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The complex formation pressure system and diverse formation fluid
components during deepwater and deep drilling make it easy for gas
intrusion accidents to occur. The dissolution and suspension of the intruded
gas in the drilling fluid and the difference between the gas-liquid phase
distribution characteristics and the gas—water two-phase flow characteristics
in the wellbore lead to errors in the calculation of wellbore pressure and
overflow assessment after gas intrusion. In this article, a wellbore multiphase
flow model, considering gas dissolution and suspension is established, and the
influence of gas dissolution and suspension in the drilling fluid on multiphase
flow in the wellbore during overflow, well shutdown, and compression is
analyzed with the model calculation results. The higher the drilling fluid
density and vyield stress are, the higher is the gas limit suspension
concentration, when free gas is present in the wellbore. After the gas
intrusion shutdown, when there are suspended and transported gases in the
wellbore, the rate of pressure increase in the wellbore decreases after the
shutdown, and the volume fraction of free gas decreases when the shutdown
time is longer, and eventually all the gases will be suspended in the drilling fluid.
During the pressure process, gas dissolution leads to an increase in the peak
pressure in the wellbore and a delay in its occurrence; gas suspension leads to a
decrease in the peak pressure in the wellbore and a delay in its occurrence. This
article establishes a multiphase flow calculation model for the wellbore,
considering both gas dissolution and suspension, which is a guideline for the
calculation of wellbore pressure after gas intrusion.
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1 Introduction

Accurate calculation of gas-liquid two-phase flow pressure in
the wellbore is the basis for pressure-controlled drilling, overflow
simulation, and pressure well design. The influence of gas
suspension on the gas-liquid phase distribution pattern is not
considered in the existing wellbore multiphase flow pressure
calculation model, and the gas-liquid two-phase flow pattern
transformation in the annulus is not accurate when the drilling
fluid viscosity is high. In order to calculate the pressure of
gas-liquid two-phase flow in the wellbore more accurately, it
is necessary to consider the dissolution, suspension, and
transport of the intruding gas in the drilling fluid, and to
improve the pressure calculation method of gas-liquid two-
phase flow in the drilling wellbore by combining the flow
pattern transformation criteria of drilling fluid in the annular
flow path and the friction calculation method.

After gas intrusion occurs during drilling of the drilling fluid,
Thomas et al. (1984), O’Bryan et al. (1988), O’Bryan et al. (1990)
showed that the intruded gas dissolves in the drilling fluid. After
the amount of intruded gas exceeds the maximum solubility
allowed in the drilling fluid, the gas in the wellbore starts to
appear in the drilling fluid as its own gas. Due to the presence of
yield stress in the drilling fluid phase, when the amount of free
gas is small and the gas meets the suspension conditions, it will all
be suspended in the drilling fluid. When the amount of
suspended gas exceeds the limit suspension concentration of
gas allowed in the drilling fluid, the free gas that cannot be
suspended will slip off and rise in the wellbore, and the free gas in
the wellbore consists of two parts: suspended gas and transport
gas. As the volume fraction of transport gas increases, different
flow patterns such as bubbling flow, segment plug flow, churning
flow, and annular mist flow start to appear in the drilling annulus,
and the gas properties also change.

Because the change mechanism of gas solubility in the
drilling fluid after gas invasion is complex and difficult to
predict, domestic and foreign scholars have conducted a large
number of experimental studies on gas solubility in the drilling
fluid and established and improved the prediction model of gas
solubility in the drilling fluid based on experimental results and
theoretical analysis.

Thomas et al. (1984) measured the solubility of methane in
diesel oil in the temperature range of 311-589 K and pressure
range of 0-68.9 MPa. Before falling to the bubble point line, the
gas was all liquid (dissolved in the drilling fluid). O’'Bryan et al.
(1988) measured the solubility of C;, C,, and CO, and natural gas
mixture in base oil, emulsifier, and different drilling fluids in the
range of 311-423 K and the same pressure. It was found that C;
was mainly dissolved in base oil, and a solubility calculation
model obtained by weighted average of solubility volume integral
of each component in drilling fluid was proposed.

Rsin = RsoEo + RswEy + R Ee, (1)
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RSo = z RSo,ifi) (2)

where Rg,, is the solubility of gas in drilling fluid; Rg, is the
solubility of gas in base oil; E, is the volume fraction of base oil;
Rs,, is the solubility of gas in brine; E,, is the volume fraction of
brine; Rg. is the gas solubility in emulsifier; E. is the volume
fraction of emulsifier; Rs,,; is the solubility of component i in the
base oil, and i is C;, C,, CO,, efc; f; is the volume fraction of
component i.

O’Bryan et al, 1988 proposed empirical equations for
calculating the solubility of C;, C,, CO,, and other gases in
the wellbore based on experimental data.

nj

0.000145 X p

Rgo,; = 0.1778| ———
a;(305.15 + 1.8T)"

Gl s 3
where a;, b;, ¢, and d; are empirical coefficients measured
according to the dissolution experiment of each component.

In China, Xue et al. (2005) measured the solubility of
methane, carbon dioxide, and nitrogen in crude oil in the
temperature range of 308-348 K and pressure range of
1.2-20 MPa. Through mechanism analysis and experiments, a
semiempirical model for calculating the solubility of gas in
drilling fluid was established. Fu et al. (2012) combined the
model of O’'Bryan et al. (1988) with the gas solubility model in
water to calculate the gas solubility distribution in the drilling
fluid in the wellbore. Wang et al. (2008), Wang et al. (2017) found
a new hydrocarbon gas solubility model in the oil phase using
previous experimental data and verified the model with new

p "
Reop = | —|
Sob [athh]

where Rs,, , is the solubility of hydrocarbon gas in the drilling
fluid. The coefficients ay,,by,, and ny, are 11.773, 0.122, and 1.29,
respectively.

experimental results.

4

Using the empirical model within the experimental
temperature and pressure range can quickly obtain the results
within the allowable error range, but the accuracy of the
prediction results outside the experimental temperature and
pressure range remains to be verified.

In addition to empirical models, the calculation method of
solubility based on gas-liquid phase equilibrium is also
commonly used, and the fugacity equilibrium method based
on equation of state is the most widely used method. Feng
et al. (2019) conducted experimental research on the solubility
of gas in various drilling fluids and found that the calculation
method using PR equation of state combined with two parameter
mixing rules has the best accuracy, and its model has been widely
adopted by Manikonda et al. (2019), Sleiti et al. (2020), and other
scholars.

Sun et al. (2017) found that the dissolution process of gas in
the drilling fluid is essentially the diffusion of gas molecules in the
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gas phase into the liquid phase under the action of fugacity
difference, and the dissolution rate is related to the diffusion
coefficient and gas-liquid interface area. The precipitation of
dissolved gas is usually considered as a flash process, and its
speed can be ignored in the calculation. Fu et al. (2019), Fu et al.
(2022a), Fu et al. (2022b), Fu et al. (2022¢) studied the dissolution
characteristics of gases in a series of hydrate containing water-
based drilling fluids, which verified the above conclusions.

Due to the existence of maximum solubility of the drilling
fluid, after gas intrusion occurs during the drilling process, when
the amount of intruded gas exceeds the maximum solubility
allowed in the drilling fluid, the gas in the wellbore will appear in
the drilling fluid as its own gas. Due to the presence of yield stress
in the drilling fluid phase, when the amount of free gas is small
and the gas meets the suspension conditions, it will all be
suspended in the drilling fluid. The particles of other phases
dispersed in the yield stress fluid will tend to move in the
direction of gravity because of the presence of density
difference, and the presence of yield stress will impede the
flow of liquid mass around the particles. When the gravity
difference between the particles and the drilling fluid is not
sufficient to overcome the resistance generated by the yield
stress, the dispersed phase will be bound in the drilling fluid
without slippage. In this article, this non-slip state of the
dispersed phase is called “suspended state.”

Beris et al. (1985) found that when studying the suspension
phenomenon of solid spheres in yield stress fluid, it was found
that the maximum diameter of a single sphere that can remain
suspended was related to density difference and liquid phase
yield stress, and proposed to use the critical value Bn. of
Bn
representing the ratio of yield stress to gravity) to characterize

dimensionless ~ number (dimensionless ~ number
the critical suspension condition of spheres. When Bn>Bn,, the

pellets can be suspended in the liquid phase.

3
5 (i=sLg)

Bn=——"—7"—+—,
2(py — p1)gR;

®)
where B is the Bingham number, dimensionless; 7y is the liquid
yield stress, Pa; py. is the yield stress fluid density, kg:-m™; p; is the
density of dispersed phase, kg:-m; g is the acceleration of gravity,
m-s™% R; is the dispersion equivalent radius, m; s,L, and g
represent solid, liquid, and gas, respectively.

Different from solid pellets, bubbles suspended in drilling
fluid will deform with the increase of volume. Dubash and
Frigaard (2004), Dubash and Frigaard (2007) calculated the
critical suspension conditions of axisymmetric bubbles by
assuming the size of the disturbed region around the bubbles
and using the variational principle. However, compared with the
experimental results, the suspension condition Bn. obtained by
the model is much larger than the experimental value.
Tsamopoulos et al. (2008) and Dimakopoulos et al. 2013
simulated the suspension conditions of a single bubble by
using numerical simulation and found that the greater is the
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bubble deformation, the greater is the Bn. value of the critical
suspension condition. It is also found that there is a finite yield
region caused by buoyancy near the equatorial plane of the
suspended bubble and close to the gas-liquid interface.
Sikorski et al. (2009) found that in addition to the yield stress,
the liquid elastic modulus also affects the critical suspension
condition of a single bubble. The gas critical suspension
condition obtained from the experiment (Bn.=0.72, 1.08) is
much larger than the numerical simulation result (Bn. range
0.221-0.318). Sikorski et al. (2009) also proposed to use the
dimensionless number Y representing the ratio of resistance to
buoyancy at the maximum width of the bubble as the critical
criterion for bubble suspension, according to the experimental
results. The critical suspension conditions Y. are 0.46 and 0.53,
respectively, in the solution with a yield stress of 24.1 and 33.5 Pa.
Samson et al. (2017) also used this method to characterize the
critical suspension condition of bubbles. Y. was 0.52 in the yield
stress of 40 Pa. The experimental results show that the resistance on
the gas-liquid interface of bubbles is significantly less than the
buoyancy, that is, Y.<1. Sikorski et al. (2009) believed that in
addition to the yield stress, the liquid phase modulus of elasticity
would also affect the critical suspension condition of a single bubble.
277y R2

max

Y= me
(.= pg)aVs

(6)

where Y is a dimensionless number; R, is the radius at the
maximum width of the bubble, m; and V}, is the volume of
suspended bubbles, m’.

After gas intrusion occurs in the drilling wellbore, the gas is
usually dispersed in the drilling fluid in the form of bubble clusters.
When multiple bubbles in a bubble cluster meet the single bubble
suspension condition at the same time and the distance between
bubbles is far enough, there will be multiple bubbles suspended
in the drilling fluid at the same time. The total volume of
suspended bubbles in the drilling fluid per unit volume is the
gas suspension concentration. The characteristics of gas-liquid
two-phase distribution in the wellbore after gas suspension are
different from the traditional gas—water two-phase flow law, which
leads to inaccurate calculation results of the traditional multiphase
flow model in the wellbore after gas intrusion, and the greater is the
well depth, the greater is the influence.

There are few studies on gas suspension concentration in the
drilling fluid. Liu et al. (2021) carried out the experiment of gas
limit suspension concentration and found that the gas
suspension phenomenon caused by the yield stress of the
drilling fluid affected the accurate calculation of wellbore
pressure after gas invasion. For different gas invasion modes,
a method using dimensionless numbers to characterize the gas
suspension concentration was proposed. After that, Pan et al.
(2022) established a theoretical model for calculating the
maximum gas entrapment concentration (mgec) for the first
time and proposed a calculation method of gas limit suspension
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concentration. The predicted results of the model are in good
agreement with the experimental results, which is of great
significance for the study of gas suspension concentration in
the drilling fluid.

In this article, a multiphase flow calculation model of
wellbore considering gas dissolution in drilling fluid after gas
intrusion and gas suspension in the wellbore under different flow
patterns is developed. The model results are used to analyze the
influence of multiphase flow in the wellbore during the overflow,
shut-in, and compression processes.

2 Wellbore multiphase flow model

Accurate calculation of gas-liquid two-phase flow pressure in
the wellbore is the basis for pressure-controlled drilling, overflow
simulation, and pressure well design. The existing model for
calculating multiphase flow pressure in the wellbore does not
take into account the influence of gas suspension on the
gas-liquid phase distribution pattern, and the inaccurate flow
pattern transformation criterion of gas-liquid two-phase flow in
the annulus when the drilling fluid viscosity is high, and the error
of friction coefficient in the wellbore will lead to inaccurate
calculation of multiphase flow pressure in the wellbore. This
chapter establishes a pressure calculation method applicable to
the gas-liquid two-phase flow in a drilling wellbore, taking into
account the dissolution, suspension, and transport of the
intruding gas in the drilling fluid, combined with the
criterion and

gas-liquid two-phase flow transformation

friction calculation method in the annular flow path.

2.1 Model assumptions

The dissolution and suspension of gas in the drilling fluid after
intrusion into the wellbore and the low-temperature and high-
pressure conditions at the bottom of the sea during deepwater
drilling can also lead to the combination of the intruded gas with
water in the drilling fluid to produce hydrates. In this article, the
following assumptions are made in establishing the wellbore
homogeneous multiphase flow equation:

1) Only gas suspension exists in the continuous liquid phase,
ignoring the effect of droplets on the liquid phase content in
Taylor under segment plug flow conditions, that is, gas
suspension exists in all liquid phases under vesicular flow,
segment plug flow, and churning flow conditions, and only
gas suspension exists in the liquid film under annular mist
flow conditions.

2) Ignore the effects of hydrate phase change and gas dissolution
on drilling fluid rheology.

3) Assume that the temperature field in the wellbore is
uniformly distributed in the same well depth section, and
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the pressure in the drill pipe and in the annulus is uniformly
distributed in the same well depth section.
4

~

Assume that thermodynamic properties such as specific heat
capacity and thermal conductivity of the wellbore casing,
cement ring, and formation do not change with time during
drilling and after the onset of gas intrusion.

5

=

When there is hydrate generation, it is assumed that the
hydrate phase velocity and drilling fluid phase velocity are
equal; hydrate generation does not affect drilling fluid density,
and hydrate deposition plugging does not occur.

2.2 Governing equations

2.2.1 Continuity equation

The free gas in the wellbore after gas intrusion occurs is divided
into two parts: transport gas and suspended gas. The gas suspended
in the drilling fluid is the small bubbles generated by the gas-liquid
interface broken by the turbulent impact, and the transport gas
continues to generate small bubbles as it slips and rises in the drilling
fluid. Therefore, the free gas in the wellbore is preferentially in the
form of suspended gas, and the part exceeding the suspended
concentration is in the form of transport gas. The suspended gas
has the same velocity as the drilling fluid and the same physical
properties as the transported gas, so the velocity-related items in the
gas-phase continuity equation need to be split into two subterms,
suspension and transport, to establish the gas-phase continuity
equation when considering gas suspension as follows.

5 5 F) dm
o7 (A9, + an)] + =~ (Apveoun) + 5 (Apniag) + =8
+ dmg,R _
a 49
(7)

where A is the annulus sectional area, m?% oy, o is the volume
fraction of suspended gas; &g r, is the gas holdup of migration gas;

v, is the gas drift velocity, m-s™'

; v, is the flow rate of the drilling
fluid, m-s™'; my_ 1 is the gas consumption of hydrate formation in
the cell, kg-m™'; m, g is the dissolved amount of gas, kg-m™'; and
g is the inflow rate of external gas, kg-m™"-s™".

The continuity equation of the drilling fluid is:

dmL,H dmg,R _
dt dt =0 ®

5} 0
5 (Apron) + = (Apvian) +

where ;. is the volume fraction of the liquid phase, m-s™'; and my,
u is the water consumption for hydrate formation in the cell,
kgm™.
The hydrate phase continuity equation is:
5 (Apnan) + = (Apyvuan) - === 0, ©)

where py; is the hydrate density, kg:m; and my; is the amount of
1

hydrate generated in the cell, kg-m™".
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Hydrate is generated by invading gas and drilling fluid under
appropriate temperature and pressure conditions, and the water
consumption and gas volume are equal to the amount of hydrate

generated.
Mgy + MLy = My, (10)
The sum of all phases in the wellbore is one:
Ogm + O + 0 + oy = 1. (11)

When all the gas is suspended, a, 1, in Eq. 7 is 0. When all the
gas is dissolved in the drilling fluid, &g § and & ,,, in Eq. 7 are 0.
When hydrate formation is not considered, 71, 11,m,, p, and my
in Eq. 10 are all 0.

2.2.2 Momentum equation
The pressure drop in the wellbore in the drift flow model
is composed of three parts: mixed phase momentum, mixed
phase hydrostatic column pressure, and mixed phase friction
pressure. During the multiphase flow in the wellbore, the
momentum of the gas phase and drilling fluid phase
decreases due to hydrate generation and increases due to
the hydrate phase, and the momentum of gas phase
dissolution into the drilling fluid decreases and increases
due to the drilling fluid phase; therefore, the momentum
change due to gas dissolution and hydrate phase change is
zero. The mixed phase momentum in the wellbore is conserved
by the following equation:
%(AZ aipvi) + %(AZ%-PW?) + 44n)

d(Aps) _
dz

dz ’
(12)

+

where j represents the drilling fluid, migration gas, suspended
gas, and hydrate; py, is the hydrostatic column pressure, and Pa; p¢
is the friction pressure, Pa.

The gas velocity suspended in the drilling fluid is the same as
that of the drilling fluid. It is assumed that the hydrate phase
velocity after formation is equal to that of the drilling fluid. The
first two items in Equation 12 represent the velocity head in the
shaft, which is expanded as:

0 0
ot (A Z “inVj) = Aa [“g,mpg,m"g + (“g,spg,s top + “HPH)VL]
(13)
0 2 0 2
52 (L AaipY)) = A [tgmpyn?; + (Gpepy + arpy

+ ochH)vi]. (14)

The expansion formulas of hydrostatic column pressure term
and friction pressure drop term in the wellbore are respectively:

d(Ap)
dz

= Ag [“gampg,m + (“g,ng,s + aLPL + (XHPH):I (15)
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GNP a2
dz ZfM
2
(OCg)mPg’m + (xg)Spg,s taLp; + (XHPH)((Xg,ng T g VLt ALV + (XHVL)

Dy,
(16)

Record the mixing density of gas-liquid phase as py;. The
expanded momentum conservation equation of the mixed phase
can be obtained by introducing equation 13-16 into Equation 12.

0 0
3 [@gmpgn(ve = v1) + pai] + 3z [ogmpyn (v = 71) + Prc7i]

2
M((Xg)ng + agsVL taLvy + (XHVL)

1,.p
z =0
Pmg + 2fM Dy

17)

Pm = (“g,mpg,m + agsSPg,s + xLpyL + “HPH)' (18)

2.2.3 Energy conservation equation

Since Hasan et al., 1998 proposed the heat transfer model in
the wellbore, scholars at home and abroad have conducted a lot
of research on the heat transfer model and its application in the
wellbore, and the traditional heat transfer model in the wellbore
has been more mature. In this section, we mainly consider the
influence of gas suspension on the calculation of the fluid
temperature field in the wellbore and modify the energy
conservation equation in the wellbore.

The energy conservation equation is established, assuming a
uniform distribution of mixed phase fluid temperature in the
wellbore in the radial direction, with the formation intrusion
fluid temperature being the same as the formation temperature at
the bottom of the well, neglecting frictional heat loss, exothermic
gas dissolution, and exothermic hydrate phase change. The heat
transfer process in the wellbore cell is shown in Figure 1, where
the formation (or seawater) heat is transferred into the wellbore
fluid through the cement ring layer and the casing layer (or the
spacer layer).

The energy change of the mixed phase fluid in the cell
includes internal energy change, Joule-Thompson effect
during gas expansion, kinetic energy change, potential energy
change, external work, and heat transfer between the wellbore
and the formation. The sum of internal energy change and
Joule-Thompson effect during gas expansion is the enthalpy
change of the mixed phase, and the work done by external force
in one-dimensional flow without considering frictional heat is
the work done by pressure at the upper and lower ends of the cell,
and the energy conservation equation is:

d(Ap)
dt

dE,

dH N dE
dt

dt

aQ
+E—O,

dt

19)

where H is the mixing relative enthalpy, W-m™'; Ey is the kinetic
energy of the mixed phase, W-m™; E, is the gravitational
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FIGURE 1
Schematic of heat transfer in drilling wellbore.

potential energy of the mixed phase, W-m™'; Q is the heat transfer
between formation and wellbore, W-m™.

The enthalpy change of mixed phase in the wellbore includes
the change of internal energy and the Joule-Thompson effect of
gas. Ignoring the influence of gas dissolution and hydrate phase
transition on the specific heat capacity of drilling fluid, the
enthalpy change can be obtained as:

dH
dt

aT

= A(“g’mpgcp»g + g5y Cpg + arp; Cpr + O‘HPHCP,H) ot
aT
+A(ocg,mngp,gvg + ocg,sngp,ng +oap CpLv + aHpHCP,HvL) %2
op op

_A((xg,m + «xg,s)pgcp,gc,ﬁ - A(ag,m + ag )pgngP,gclg

(20

where C,,, , is the specific heat capacity of gas, J.kg"K™'; C,,, 1 is
the relative heat capacity of the drilling fluid, J-kg™-K™%; C,, 1y is
the relative heat capacity of hydrate, J’kg-K™'; Cj is the
Joule-Thompson coefficient of gas, K-Pa™.

The kinetic energy conservation equation of the mixed phase
in the wellbore changes as follows:

dE. 0 (1 orl
— T3 (EA“g,mPsz) t [E A(ocg,spg +ap + ochH)vf]

0 /1 ol
+$ (EAocg,mpg@) + 3% [5 A(ocg,spg +oap, + aHpH)vi]
1

The variation of gravitational potential energy of the mixed
phase in the wellbore is:

dE,

It = A(ocg,mpgvg + QP VL + AL VL + ochHvL)g cosf. (22)
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The work done by the pressure in the wellbore is:

d(Ap)

dt

5}
= A—p + A(ocg,mvg +agove +arve + ochL) —P

o 0z @

The heat transferred from the formation into the wellbore
includes the heat transferred by the formation through the
cement sheath, casing (or riser), and the heat carried by the
formation fluid into the wellbore. It is assumed that the
temperature of the mixed phase fluid in the wellbore is the
same as that in the drill pipe.

dQ

4 = U(Te= 1)+ Gy (Te = T)

] (29)

where U is the comprehensive heat transfer coefficient between
annulus fluid and formation section (or seawater section),
Wm-K™'; T, is the temperature of formation section (or
seawater section), K;

The offshore drilling wellbore is divided into two parts: the
seawater section and the formation section. The seawater section
is separated from the wellbore by a riser. The thermal resistance
between the seawater section and the wellbore fluid includes
three parts: the convective thermal resistance between the
seawater section and the riser, the thermal conductivity of the
riser, and the convective thermal resistance between the wellbore
fluid and the riser. When the well depth is less than the water
depth, the comprehensive heat transfer coefficient in the annulus
fluid and seawater section is:

T.-T
Uy=—————2<H,, 25
! Ra,R + RR + Rsea z ( )
Ror = ! (26)
aR = ZHrR,iha’
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1 TR
Rp = ——1In —, 27
R 27TA«C TR0 ( )
1
Rsea =5 28
2ﬂr’R,ohsea ( )

where R, g is the convective thermal resistance between
wellbore fluid and riser, KKW™m™; Ri is the thermal
conductivity resistance in the riser, K-W™'; Ry, is the
convective thermal resistance between seawater and riser,
K-W™"m™; H,, is the water depth of offshore drilling; m;
7R, i is the inner diameter of riser, m; A, is the convection heat
transfer coefficient between the annulus fluid and the inner
wall of the casing (or riser), W-K™'; A. is the thermal
conductivity of riser (or casing), Wm-K™'; rg_, is the outer
diameter of riser, m; and h,., is the convective heat transfer
coefficient between seawater and the outer wall of riser, W-K~*.

When the well depth of land drilling or offshore drilling is
greater than the water depth, the heat transfer between the
formation and the wellbore above the innermost casing shoe
depth includes the heat transferred into the wellbore through
each layer of cement sheath and casing and the heat carried by the
formation fluid invading the wellbore.

1

U=—— H,<z<Hup 29
f Ra,c + RC + Rce z clf ( )
1
Rac =S 30
i 27‘[rc1,,-ha ( )
1 X

RC _ I cu) 31
27, Z‘ n Teoi (1)

1 & Teiiv1 ' ceo N
R .= In—+In—— |, 32
¢ 271—Ace <; t rco,i " rco,N ( )

where R, . is the convective thermal resistance between
wellbore fluid and casing, K-W™'m™'; R. is the thermal
conductivity resistance in each layer of casing, K-W™'; R, is
the thermal conductivity resistance in each cement sheath,
K-W™'; H¢is the well depth at the first casing shoe, m; r;, ; is
the inner diameter of the ith casing, m; r., ; is the outer
diameter of the ith casing, m; A is the thermal conductivity of
cement sheath, Wm-K™'; and 7., v is the outer diameter of the
outermost cement sheath, m.

The well section below the innermost casing shoe depth is
in direct contact with the formation. The heat transfer
resistance between the formation and the wellbore is the
convection heat resistance between the wellbore fluid and
the body layer, and the comprehensive heat transfer
coefficient is:

Ut »2>He g, (33)

- 2R he
where R,, is the borehole diameter, m; and k. is the convection heat
transfer coefficient between wellbore fluid and formation, W-K™.

Bring Equations 20-24 into Equation 19 to obtain the energy
conservation equation in the wellbore.
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orT
(“g,mchp)g + P Cpg + 1P Cpr + anip HCP’H) ot
oT
+(“g,mPgCPvg"g + 0P Cpght + 1P Cprvs + anp wContt) oz
op op
~(agm + “g,s)Png,gclg = (g + “g,s)/’g"gcp’gclg
91 ol
i [pstun( 1)+ puok |+ 5 [Gpmn (= 2) o]
0
+A[ocg,mpg(vg - VL) + pMVL]g cosf — ai;
(34)

p _Ui(Te=T)+q,Cpg(Te=T)

0z A

=V

Because the number of control equations is less than the
number of unknowns, in order to ensure that the equations can
be closed, it is also necessary to establish the control equations of
multiphase flow in the wellbore. This chapter mainly introduces
the calculation model of gas solubility and the empirical formula
for rapid calculation of gas limit suspended concentration.
Auxiliary equations such as flow pattern transformation
criterion, friction pressure drop calculation, gas invasion
velocity, and gas migration velocity are widely used in the
literature.

2.3 Gas solubility model in drilling fluid

The experimental and theoretical studies on gas solubility
in drilling fluids have been relatively mature, and the
multiphase flow calculation process in this article uses the
method based on the fugacity equilibrium, PR equation of
state, and two parameter mixing rule to calculate the gas
solubility in the drilling fluid base oil, the method proposed
by Sun et al. (2017) is used to calculate the gas dissolution
rate, and the model established by Manikonda et al. (2020) is
used to calculate the drilling fluid swelling volume. See
Supplementary Appendix SA for details.

A 1000-m vertical well section is taken as an example, and the
basic data of the well is shown in Table 1.

Under the
characteristics in the wellbore with and without gas

same gas influx, the gas distribution
dissolution are shown in Figure 2. The red curve in
Figure 2A shows the gas distribution characteristics in the
wellbore when the mud pit reaches 1.5 m® regardless of gas
dissolution. The volume fraction of migrating gas at the
bottom of the well is about 0.201.

calculation, the time for the mud pit increment to reach

In the simulation

1.5m’ is about 221 s. Due to the existence of gas slippage,
the well depth at the front edge of the gas body in the wellbore
is about 740 m. When considering gas dissolution under the
same gas influx, the invaded gas is completely dissolved in the
drilling fluid, and the volume fraction of migration gas is zero,
as shown by the solid blue line in Figure 2A. When the drilling
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TABLE 1 Basic data of case well.

10.3389/feart.2022.993876

Parameter name Parameter Parameter name Parameter Parameter name Parameter
value value value
Well depth /m 1000 Drilling fluid density /kg-m™ 1200 Formation pressure /MPa 15
Water depth /m 100 Oil water ratio of drilling fluid ~ 0.7: 0.3 Relative density of natural gas  0.555
Riser diameter /m 0.508 Drilling fluid displacement 10 Thickness of production 10
/Lst layer /m
Casing diameter /m 0.245 Seawater density /kg:m™ 1030 Oil drainage radius /m 150
Drill pipe diameter /m 0.127 Yield value /Pa 4 Formation porosity 0.3
Diameter of open hole 0.216 Plastic viscosity /Pa-s 0.035 Invading gas components CH,
section /m
Length of open hole section /m 100 Surface tension /N-m™' 0.027 Formation permeability /mD 120
A 0 B 0
- - -Gas dissolution —Suspended gas
——No gas dissolution —Migration gas
200 —Gas dissolution -430m 200 —Dissolved gas
Ed0p - o £ a0 :[7 C
£ £
£ 600 2 00
800 E 800 -
1000 . . 1000 B . i i
0 0.1 0.2 0.3 0 0.2 0.4 0.6 08 1

Free gas volume fraction

FIGURE 2

Gas mass fraction

Gas distribution in wellbore annulus after gas invasion under drilling condition. (A) Volume fraction of migration gas with or without dissolution.
(B) Mass fraction of migration gas and dissolved gas during gas dissolution.

fluid containing dissolved gas increases in the wellbore, the
maximum solubility of gas in the wellbore gradually decreases.
The contaminated drilling fluid increases to 430 m deep and
begins to desolvate. Free gas begins to appear in the wellbore.
The trailing edge of the contaminated drilling fluid increases
to 430 m deep. The volume fraction of transported gas in the
wellbore is shown by the blue-dotted line in Figure 2A. The
void ratio of transported gas at 340 m deep is about 0.123.

When there is gas dissolution, the invaded gas exists in the
form of migration gas and dissolved gas. After the trailing edge
of the gas increases to 430 m well depth, the mass fraction of
migration gas and dissolved gas in the invaded gas is
distributed in the wellbore as shown in Figure 2B. As the
well depth decreases, the mass fraction of dissolved gas also
gradually decreases, and the mass fraction of transported gas
gradually increases. The mass fraction of dissolved gas in the
well section with a well depth of 430-330 m decreases from
94.78 t0 92.64%.
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2.4 Calculation model of gas suspension in
drilling fluid under different working
conditions

In order to ensure good gel strength, the drilling fluid usually
has a large modulus of elasticity, the G”/7y value is generally above
15. Qiu et al. (2015) measured the elastic modulus of the drilling
fluid in the experiment, but it was not given in the experiment
that the elastic modulus has been in an increasing state and did
not reach the peak value during loud yield flow. According to the
experimental results, it can be seen that the elastic modulus of
drilling fluid after aging ranges above 85 Pa, and the actual yield
stress is 6.05 Pa. In the experiment of Ettehadi et al. (2022), the
elastic modulus range of the two groups of the aged drilling fluid
is 271 and 388 Pa, respectively, but the yield stress is not given in
the experiment. Werner et al. (2017), the elastic modulus was
27.8 and 37.6 Pa, and the yield stress of aging drilling fluid was
1.7 and 2 Pa, respectively.
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Distribution Characteristics
of Suspended Gas in Differential
Pressure Gas Intrusion

Distribution of entrapped bubbles. (A) Distribution of suspended gas in wellbore under different drilling fluid density. (B) Distribution of

suspended gas in wellbore under different drilling fluid yield stress.

Under the action of yield stress, there is suspension of gas,
and there is dissolution of gas in the drilling fluid, which leads to
three forms of gas invasion in the wellbore: dissolution,
suspension, and migration, of which suspended gas and
migration gas are free gases.

When the formation gas enters the wellbore by diffusion
gas intrusion, all the intruded gas at the bottom of the wellbore
will be dissolved in the drilling fluid due to the small rate
of gas entering the wellbore, as shown in Figure 3A. As
the contaminated drilling fluid increases and the wellbore
pressure decreases, the intruded gas will dissolve and
form small bubbles dispersed in the drilling fluid, and the
intruded gas will be distributed in the wellbore in both
dissolved and suspended forms, with all free gas in the
wellbore in suspension and no transport gas present. When
the free gas volume fraction exceeds the gas limit suspension
concentration, the free gas in the wellbore begins to transport,
and the gas in the wellbore exists in three forms: transport,
suspension, and dissolution.

After pressure differential gas intrusion occurs, the gas in the
wellbore exists in three forms: transport, suspension, and
dissolution due to the limited gas suspension concentration in
the drilling fluid at the bottom of the well. At the same time, as
the volume fraction of transported gas changes, the wellbore
exhibits different flow patterns, such as bubbling flow, segmental
plug flow, stirring flow, and annular mist flow. The suspended
gas is distributed around the transport bubble under the bubble
flow condition, and the fluid area except Taylor bubble is similar
to the bubble flow under the segment plug flow condition, as
shown in Figure 3B.
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2.5 Calculation model of suspended gas
volume fraction under different flow
patterns

During the free gas intrusion process, the gas-liquid interface
in the wellbore will break up and merge under the effect of
turbulent kinetic energy. The critical radius can be calculated by
the model proposed by Brodkey et al. (1980).

01 0.5
.10

Roei = | —227 |
e [(PL-Pg)g]

Jiang et al. (2021) found that the interfacial tension of the
drilling fluid base oil (white oil and gas to oil) was about
26.29 mN m™" at 298.15 K. With the increase of temperature,
the interfacial tension would gradually decrease. When the

(35)

temperature increased from 290.15 to 353.15K, the interfacial
tension decreased from 26.3 to 22.81 mN m™'. According to
the experimental results, the interfacial tension at different
temperatures is:

o= < - 0.657 + 1.657)0'293‘15, (36)

298.15

where Thog 15 is the reference temperature, taking 298.15K; 0,95 15
is the interfacial tension at the reference temperature, taking
2629 mNm™.

After determining the equivalent radius of suspended
bubbles, the Bn value of suspended bubbles in the wellbore
can be obtained according to parameters such as drilling fluid
density and yield stress. When there is no migrating gas in the
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(diffusive the
concentration of gas can be calculated by the model
established by Pan et al. (2022). When there is migrating
gas, the limit suspended concentration of gas under different

wellbore gas influx), limit suspended

working conditions is related to the flow pattern in the
wellbore. The distribution characteristics of suspended gas
under bubbly flow are the same as those in this experiment,
which can be calculated by the model established by Pan et al.
(2022). Volume fraction of suspended gas ag, ; is:

age = VE,, (37)

where VF, uses the suspension calculation model in Pan et al.
(2022):

Bn\’ Bn Bn
-601.48 + 1388.8 —787.32,1< <1.05
Bn, Bn, ne
Bn
19.7835 - 19.5129
71, Bn
VF, = A 5, 1.05< <1.71
Bn Bn Bn,
1-1.149 +0.1054
7. Bn,
Bn
20.676, >1.71
Bn,
(38)

When the gas-liquid two-phase flow in the wellbore is
slug flow or turbulent flow, there are large fan-shaped
Taylor bubbles or deformed atmospheric masses in the
wellbore, and the gas cannot be suspended in them.
Assuming that the gas-liquid two-phases except the fan
ring Taylor bubble and the atmospheric mass are in a
bubbly flow state that is about to change into slug flow
or turbulent flow, the void ratio of the fan ring Taylor
bubble or the deformed atmospheric mass is ag. T, when the
bubbly flow is transformed into the next flow pattern, the
corresponding void ratio is a4y, then the total void ratio
and total liquid holdup in wellbore cells are:

&g = gy + (1 - acg,T)(VFC + (Xg)b). (39)

When the bubbly flow is transformed into the next flow
pattern, the corresponding void ratio is a,p can be calculated
from the criterion, apparent gas velocity, apparent liquid velocity,
and gas slippage velocity during the conversion of bubbly flow to
slug flow or agitated flow.

According to Eq. 39, the volume fraction of suspended gas
under slug flow or agitated flow is:

1- ay
tgs = (1 - agr )VE. = (TC_%))VFC. (40)

When the flow pattern in the wellbore is annular fog
flow, the liquid holdup is very low, and the influence of
suspended gas on the wellbore pressure calculation can be
ignored.
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2.6 Influence law of gas suspension on
gas—liquid phase distribution in wellbore

2.6.1 Gas distribution in wellbore during diffusive
gas influx

When diffusion gas intrusion occurs during drilling of the
drilling fluid, all the gas entering the wellbore is in dissolved
state because the rate of diffusion gas intrusion into the wellbore
is very low. Dissolved gas is not present in the wellbore until the
drilling fluid reaches the depth of the well at the point of
precipitation, then as the drilling fluid containing dissolved gas
increases, the precipitated gas is evenly distributed in the drilling
fluid, and the gas suspension concentration gradually increases from
zero to the limit suspension concentration allowed by diffusion gas
intrusion. When the precipitated gas continues to increase, transport
gas starts to appear in the wellbore, and the gas suspension
concentration in the wellbore drops to the same suspension
concentration as the pressure differential gas intrusion under
vesicular flow conditions, and a large amount of free gas starts to
slip off and rise, that is, the gas suspension phenomenon consistent
with diffusive gas intrusion only occurs in a well section within a
certain well depth range.

After diffusive gas influx occurs in a well section, the limit
suspended concentration of gas in diffusive gas influx is sensitive
to the change of liquid yield stress and density. When the
interfacial tension of the drilling fluid is 27 mN m™ and the
density of the drilling fluid is reduced from 2000-1000 kg m™>,
the average radius of suspended bubbles in the wellbore increases
from 0.371 to 0.525 mm according to Equation 36, and the
minimum yield stress values in the presence of gas suspension
are 1.10 and 0.78 Pa, respectively, according to Bn.=0.226. The
minimum yield stress values when the gas in the diffusion gas
invasion reaches the maximum suspension concentration of
0.2143 are 1.33 and 0.94 Pa, respectively, and the yield stress
values of most drilling fluids are 1.7 Pa or above, that is, the limit
suspension concentration of the diffusion gas invasion gas under
most working conditions is 0.2143.

Using the parameters of the example well in Table 2, the gas
distribution characteristics under the condition of diffusion gas
influx are simulated. The gas influx is equal to the gas influx with
the mud pit increment of 1.5m’ when gas dissolution and
suspension are not considered. All the invaded gas at the
bottom of the well is suspended in the drilling fluid. As the
polluted drilling fluid increases, the solubility of the gas in the
drilling fluid gradually decreases. The mass number of dissolved
gas in the drilling fluid at different well depths is shown in the
black curve in Figure 4A.

When the contaminated drilling fluid increases to 430 m
deep, gas desolvation and precipitation begin to occur, and all the
precipitated gas is suspended in the drilling fluid. The volume
fraction of free gas released by desolvation after the drilling fluid
increases to the well depth of 360 m exceeds the allowable gas
limit suspension concentration of diffusion gas invasion by
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TABLE 2 Basic data of simulation well.

Parameter name Parameter Parameter name
value

Well depth /m 4000 Drilling fluid density /kg-m™

Water depth /m 1000 Oil water ratio of drilling fluid

Riser diameter /m 0.508 Drilling fluid displacement

/Lst

Casing diameter /m 0.245 Seawater density /kg:m™

Drill pipe diameter /m 0.127 Yield value /Pa

Diameter of open hole 0.216 Plastic viscosity /Pa-s

section /m

Length of open hole section /m 250 Surface tension /N-m™'

A o
—Gas front 360m
. ——Gas front 910m
N = = - Maximum mass fraction at different well depths
200 *
N
\\
g L
g L
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£
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Mass fraction of dissolved gas in drilling fluid
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FIGURE 4

Well depth/m
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Parameter Parameter name Parameter
value value
1300-2000 Formation pressure /MPa 55
0-1 Relative density of natural gas  0.555
30 Thickness of production 30
layer /m
1030 Oil drainage radius /m 200
0-10 Formation porosity 0.3
0.035 Invading gas components CHy4
0.027 Formation permeability /mD 150
0
—Suspended gas concentration

200

400

600

800

1000 S i s +

0 0.05 0.1 0.15 0.2 0.25

Gas volume fraction

Gas distribution in wellbore annulus after diffusion gas invasion under drilling condition. (A) Mass fraction of dissolved gas in drilling fluid after
diffusive gas invasion. (B) Volume fraction of suspended gas after diffusion gas invasion.

0.2143, as shown in Figure 4B, that is, migration gas will appear
when the contaminated drilling fluid continues to increase.
The length of the contaminated drilling fluid section is about
90 m under the simulated conditions of the example well. With
the increase of the contaminated drilling fluid, only a small part
of the well section meets the gas distribution form (dissolution +
suspension) in the wellbore after the diffusion gas invasion. In the
case well, the length of the gas suspension well section that meets
the form of diffusion gas invasion is 360-430 m, and the gas
distribution in the well section with smaller well depth will
change into a distribution form similar to the differential
pressure gas invasion (dissolution + suspension + migration).

2.6.2 Gas distribution characteristics in wellbore
under differential pressure gas influx condition

After differential pressure gas invasion, the insoluble
free gas in the wellbore will be suspended. When the total
void ratio of free gas (the sum of suspended gas and migration
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gas) exceeds the maximum allowable volume fraction of
suspended gas under differential pressure gas invasion,
migration gas will appear in the wellbore. Using the
parameters of the example well in Table 2, the gas
distribution characteristics under the differential pressure gas
influx condition are simulated. The gas influx is equal to the gas
influx with the mud pit increment of 1.5m’ when gas
dissolution and suspension are not considered. The change
law of the mass fraction of dissolved gas in the drilling fluid is
the same as that in Figure 4. The contaminated drilling fluid
begins to precipitate when it reaches the well depth of 430 m.

When the yield stress of drilling fluid is 4 Pa and the surface
tension is 27mNm™', the calculated ultimate suspended
concentration of gas at the bottom of the well is about 0.05.
The free gas in the wellbore after desolvation and precipitation of
dissolved gas is divided into suspension and migration. The
slippage and rise of migration gas will lead to the increase of
the length of the contaminated drilling fluid section in the
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Gas distribution in wellbore annulus after pressure difference gas invasion under drilling condition. (A) Gas volume fraction in wellbore after
differential pressure gas influx. (B) Gas mass fraction in wellbore after differential pressure gas influx.

Temperature and pressure field distribution in the
wellbore at the initial time

I
| The assumed bottom hole pressure increment(4p)
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loop
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FIGURE 6

Flow chart for solving the gas—liquid two-phase flow model.

wellbore. When the gas front increases to a well depth of 320 m,
the volume fraction of free gas in the well section with a well
depth of 430-320 m is shown in Figure 5A, the volume fraction of
suspended gas is about 0.05, and the volume fraction of
transported gas increases from 0 to 0.0718. The mass fraction
distribution of migration gas, suspended gas, and dissolved gas in
the invaded gas is shown in Figure 5B. As the well depth
decreases, the mass fraction of dissolved gas decreases from
0.948 to 0.927.
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2.7 Other auxiliary equations

Other auxiliary equations include formation of fluid invasion
velocity model, wellbore fluid loss velocity calculation model, and
migration velocity calculation model,

wellbore gas see

Supplementary Appendix SA for details.

2.8 Solution method of pressure
calculation model for gas-liquid two-
phase flow

The core solution flow of the multiphase flow model in this

article is shown in Figure 6.

3 Multiphase flow law of drilling fluid
in wellbore

After an overflow occurs in a drilled wellbore, the multiphase
flow pattern in the wellbore is affected by the fluid properties
such as drilling fluid physical properties and rheology. Based on
the wellbore multiphase flow model established in this article, a
calculation software applicable to wellbore multiphase flow law
and wellbore pressure simulation is prepared by using VB.net,
which can be used for overflow simulation, multiphase flow law
in the wellbore after well shutdown based on overflow simulation
results and multiphase flow law in the wellbore during
conventional well compression. It provides theoretical support
for wellbore pressure control by simulating multiphase flow and
pressure changes in the wellbore under different drilling fluid
properties, drilling environments, and operating conditions.
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FIGURE 7
Mud pool increment after overflow occurred during drilling.
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Gas distribution pattern in the wellbore under different gas
intrusion volume.

3.1 Multiphase flow law in wellbore after
overflow

3.1.1 Basic parameters of simulated well
Refer to the parameters of example wells in Table 2 for the

parameters of simulation wells.

3.1.2 Multiphase flow law of wellbore after
overflow without considering gas dissolution
and suspension

After overflow occurs during drilling, when gas dissolution
and suspension are not considered, the variation law of mud pit
increment in the wellbore with time is shown in Figure 7. With
the increase of overflow time, the continuous invasion and
migration of gas and the expansion of gas lead to the increase
of mud pit increment. The mud pit increment is 1 m® after
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FIGURE 9

Distribution pattern of dissolved gas in the wellbore under
different gas intrusion volume.

4.42 min of overflow, 2 m> after 8.23 min of overflow, 3 m? after
11.53 min, 4 m® after 14.49 min, and 5 m?® after 17.18 min.

The distribution law in the wellbore under different gas influx
is shown in Figure 8. With the migration and expansion of the
invaded gas, the gas volume fraction in the wellbore gradually
increases. With the increase of gas influx, the liquid column
pressure in the wellbore decreases, the difference between
formation pressure and bottom-hole pressure increases, and
the gas porosity at the bottom of the well increases. When the
gas influx is 1 m®, the gas volume fraction at the bottom of the
well is 0.0876, and when the gas influx is 2, 3, 4, and 5 m’, the
porosity at the bottom of the well is 0.0933, 0.1011, 0.1087, and
0.1155, respectively.

With the increase of gas influx, the wellbore pressure
gradually decreases, and the larger is the gas porosity at the
same well depth, the faster is the rising speed. When the gas
influx is 1 m3, the gas front position is 3550 m, and when the gas
influx is 2, 3, 4, and 5 m’, the gas front position is 3200, 2850,
2550, and 2300 m, respectively.

3.1.3 Influence of gas dissolution on multiphase
flow in wellbore after overflow

In the process of drilling, the mud pit increment of 2 m? is
generally used as the shut under condition after overflow. When
gas dissolution and suspension are not considered, the overflow
time is 8.23 min when the volume of invaded gas is 2 m’, and the
total mass of invaded gas is about 476 kg. The oil-water ratio of
drilling fluid in the example well is 0.8:0.2, and the gas
distribution characteristics in the wellbore after the same mass
gas invades the wellbore are shown in Figure 9.

All the invaded gas at the bottom of the well is dissolved
in the drilling fluid. Since the dissolved gas in the drilling
fluid does not reach the saturation solubility, the mass fraction
in the drilling fluid is always 0.0137. Regardless of gas
dissolution and the bottom-hole

suspension, pressure
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FIGURE 10
Mass fraction of dissolved gas in the drilling fluid with different
oil-water ratio when gas is saturated.

gradually decreases with the increase of gas influx, and the gas
influx rate gradually increases. All the invaded gas is dissolved
in the drilling fluid, the bottom-hole pressure is almost
unchanged during the gas invasion process, and the gas
invasion rate is less than the result when gas dissolution and
suspension are not considered. In addition, when the dissolved
gas does not slip, the rising speed of the gas front is also less
than that when the gas dissolution and suspension are not
considered. When the overflow time is 8.23 min, the gas
distribution characteristics in the wellbore are shown in the
blue curve in Figure 9. The total mass of the invaded gas is about
262 kg, and the well depth at the front edge of the gas is 3450 m,
which is less than the result without considering the dissolution
and suspension of the gas. When the mass of invaded gas is
476 kg, the gas invasion time is about 15.19 min, and the well
depth at the gas front is 3000 m.

In the calculation results of the example well, all the invaded
gas is suspended in the drilling fluid. When the gas front reaches
3000 m, the gas mass fraction in the drilling fluid in the well
section below 3000 m remains unchanged, which shows that the
gas solubility in the drilling fluid is not saturated. The change law
of dissolved gas mass fraction in the drilling fluid in wellbore
when gas solubility reaches saturation under different oil-water
ratio of the drilling fluid is shown in Figure 10. The gas in the
drilling fluid is mainly dissolved in the oil phase. The larger the
oil-water ratio of the drilling fluid, the greater is the mass fraction
of dissolved gas in the drilling fluid. When the oil-water ratio of
drilling fluid is one, the gas mass fraction in drilling fluid is
0.0349 when the gas at the bottom of the well is saturated and
dissolved. When the oil-water ratio of the drilling fluid is 0.8, 0.6,
0.4, and 0.2, the gas mass fraction in the drilling fluid is 0.0313,
0.0265, 0.0207, and 0.0132, respectively. When the oil-water
ratio of drilling fluid is zero, the gas solubility is also zero.

As the well depth decreases, the wellbore pressure and
temperature also decrease, and the gas saturation solubility in
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FIGURE 11
Gas distribution in wellbore under different oil-water ratio.

the wellbore decreases. When the mass fraction of intruded gas in
the wellbore section exceeds the mass fraction in the wellbore at
the time of gas saturation dissolution, free gas will appear in
the wellbore. When the gas intrusion volume is 476 kg, the gas
solubility in the wellbore is shown as the black-dashed line in the
figure, and all the gas is dissolved in the drilling fluid in the
wellbore with oil-water ratio of 0.4 and above. When the oil-water
ratio of the drilling fluid is 0.2 and below, the mass fraction of gas
intruded in the wellbore exceeds the mass fraction of dissolved gas
in the drilling fluid at the time of gas saturation dissolution in the
wellbore, and free gas will appear in the wellbore.

When gas dissolution is considered, the intruded gas is
divided into two parts: transported gas and dissolved gas. The
gas distribution characteristics in the wellbore when the intruded
gas mass is 476 kg and the oil-water ratio of the drilling fluid is
0.2 and 0.1 are shown in Figure 11.

When the well depth is larger, the temperature and pressure
at the bottom of the well are larger, the gas solubility in the
drilling fluid is high, and all the gas is dissolved in the drilling
fluid at the beginning of the overflow. The gas saturation
solubility decreases during the drilling fluid rise, and the
overflow gas will be desolvated to produce free gas. As the
well depth decreases, both gas expansion and dissolved gas
desolvation promote the increase of free gas volume fraction,
and the free gas volume fraction grows faster after the free gas
appears in the wellbore compared with when gas dissolution is
not considered.

3.1.4 Influence of gas suspension on multiphase
flow in wellbore after overflow

When there is no free gas in the wellbore, there is no gas
suspension. According to the calculation results in the previous
section, when the oil-water ratio of drilling fluid is small (<0.2),
there is free gas in the wellbore. This section mainly analyzes the
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Gas distribution in wellbore when considering gas
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influence of gas suspension on the multiphase flow law in the
wellbore after overflow without considering the small gas
dissolution and oil-water ratio.

From Equation 35, we can calculate that the average radius of
suspended gas bubbles under case well conditions is about
0.5128 mm and the gas suspension concentration is 0.0313. As
the well depth decreases, the free gas density decreases, the
average radius of individual suspended gas bubbles in the
wellbore decreases and the gas suspension concentration
increases. The gas distribution characteristics in the wellbore
with a total overflow gas mass of 476 kg are shown in Figure 12.
The volume fraction of free gas in the wellbore includes both
transported gas and suspended gas, and the volume fraction of
free gas is shown as the black-dashed line in the figure. The
volume fraction of suspended gas in the wellbore varies slightly,
and the suspended gas concentration in the wellbore of the
overflow contaminated section increases from 0.0313 at the

10.3389/feart.2022.993876

bottom of the well to 0.0318at 3100 m. The fraction of
transported gas at the bottom of the well is 0.0571, and the
volume of transported gas increases during the upward transport.
The magnitude of the abrupt change is reduced compared with
that when gas suspension is not considered.

The suspended gas concentration in the wellbore is mainly
affected by the drilling fluid yield stress, density, and gas phase
density, where the gas phase density is influenced by the wellbore
pressure and is related to the drilling fluid density and formation
pressure. Among the aforementioned influencing factors, drilling
fluid density, and yield stress are adjustable, while formation
pressure and other factors are not adjustable. Assuming that the
free gas density and volume fraction have the same distribution
pattern as in Figure 12, the variation pattern of the suspended gas
volume fraction in the wellbore at different densities when the
drilling fluid yield stress is 4 Pa is shown in Figure 13A.

With the increase of drilling fluid density, the density
difference between gas and liquid also increases, which on the
one hand reduces the average radius of suspended bubbles, on the
other hand increases the buoyancy of suspended bubbles, which
is more conducive to the increase of gas suspension
concentration on the whole. When the density of the drilling
fluid is 1000 kg m~, the volume fraction of suspended gas at the
bottom of the well is 0.0250. When the density of drilling fluid
increases to 2000 kg m™, then the concentration of suspended
gas increases to 0.0428.

When the drilling fluid density is 1300 kgm™, the gas
suspension concentration in the wellbore under different yield
stress is shown in Figure 13B. As the yield stress of drilling fluid
increases, the volume fraction of suspended gas decreases. When
the yield stress of the drilling fluid is 10 Pa, the volume fraction of
suspended gas at the bottom of the well is 0.0081. When the yield
stress decreases to 2 Pa, then the volume fraction of suspended
gas increases to 0.0679. When the yield stress is reduced to 1 Pa,
the allowable limit suspension concentration of gas is 0.1166. In
the simulation calculation, all the invaded gas is suspended in the
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FIGURE 13
Distribution of suspended gas in wellbore.
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drilling fluid, and the volume fraction of suspended gas at the
bottom of the well is 0.0884, as shown in the black curve in the
figure. When the suspended gas increases with the drilling fluid,
the wellbore pressure decreases, the total volume of free gas
increases, and the volume fraction of suspended gas also
increases. The volume fraction of suspended gas at the well
depth of 3150 m increases to 0.0979.

3.1.5 At the same time, consider the law of
multiphase flow in the wellbore after overflow
when the gas is dissolved and suspended

The gas in the wellbore is preferentially dissolved in the
drilling fluid, and the insoluble free gas is secondarily suspended
in the drilling fluid. The gas exceeding the suspended
concentration will slip and rise in the drilling fluid. Under the
conditions of the example well, all the gas is dissolved in the
drilling fluid, and free gas will appear when the oil-water ratio
of the drilling fluid is less than 0.2. When the density of the
drilling fluid is 1300 kg m~?, the yield stress is 4Pa, and the
oil-water ratio is 0.2, the gas distribution characteristics in the
wellbore when the total mass of invaded gas reaches 476 kg are
shown in Figure 14A. Most of the gas is dissolved in the
drilling fluid, and the integral number of free gas is small. The
volume fraction of free gas at the bottom of the well is only
0.0025, which than the limit
concentration of gas in the drilling fluid at the bottom of

is far less suspended
the well of 0.0313. All free gas exists in the form of suspended
gas. During the increase of contaminated drilling fluid, the
solubility of gas in the drilling fluid decreases, and the
desolvated gas increases the volume fraction of free gas.
When the gas front reaches the well depth of 3044 m, the
volume fraction of free gas in the wellbore becomes 0.0211,
which is less than the limit suspended concentration of gas in
the well depth of 0.0318, that is, all free gases are suspended
gases.
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Under the same drilling fluid density and yield stress
conditions, the gas distribution characteristics in the wellbore
when the total mass of intruded gas reaches 476 kg at the drilling
fluid oil-water ratio of 0.1 are shown in Figure 14B. The volume
fraction of free gas in the wellbore increased due to the decrease
in the mass fraction of dissolved gas in the drilling fluid. Due to
the small change in the volume fraction of suspended gas, most of
the free gas precipitated from the drilling fluid existed in the form
of transport gas, and the volume fraction of transport gas was
0.0210 at the well depth of 3040 m.

By analyzing the law of gas dissolution and suspension on the
overflow in the wellbore after the overflow, it can be seen that
after the occurrence of gas intrusion, all the intruded gas at the
bottom of the well may be suspended in the drilling fluid and
because there is no free gas, it is impossible to determine whether
gas intrusion occurs by means such as mud pool increment.
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When the drilling fluid encounters a high-pressure gas intrusion
section, the increase in vertical pressure can be used to determine
whether the drilling encounters a high-pressure layer.

3.2 Law of multiphase flow in wellbore
after gas influx shut-in

After gas intrusion shut-in, the drilling fluid stops circulating
and the increase of free gas slip in the wellbore will cause the
wellbore pressure to increase. When gas dissolution suspension is
not considered, the pattern of pressure change at the bottom of
the well after shut-in is shown in the blue line in Figure 15.

On the one hand, the rising gas slip causes the pressure in the
gas-bearing well section to increase, and on the other hand, the
continuous intrusion of gas into the wellbore causes the
compression of the existing gas volume in the wellbore, which
also promotes the increase of the wellbore pressure. As the shut-
in time increases, the wellbore pressure increases and the
pressure difference between the formation and the bottom of
the well gradually decreases, the amount of gas intruding into the
wellbore after shut-in also gradually decreases, and the pressure
increase in the wellbore gradually decreases. After 64.5 min of
well shut-in, the pressure in the wellbore increased to 55 MPa,
which was equal to the formation pressure, and the gas no longer
continued to intrude.

As the shut-in time increases, the peak volume fraction of gas
in the wellbore gradually decreases, with a peak volume fraction of
0.0827 after 10 min, 0.0730 after 30 min, and 0.070 after 60 min.

The gas distribution characteristics in the wellbore after shut
in are shown in Figure 16. When the gas is dissolved in the
wellbore, there is no free gas in the wellbore, and gas intrusion
may exist when the vertical pressure value increases during the
drilling process. After the well is shut-in, there is no gas slippage
in the wellbore and the pressure at the bottom of the well remains
unchanged because all the intruded gas is dissolved in the drilling
fluid at the bottom of the wellbore. Continued gas intrusion
causes gas solubility in the drilling fluid at the bottom of the well
to reach saturation, after which free gas appears to enter the next
well section and continues to dissolve into the drilling fluid. The
pressure at the bottom of the well is always constant when the
volume of the drilling fluid expands without considering the gas
dissolution.

Without considering gas dissolution and the presence of gas
suspension in the wellbore, the law of pressure change at the
bottom of the well after shutdown is shown in the red line in
Figure 15. The presence of suspended gas leads to a decrease in
the volume fraction of transported gas in the wellbore and a small
decrease in the velocity of transported gas compared to the
absence of gas suspension, and the increase in wellbore
pressure due to the rise in gas slip is reduced. The bottom-
hole pressure was 51.65 MPa at 10 min shutdown time, increased
to 53.19 MPa at 30 min shutdown time, and increased to
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54.42 MPa after 1 hour shutdown. The presence of suspended
gas after shutdown slowed the increase in wellbore pressure and
increased the gas intrusion rate at the bottom-hole.

The gas distribution characteristics in the wellbore under
different shut-in times are shown in Figure 17.

The free gas in the wellbore will be suspended after slipping
and rising into the uncontaminated drilling fluid, resulting in the
increase of the length of the well section with suspended gas. The
longer is the shut-in time, the larger is the total volume of
suspended gas. The gas in migration state gradually turns into
the suspension state in the rising process, resulting in the rapid
reduction of the volume fraction of migration gas in the wellbore.
The peak volume fraction of migrating bodies in the wellbore
decreases to 0.0436 after 10 min shut-in, 0.0280 after 30 min
shut-in, and 0.0191 after 60 min shut-in.
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With the increase of well shut-in time, the volume fraction of
transported gas gradually changes from peak distribution to
gentle distribution, and when the bottom pressure is less than
the formation pressure, the volume fraction of transported gas in
the wellbore will be infinitely close to the volume fraction of
transported gas at the bottom. When the bottom pressure equals
or exceeds the formation pressure, the formation gas will no
longer intrude and the transported gas will gradually become
zero from the bottom of the well, and the pressure at the bottom
of the well will reach its peak after all the gas is suspended at the
leading edge of the gas.

3.3 Influence law of multiphase flow in
wellbore during overflow treatment

Regardless of gas dissolution and suspension, after the
overflow reaches 2 m?, shut-in the well for 10 min and use the
engineer method to kill the well. The variation law of riser
pressure and casing pressure in the wellbore is shown in
Figure 18. The density of kill fluid is 1410kg m>, the
displacement is 15ms™', and the initial vertical pressure is
10.16 MPa. At 39 min, the weighted drilling fluid reached the
bottom of the well, and the vertical pressure decreased to
6.24 MPa.

The pressure in the wellbore was 3.82 MPa at the beginning
of the well pressure, and the bottom pressure was still less than
the formation pressure. After 6 min of well pressure, the pressure
in the wellbore increased to 4.12 MPa, and the bottom-hole
pressure was equal to the formation pressure, so the
formation fluid was no longer intruding. The closer to the
wellhead, the faster is the gas expansion rate and the greater
is the casing pressure rise rate. After the gas is discharged from
the throttle line, the effect of gas expansion on the increase of
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casing pressure decreases, and the pressure in the wellbore
reaches the peak when the gas is discharged from the throttle
line and the gas expansion in the wellbore has equal effect on the
pressure, and the casing pressure reaches the peak value of
5.64 MPa at 50 min after the well is pressurized. The pressure
in the casing gradually decreases, and the casing pressure drops
to zero after the gas and the original drilling fluid are all
discharged.

The gas distribution in the wellbore under different killing
times is shown in Figure 19.

With the increase of well killing time, the gas in the
wellbore expands continuously in the rising process, and
the length and porosity of the contaminated drilling fluid
section in the wellbore increase. When killing the well for
6 min, the bottom-hole pressure is equal to the formation
pressure, and then there is no gas intrusion at the bottom of
the well, and the trailing edge of the gas rises from the bottom
of the well. After killing the well for 26.5 min, the gas reaches
the choke line at the front edge, and the migration speed of the
gas in the choke pipe increases rapidly. After killing the well
for 31 min, the gas begins to appear at the wellhead, and the
volume fraction of the gas in the choke line increases
continuously during the gas discharge process.

When gas dissolution is considered, most of the gas in the
wellbore is dissolved in the drilling fluid after 10 min of shut-in,
and a small amount of gas in the saturated dissolved well section
slips off and rises in the wellbore in its own gas form. The
distribution characteristics of dissolved gas in the wellbore at
different moments are shown in Figure 20A. At the beginning of
the well compression period, the gas continuously intruded
during the shut-in period gradually reached saturation from
the bottom of the well. After the start of well compression,
the bottom-hole pressure increased and the gas in the
wellbore no longer continued to intrude, and the dissolved gas
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increased with the original drilling fluid during the well
compression process.

After 10 min of well pressure, the gas in the drilling fluid at
the bottom of the contaminated drilling fluid section reached
saturation dissolution. As the wellbore pressure increased, the
saturation solubility of the gas in the wellbore also increased, and
the gas mass fraction in the drilling fluid also increased, and the
gas originally in the transport state also dissolved into the drilling
fluid. As the original drilling fluid and the intruded gas increased
in the wellbore, the dissolved gas saturation in the drilling fluid
gradually decreased, and the dissolved gas mass fraction reached
saturation and free gas began to desolvate and precipitate, which
led to an increase in the length of the contaminated drilling fluid
section in the wellbore. After 30 min of well pressure, the length
of contaminated drilling fluid section in the wellbore increased
from 900 m at the initial moment to 1100 m; 52 min after well
pressure, the leading edge of dissolved gas reached the outlet of
the throttle line.

The volume fraction of free gas in the wellbore at different
pressure times is shown in Figure 20B. A small amount of free gas
exists at the bottom of the well. The volume fraction of free gas at
10 min of well pressure (solid blue line) coincides with the vertical
axis in the figure. As the contaminated drilling fluid increases during
the well pressure process, the dissolved gas in the drilling fluid
becomes supersaturated and then precipitates out. Near the leading
edge of the gas, the sliding gas dissolves into the uncontaminated
drilling fluid, the volume fraction of the gas decreases and the length
of the contaminated drilling fluid section increases. After the gas
enters the throttle line, the return rate is further accelerated, the gas
solubility in the wellbore decreases significantly, and the free gas
volume fraction increases sharply.

The law of pressure change in the wellbore after shut-in
considering gas dissolution is shown in Figure 21. Compared
with not considering gas dissolution, the peak pressure in the
wellbore appears later, and the peak pressure increases slightly.
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The wellbore pressure reaches the peak value of 5.91 Pa after
71 min of well killing.

When both gas dissolution and suspension are considered,
the change law of dissolved gas mass fraction in the drilling
fluid during well compression is the same as when only
dissolved wellbore gas distribution is considered, but the
growth rate of contaminated drilling fluid section length
decreases, and the change law of suspended gas volume
fraction in the wellbore at different shut-in moments is
shown in Figure 22. At the initial moment of well pressure,
the gas continuously invaded after well shut-in reached
saturation in the drilling fluid and was suspended at the
bottom of the wellbore, and the height of the leading edge
of suspended gas in the wellbore was 3650 m. After 10 min of
well pressure, all the gas was dissolved in the drilling fluid due
to the increase in wellbore pressure, and there was no
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suspended gas in the wellbore. After 30 min of well pressure,
the suspended gas section in the wellbore was 1700-2700 m.
After 50 min of well shut-in, the contaminated drilling fluid
entered the throttle line, and as the pressure decreased, the
volume fraction of transported gas in the throttle line
gradually increased and the volume fraction of suspended
gas gradually decreased, and the volume fraction of suspended
gas near the wellbore decreased rapidly.

The variation pattern of casing pressure and riser pressure
during the well compression process when gas dissolution and
suspension are also considered is shown in Figure 23.
Compared with considering gas dissolution only, gas
suspension leads to a lower volume fraction of gas slipping
up in the wellbore and a shorter gas slipping transport up
distance, which leads to an increase in the time for gas to start
exiting the throttle line during the well pressurization process.
The casing pressure peaked at 5.55 MPa after 74 min of shut-in,

Frontiers in Earth Science

20

10.3389/feart.2022.993876

and the peak casing pressure was reduced compared to that
when only dissolution was considered, and the time to peak

casing pressure increased.

4 Conclusion

This article simulates the multiphase flow pattern and pressure
changes in the wellbore of an offshore well after gas intrusion using
the prepared wellbore multiphase flow law and wellbore pressure
simulation software. The effects of gas dissolution and suspension on
the multiphase flow in the wellbore during the overflow simulation,
well shut-in, and well compression were analyzed. The larger is the
oil-water ratio of the drilling fluid, the larger is the mass fraction of
dissolved gas in the drilling fluid, and all the intruded gas at the
bottom of the well will be dissolved in the drilling fluid; when there is
free gas in the wellbore, the higher is the drilling fluid density and the
smaller is the yield stress (>1 Pa), the larger is the gas ultimate
suspension concentration. When dissolved gas is present in the
wellbore after gas intrusion shutdown, there is almost no change in
wellbore pressure without free gas in the wellbore; when suspended
and free gas is present in the wellbore, the wellbore pressure increases
less rapidly after shutdown, and the volume fraction of free gas
decreases if the shutdown time is longer, and eventually all gas will be
suspended in the drilling fluid. During the pressure process, gas
dissolution leads to an increase in peak pressure and peak time in the
wellbore; gas suspension leads to a decrease in peak pressure and an
increase in peak time in the wellbore.
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