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Wellbore instability is one of the most encountered issues during hydrate exploration, which correlates
with mud density and temperature. However, current studies ignore the effect of mud temperature on
safe mud density windows, leading it fails to meet requirements of sufficient drilling in hydrate res-
ervoirs. Herein, we propose a new model to predict safe mud density windows by introducing
temperature-pressure dual control, which is more accurate and applicable for hydrate reservoirs.
Collapse pressure equivalent density decreases 6.19% while fracture pressure equivalent density in-
creases 4.52% with hydrate saturation rising from 0 to 50% under normal conditions. Hydrate formation
can narrow the safe mud density window significantly. Equivalent density of collapse pressure presents
temperature sensitivity, especially mud temperature ranging from 287.9 to 289.3 K. Hydrate dissociation
can narrow the safe mud density window by ~27% on average with hydrate saturation of 50%, which will
be magnified with increasing intermediate principal stress. On this basis, an integrated control system
involving temperature-pressure dual control is established to deal with potential drilling risks of multi-
layer hydrate reservoirs. This work provides new insights into safe mud density windows dependent on
temperature and presents design principles for sufficient drilling in natural gas hydrate reservoirs.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Wellbore instability is a fundamental problem encountered in
natural gas hydrate exploration and exploitation, which may
further reduce drilling efficiency and increase engineering
geological risks (Dong et al., 2022b; Gizatullin et al., 2023). Various
well types have been applied in hydrate drilling with increasing
demand for hydrate productivity in trial production (Lu et al.,
2023; Wani et al,, 2023; Dong et al.,, 2024c). That brings in a
higher requirement in risk evaluation and wellbore stability con-
trol (Al-Shami et al., 2023; Dong et al., 2024c; Tian et al., 2024).
Distinct from conventional oil and gas reservoirs, hydrate forma-
tion is shallow, low-strength, and unconsolidated, resulting in
insufficient understanding of wellbore failure mechanisms
(Yoneda et al., 2019; Dong et al., 2024d). In this regard, it is urgent
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to investigate wellbore issues and further propose stability control
strategies.

Wellbore stability primarily correlates to drilling mud property,
stress states around the borehole, as well as formation strength
(Dong et al., 2024b; Wei et al., 2025). The hole collapse/shrinkage
will occur with a smaller mud weight, while the leakage/fracture
may appear with a higher one (Zhang, 2013; Bagdeli et al., 2019), as
displayed in Fig. 1. In this regard, proper mud density can maintain
wellbore stability with accurate control of bottom hole pressure
and mud circulation during drilling hydrate. In particular, invaded
drilling mud with higher temperature can lead to massive hydrate
dissociation and further reservoir strength reduction, causing
changes in designed safe mud density windows (Zheng et al.,
2020; Wan et al., 2023). Conversely, hydrate dissociation induces
a temperature drop of circulating drilling mud in boreholes,
resulting in potential drilling risks (Huang et al., 2020a; Abdelhafiz
et al., 2023). Generally, hydrate layers exhibit temperature sensi-
tivity during the drilling process (Gong et al., 2025; Zhang et al.,
2025). However, a better understanding of the temperature-
dependent safe mud density window and wellbore stability in
hydrate reservoirs remains an unclear and open topic.
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Fig. 1. Relation between the drilling mud window and wellbore states, modified from
(Zhang, 2013; Bagdeli et al., 2019).

Safe mud density windows have been involved in safe and
efficient drilling in hydrate reservoirs, especially collapse/fracture
pressure prediction and mud density window design. Generally,
drilling mud invasion and corresponding hydrate dissociation can
alter wellbore status, favoring the rule that temperature can affect
the drilling mud density range (Sun et al., 2018; Huang et al., 2020b;
Dong et al., 2023b). In addition, Li et al. develop an analytical model
and state that higher mud flow rate results in lower collapse/
fracture pressure (Li et al., 2020). Besides, the lower borehole
enlargement rate corresponds to higher mud density, indicating
that mud weight design must consider the borehole enlargement
(Li et al., 2024; Fan et al., 2025). After that, the lower limit of the
mud density window for hydrate reservoirs is temperature sensi-
tive and relates to formation strength, leaving unclear of the upper
limit versus temperature (Li and Wu, 2022). Moreover, collapse
pressure equivalent density could become higher, and instability
risks would be amplified with hydrate dissociation (Dong et al.,
2023b; Sun et al., 2022). However, these studies focus on mud
weight range, ignoring the effect of mud temperature on the safe
mud density window during drilling hydrate reservoirs.

Herein, we establish a new model for safe mud density of gas
hydrate reservoirs under temperature-pressure dual control,
considering the effect of hydrate dissociation on wellbore states.
The temperature sensitivity of both collapse and fracture pressure
equivalent density is investigated to challenge determining the
lower and upper limit of the safe mud density window in view of
hydrate-dissociation induced drilling risks. After that, an inte-
grated mud system involved in temperature-pressure dual control
is established to deal with drilling issues in multi-layer hydrate
reservoirs. This work can provide a reference for drilling mud
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cosasinfcosy — sinasiny

sinacosp
[Rs] =

density window design and wellbore stability control in natural
gas hydrate reservoirs.

2. Model
2.1. Calculation method

Natural gas hydrate reservoirs are totally different from tradi-
tional oil and gas formations due to the varying strength and

stiffness after the hydrate phase transition. These dissociation-
induced transitions will lead to changes in the lower and upper
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limit of safe mud density windows that represent equivalent
density of collapse and fracture pressure. Thus, we develop a new
model for safe mud density windows under temperature-pressure
dual control to deal with the temperature-sensitive issues, as
depicted in Fig. 2. Wherein, collapse and fracture pressure equiv-
alent density dependent on mud temperature are obtained with
the new proposed model, which provides a basis for establishing
safe mud density windows applied in hydrate reservoirs.

Compared with current models proposed for oil and gas res-
ervoirs, this model exhibits two fundamental advantages. One is
correlating the mud density with hydrate saturation that supports
the accurate prediction of collapse and fracture pressure, resulting
in a broader application scope. The other is introducing the effect
of temperature into the prediction model, which improves the
prediction precision of the safe mud density window for hydrate
reservoirs.

Additionally, basic assumptions have been involved to simplify
the calculation and improve efficiency: (1) The reservoir only
contains methane hydrate with homogeneous distribution. (2) The
drilling fluid invasion is a transient process without mud cake
formation. (3) Hydrate will dissociate once the temperature ex-
ceeds the phase equilibrium.

2.2. Stress around boreholes

Stress states around the drilled borehole are the basis and
precondition of wellbore state evaluation and drilling mud density
window design. To obtain principal stresses, transformation re-
lations among the in-situ coordinate system, geographic coordi-
nate system, as well as borehole coordinate system (see Fig. 3.) are
required, which promotes solving the engineering problems
through numerical calculations.

Stress states of the in-situ coordinate system differ from that of
the geographic coordinate system, which needs to be transformed
mathematically by introducing Euler angles (a, 3, v), as displayed in
Fig. 3(a). The transformation process can be characterized by Egs.
(1-3).

ox 0 O
l6s)=| 0 o O (1)
0 0 o
fos] = [Rs][oe] [RY (2)
(3)

where oy, 6y, and o, represent the in-situ stresses, MPa, [Rs] is the
transformation matrix, dimensionless, and [¢e] denotes the stress
tensor in the geographic coordinate system, MPa.

Similarly, stresses should be transformed from the geographic
coordinate system to the borehole coordinate system without
assuming the borehole normal to the near-wellbore formation.
Key factors in this transformation are the inclination angle 5 and
azimuth ¥, which can be applied to identify the stress tensor [R;].
These relations are written in Egs. (4) and (5). After that, the stress
solutions can be obtained to analyze the wellbore stability
(Aadnoy and Chenevert, 1987).
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Physical parameters Physical parameters from geologic survey and laboratory test
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Fig. 2. Flowchart for calculating the safe mud density windows of hydrate reservoirs under temperature-pressure dual control.
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Fig. 3. lllustration of the coordinate transformation revised from (Li, 2022). (a) Transformation between the in-situ stress coordinate and geographic coordinate, and (b)
transformation between the geographic coordinate and the borehole coordinate. X, Y, and Zg present X-axis, Y-axis, and Z-axis of the geographic coordinate system, while Xg, Y3,
and Zp are that of the borehole coordinate system.
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where o, 0}, and oy are the principal stress tensor of near-wellbore

where 5 and ¥ represent the inclination angle and azimuth, rad, formation, MPa.
and [op] is the stress tensor in the geographic coordinate system, After that, Eq. (8) states the calculation of the maximum and
MPa. minimum principal stresses.
Based on the wellbore stability mechanics theory, it is conve-
nient to identify the stress states in the borehole coordinate sys- 61 = Max (01'7 o}, o’k>

tem. In this regard, stressful solutions can be expressed as: . (8)
o3 = min (Ji, 0j, O'k)
or = Pm — Pp

09 — Oxx + O'yy - Z(Gxx - ayy)COSZG — 46xysin29 - Pm — Pp
07 = Oz7 — ZV[(JXX — ayy)COSZH + ZJXySiHZQ] -Pp

7oz = 2(0y2C0S0 — 6x75ING)

(6) where 67 and o3 are the maximum and minimum principal
stresses, MPa.

where o, oy, oz and 4, are the radial, hoop, vertical, and 2.3. Collapse pressure
tangential stress at a specific point of wellbore, MPa, v is the

Poisson’s ratio, dimensionless, 0 represents the polar angle, °, P, The Druck-Prager criterion is a kind of discriminant rule that is
denotes the pore original pressure of the hydrate reservoir, widely applied in determining wellbore stability in drilling natural
MPa, and Py, represents the borehole pressure, MPa. gas hydrate reservoirs (Dong et al., 2020; Zhao et al., 2025). Based

On the basis, principal stresses of near wellbore formation can on Druck-Prager criterion, we developed a collapse pressure model
be obtained by Eq. (7). by introducing hydrate saturation and intermediate principal
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stress, as given in Egs. (9-11). On this basis, the lower limit of the
safe mud density window is obtained to favor the drilling process
in hydrate reservoirs.

f(Pm) =Ke(Sp) +BSn)l — V]2 (9)
h=g[(e1 027+ (01~ 3 + (02~ 37 (10)
I1=01+0y+o03 (11)

where I; and J, represent the first invariant function of the effec-
tive stress tensor and second invariants of the stress deviator, MPa,
Kr and g are the model coefficients, which relate to hydrate satu-
ration Sy, dimensionless.

According to previous studies (Zhang et al., 2015; Dong et al.,
2020), Eq. (9) can be transformed by assuming that f{Py) is a
function of hydrate saturation and effective confining pressure.

f(Pm)=A(Sh) +B(Sp)o3 — o1 (12)
A(Sp) =0.0313S}, + 2.58 (13)
B(Sy) = 1.701 exp(0.0182S},) (14)

where A(Sp) and B(Sp) can be identified by referring to previous
studies (Dong et al., 2020, 2022a).

Specifically, the collapse pressure P, can be calculated through
the Newton-Simpson method. The collapse pressure equals the
obtained drilling mud pressure when the yield area is not larger
than the 3.0% borehole area (Li, 2022; Li et al., 2024).

2.4. Fracture pressure

Equivalent density of fracture pressure services as the lower
limit of the safe mud density window for drilling hydrate reser-
voirs. With consideration of the reservoir characteristic and
strength theory, a calculation method of fracture pressure is pro-
posed for hydrate reservoirs, wherein the fracture pressure cor-
relates to hydrate saturation as well as stress states (Too et al.,
2018; Zhong et al., 2024). This model is simple, effective, and
applicable, which is given by Egs. (15-18).

Py =30y, — oy — aPp + St (15)
St = C(Sp)/tang(Sy) (16)
C=Cy exp(0.0208S),) (17)
¢ = o + 0.189S), (18)

where Prand Py, represent the fracture pressure and pore pressure
of reservoirs, respectively, MPa, S; is the tensile strength deter-
mined through empirical formulas, MPa, oy and oy are the
maximum and minimum principal stresses, respectively, MPa, C
and Cy denote the cohesion of sediments with and without hy-
drate, MPa, ¢ and ¢o are called the internal friction angle of
hydrate-bearing and hydrate-free sediments, respectively, °, and «
is called the effective stress coefficient, dimensionless.

3. Drilling mud density window
3.1. Effect of mud temperature

Proper pressure and temperature conditions are needed to
permit hydrate existing stably in the near-wellbore reservoir, as
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depicted by Fig. 4. The stability margin can be characterized by the
phase equilibrium curve of gas hydrate, in which the relation be-
tween pressure and temperature is given by:

Peq=9 ~ 10714e0.]]36Teq (19)
where Peq represents the equilibrium pressure, MPa, and Teq is the
equilibrium temperature, K.

To keep the gas hydrate from dissociation, the lower limit of
drilling mud density is identified based on the collapse pressure
and equilibrium pressure. This lower limit of drilling mud density
plow €an be expressed as:

max (Peol, Peq)

Plow = gH Peq <Py (20)
P.(S, =0
Plow = COl(gtII_I ) Peq > Py

where P is the collapse pressure, MPa, g represents the gravi-
tational acceleration, m/s?, and H is called the vertical depth, m.

Similarly, the upper limit also depends on the equilibrium
pressure, reflecting the effect of hydrate dissociation. This upper
limit of drilling mud density is the fracture pressure with hydrate
saturation equal to 0 once the hydrate dissociates. Thus, the upper
limit of drilling mud density pyp can be given by:

P
PuP:ngI Peq <Pt
(21)
Pe(Sp =0)
up :T Peq > Pf

3.2. Model domain and boundary conditions

Fig. 5 exhibits the geometry of the borehole trajectory in the
hydrate reservoir. It refers to the site SH2 located in the Shenhu
area of the South China Sea (Wan et al., 2018; Dong et al., 2023a).
The hydrate layer with a thickness of 44 m exists about 185 m
below the sea floor, which only contains hydrate and water. The
hydrate saturation is 35% and the porosity is 0.40. A vertical well is
located in the center of the target reservoir with a diameter of
0.44 m.

24

20 1
Safe mud density zone

Pressure, MPa

)

Phase equilibrium curve

[ T T T T T
280 282 284 286 288 290 292

Temperature, K

Fig. 4. Phase equilibrium curve of hydrate and safe pressure range.
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The target reservoir properties and boundary conditions are
obtained from geological survey data and test outcomes of drilled
cores (Wan et al., 2018; Dong et al., 2023a), as listed in Table 1.

3.3. Calculation process of safe mud density window

The mud density window obtained from this proposed
approach mainly depends on mud temperature and pressure,
rather than a single mud pressure. Both upper and lower limits
change complicatedly due to the varying equilibrium pressure of
hydrate versus temperature.

Herein, we show three steps to identify the upper and lower
limits under the temperature-pressure dual control. First, obtain
the stress states of hydrate reservoirs around the drilled borehole
based on geological data, physical parameters, as well as stress
model. Then, calculate the collapse and fracture pressure by
considering the effect of temperature on hydrate dissociation.
Finally, identify the safe drilling mud density window under the
temperature-pressure dual control. The detailed calculation pro-
cess of the safe drilling mud density window is provided in Fig. 6.

4. Results and discussion
4.1. Safe mud density window without considering temperature

In general, the safe mud density window primarily depends on
hydrate saturation as well as stress states without reaching phase
equilibrium conditions. Fig. 7 displays the safe mud density win-
dow of hydrate reservoirs with original hydrate saturation from
0 to 50%. There is a downtrend of collapse pressure equivalent
density ranging from 1.06 to 0.99 g/cm?, while an opposite ten-
dency of fracture pressure equivalent density with a scope of
1.31-1.38 g/cm>. These outcomes lie in a reasonable scope
compared to previous studies (Motghare and Musale, 2017; Cheng
et al., 2019; Li et al., 2020; Sun et al., 2022; Li and Wu, 2022),
verifying the accuracy and applicability of this proposed model, as
shown in Fig. 7(c) and (d). Besides, collapse pressure equivalent
density decreases 6.19% while fracture pressure equivalent density
increases 4.52% with original hydrate saturation rising from 0 to
50%.

Be noted that, calculated lower and upper limits alter with the
model coefficients and physical parameters. That is the funda-
mental cause of obvious differences in various calculated results

| 1273.9m

(a)

135 m

Overlying layer

Hydrate layer

Underlying layer

]94 m
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Table 1

Parameters used in this proposed model.
Parameter Value
Borehole radius, a 0.22 m
Pore pressure, P, 14.3 MPa
Vertical stress, oy 16.3 MPa
Maximum horizontal stress, oy 15.8 MPa
Minimum horizontal stress, o, 15.3 MPa
Formation temperature, T 28794 K
Hydrate saturation, Sy 35%
Water saturation, S,y 65%
Cohesion (hydrate-free), Co 0.4378 MPa
Internal friction angle (hydrate-free), ¢o 0.189 rad
Effective stress coefficient, a 0.9
Porosity 0.4

(Moos et al., 2003; Gholami et al., 2015). In this respect, this model
must be improved and optimized continuously for higher preci-
sion based on field data as well as laboratory experiments.

4.2. Effect of temperature on safe mud density window

Mud temperature can alter the safe mud density window of
hydrate reservoirs in two aspects: one is affecting the lower limit,
collapse pressure equivalent density, and the other is changing the
whole mud density window. These phenomena are mainly
determined by differences between the mud temperature and
hydrate equilibrium temperature.

Only the lower limit of safe mud density window varies when
the equilibrium temperature is higher than the collapse pressure
and less than the fracture pressure. To be specific, collapse pres-
sure equivalent density rises while the fracture pressure equiva-
lent density remains constant. It results in a narrower window
with a larger value of the lower limit, as exhibited in Fig. 8. For
example, collapse pressure equivalent density is changed to 1.02 g/
cm? with hydrate saturation no less than 23.9%, instead of the
original values.

In addition, collapse pressure increases from 14.4 to 17 MPa
with mud temperature rising from 287.9 to 289.3 K, indicating
obvious temperature sensitivity. There is a need to increase pres-
sure for preventing phase transition because higher temperature
of invaded drilling mud can cause hydrate dissociation. Up to a
point, the higher mud temperature permits larger dissociation rate
of hydrate in pores. Notably, however, the mud invasion process is

(b)

P
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/ \
/ \
! \
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\ /'
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/
\
> N / P—
N Phd
S o _ -
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L1 r t f

Fig. 5. Geometry of borehole trajectory in the hydrate reservoir. (a) Reservoir conditions and (b) stress distribution around the borehole.
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Phase equilibrium pressure P,

|

Update collapse and fracture
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|

| Safe mud density window |

S3: Establish safe mud density
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Fig. 6. Flowchart of safe drilling mud density window for hydrate reservoirs under temperature-pressure dual control.
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Fig. 7. Safe mud density window of hydrate reservoirs with a temperature of 288.5 K. (a) Equivalent mud density, (b) increment, (c) collapse pressure equivalent density, and (d)

fracture pressure equivalent density.

controlled by coupling effects between hydrate dissociation and
induced mud temperature decrease. As an endothermic reaction,
hydrate dissociation can lead to a temperature drop, which may be
slightly down due to high-speed circulation of drilling mud in
issue reflects the temperature

boreholes. In general, this
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sensitivity of safe mud density windows of natural gas hydrate
reservoirs.

The issue becomes more complicated in the extreme conditions
of equilibrium pressure exceeding fracture pressure, which re-
quires specific discussions targeting mud temperature. The safe
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mud density window is divided into two sections, as displayed in
Fig. 9(a). The equivalent density of collapse and fracture pressure
without hydrate (Sy = 0) is introduced as the lower and upper limit
in the left section. Wherein key point is to determine the limit of
hydrate saturation Sp; with Eq. (20). Another right section main-
tains the upper limit, followed by an uncertain lower limit that can
be calculated by the model. On the whole, the biggest difference
between left and right sections is that the upper limit changes
with varying hydrate saturation limits when the lower limit ex-
hibits the same tendency. Especially note that try to avoid these
conditions in mud density design and field operations due to
enormous difficulties in downhole control.

On the contrary, there is only one section of safe mud density
window once the equilibrium temperature is above the maximum
fracture pressure with hydrate saturation of 0-50%. The lower and
upper limits of the mud density window are defined as the
collapse and fracture pressure equivalent density of hydrate-free
reservoirs, as shown in Fig. 9(b). It can prevent wellbore collapse
and crack formation and ensure wellbore stability.

Based on the above outcomes, insights are acquired for
determining safe mud density windows during drilling hydrate
reservoirs. Accurate characterization of hydrate layers is the
foundation and premise for drilling design, especially hydrate
saturation and heterogeneous distribution. Meanwhile, the lower

5567

limit depends on pressure and temperature of reservoirs,
wherein the extreme conditions lead to various changing laws.
Moreover, once uncontrolled hydrate dissociation occurs, there is
no need to prevent further dissociation for both low/high
hydrate-saturated layers.

4.3. Effect of hydrate dissociation on safe mud density window

The collapse and fracture pressure will change once the hydrate
dissociates with varying temperature and pressure, the same thing
with the safe mud density window. Hydrate dissociation can
narrow the safe mud density window, which is decreased by ~27%
on average with hydrate saturation ranging from 0 to 50%.
Meanwhile, a larger dissociation degree corresponds to a nar-
rowing magnitude of the mud density window, as illustrated in
Fig. 10. That is mainly because hydrate dissociation induces
strength and cohesion loss of reservoirs, causing rising collapse
pressure and an opposite trend of fracture pressure.

4.4. Effect of horizontal stress on safe mud density window
Stress states can reflect the crustal stress field of target hydrate

reservoirs that affect the wellbore instability status and proper
drilling mud density, especially the intermediate principal stress.
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equivalent density of collapse and fracture pressure, but the
reduction degree differs from each other. Specifically, the decrease
rate of equivalent density of fracture pressure is relatively faster
than that of collapse pressure, resulting in a narrowing trend for
the safe mud density window.

Additionally, hydrate dissociation may lead to more complex
modes of safe mud density window affected by varying interme-
diate principal stress. On the one hand, it brings in a narrow
window that presents a similar decreasing tendency of equivalent
density of collapse and fracture pressure. On the other hand, it
increases the sensitivity of equivalent density of collapse pressure
to hydrate dissociation, rather than that of fracture pressure.
Overall, hydrate dissociation can cause the wellbore to become
unstable and trigger drilling risks.

5. Integrated control system of drilling mud density for
hydrate reservoirs

Natural gas hydrate reservoirs have characteristics of shallow
burial, low strength, as well as weak cementation, which corre-
lates with drilling mud invasion, wellbore instability, blowout,
leakage, and invasion damage (Li et al., 2021; Dong et al., 2024a).
Different layers face different challenges due to various physical
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characteristics in complex reservoirs, as displayed in Fig. 12(a).
Specifically, inhibiting massive dissociation is the basic task in
hydrate layers (Gizatullin et al., 2023). Reducing filtration loss by
forming a mud cake is required in the free gas layer, which can
avoid excessive invasion of drilling mud (Merey, 2019; Sahu et al.,
2020). Besides, fissure-existing intervals are in stark contrast to
both hydrate and free gas layers triggered by numerous existing
cracks (Albattat et al.,, 2022). In this regard, rapid plugging
methods are conducted to inhibit the massive inflow of drilling
mud by applying proper leak sealing techniques.

To deal with these problems mentioned, we propose an inte-
grated control system based on the temperature-pressure dual
control method, favoring the safe and efficient drilling process of
hydrate layers, as displayed in Fig. 12(b). The dual control model is
introduced into the mud system that can provide a more suitable
safe mud density window design. Specifically, a new safe mud
density window (yellow zone) is narrower than the previous one,
which improves accuracy and reliability for mud density applied in
hydrate reservoirs. Meanwhile, corresponding measures of mud-
invasion prevention are presented to deal with problems occur-
ring in free gas layers and fissure-existing intervals. As a whole, it
has formed an integrated control system to avoid potential drilling
risks in hydrate reservoirs.
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Fig. 12. An integrated mud control system with temperature-pressure dual control for drilling multi-layer hydrate reservoirs. (a) Challenges encountered in complex multi-layer

hydrate reservoirs and (b) equivalent drilling mud density.

6. Conclusions

The inaccurate prediction of mud density windows can lead to
drilling risks and affect the drilling process of natural gas hydrate
reservoirs due to uncontrolled drilling mud invasion and massive
hydrate dissociation. Herein, we propose a new model to predict
safe mud weight windows by introducing the temperature-
pressure dual control for drilling hydrate, which is simple, reli-
able, as well as accurate compared with current models. Several
conclusions are summarized as follows:

Collapse pressure equivalent density decreases while fracture
pressure equivalent density increases with hydrate saturation. The
lower limit of the safe mud density window exhibits a relatively
smaller change in amplitudes. It requires accurate characterization
of heterogeneous hydrate reservoirs for proper well planning and
mud density design.

Higher temperature of drilling mud can narrow safe mud
weight windows. Wherein the lower limit, collapse pressure
equivalent density, is more sensitive to the mud temperature than
the upper limit. Extreme conditions can lead to opposite changes
in the lower limit of safe mud density windows.

Hydrate dissociation narrows the safe mud density with
hydrate formation. The increasing intermediate principal
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stress further aggravates this problem, triggered by a reduc-
tion in both lower and upper limits at different rates. Safe mud
density windows are temperature sensitive due to the
collapse/fracture pressure variation induced by the hydrate
phase change.

An integrated mud control system involving temperature-
pressure dual control is conducted to deal with filtration loss
and hydrate dissociation issues during drilling multi-layer hydrate
reservoirs. It can provide a better safe mud density window by
introducing more accurate temperature and pressure control to
avoid potential drilling risks.
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