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Abstract: Blowout is one of the most serious safety threats in deepwater drilling. Considering
the characteristics of gas invasion in complex formations, gas migration and distribution, and
dynamic changes in temperature inside a wellbore, a deepwater well-closing pressure determination
method considering thermal-fluid-solid coupling was proposed. The model was verified using
actual data, and the average error in the increase in casing pressure during the closing process was
found to be 5.42%. The shut-in pressure of oil and gas wells under a transient shut-in process was
analyzed. The results showed that the fluid thermal expansion caused by temperature recovery
had a significant impact on the change in wellhead backpressure after well closure. Furthermore,
the time required for the wellbore pressure to recover to the formation pressure varies nonlinearly
with factors such as geothermal gradients, pit gains, bottom-hole pressure, and gas production
indices. A pressure calculation chart was developed for deepwater drilling. The shut-in time for
deepwater drilling should not be less than 15 min, and in cases where the gas production index is
small and the bottomhole pressure difference is large, the shut-in time should exceed 90 min. The
results can provide theoretical guidance and technical support for well shut-in processes during
deepwater drilling.
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1. Introduction

China is rich in deepwater oil and gas. According to the results of a resource evaluation
by the Ministry of Land and Resources, the current geological reserves of the South China
Sea are approximately 23-30 billion tons of oil and 16 trillion cubic meters of natural gas
(of which the deepwater area accounts for approximately 70%). This is approximately one-
third of China’s total oil and natural gas resources [1-3]. China’s dependence on foreign oil
continues to remain high, and the eastern part of the South China Sea, as important support
for national energy security, will continue to play an important role as the main battlefield
for CNOOC’s oil and gas exploration and development. Deepwater oil and gas exploration
and development face high risks and uncertainties. Once an overflow or blowout occurs,
it can easily cause serious economic losses, platform personnel casualties, and pollution
of the marine environment. Finding the shut-in pressure of oil and gas wells quickly and
accurately in the case of overflow is crucial to ensure the safe and efficient production of
typical “double-deep and double-high wells” in the eastern part of the South China Sea.

Some indoor experiments and theoretical modeling have been carried out by re-
searchers to study such problems. Leblanc and Lewis [4] established the first wellbore
pressure prediction model for the drilling process after gas intrusion, which is a homo-
geneous flow model that does not take into account inter-phase interactions or annulus
friction pressure depletion. Nunes [5] proposed a multiphase flow model for deepwater
and ultra-deepwater straight well drilling, assuming that the bottomhole pressure during
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drilling gas intrusion stays constant. A multiphase flow model applicable to deepwater
and ultra-deepwater straight well drilling was developed, and the pressure distribution in
the annulus and throttling line and the cross-sectional gas content rate distribution were
obtained. The model comprehensively considered factors such as water-based drilling
fluid, well structure, and working conditions, such as gas intrusion and pressure well. Its
limitation is that the pressure calculation of the gas-liquid two-phase flow in the wellbore
was established based on the segmented plug flow pattern, which is applicable to the condi-
tions of atmospheric intrusion. Meipeng [6] established a model of gas slippage during well
shut-in and a calculation model of wellbore pressure considering the combined effects of
wellbore renewal and gas slippage during well shut-in and gave a method for reading well-
bore pressure of gas intrusion shut-in wells based on this model. Shihui et al. [7] developed
a computational model to predict bottomhole and wellhead pressures during well shut-in,
incorporating the wellbore storage effect. The analysis revealed the dynamics of bubble
transport along the wellbore under simulated shut-in conditions. They highlighted the
risks associated with prolonged shut-ins following gas intrusion, emphasizing the potential
for exceeding maximum shut-in jacket pressure. To mitigate this risk, they recommended
employing throttle valves to release sprays and pressure. This approach allows for con-
ditional gas expansion and rapid re-pressurization and venting of the well to reestablish
pressure equilibrium. Abdelhafiz [8] established a numerical model for the temperature
distribution of the vertical drilling system under circulating and shut-in conditions, which
simulated the temperature distribution of the drilling fluid, the drilling column, casing
column, the back of the casing cement, and the transient temperature perturbation of the
surrounding rock formation. The curves obtained from the simulation are in agreement
with the results of FLUENT software. For more information on FLUENT, visit the ANSYS
official website at [www.ansys.com] (https://www.ansys.com).

Li [9] simulated the dynamic change in wellbore pressure after overflow shutdown
by solving the multiphase flow model of a gas wellbore after overflow shutdown and
realized the dynamic simulation of overflow shutdown and real-time calculation of wellbore
pressure. They were able to accurately obtain the formation pressure and describe the
information of the wellbore and formation using the relationship between the shutdown
time and the recovery of bottomhole pressure. Xinyue [10] found that a nonstationary heat
transfer model considering the wellbore temperature during well shut-in can correct the
abnormal pressure recovery curve during well shut-in and make the test well interpretation
results closer to the measured values. Yu [11] quantitatively described the loss of kinetic
energy of the gas flow, water strike wave transfer velocity, and friction loss in the water
strike effect during quick shut-in recovery at the wellhead of a high-temperature and
high-pressure gas well by establishing a single-phase gas wave velocity model based on
the control equation of the wellbore pressure—temperature coupling calculation. Baojiang
and Zhiyuan et al. [12] established a transient wellbore multiphase flow model considering
the interphase mass and heat transfer laws under different flow conditions and the mutual
coupling between the wellbore and formation, which can accurately predict the multiphase
flow pressure in the wellbore. Chaodong et al. [13] established a model of the wellbore
multiphase water strike pressure triggered by the gas intrusion shut-in of deep wells and
investigated the influence of parameters such as shut-in time, well depth, and gas intrusion
volume on the wellbore multiphase water strike pressure in the process of well shut-in.
Gou [14] summarized the commonly used single-phase flow and multiphase flow pressure-
drop calculation models, preferred the corresponding pressure calculation method through
comparative analysis, coupled the unsteady-state temperature model with the pressure
model and iterative calculation, and analyzed the factors influencing the temperature
and pressure distribution of the wellbore in the process of well startup and shutdown for
reference in the dynamic analysis of high-temperature and high-pressure gas wells.

Based on the principle of gas-liquid two-phase flow, Pu [15] established physical
and mathematical models of the initial state of the wellbore annulus under overflow
conditions and proposed an inversion method for solving the mathematical model, which


www.ansys.com
https://www.ansys.com

Processes 2024, 12, 739

30f19

addressed the difficult problem of calculating the initial state of the wellbore annulus
after well shutdown by overflow. Chen [16] considered a calculation method for wellbore
heat transfer, temperature, and pressure coupling applicable to steady flow, deduced
from the basic equations, and established a temperature-pressure coupling calculation
model considering wellbore renewed flow and heat transfer between the wellbore and
the surrounding strata or seawater. They successfully applied it to the calculation of the
bottomhole restoration pressure of the shut-in M1 gas field in the Western South China
Sea offshore wells and the analysis of the test wells. However, the model is not applicable
to transient flow during the well shut-in period. Bing [17] studied the yield stress and
shear dilatancy characteristics of drilling fluids with non-Newtonian fluids. Analyzing
the influence of the gas distribution coefficient on wellbore pressure calculations provides
a theoretical basis for the calculation of wellbore pressure in shut-in wells. Xin et al. [18]
established a transient flow model of a gas-liquid two-phase flow in a wellbore based on the
drift model for complex multiphase flow in the wellbore and solved it using the AUSMV
format with high computational accuracy. Using MATLAB software, the gas-liquid two-
phase flow law in a wellbore under gas intrusion was programed and simulated, which can
serve as a theoretical guide for the accurate calculation of the relevant pressure parameters
after well shut-in. For more information on MATLAB, visit the MathWorks official website
at [www.mathworks.com] (https://www.mathworks.com).

The wellbore expansion and the thermal expansion of the fluid caused by the wellbore
temperature field have a large impact on shut-in pressure, which has not been fully con-
sidered in previous studies. Therefore, this study comprehensively considers the pressure
solution for the shut-in of a typical “double-deep and double-high” oil and gas well in the
South China Sea under the conditions of heat-fluid-solid coupling.

2. Materials and Methods

As shown in Figure 1, when well control problems, such as blowout or sudden large
amounts of gas entering the drilling fluid system, are encountered during deepwater
drilling, it is necessary to take measures to shut down the well to prevent blowout accidents
from occurring. The shutdown process is more complicated compared to land because
of the high-pressure and low-temperature environmental conditions of the seafloor in
deepwater drilling, which involves the change mechanism of the multi-field coupling of
the heat-flow curing and mainly includes the following aspects:

Bubble forms Well geometry Surroundings
temperature
Sea surface ---------=-==s==ssuaey
'J-
Slip bubble C \ ~ 34
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Bubble
concentration T
increases
Suspended
Bubbles
Sea bed/
Mud line ~— 7T
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Figure 1. Process of gas intrusion shut-in of deepwater drilling wells.
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(1) The drilling fluid is typically a non-Newtonian fluid. After the gas intrusion shut-
in is affected by the fluid yield stress and other factors, the gas exists in the form of a
suspension in the drilling fluid until it exceeds the limiting suspension concentration of the
gas, after which the gas continues to slip and rise in the wellbore.

(2) A complex coupled flow exists between the wellbore and the formation. In the
process of well shut-in, the bottomhole pressure gradually recovers, and under the influence
of the pressure difference between the bottomhole and the formation, the formation fluid
continues to intrude into the wellbore, but the rate of intrusion varies with time. When the
bottomhole pressure exceeds the formation pressure, the drilling fluid in the well leaks
into the formation. The coupled flow state between the wellbore and formation has an
important effect on the wellbore flow and pressure changes after well shut-in.

(3) After the well is shut in, the fluid temperature in the wellbore gradually changes
under the influence of the coupled wellbore formation heat transfer, which affects the
compression and expansion of the fluid.

2.1. Shut-In Wellbore Gas Transport and Pressure Prediction Model

The multiphase flow state in the wellbore after shut-in is mainly affected by gas
suspension transport in the wellbore and the coupled wellbore-reservoir flow. Thus, a
model is established to predict gas transport and pressure in the wellbore after shut-in.

2.1.1. Gas Transport Model in Wellbore

Gas transportation in a wellbore is divided into two main states: suspension and
slip-up. When the gas concentration in the cross-section of the wellbore is lower than
the limiting suspension concentration, the gas transportation velocity is zero. When the
limiting suspension concentration is exceeded, the gas bubbles slip off and rise under the
effect of buoyancy.

Gas Suspension Concentration Prediction Model

Gas suspension is affected by the bubble’s own buoyancy, fluid yield stress, surface
tension, and shear dilatancy, and the limiting suspension concentration is generally ob-
tained based on the gas limiting suspension test, which is represented by the empirical
model [19] as:

Ty
(o1 — pg) 8 Refs

where B; is the critical levitation condition reached by a single bubble (dimensionless), Ty is
the yield stress of the fluid (Pa), p; is the density of the liquid (kg/ m3), pg is the density of
the gas (kg/ m?), g is the acceleration of gravity (m/ s%) and R, is the equivalent radius of
the bubble (m).

Bi = 1)

Er =0,Bi <0.231
{F0,103 o)

Ep = 0.0352 x (Bi —0.231)*°'?,Bi > 0.231

where Ef is the limiting suspended volume fraction of gas without factorization.

Gas Transport Velocity Prediction Model

When the total volume of the wellbore annulus is certain after the well is shut in, the
drilling fluid rheology and size of the gas bubbles have an important effect on the rate
of sliding rise of the gas in the wellbore, where the average equivalent radius of the gas
bubbles can be expressed by empirical equations under the effect of differential pressure:

Rog = (8.9694)%, + 0.3533%) x 1072 3)

where R, is the mean equivalent radius (m), and @p is the formation porosity without fac-
torization.
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Starting from the bottom of the well, when the gas volume in the well section reaches
the limiting suspended volume fraction, the remaining gas slips off and rises. Shaowei [20]
found that the Margaritis model [21] can be used for the bubble transport velocity in yield
stress fluids at Re < 20 or Re > 50, and Rodrigue’s small Reynolds number method [22] is
more applicable at 20 < Re < 50, where the drag force coefficient is corrected:

16 0.657 0.413 .
21+ 0.1173Re )2+ T T igs00re—T5 - Re < 20;
16 —1%2 14 7n-5 .
o ) Re[2r1s T Lizes 20 < Re < 50; @
16 0.657 0.413 .
0.95,Re > 60
-1 n—1
Up Up
Re=r7, K (5)
Y <Reff> (Reff)

where Cp, is the drag force coefficient without factorization, uy, is the bubble slip velocity
(m/s), and Re is the Reynolds number.

Based on the above equation, and then combined with the definition of the drag force
coefficient, we establish an expression for the bubble rise velocity as:

2(om — pg) 8%

uy = —)
TTCpPmRett

where V}, is the bubble volume (m?).

2.1.2. Wellbore-Stratigraphic Couple

Two working conditions, formation gas intrusion and wellbore-drilling-fluid filtration
loss, occur between the wellbore and formation owing to the pressure difference, where
the gas intrusion volume can be expressed as follows when the bottomhole pressure is less
than the formation pressure:

A+ B(pp - A1) - A

_ HgZ Te

= khZT ®)
_ Pga PZT(1 1 o)
T 2m2h2 Z, Ty \rw e

where Qq(t) is the gas intrusion velocity under standard condition (m3/s), pp is the forma-
tion pressure (Pa), pw(f) is the bottomhole pressure at time t (Pa), pg is the gas viscosity
(Pa™%), Z is the gas compression factor under the wellbore temperature-pressure condi-
tion, P, is the standard atmospheric pressure (Pa), T is the wellbore temperature (K), re is
the effective radius of the reservoir (m), k is the formation permeability (m?), & is the
height of the seepage well section (m), Z, is the gas compression factor under the standard
temperature-pressure condition, T, is the standard temperature (K), 1y, is the radius of the
well borehole (m), and pg, is the density of gas under standard condition (kg/m?).

As the gas intrudes and rises into the wellbore, the pressure in the wellbore gradually
increases. Once the pressure at the bottom of the well exceeds the formation pressure,
the drilling fluid begins to leach into the formation. When the viscosity of the drilling
fluid is significantly greater than that of the reservoir fluid, the amount of leaching is
determined primarily by the viscosity of the fracturing fluid. The Darcy equation can be
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used to calculate the filtration loss coefficient C; controlled by the viscosity of the drilling

fluid as:
klpw(t) —

Hm

where C; is the filtration loss coefficient controlled by the viscosity of the fracturing fluid
(m-min~0?), and py, is the viscosity of the drilling fluid (mPa-s).

When the viscosity of the drilling fluid is close to that of the reservoir fluid, filtration
loss is mainly determined by the compressibility of the formation rock and fluid. Accord-
ing to Darcy’s percolation equation, the filtration loss coefficient C; is governed by the
compressibility of the formation rock and fluid.

kaq)p
Hm

Cy = 0.136 [ pw (£) — pp] (11)

where Cg is the integrated compression coefficient of the formation fluid (MPa~1).
In addition, the filtration loss coefficient C3 of the wall-forming fracturing fluid was
obtained by testing.

pw(t) — Pp

N
G =G A

(12)
where C3’ is the loss coefficient obtained from the test (m-min~%5), C3 is the loss coefficient
under the bottomhole differential pressure (m-min~?%), and Ap’ is the test differential
pressure (Pa).

The combined loss coefficients and drilling fluid filtration rates in the actual drilling
process are obtained from the partial pressure drop equation by considering the three
cases together.

20,C,C
C = 1-2%-3 (13)
CiIGs + /GG + 4C3(C} + CY)
C
Qi) = 2ryh—— t > 1y (14)

60/F—ty

where Q; is the filtration rate of the drilling fluid (m3/s) and t; is the moment when the
bottomhole pressure is greater than the formation pressure.

2.1.3. Wellbore Pressure Calculation

To simulate the variation in pressure in the well after the shut-in, the wellbore is
divided into M segments, as shown in Figure 2, where E is the gas content. The gas rises
from the bottom of the well, and the rise stops when the gas content reaches a certain limit
in each segment. When the initial gas intrusion is small, the gas is completely suspended in
the well section, as shown in Figure 2a. When the gas intrusion is large, a high-pressure
gas compartment may form at the wellhead, as shown in Figure 2b.

The total volume of gas intruding into the wellbore at the time of shut-in is V), and
the initial wellhead pressure is 0. The initial bottomhole pressure is expressed as:

1% v
Pwo = Pm§ (L - AZ) + ngfz (15)

where, py, is the bottomhole pressure at the initial moment (Pa), pm is the density of
drilling fluid (kg-:m~3), L is the depth from the wellhead to the bottomhole (m), and Ay is
the cross-sectional area of the annulus at the bottomhole (m?).
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Figure 2. Gas transportation and distribution in the wellbore after gas injection.

(b)

Dy,

As the gas rises in the wellbore, its transport and suspension states can be quantified by
calculating the position of the leading edge of the gas using Equations (3)—(6) to determine
the suspended volume fraction of the gas. As the gas is transported upward, the pressure
in the wellbore increases, which affects the volume of the bubbles and the suspended
volume fraction. To accurately calculate the change in pressure in the wellbore, the model
is determined numerically in this study using the finite difference method, which involves
calculating the distribution of the gas in the wellbore and the pressure at the wellhead. The
solution process is as follows (Figure 3):

i=i+l

No

‘Wellhead Pressure Average bubble radius Total gas volume Dﬂ“msgt:le'::d SHIL
P Ry E, .
»
Calculation of critical suspensi ditions for individual bubbles
B;

Yes

Calculation of the amount of gas suspended in well section / and the amount of gas
suspended below well section i
EF,i EF,i

Whether the bubbles

are fully suspended

Calculation of gas volume in intrusion well segment i+1
VH]

‘Wellhead Pressure Average bubble radius Total gas volume
Prac Riirev ae Eir1 80

Figure 3. Flowchart for solving gas distribution in the wellbore.
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The wellbore pressure solution process is shown in Figure 4.

‘Wellbore pressure increment at time /+A ¢ ‘Wellhead pressure ‘Wellbore pressure Formation pressure
P P, P,
AP>) " »

Output wellhead pressure at time 7+1
‘Wellbore pressure increment at time r+ A ¢
— AP<0 — P+AP

Yes

No

-

Adjust AP

Calculate the volume of gas in the wellbore from the wellhead
S pressure P+ AP at time 7 + Ar

Vesaprar

Figure 4. Flowchart for the wellbore pressure solution.

The interval time step At denoted in the above figure is:

L

At = ———
Nuy (i, t)

(16)

where uy; ) is the gas rise velocity in cell i at time ¢ (m/s).
Neglecting the wellbore elasticity and drilling fluid compressibility, the amount of
suspended gas in cell 7 is obtained from the gas equation of state as follows:

i
AL V;F; [PCi +1 + Pmg <L - k21 lk)]
el = ZiT;

(17)

where 7 is the amount of gas substance (mol), V; is the total volume of transported gas
in the ith cell (m3), Z; is the gas compression factor at the bottom of the well and the ith
cell (dimensionless), T; is the temperature at the bottom of the well and the ith cell (°C), h;,
hy are the heights of the ith and the kth cell, respectively (m), and pc; is the pressure at the
mouth of the well when the gas rises to the ith cell (Pa).

The value of Ef; is Erc; when a single bubble in the ith cell can remain suspended,
and the value of Er; is 0 when a single bubble cannot remain suspended. The total amount
of substance of all suspended gases is:

i
Nogi = kzi Mg k (18)

The volume of gas, single bubble volume into the (i + 1)th cell, is:

i
Zi+1Ti+1<”0— r Mg

k= ) T pwlt) Zi 11T; 4 1Qg(t)At

— 1
Vi+1 - i+ 1 71Ty (19)
PCi+1 1 Pmg (L - k21 lk>
Zi+1T; %
Voi 1 = i+ 11i +1PWoVp1 (20)

I
Z1T; {pCi—é— 1+ Pmg& <L - kgl lk)]
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When the bubble rises to the (i + 1)th cell, the pressure at the wellhead is pcjy1-
Neglecting the change in the compression factor caused by the change in the pressure at
the wellhead from pc; to pciy1, the volume of a single suspended bubble in the kth (k < i)
cell becomes:

Zi T Vor, i pw1 Vi

Voki +1 = p
T (PC:’ +1 t+ pw1— 421ij,i + 1glj>
/:

(21)

Pmji = Pm (1 - EF,C/-/Z-> + pg,iEFrCji (22)

where pp,;; is the actual density of drilling fluid in the jth cell when the gas rises to the ith
cell (kg/m?3), Pgji is the actual density of gas in the jth cell when the gas rises to the ith

cell, which can be calculated by the gas equation of state (kg/ m?), and Egcj,i is the limiting
suspension of the gas in the jth cell when the gas rises to the ith cell (dimensionless).

2.2. Wellbore Temperature Field Models after Well Shut-In

In the above equation, the change in temperature has a large impact on the fluid
density, which in turn affects the calculation of the wellbore pressure after shut-in; thus,
modeling the temperature field around the wellbore after shut-in is the basis for wellbore
pressure after gas intrusion shut-in. According to the principle of energy conservation
of the unit control components (inside the drilling column, wall of the drilling column,
annulus, casing, cement ring, and formation), a one-dimensional fluid in the wellbore and
a two-dimensional transient mathematical model of the formation are established.

2.2.1. Temperature Field Equations

The temperature variation of the fluid in the wellbore is mainly subject to the processes
of heat transfer within the drill column from the drill column wall, in the annulus, and near
the well wall, which are modeled separately below.

Heat Transfer within the Drilling Column Model

The heat exchange within the drilling column mainly considers the convective heat
transfer between the drilling fluid and the drilling tool wall in the upward direction. The
mathematical model can be expressed as follows:

2)\m)\w(Tw - Tc)
AwIn[(ro + r1)/2r0] + AmIn[2r1/(ro + 11

oT,
7 = pmcmréa—; (23)

where Ap, is the thermal conductivity of drilling fluid (W/(m-°C)), A, is the thermal
conductivity of the wall of the drilling column (W/(m-°C)), Ty, is the temperature of the
wall of the drilling column (°C), Tc is the temperature inside the drilling column (°C), g is
the inner radius of the drilling column (m), r; is the outer radius of the drilling column (m),
cm is the specific heat capacity of the drilling fluid (J/(K-kg)), and pn, is the density of the
drilling fluid (kg/m?3).

Drilling Column Wall Heat Transfer Model

The model mainly considers heat exchange via convective heat transfer with the
drilling fluid in the drilling column and the annulus in the warp direction, which can be
expressed as follows:

2AmAw (Ta—Tw) + ALl
ry +r 2r w 2
(/\m In 12r1 2 + Aw In 1 +2r2) (r%fr%) 9z (24)
2/\m/\w(TW7TC) BT

= C W
g +r 2r 2 0 Pwlw ot
(Awlf‘ bt + )‘mlnrﬂflr])(ﬁ—%)

where A3 is the thermal conductivity of well wall medium (W/(m-°C)), and r; is the radius
of the annulus (m).
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Annulus Heat Transfer Model

The main factor affecting the annulus heat transfer model is the heat generated by
convective heat transfer with the well wall and outer wall of the drilling column in the
radial direction, which can be expressed as follows:

2AmA3(T3—Ta) _
ry + 1 2r 2 2
(2‘3 In 22‘r2 2+ Am 1“%)(’2*’1)

2AmAw (Ta—Tw) (25)

r +r 2rp 2 2
(/\mln 2 + /\Wlnm (rz—rl

aT,
) = PmCm Tta

where T} is the temperature of the annulus (°C), and r3 is the wall radius (m).

Near-Well Wall Heat Transfer Model

The well wall avoidance temperature distribution is primarily affected by the heat
conduction generated by the cement ring in the radial direction and the convective heat
transfer generated by the drilling fluid in the annulus. It can be expressed mathematically
as follows:

Ty | 10T | PTx  pxcx 0Ty
or2 Ty Oy 922~ Ay ot

(26)

where T is the temperature (°C), py is the density (kg/m3), cy is the specific heat capac-
ity (J/(kg-°C)), ry is the radius (m), Ay is the thermal conductivity (W/(m-°C)), where
3 <x <11, and x = 3 is the heat transfer medium of the well wall, x = 4 is the cement ring,
x =5 is the casing and the cement ring, x = 6 is the casing and the cement ring, and x > 7 is
the ground layer.

2.2.2. Initial and Boundary Conditions during Well Shut-In

(1) The initial temperature of the drilling fluid in the drill pipe, the drill pipe wall, the
drilling fluid in the annulus, the casing, the cement ring, and the formation is the downhole
temperature at the end of the cycle.

(2) The surface of the well wall flows out of the formation and transfers equal amounts
of heat to the annulus.

As {8T3(r, z,t)} _ {aTa(r, z,t)} 27)
- m
ar r=r3 ar r=rp

(3) The temperature of the formation outflow away from the borehole is the original
formation temperature, and the surface is adiabatic in the atmosphere.

3. Results
3.1. Shut-In Well Pressure Model Validation

The well shut-in pressure model developed in this study, considering heat-fluid-solid
coupling, was validated using the field data of the well BY5-2-1 well surge shut-in. The
well was straight, with a water depth of 816.5 m and a design depth of 4430 m. At 03:18,
the 8-1/2-inch borehole was drilled to 4370.7 m, the mechanical drilling speed rose rapidly
from 6.69 m/h to 25.6 m/h, and the big hook suspended weight suddenly increased. At
04:20, the well was drilled to 4383.31 m, the EKD return flow rate increased, the wellhead
exhibited a gas return, and the full volume of the gas rose rapidly to more than 50%. At
50%, the mud-pool increment was 4 bbl when the well was shut in quickly, and the casing
pressure was 500 psi after 33 min of shut-in. The basic parameters of the well are listed
in Table 1.

The structure of the well was as follows: 20” casing x 70 m + 17 -1/2” casing x 900 m
+ @311 mm bare hole x 4383.31 m. The combination of drilling tools used was mainly as
follows: EH1317 319 mm PDC x 0.41 m + @216 screw x 8.66 m + 9” non-magnetic drill
collars x 1pc+9” collars x 3 pcs + 8” collars x 5 pcs + drilling percussion x 7.27 m + 5” col-
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lars x 7.27 m. 7.27 m + 5” weighted drill pipe x 120.53 m + 5” drill pipe x 1392.56 m + 5
-1/2” drill pipe.

Table 1. Basic parameters of well BY5-2-1.

Basic Parameters Value
Reservoir pressure 55.2 MPa
Drill fluid inlet temperature 26.91 °C
Temperature gradient 0.038 °C/m
Water depth 816.5m
Well depth 4383.31 m
Well type Straight well
Mud weight 1.17 g/cm?
Mud plastic viscosity 41 mPa-s
Seabed Temperature 5°C
Displacement 2.2 m3/min
Mud yield value 15 Pa
Bottomhole temperature 155 °C

The overflow shut-in process of the well was simulated by applying the established
shut-in pressure model considering heat—fluid—solid coupling. The comparison between
the calculated and measured values of the shut-in jacket pressure is shown in Figure 5.

4
__ Considering the effect of
high temperature expansion

e Field data

35
3
25 F
2}
1.5

1 3

Wellhead back pressure/Mpa

0.5 F

5 10 15 20 25 30 35
Time/min

Figure 5. Comparison of calculated and measured values of jacket pressure during the well shut-

in process.

After 33 min of shutting down the well, the measured casing pressure was 3.45 MPa
and the casing pressure calculated by the model was 3.55 MPa, indicating an error of 2.89%.
The average error in the casing pressure increase was 5.42% during the entire well shut-in
process. Therefore, the well shut-in pressure model established in this study has high
accuracy and can be applied in engineering practice.

3.2. Analysis of Transient Well Shut-In Processes

The previous analysis showed that the temperature of the wellbore changes during
the shut-in process. This happened owing to the natural convective heat transfer in the drill
pipe and forced convective heat transfer in the annulus, which in turn caused a change in
the physical properties of the two-phase fluids in the annulus of the wellbore, thus affecting
the calculation of the shut-in pressure.

3.2.1. Wellbore Temperature

Two-dimensional cloud plots of the changes in the drill pipe and annulus temperatures
with shut-in time during the shut-in process are shown in Figure 6a,b, respectively. The
drill pipe and annulus temperatures near the bottom of the well increased gradually with
the well shut-in time. After 33 min of well shut-in, the temperature at the bottom of the
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well increased from 79.9 to 104.4 °C, and the temperature at the annulus mudline decreased
from 47.77 to 39.74 °C. After the well was shut in, the temperature near the bottom of the
well increased, leading to fluid expansion, and the temperature in the other well sections
decreased, leading to fluid contraction. However, from the above temperature changes,
it can be seen that the expansion effect due to warming was greater than the contraction
effect due to temperature reduction.

Drill pipe temperature/°C Temperature of annulus/°C
85.00 0 105.0

76.68 93.19

1000 68.35 3138

60.03 69.56
2000
51.70 5§7.75

43.38 45.94

‘Well depth/m
‘Well depth/m

3000
35.05 3413

26.73 2231

18.40 10.50

Well shut-in time/min Well shut-in time/min

(a) ()

Figure 6. Variation in (a) drill pipe temperature and (b) annular air temperature with well shut-in time.

3.2.2. Fluid Thermal Expansion

Two-dimensional cloud plots of fluid density and gas density variations with shut-in
time during well shut-in are shown in Figure 7a,b, respectively. The density of the fluids
(drilling fluid and gas) near the bottom of the well gradually decreased with the well
shut-in time owing to the influence of the wellbore temperature. After 33 min of well
shut-in, the density of drilling fluid at the bottom of the well decreased from 1152.9 to
1132.2 kg/m? and the density of gas decreased from 246.5 to 232.7 kg/m?>. The effect of
warming was greater than that of cooling, and the change in the thermal expansivity of the
fluids in the closed wellbore influenced the process of increasing the shut-in jacket pressure.

Lquid density/kg/m? Gas density/kg/m?
u7n 247.0

500
w00
1500
w0f
s00f
3000

1166 216.1

1160 185.3

1154 1544

1149 123.5

Well depth/m

1143 92.63

Well depth/m

1137 61.75

3500
4000

1132 30.88

1126 0.000

0 5 10 15 20 25 30 0 5 10 15 20 25 30

Well shut-in time/min Well shut-in time/min

(@) (b)
Figure 7. Changes in (a) liquid density and (b) gas density with well shut-in time.

3.2.3. Wellbore Pressure

Two-dimensional cloud plots of the changes in the drill pipe pressure and annulus
pressure with shut-in time during the well shut-in process are shown in Figure 8a,b,
respectively. The drill pipe and annulus pressure profiles gradually increased with well
shut-in time, owing to the wellbore temperature and fluid thermal expansivity. After 33 min
of well shut-in, the casing pressure increased from 0.1 to 3.55 MPa, and the bottomhole
pressure increased from 52.19 to 53.30 MPa. Owing to the effects of fluid and wellbore
thermal expansivity, the increase in wellhead pressure was greater than the increase in
bottomhole pressure. Focusing on the analysis of the wellbore temperature field change
during the shut-in period, the thermal expansion of the fluid and wellbore affected the
recovery of the wellhead pressure during the shut-in period.
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Figure 8. Variation in (a) drill pipe pressure and (b) annular pressure with well shut-in time.

3.3. Sensitivity Analysis of Shut-In Wells for Pressure

From the temperature field calculations, the wellbore temperatures gradually increased
to the ground temperature gradient during well shut-in. Therefore, the ground temperature
gradient mainly affected the wellbore temperature distribution before shut-in and the rise
of the wellbore temperature after shut-in. Influenced by the wellbore temperature, the
physical properties of the fluid changed, affecting the wellbore pressure.

3.3.1. Analysis of Well Closure under Different Geothermal Gradients
Wellbore Temperature and Fluid Thermal Expansion

Figure 9 shows the temperature changes in the wellbore before and after well closure
under different ground temperature gradients. The larger the ground temperature gradient,
the faster the increase in temperature of the wellbore after well shut-in, owing to the
influence of heat transfer between the annulus and the formation, and the more evident the
influence of the fluid’s physical properties. Figure 10a,b show the liquid and gas densities,
respectively, at the end of well shut-in. The larger the ground temperature gradient, the
more evident the effect of thermal expansion and the smaller the gas-liquid density. When
the ground temperature gradient increased from 0.02 to 0.05 °C/m, the liquid density at
the bottom of the well decreased from 1153 to 1141 kg/m? and the gas density decreased
from 282 to 254 kg/m?3.
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Figure 9. Temperature changes in wellbore before and after well closure under different geother-

mal gradients.
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Figure 10. (a) Liquid and (b) gas densities at the end of the shut-in wells.

Wellbore Pressure after Shut-In

Figure 11a—c show the changes in the shut-in jacket pressure, shut-in stand pressure,
and wellbore pressure, respectively, with shut-in time for different geothermal gradients.
For the same well shut-in time, the larger the ground temperature gradient, the smaller the
fluid density, resulting in a smaller bottomhole pressure and a larger wellhead pressure.
When the ground temperature gradient increased from 0.02 to 0.05 °C/m, the casing
pressure changed from 3.15 to 3.47 MPa after the same time of well shut-in.
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Figure 11. Variation in shut-in (a) casing pressure, (b) vertical pressure, and (c) bottoming pressure
with shut-in time at different ground temperatures.

Effect of Fluid Thermal Expansion on Shut-In Well Pressure Seeking

Figure 12a,b show the effects of thermal expansion, being considered or skipped, on
the shut-in jacket pressure and bottomhole pressure calculations for different ground tem-
perature gradients. The figures show that the fluid density decreased after considering the
thermal expansion of the fluid, compared to when not considering the thermal expansion of
the fluid. The wellbore backpressure was higher after shutting off the well at the same time.
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Figure 12. Effect of thermal expansion, being considered or not, on shut-in (a) Casing pressure and
(b) wellbore pressure calculations.
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3.3.2. Well Shut-In Pressure Analysis with Different Mud Pool Increments

Figure 13a,b shows the variation in the shut-in jacket pressure and wellbore pressure
with shut-in time under different mud-pool increment shut-in conditions. The larger the
mud-pool increment before well shut-in, the greater the gas intrusion and the faster the
gas slip rises, resulting in a faster recovery of wellbore pressure. Figure 14 shows the
curves of the recommended shut-in time (wellbore pressure rise to formation pressure)
for different mud-pool increments. The simulation showed that the recommended shut-in
time did not change significantly when the mud-pool increment exceeded 0.5 m3. The
recommended shut-in time decreased from 140.54 min to 78.81 min when the mud-pool
increment increased from 0.1 m3 to 3 m°.
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g3 L —0.3m®
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Figure 13. Variation in (a) wellhead pressure and (b) wellbore pressure with shut-in time for different
mud-pool increments.
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Figure 14. Variation in well shut-in time with mud-pool increments.

3.3.3. Analysis of Well Shut-In Pressures at Different Bottomhole Differential Pressures

Figure 15a,b show the variations in the shut-in jacket and bottomhole pressures with
shut-in time under different bottomhole differential pressure shut-in conditions. The higher
the wellbore differential pressure at the time of overflow, the faster the gas intrusion
rate driven by the differential pressure, the faster the wellbore pressure recovery, and
the higher the wellhead back pressure and wellbore pressure after the same time of well
shut-in. Figure 16 shows the recommended well shutdown time curves for different
bottomhole differential pressures, which show that the recommended well shutdown time
was prolonged with an increase in the bottomhole differential pressure at the time of
overflow. The recommended well shutdown time increased from 46 to 111 min when the
bottomhole differential pressure increased from 1 to 10 MPa.
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Figure 15. Variation in (a) wellhead pressure and (b) bottomhole pressure with shut-in time at
different bottomhole differential pressures.
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Figure 16. Variation in shut-in time with differential pressure at the bottom of the well.

3.3.4. Analysis of Well Shut-In Pressures with Different Gas Production Indices

Figure 17a,b shows the changes in the shut-in casing pressure and bottomhole pressure
with shut-in time under different gas production index shut-in conditions. The larger the
gas production index, the faster the bottomhole gas inlet rate, and the more rapidly the gas
is transported upward and expanded, resulting in a faster recovery of the wellbore pressure.
Figure 18 shows the recommended shut-in time curves under different gas production
indices. The simulation showed that the recommended shut-in time decreased from 73.2 to
28.6 min when the gas production index increased from 1000 to 20,000 m3/day /MPa.
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Figure 17. Variation in (a) wellhead pressure and (b) bottomhole pressure with shut-in time for
different gas production.
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Figure 18. Variation in well shut-in time with gas production index.

3.4. Deepwater Drilling Shut-In Wells for Pressure Plate

According to the overflow situation of the BY 5-2-1 well, under a mud-pool increment
of 4 bbl (0.64 m?), combined with the shut-in pressure model, the recommended shut-in
times under different gas production indices and bottomhole differential pressures were
simulated, and the shut-in pressure graphic plate of the BY 5-2-1 well was plotted, as shown
in Figure 19. The well shut-in time was determined based on the formation information
estimated in the field. The graphical plate showed that the shut-in time of the BY 5-2-1 well
should not be less than 15 min in any possible situation, and the recommended shut-in time
could be up to 90 min in the case of a smaller gas production index and larger bottomhole
differential pressure.
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Figure 19. Variation in well shut-in time with gas production index.

4. Conclusions

(1) The multi-gradient composite heat transfer mechanism of a formation-wellbore
wall-annulus-drill pipe and the forced convection heat transfer characteristic of the annulus
were considered along with the fluid intrusion of a complex formation and its transportation
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and distribution mechanism in the wellbore. A prediction model for the temperature
and pressure field of the shut-in of deepwater drilling wells considering heat-fluid-solid
coupling was established.

(2) By applying the established model, the transient shut-in process of deepwater
drilling wells was analyzed and verified using the measured data. It was found that the
average error of the set pressure rise during the shut-in process was 5.42%, which proved
that the model predicted well shut in pressure very effectively.

(3) The thermal expansion of the fluid led to a decrease in the fluid density, and the
higher the wellhead back pressure after shutting off the well for the same period of time,
the higher the temperature gradient of the formation. The influence of temperature change
on pressure recovery was predicted.

(4) The shut-in pressure-seeking time required to recover the wellbore pressure to
the formation pressure after shutting down the well showed nonlinear variations with the
mud-pool increment, formation pressure, gas production index, and other factors.

(5) A deepwater drilling well shut-in pressure-seeking template was determined. The
recommended shut-in time for deepwater drilling wells should not be less than 15 min
and should be more than 90 min in the case of a small gas production index and a large
bottomhole pressure difference.

(6) We will continue to validate the accuracy of the model as a way to increase its
generalizability by collecting information from different types of wells.
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