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During the deepwater drilling, the complicated gas-liquid-solidmultiphase flow

will occur if the formation gas enters and migrates in the wellbore. Through

understanding of the wellbore flow behaviors is of great importance for the

blowout prevention and well control. Considering the dynamic mass and heat

transfer process in wellbore caused by alternating ambient temperature field, a

multiphase flow model of multicomponent fluid in wellbore is deduced and

developed, including the continuity equation, momentum conservation

equation and energy conservation equation. Furthermore, the corresponding

initial and boundary conditions are proposed for different working conditions in

deepwater drilling, and an efficient numerical solution method is established,

including dynamic mesh generation method and discrete solution method of

partial differential equations. Applied in a deep-water kicking well, the proposed

model is used to analyze the multiphase flow rules in the wellbore. The results

show that in the process of annular fluid returning from the bottomhole, the

pressure generally decreases linearly, while the temperature change is

nonlinear. The temperature first rises and then falls at the formation section,

and first falls and then rises at the seawater section. Furthermore, the pit gain

increases approximately in a quadratic polynomial relationship, caused by the

rise and expansion of gas in the wellbore, and the pressure drop and gas influx

rate increase at the bottomhole. In the process of kick evolution, the standpipe

pressure and bottomhole pressure gradually decrease, which can be an

important sign for kick detection.
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1 Introduction

During deepwater drilling, the formation gas intrudes into the wellbore and blowout

occurs, which is a great threat to safe and efficient drilling. In 2010, the Deepwater

Horizon drilling platform in the Gulf of Mexico blew out, causing direct economic losses

of more than 68 billion US dollars. In addition, it also caused huge casualties and well

completion disasters [1–3]. Therefore, studying the rules of wellbore multiphase flow
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during gas kick has important engineering value for accurately

understanding the gas invasion process and make well control

plan for the blowout prevention.

Since the 1960s, great efforts have been made to study the

multiphase flow model in gas kick. Leblanc and Leuis (1968)

established a kick model based on the homogeneous flow theory

[4], but the model ignores the friction and pressure loss in the

annulus and gas-liquid slippage velocity, which is only suitable

for simplified calculation. The kick flow model established by

Records (1972) considers the influence of friction and pressure

loss in the annulus, but the calculation result of the model has a

significant error compared with the field measurements [5].

Horberock and Stanbery (1981) established the momentum

conservation equation of fluid in vertical pipeline. Based on

the theory of homogeneous flow, the gas-liquid flow

characteristic are analyzed [6]. Considering gas-liquid slippage

and pressure loss of two-phase flow, Santos (1982) introduced

the concept of void fraction and established a deep-well kick flow

model [7]. Nickens (1987) analyzed the wellbore multiphase flow

parameters considering the gas-liquid phase transition, slippage

and mass transfer [8]. They studied the effects of wellbore shape,

BHA and hydraulic parameters on wellbore pressure

distribution. On this basis, Ohara (1995) proposed a deep-

water well control model [9], in which the flow process of

mud at different stages in the well is divided into several sub

models for simulation. In particular, Nunes (2002) proposed an

analytical model of wellbore multiphase flow and the

corresponding numerical solution method [10]. The model

can calculate the pressure distribution and gas distribution in

the wellbore and choke line at different times. Wang and Sun

(2009) established a multiphase flow model in a gas kick [11],

which can be applied to the wellbore multiphase flow simulation

in the process of gas kick and well killing in deepwater drilling.

Pourafshary et al (2009) considered the coupling between

wellbore fluid and reservoir fluid and the slippage of

multicomponent gas and liquid phase, and established the

unsteady wellbore two-phase flow model assuming that the

gas phase and liquid phase are in phase equilibrium on any

wellbore section [12]. Lu and Connell (2014) considered the

phase transition process in wellbore multiphase flow and

established the unsteady model of wellbore liquid injection

process based on phase stability analysis and phase separation

calculation [13]. Udegbunam et al. (2014) analyzed the influence

of uncertainty of parameters such as pipe string dimension,

slippage velocity, friction coefficient and reservoir

characteristics on flow characteristics during underbalanced

drilling [14]. Fu et al. (2020) [15–17] experimentally studied

and modelled the methane hydrate formation under bubbly flow

condition in the deep-water drilling wellbore. The methane

hydrate formation in drilling mud altered the rheology of

drilling mud which made it exhibit non-Newtonian behavior

[18] and increased the pressure losses of drilling mud in the

wellbore [19, 20]. Their works are significant for increasing

accuracy of predicting pressure loss in wellbore and provided

a solid stone for modelling the multiphase flow behavior in

deepwater wellbore. Recently, Sun et al (2018) developed several

models to analyze the effect of phase transition on gas kick

migration in wellbore [21–29].

During deepwater drilling, the multiphase flow rules of gas

kick is more complex than that of onshore well kick, caused by

the alternating change of low temperature at seawater section and

high temperature at deep formation section. The flow in wellbore

is a complex dynamic mass and heat transfer process. Therefore,

it is necessary to establish an accurate multiphase and

multicomponent flow model to obtain the dynamic

distribution of flow parameters such as fluid velocity, pressure

and temperature in the process of blowout evolution. In this

paper, considering the dynamic mass and heat transfer process in

wellbore, a multiphase flow model in wellbore of

multicomponent fluid is deduced and established.

Furthermore, the corresponding initial and boundary

conditions are presented for different working conditions in

deepwater drilling and an efficient numerical solution method

is established, including dynamic mesh generation method and

discrete solution method of partial differential equation. Last, a

detailed analysis has been performed to evaluate the wellbore

multiphase flow process of a deep-water kicking well.

2 Wellbore multiphase flow model of
gas kick

2.1 Assumptions

There are complex changes in multiphase flow parameters in

deepwater drilling. The model assumptions are as follows.

1) Fluid flow is regarded as one-dimensional flow along the

wellbore, ignoring the rotation of drilling tools and the axial

migration of drilling fluid.

2) There is stable radial heat transfer between wellbore and

formation, and the rock is homogeneous.

3) Ignore the changes in physical property of formation rock,

drilling tools, casing and cement sheath.

4) Ignore the heat generated by the friction of the drilling tool.

5) The dissolution of gas is instantaneous.

2.2 Continuity equation and momentum
conservation equation

As a gas kick occurs in deepwater drilling, the gas phase,

drilling fluid phase, cuttings phase and hydrate may exist in the

wellbore at the same time. According to the principle of mass

conservation, the continuity equations of each phase in the

wellbore are developed as follows:
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z(EgAρg)
zt

+ z

zs
(ρgvgEgA + RgρgVwEwA) � qg + xgrH (1)

z(EwAρw)
zt

+ z

zs
(ρwvwEwA − RgρgVwEwA) � −(1 + xg)rH (2)
z(EcAρc)

zt
+ z

zs
(ρcvcEcA) � qc (3)

z(EHAρH)
zt

+ z

zs
(ρHvHEHA) � rH (4)

Where, ρg is density of produced gas, kg/m3; vg is flow velocity of

produced gas, m/s; Eg is the local volume fraction of produced gas,

dimensionless;A is local annulus sectional area, m2; qg is mass of gas

produced per unit thickness per unit time, kg/(s·m); xg is the mass

fraction of natural gas in gas hydrate, dimensionless; rH is the

formation/decomposition rate of gas hydrate per unit length in the

wellbore [23–25], kg/(s · m); Ew is local volume fraction of drilling

fluid, dimensionless; vw is local upward velocity of drilling fluid, m/s;

Rg is the local solubility of gas, m3/m3; ρg is the density of gas, kg/m
3;

ρw and ρc are the density of drilling fluid and rock cuttings, kg/m3;

vw, vc are the velocity of drilling fluid and cuttings, m/s; qc is the

migration rate of rock cuttings, kg/s.

Based on the momentum conservation principle of fluid in

the wellbore, the equation of pressure field distribution is

obtained as follows:

z

zt
(AEgρgVg + AEwρwVw + AEcρcVc + AEHρHVH)
+ z(AEgρgV

2
g + AEwρwV

2
w + AEcρcV

2
c + AEHρHV

2
H)

zs

+ Agcosα(Egρg + Ewρw + Ecρc + EHρH) + z(AP)
zs

+ z(AFr)
zs

� 0

(5)

2.3 Energy conservation equation

2.3.1 Transient wellbore temperature field
The schematic of energy conservation in the model is shown

in Figure 1. Assuming that the flow is gas-liquid two-phase flow,

the energy equation of wellbore unsteady flow and heat transfer is

proposed. The annular element of the well section below the

mudline is analyzed as follows.

① The heat flowing into the micro element from the lower

end face QA(s + ds)

Each parameter is a function of time and position,

Ta � Ta(s, t), mi � mi(s, t), Ci � Ci(s, t). As shown in

Figure 1, the temperature at the lower surface is Ta + zTa
zs ds,

and each parameter is ∑[(miCi) + z(miCi)
zs ds]

QA(s + ds) � ∑[(miCi) + z(miCi)
zs

ds](Ta + zTa

zs
ds) (6)

Where, i is each component in the wellbore, respectively, g (gas),

w (drilling fluid), C (rock cuttings) and H (hydrate); mi is the

mass flow rate of each component, kg/s; Ci is the specific heat

capacity of each component, J/(kg. °C).

② The heat flowing into the micro element from the lower

end face QA(s)

The temperature at the upper end is Ta,

QA(s) � ∑ (miCi)Ta (7)

③ Heat flowing from the formation into the annulus QE→A

QE→A � 1
α
(TE − Ta)ds (8)

α � ∑wi

2π
(kE + rcoUATD

rcoUAkE
) (9)

In which, UA is the total heat transfer coefficient between

annulus fluid and formation, which is related to the thermal

resistance of annulus fluid, casing and cement sheath.

Generally, the thermal resistance of steel is small, and the

temperature of inner and outer walls of casing can be

approximately equal,

1
UA

� 1
ha

+ rci ln(rco/rci)
kc

+ rco ln(rwb/rco)
kce

(10)

TD is the transient heat transfer function, which is simulated

as follows

TD � 1.128

tD

√ (1 − 0.3

tD

√ ) 10−10 ≤ tD ≤ 1.5 (11)

TD � [0.4036 + 0.5 ln(tD)](1 + 0.6
tD

) tD ≥ 1.5 (12)

FIGURE 1
Schematic of energy conservation equation derivation in kick
multiphase flow model.
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tD � ket

Ceρer
2
wb

(13)

In case of the seawater section,

1
UA

� 1
ha

+ rci ln(rrso/rrsi)
krs

(14)

Where, krs is the thermal conductivity of riser.

④Heat flowing into the drilling tool from the annulusQA→DP

QA→DP � 1
βA

(Ta − TDP)ds (15)

α � ∑wi

2πrpiUDP
(16)

1
UDP

� 1
hDP

+ rpi ln(rpo/rpi)
kp

(17)

⑤ Heat change inside the wellbore unit dQ

dQ � z

zt
∑(ρiEiCiA)Tads (18)

According to the energy conservation, the heat change inside

the unit body = the heat flowing into the unit body—the heat

flowing out of the unit body, i.e.

dQ � QA(s + ds) − QA(s) + QE→A − QA→DP (19)
z

zt
∑(ρiEiCiA)Tads � ∑[(miCi) + z(miCi)

zs
ds](Ta + zTa

zs
ds)

−∑ (miCi)Ta + 1
α
(TE − Ta)ds

− 1
βA

(Ta − TDP)ds
(20)

Since ∑[z(miCi)
zs ds](zTa

zs ds) � 0, we obtain

z

zt
∑(ρiEiCiA)Tads � ∑[(miCi)](zTa

zs
ds)

+∑[z(miCi)
zs

ds](Ta)

+∑[z(miCi)
zs

ds](zTa

zs
ds)

+ 1
α
(TE − Ta)ds

− 1
βA

(Ta − TDP)ds ≈∑[z(miCiTa)
zs

ds]
+ 1
α
(TE − Ta)ds − 1

βA
(Ta − TDP)ds

(21)
Therefore, the temperature field equation in the annulus is

obtained as,

z

zt
∑(ρiEiCiA)Ta � ∑⎡⎣z∑(miCiTa)

zs
⎤⎦ + 1

α
(TE − Ta)

− 1
βA

(Ta − TDP) (22)

Similarly, the equation of temperature field in drill pipe is

obtained as,

z(ρwCwATp)
zt

+ z(CwmwTp)
zs

� 2
βA

(Ta − TDP) (23)

2.3.2 Ambient temperature field
1) Seawater temperature field.

The complex ambient temperature field is one of the key

factors affecting the multiphase flow rules in wellbore. The

temperature at seawater section decreases gradually with water

depth, and the variation trend is nonlinear. However, the

temperature at formation rock section gradually increases with

well depth, and the change trend is related to the formation

temperature gradient.

The simulation methods of seawater temperature in spring,

summer and autumn (Gao, 2007 [30]) are as follows.

① Water depth h ≤ 200 m,

Spring: Tsea � Ts(200 − h) + 13.68h
200

0≤ h≤ 200m (24)
Summer: Tsea � Ts 0≤ h < 20m (25)

Tsea � Ts(200 − h) + 13.7(h − 20)
180

20≤ h < 200m (26)
Autumn: Tsea � Ts 0≤ h < 50m (27)

Tsea � Ts(200 − h) + 13.7(h − 20)
150

50≤ h < 200m (28)
Winter: Tsea � Ts 0≤ h < 100m (29)

Tsea � Ts(200 − h) + 13.7(h − 20)
100

100≤ h < 200m (30)

Where, Tsea is seawater temperature, °C; Ts is the seawater surface

temperature, °C.

② Water depth h > 200 m

Tsea � 39.4 + 37.1

(1 + e(h+130.1)/402.7) 0≤ h< 100m (31)

2) Formation temperature field.

The variation of formation temperature field in deep-water

drilling is similar to that in onshore drilling. The formation

temperature gradient is mainly related to the lithology and

sedimentary characteristics of the rocks.

TE(h) � T0 + ∫h

h0

ΔTdL (32)
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Where, T0 is seawater temperature at mudline, °C; h0 is the sea

water depth, m; h is the vertical depth, m.

3 Definite solution condition and
numerical solution method

3.1 Initial and boundary conditions

3.1.1 Initial condition
1) Initial conditions of temperature field

① Start circulating

At initial condition, the fluid temperature in the wellbore is

the same as the ambient temperature:

Tp � Ta � TE (33)

② Gas kick process

The initial condition of temperature field in gas kick is the

temperature distribution of drill pipe and annulus calculated at

the moment before gas kick.

2) Initial conditions of pressure field

During normal drilling, there is no gas influx

EH(s, 0) � Eg(s, 0) � 0 (34)

Ec(s, 0) � Eg(s, 0)
CcVsl(s, 0) + Vcr(s, 0) (35)

Ew(s, 0) � 1 − Ec(s, 0) (36)
Vsw(s, 0) � Qm

A(s) (37)

Vw(s, 0) � Vsw(s, 0)
Ew(s, 0) (38)

Vsc(s, 0) � qc
ρcA(s)

(39)

Vc(s, 0) � Vsc(s, 0)
Ec(s, 0) (40)

P(s, 0) � P(s) (41)

Where, Qm is the displacement of mud pump, m3/s; qc is the

displacement of rock cuttings, m3/s.

Regarding the calculation of flow parameters during pump

shutdown and well killing, the initial conditions are the

distribution of flow parameters in the wellbore at the moment

before the change of working conditions.

3.1.2 Boundary condition
1) Boundary conditions of temperature field

Because the liquid temperature at the drill string inlet can be

measured directly, the boundary condition of the temperature

field is

Tp(0, t) � Tin (42)

At the same time, the temperatures of the liquid in the drill

string and the annulus liquid at the bottom of the well are

equal, i.e.

Tp(H, t) � Ta(H, t) (43)

Where, Tin is the inlet temperature of drill string, °C; Tin is the

well depth, m.

2) Boundary conditions of pressure field and velocity field

During a gas kick, the boundary conditions of pressure and

flow velocity parameters are as follows.

P(0, t) � Ps (44)
qg(H, t) � qg (45)
qc(H, t) � qc (46)
rH(i, t) � rH (47)

Where, Ps is wellhead back pressure, Pa.

3.2 Numerical solution method

3.2.1 Meshing
It is very difficult to obtain the analytical solution directly for

the established multiphase flow model. In this study, the

corresponding numerical algorithm is established for the

above model. Firstly, the wellbore needs to be meshed, and

the spatial grid length (usually long at the bottom and short

at the top) is dynamically selected according to the fluid velocity

and gas rising velocity in the wellbore. Then set the initial time

step, and automatically adjust the time step according to the

calculation speed requirements.

According to the gas rising speed vg, average fluid velocity

vm, and the time step Δtj, the time step is determined as

ΔSj � Δtj|U|
C0

(48)

Where, Δtj is the time step of node j, s; ΔSj is the spatial step of

node j, m; |U| is the absolute value of the correlation speed at

node j, U � min (vg, vm); C0 is the Courant number. In order to

achieve the accuracy and stability of calculation, C0 < 1。

The schematic diagram of spatial grid division is shown in

Figure 2. The length of any spatial grid is ΔSj � Sj+1 −Dj.

Theoretically, because the velocity in the drill pipe is greater

than that in the annulus, in order to speed up the calculation. The

spatial grid step in the drill pipe should be greater than that in the

annulus at the same position. However, for facilitating the

coupling calculation between drill pipe and annulus and

ensure the calculation accuracy, the spatial grid in drill pipe is

the same as that in annulus.
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3.2.2 Model discretization
The dynamic grid difference model are used in this study.

Taking the gas phase continuity equation as an example, the CV

discrete method (control volume method) is adopted,

z(EgAρg)
zt

+ z

zs
(ρgvgEgA + RgρgVwEwA) � qg + xgrH (49)

The schematic of spatial grid division is shown in Figure 3.

Where, E represents i + 1 node, W represents i − 1 node, P

represents i node, e represents i + 1/2 node, and w represents

i − 1/2 node.

Eq. 49 can be differenced as follows:

∫ z

zt
(EgAρg)dV ≈ [(EgAρg)P − (EgAρg)0P]ΔVΔT (50)

∫ z

zs
(ρgvgEgA + RgρgVwEwA)dV ≈ [ξe(ρgvgEgA + RgρgVwEwA)E

+ �ξe(ρgvgEgA + RgρgVwEwA)P]Ae

− [ξw(ρgvgEgA + RgρgVwEwA)P
+ �ξe(ρgvgEgA + RgρgVwEwA)W]Aw

(51)

∫RϕdV ≈ �RϕΔV − R′
ϕϕPΔV Rϕ � Rqg + xgrH (52)

Where, ξ and ξ′ is the convection difference weight factor. The

difference form of the continuity equation of gas phase is

[(EgAρg)P − (EgAρg)0P]ΔVΔT + {[ξe(ρgvgEgA + RgρgVwEwA)E
+ �ξe(ρgvgEgA + RgρgVwEwA)P]Ae

− [ξw(ρgvgEgA + RgρgVwEwA)P
+ �ξw(ρgvgEgA + RgρgVwEwA)W]Aw}
� �RϕΔV−R′

ϕϕPΔV

(53)
Similarly, the momentum equation and energy equation of

wellbore multiphase flow model can be obtained and solved [29].

4 Simulation analysis

Using the proposed multiphase flow model, the flow

parameter, and temperature and pressure distributions in the

drill pipe and annulus are analyzed. The parameters of the field

well are shown in Tables 1, 2.

4.1 Temperature and pressure fields

Figure 4 shows the temperature distribution in the wellbore

under different displacements. On the one hand, the heat in the

annulus is transferred to the drill pipe, and the mud temperature

in the drill pipe increases gradually. On the other hand, the mud

in the annulus exchanges heat with the surroundings. In the

seawater section, the heat in the annulus is mainly transmitted to

the seawater; and in the formation section, the heat in the

annulus is mainly transmitted to the formation section. At a

specific well depth, when the heat absorbed by the mud in the

annulus from the outside is greater than the heat transmitted to

FIGURE 2
Discrete grids of space domain and time domain for kick
multiphase flow model.

FIGURE 3
Schematic of space domain in x direction.
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the drill pipe, its temperature gradually increases; on the

contrary, its temperature gradually decreases. Therefore, when

the mud returns from the annulus, the temperature gradually

rises near the bottomhole. As the formation temperature

decreases and enters the seawater section, the annulus

temperature decreases gradually. Near the sea surface, the

mud temperature rises slightly.

With the increase of displacement, the temperature variation

rate in drill pipe and annulus decreases. Because the larger the

mud displacement, the less sufficient the heat exchange with the

surroundings.

Figure 5 shows the wellbore pressure distribution under

different displacements. With the increase of well depth, the

pressure in drill pipe and annulus varies linearly. However,

affected by the influence of annulus friction and bit pressure

drop, the pressure in the drill pipe is greater than that in the

annulus.

4.2 Sensitivity analysis

As seen in Figure 6, the difference between inflow and

outflow rates increases linearly with time. Because the change

of outlet flow during gas kick is mainly caused by gas rise in the

wellbore and the continuous entry of new gas into the wellbore.

In the early stage, the gas mainly remain at the bottomhole, and

its volume change is inversely proportional to pressure, while the

TABLE 1 Thermo-dynamic parameters in the case.

Parameter Density (kg/m3) Specific heat capacity
[J/(kg·°C)]

Thermal
conductivity [W/(m·K)]

Drill pipe/Casing 7800 400 53.0

Cement 2000 882 0.085

Formation 2650 1000 5.2

TABLE 2 Parameters of wellbore geometry structure.

Parameter Inner radius (m) Outer radius (m) Roughness (mm)

Drill pipe 0.119 0.140 0.005

Casing 0.222 0.244 0.005

Cement 0.244 0.384 --

FIGURE 4
Temperature distribution in the drill pipe and annulus with
different displacements.

FIGURE 5
Pressure distribution in the drill pipe and annulus with
different discharge capacities.
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change of wellbore pressure is linearly related to the well depth.

Therefore, the expansion of gas volume is approximately

proportional to the well depth. On the other hand, at the

initial stage, regardless of the change of bottom hole pressure,

gas enters the wellbore at a constant overflow rate.

Figure 7 shows the change curve of mud pit increment during

overflow. When the time is 5 min, the pit gain increases

approximately in a quadratic polynomial relationship with the

increase of time. Under the same conditions, with the increase of

ROP(Rate of Penetration) or reservoir permeability, the pit gain

increases, and the increasing range is accelerated. Because with

the increase of permeability and reservoir exposure thickness,

various effects such as bottom hole pressure reduction, overflow

speed acceleration, bubble rise and expansion, result in the

intensification of gas kick.

Therefore, when drilling in high pressure and high

permeability formation, the ROP (rate of penetration) should

be controlled and the early detection of overflow should be

strengthened.

Figure 8 shows the gas distribution when the pit gain is 1 m3.

As seen, with the increase of reservoir permeability or ROP, the

shorter the time required for pit gain reaching 1 m3, the shorter

the gas rising distance and the lower the gas volume fraction.

Therefore, the gas section with high void fraction is prone to

FIGURE 6
Change of mud flow rate in the inlet and outlet under
different kick conditions.

FIGURE 7
Change of pit gain with time under different kick conditions.

FIGURE 8
Gas distribution in the annulus when pit gain is 1 m3 under
different kick conditions.

FIGURE 9
Curve of standpipe pressure variation under different kick
conditions.
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rapid expansion at the wellhead, which has a greater impact on

well control.

Figure 9 shows the variations of the standpipe pressure

with time. The change of standpipe pressure is the same as that

of bottom hole pressure. At the initial stage of gas kick, the

previous gas in the wellbore slip and expand at a constant

rising speed, and the new gas from the reservoir enter the

wellbore at a constant rate. The change of bottomhole pressure

is mainly caused by the loss of hydrostatic pressure in the

wellbore.

5 Conclusion

Using the proposed model, the multiphase flow rules in the

wellbore during the gas kick is analyzed. The results show that in

the process of annular fluid returning from the bottom of the

well, the pressure generally decreases linearly while the

temperature change is nonlinear. It first rises and then falls at

the formation section, and first falls and then rises at the seawater

section. With the increase of displacement, the temperature

change rate in drill pipe and annulus decreases. Because the

larger the mud displacement, the less sufficient the heat exchange

with the surroundings. In the process of gas kick, the difference

between inflow and outflow rates increases linearly with time,

and the pit gain increases approximately in a quadratic

polynomial relationship. Furthermore, in the process of kick

evolution, the standpipe pressure and bottomhole pressure

gradually decrease.
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