacement is 60 L/s, temperature in only a small well section is
higher than the hydrate phase equilibrium temperature, indicating
that under this condition, only a small amount of hydrate will
decompose affected by drilling, which has little effect on the sta-
bility of hydrate reservoir. When the drilling fluid displacement is
70 L/s, the location of hydrate phase equilibrium temperature is at
about 0.3 m away from the wellbore, indicating that the hydrate in
the reservoir less than 0.3 m away from the wellbore may be
decomposed, and the stability of the hydrate reservoir in this range
will be damaged. When the drilling fluid displacement is 80 L/s, the
location of hydrate phase equilibrium temperature is at about 0.7 m
away from the wellbore, indicating that the hydrate in the reservoir
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less than 0.7 m away from the wellbore may be decomposed, and
then the stability of the hydrate reservoir will be damaged in a large
range. Based on the above analysis, it can be concluded that in
marine gas hydrate reservoir drilling, increasing the drilling fluid
displacement will increase the amplitude of temperature rise of
hydrate reservoirs, and the influence range on the stability of hy-
drate reservoirs will extend outward from the wellbore, thereby
increasing the safety risks.

4.2. Influence of drilling fluid density

In the process of marine gas hydrate reservoir drilling, under the
condition of drilling fluid density of 1030 kg/m?, 1130 kg/m? and
1230 kg/m>, the temperatures in annulus and drill string are
calculated, as shown in Fig. 8.

It can be seen from Fig. 8 that with the increase of drilling fluid
density from 1030 kg/m? to 1230 kg/m?, the temperatures both in
annulus and drill string increase, and the increase amplitude in-
creases continuously from wellhead to the bottom hole. The well-
head temperature changes slightly. The bottom hole temperature
increases from 287.96 K to 289.40 K, the minimum temperature in
annulus increases from 286.77 K to 288.22 K, and the minimum
temperature in drill string increases from 287.27 K to 288.77 K. The
major reasons for situation above are as follows: with the increase
of drilling fluid density, the mass and heat carried by drilling fluid
per unit length in the wellbore increase. Meanwhile, the friction
between drilling fluid flow and inner surface of wellbore increases,
generating more heat.

Under the conditions of 3 drilling fluid densities, the annulus
temperature is higher than the hydrate phase equilibrium tem-
perature in well section or part of well section in hydrate reservoir.
Then the temperature distributions of hydrate reservoir at different
distances from wellbore are obtained, as shown in Figs. 5, 9 and 10.

It can be concluded from Figs. 5, 9 and 10 that: when the drilling
fluid density is 1030 kg/m?, only the temperature in a small part of
well section is higher than the hydrate phase equilibrium temper-
ature. When the drilling fluid density is 1130 kg/m?, the location of
hydrate phase equilibrium temperature is at about 0.1 m away from
the wellbore. When the drilling fluid density is 1230 kg/m?>, the
location of hydrate phase equilibrium temperature is at about 0.2 m
away from the wellbore. Based on the above analysis, it can be
concluded that in marine gas hydrate reservoir drillings, increasing
the drilling fluid density will increase the amplitude of temperature
rise of hydrate reservoirs, and the influence range on the stability of
hydrate reservoirs will extend outward from the wellbore, thereby
increasing the safety risks.
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Fig. 11. Temperatures in annulus and drill string under different drilling fluid viscosities.
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Fig. 13. Temperature distribution of hydrate reservoir at different distances from
wellbore when drilling fluid viscosity is 0.020 Pa s.

4.3. Influence of drilling fluid viscosity

In the process of marine gas hydrate reservoir drilling, under the
condition of drilling fluid viscosity of 0.003 Pa s, 0.010 Pa s and
0.020 Pa s, the temperatures in annulus and drill string are calcu-
lated, as shown in Fig. 11.

It can be seen from Fig. 11 that with the increase of drilling fluid
viscosity from 0.003 Pa s to 0.020 Pa s, the temperature in upper
annulus drops slightly, but the temperatures both in lower annulus
and drill string increase. The annulus wellhead temperature de-
creases from 298.88K to 297.70 K, the bottom hole temperature
increases from 287.96 K to 291.61 K, the annulus minimum tem-
perature increases from 286.77 K to 290.04 K, and the drill string
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minimum temperature increases from 287.27 K to 291.22 K. The
major reasons for the situation above are as follows: with the in-
crease of drilling fluid viscosity, the convective heat transfer coef-
ficient between drilling fluid flow in wellbore and inner surface of
wellbore decreases, so the integrated heat transfer coefficient be-
tween drilling fluid in annulus, seawater and stratum decreases,
making the heat transfer decrease. Meanwhile, the friction be-
tween drilling fluid flow and inner surface of wellbore increases,
generating more heat.

Under the conditions of 3 drilling fluid viscosities, the annulus
temperature is higher than the hydrate phase equilibrium tem-
perature in well section or part of well section in hydrate reservoir.
Then the temperature distributions of hydrate reservoir at different
distances from wellbore are obtained, as shown in Figs. 5,12 and 13.

It can be concluded from Figs. 5, 12 and 13 that: when the
drilling fluid viscosity is 0.003 Pa-s, only the temperature in a small
part of the well section is higher than the hydrate phase equilib-
rium temperature. When the drilling fluid viscosity is 0.010 Pa-s,
the location of hydrate phase equilibrium temperature is between
0.3 m and 0.4 m away from the wellbore. When the drilling fluid
viscosity is 0.020 Pa-s, the location of hydrate phase equilibrium
temperature is at about 0.6 m away from the wellbore. Based on the
above analysis, it can be concluded that in marine gas hydrate
reservoir drillings, increasing the drilling fluid viscosity will in-
crease the amplitude of temperature rise of hydrate reservoirs, and
the influence range on the stability of hydrate reservoirs will extend
outward from the wellbore, thereby increasing the safety risks.

4.4. Influence of drilling fluid injection temperature

In the process of marine gas hydrate reservoir drilling, under the
condition of drilling fluid injection temperature of 298.15 K,
303.15 K and 308.15 K, the temperatures in annulus and drill string
are calculated, as shown in Fig. 14.

It can be seen from Fig. 14 that with the increase of drilling fluid
injection temperature from 298.15 K to 308.15 K, the temperatures
both in annulus and drill string increase, and the increase ampli-
tude decreases continuously from wellhead to the bottom hole. The
annulus wellhead temperature increases from 295.35 K to 302.40 K,
the bottom hole temperature increases from 286.76 K to 289.12 K,
the annulus minimum temperature increases from 285.60 K to
287.89 K, and the drill string minimum temperature increases from
286.03 K to 288.46 K. The major reasons for situation above are as
follows: as the drilling fluid injection temperature increases, the
heat carried by the drilling fluid per unit length in the wellbore
increases, resulting in an increase in the overall wellbore
temperature.
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In Fig. 13, when the drilling fluid injection temperature is
298.15 K, the annulus temperature in reservoir section is lower than
the hydrate phase equilibrium temperature, so drilling in such
condition has little influence on hydrate in the reservoir. When the
drilling fluid injection temperature is 303.15 K or 308.15 K, the
annulus temperature of the well section or part of the well section
in hydrate reservoir is higher than the hydrate phase equilibrium
temperature. As shown in Figs. 5 and 15, the temperature distri-
butions of hydrate reservoir at different distances from wellbore are
obtained.

It can be concluded from Figs. 5 and 15 that: when the drilling
fluid injection temperature is 303.15 K, only the temperature in a
small part of well section is higher than the hydrate phase equi-
librium temperature. When the drilling fluid injection temperature

or
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is 308.15 K, the location of hydrate phase equilibrium temperature
is between 0.1 m and 0.2 m away from the wellbore. Based on the
above analysis, it can be concluded that in marine gas hydrate
reservoir drillings, higher drilling fluid injection temperature will
increase the temperature of hydrate reservoir and pose greater
threats to the stability of hydrate reservoir. Cooling drilling fluid can
help ensure the stability of hydrate reservoir during drilling.

4.5. Influence of seawater depth

In the process of marine gas hydrate reservoir drilling, under the
condition of seawater depth of 800 m, 1000 m and 1200 m (the
corresponding well depths are 1000 m, 1200 m and 1400 m
respectively), the temperatures in annulus and drill string are
calculated, as shown in Fig. 16.

It can be seen from Fig. 16 that with the increase of seawater
depth from 800 m to 1200 m, the temperatures both in annulus and
drill string decrease, and the decrease amplitude increases
continuously from wellhead to the bottom hole. The annulus
wellhead temperature decreases slightly, the bottom hole tem-
perature decreases from 291.32 K to 285.31 K, the annulus mini-
mum temperature decreases from 290.06 K to 284.14 K, and the
drill string minimum temperature decreases from 290.67 K to
284.55 K. The major reasons for the situation above are as follows:
as the seawater depth increases, the seabed and stratum temper-
atures both decrease. Meanwhile, the corresponding well depth
increases, making the time for circulation of drilling fluid in well-
bore and heat transfer time between drilling fluid, seawater and
stratum longer. Thus, more heat is transferred outside the wellbore,
which increases the decrease amplitude of wellbore temperature.
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Fig. 16. Temperatures in annulus and drill string under different seawater depth.
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In Fig. 16, when the seawater depth is 1200 m, the annulus
temperature in reservoir section is lower than the hydrate phase
equilibrium temperature, so drilling in such condition has little
influence on hydrate in the reservoir. When the seawater depth is
1000 m or 800 m, the annulus temperature of the well section or
part of the well section in hydrate reservoir is higher than the hy-
drate phase equilibrium temperature. As shown in Figs. 5 and 17,
the temperature distributions of hydrate reservoir at different
distances from wellbore are obtained.

It can be concluded from Figs. 5 and 17 that: when the seawater
depth is 800 m, the location of hydrate phase equilibrium tem-
perature is at nearly 2 m away from the wellbore, drilling in such
condition has huge influence on the stability of the reservoir. When
the seawater depth is 1000 m, only the temperature in a small part
of the well section is higher than the hydrate phase equilibrium
temperature. Based on the above analysis, it can be concluded that
in marine gas hydrate reservoir drilling is more likely to increase
the temperature of shallow depth reservoir, thus increasing the
risk. For reservoirs in deep depth, drilling makes the reservoir
temperature rise slightly, and has little influence on the stability of
hydrate reservoir.

Table 3
Risk analysis of drilling in hydrate reservoir under different influencing factors.
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4.6. Risk analysis of different factors

According to temperature variations of wellbore and hydrate
reservoir under different drilling fluid displacement, density, vis-
cosity and injection temperature, and seawater depth, combined
with hydrate phase equilibrium conditions, the maximum gas
production volume of hydrate decomposition and the maximum
solid volume of collapse after decomposition are obtained under
different influencing factors, as shown in Table 3. It can be seen
from Table 3 that with the increase of drilling fluid displacement,
density, viscosity and injection temperature, or the decrease of
seawater depth, the decomposed hydrate in the reservoir and the
decomposed gas from hydrate caused by drilling will increase.
Under the calculation conditions, the maximum gas production
volume of hydrate decomposition caused by drilling reaches
9867.527 m?, and the maximum solid volume that may collapse
after hydrate decomposition reaches 63.924 m?, which is easy to
cause a series of risks.

Based on the above analysis, we can see that the drilling fluid
displacement, density and viscosity should be properly adjusted in
marine natural gas hydrate reservoir drilling, so as to avoid the high
bottom hole temperature and the rise of reservoir temperature,
which will lead to hydrate decomposition and cause safety risks.
Lowering the injection temperature of drilling fluid helps ensure
drilling safety. For reservoirs in shallow seawater depth, measures
such as using lower drilling fluid displacement, density, and vis-
cosity or cooling drilling fluid shall be adopted to avoid breaking
the stable state of hydrate in the reservoir and ensure drilling
safety.

5. Conclusions

Aiming at reservoir risk in marine gas hydrate drilling, we
establish the theoretical model and numerical calculation method
of wellbore temperature field, analyze the influence on wellbore
temperature of drilling fluid displacement, density, viscosity and
injection temperature, and seawater depth. Then the sensitivity
laws of reservoir risk in marine gas hydrate drilling are obtained.

Groups Influencing factors
(standard condition), m?

The maximum volume of decomposed gas from hydrate

The maximum volume of solid phase that may collapse after
hydrate decomposition, m>

1 Drilling fluid 30L/s 0

2 displacement 40L/s 0

3 50L/s 0

4 60L/s 3.760

5 70L/s 732.422

6 80L/s 2211.621

7 Drilling fluid density 1030kg/ 3.760
m3

8 1130kg/ 144.090
m3

9 1230kg/ 415.629
m3

10 Drilling fluid viscosity 0.003 Pa s 3.760

11 0.010 Pa s 766.524

12 0.020 Pa's 1827.118

13 Drilling fluid injection = 298.15K 0

14 temperature 303.15K  3.760

15 308.15K 298.654

16 Seawater depth 800 m 9867.527

17 1000 m  3.760

18 1200m O

0

0

0
0.024
4.745
14.327
0.024

0.933

2.693

0.024
4.966
11.836

0.024
1.935
63.924
0.024
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With the increase of drilling fluid displacement and density, the
temperature in annulus and drill string increases, and the increase
amplitude increases from the wellhead to the bottom hole. In such
condition, the wellhead temperature changes slightly, and the
bottom hole temperature increases. With the increase of drilling
fluid viscosity, the temperature in the upper annulus section de-
creases slightly, the temperature in the lower annulus and drill
string increases, and the annulus wellhead temperature decreases
while the bottom hole temperature increases. As the increase of
drilling fluid injection temperature, the temperature in annulus
and drill string increases, and the increase amplitude decreases
from wellhead to bottom hole. The temperature in annulus in-
creases along with the bottom hole temperature. As the seawater
depth increases, the temperature in annulus and drill string de-
creases, and the decrease amplitude increases from the wellhead to
the bottom hole. The annulus wellhead temperature decreases
slightly, and the bottom hole temperature also decreases.

When the displacement, density, viscosity or injection temper-
ature of drilling fluid increases, it will magnify the temperature
increasing amplitude of hydrate reservoir and extend the scope of
influence on the stability of hydrate reservoir, thus causing greater
risks. To avoid these risks, the displacement, density, viscosity or
injection temperature of drilling fluid should be adjusted in the
drilling process. Drilling is more likely to increase the reservoir
temperature in shallow seawater depth and posing greater risks.
Therefore, measures such as using lower drilling fluid displace-
ment, density, and viscosity or cooling drilling fluid shall be
adopted to avoid breaking the stable state of hydrate in the reser-
voir and ensure drilling safety.
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