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Abstract. In the process of shallow deepwater drilling, due to the narrow safety
window of drilling fluid density and the frequent drilling in shallow gas, shallow
flow, gas hydrate and other factors, the risk of drilling accidents increases, and
kick and even blowouts are easy to occur, which seriously endangers the safety
of operators. In the absence of risers and subsea blowout preventers, open-circuit
drilling is usually used to drill deep water shallow drilling. In the process of open-
circuit drilling, drilling fluid directly returns to the seabed, so it is impossible to
shut in the well when kick or even blowout occurs, and it is difficult to obtain the
shut-in vertical pressure and casing pressure through traditional methods, and it
is difficult to calculate the bottomhole pressure, which cannot provide a basis for
the selection of parameters such as density and displacement of subsequent kill
fluid. Aiming at this problem, based on Fluent numerical simulation software, this
paper simulated and studied the return form of drilling fluid at the bottom mud
line of open-circuit drilling by solving the VOFmodel, and analyzed the influence
of different ocean current velocity distribution, drilling fluid displacement, gas
penetration on the return height of drilling fluid. It is found that ocean current
velocity distribution has little influence on drilling fluid return height, and mainly
affects the diffusion dilution degree of drilling fluid. Drilling fluid displacement,
gas penetration and wellhead pressure have great influence on drilling fluid return
displacement and height. On this basis, according to the principle of underwater
jet, the relationship between drilling fluid return height and wellhead pressure is
established. On the premise of known return height, the wellhead pressure can
be calculated, and the bottomhole pressure can be retrieved from the wellhead
pressure. This study reveals the regularities of drilling fluid return flow in open-
circuit drilling, provides theoretical guidance for the prediction of bottomhole
pressure when kick occurs and the well cannot be shut in, provides support for the
effective implementation of subsequent well control measures, and ensures the
operation safety of deep-water shallow open-circuit drilling.
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1 Introduction

Deepwater oil and gas resources are the main global energy replacement field in the 21st
century. In addition, the South China Sea region has rich oil and gas resources, 70% of
which are located in deepwater areas. The exploration and development of deepwater
oil and gas fields are of great significance to the national economic development and
energy security.

The exploration and development process of deepwater oil and gas fields is complex
and faces many uncertain factors. If not properly handled, it will lead to major safety
accidents, resulting in property and life losses and damage to the natural environment.
Deepwater drilling adopts different drilling methods according to different layers and
different construction requirements. In the process of deepwater shallow drilling, due to
the shallow layer and unstable stratum structure, in order to save drilling costs and shorten
drilling time, open-circuit drilling is generally used to make the drilling fluid directly
return to the seabed. However, the shallow geological disasters such as shallow gas,
shallow flow and natural gas hydrate are often accompanied by the shallow geological
disasters in the shallow layer of deepwater shallow layer. In addition, the density window
of deepwater safe operation is narrow, so it is easy to occur well blowout or even blowout.
In view of the problems existing in deepwater shallow open-circuit drilling, the drilling
fluid return law during well blowout is studied. According to the drilling fluid return
height, the wellhead pressure is calculated and the bottomhole pressure is inverted. It can
provide effective well information for technicians at the early stage of well blowout and
provide technical support for the implementation of subsequent well control measures.

In the process of open-hole deepwater drilling, the process of drilling fluid returning
at the mudline of the seabed is a jet phenomenon. Because of the density difference
between the returning drilling fluid and the surrounding seawater, the returning drilling
fluid is affected by both the initial momentum and the buoyancy, and the returning pro-
cess of drilling fluid is a buoyancy jet. According to the direction of the buoyancy jet, the
buoyancy jet is divided into positive buoyancy jet and negative buoyancy jet [1]. When
the direction of the buoyancy is the same as the direction of the initial momentum, it
is a positive buoyancy jet, and vice versa, it is a negative buoyancy jet [2]. Because the
density of the returning drilling fluid is greater than that of the seawater, the returning
process of drilling fluid is a negative buoyancy jet. As an important branch of buoyancy
jet, negative buoyancy jet has become a very important topic in the field of hydrody-
namics in recent years, and has been paid more and more attention. Hua Zhang et al. [3]
conducted a detailed experimental study on the maximum rising height of vertical jet in
a static environment. Turner [5], Philip J.W. Roberts et al. [4] conducted experiments on
circular inclined jets in static and flowing environments, and obtained the corresponding
formulas for the maximum rising height of the jet, the position of the impact point and
the dilution. For the numerical simulation research in the cross flow environment, Qi
Meilan et al. [6] and Deamaren et al. [7] conducted numerical simulations on the circular
hole jet, and presented the contour maps and distribution curves of flow velocity and
concentration. Later, Wei Li et al. [8] established a mathematical model that can system-
atically simulate and accurately predict this kind of flow, and obtained the distribution of
physical quantities on the jet symmetric plane, the relationship between the jet core and
the flow velocity ratio, etc. It is difficult to obtain the internal structure of the flow field
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by means of realistic experiments. The numerical simulation method can obtain more
comprehensive flow field structure data, and improve the research level of this type of
jet.

2 Fluent Numerical Simulation

2.1 Fundamental Governing Equation

(1) Mass conservation equation

The equation of conservation of mass, also called the equation of continuity, states
that the added mass in a microelement per unit time is equal to the net mass flowing into
the microelement during the same period. Any problem of fluid flow should be governed
by the law of conservation of mass.

∂ρ

∂t
+ ∇ · (ρ�v) = Sm (1)

where, ρ is fluid density, kg/m3; t is time, s; �v is the velocity vector, m/s; Sm is the source
term, representing the mass added to the continuous phase, or it can be any other custom
source term.

(2) Momentum conservation equation

The conservation of momentum equation states that the sum of the external forces
acting on a microelement in unit time is equal to the rate of change of momentum in the
microelement with respect to time. It is the law of conservation of momentum that any
flow problem needs to follow.

∂

∂t
(ρ�v) + ∇ · (ρ�v�v) = −∇p + ∇ ·

[
μ

(
∇�v + �vT

)]
+ ρ�g + �F (2)

where, P is pressure, Pa; �F is the unit mass force, m/s2; μ is the dynamic viscosity,
N·s/m2; �g is the acceleration of gravity, m/s2.

2.2 Geometric Model and Meshing

(1) Geometric model

In this paper, the Fluent numerical simulation is conducted for drilling fluid backflow
in the process of shallow open-circuit drilling in deep water. Therefore, the geometric
model is established based on the key Eulerian domain distribution of drilling fluid
backflow, as shown in Fig. 1. The drill pipe and annulus sizes of the model are set
according to the real sizes of a drilling in the South China Sea (Table 1).

(2) Meshing

Poly-hexcore grid is adopted for simulation grid division in this paper. Poly-hexcore
grid is mainly composed of hexahedral units, which has good accuracy and precision
and is highly adaptable. It can realize automatic region encryption, ensure calculation
accuracy and save more calculation time, as shown in Fig. 2.



Bottomhole Pressure Inversion Method 43

Fig. 1. Geometric model

Table 1. Geometric parameters of the model

Ocean depth(m) Wellbore diameter(m) Drill pipe diameter(m) Wellbore depth(m)

10 0.51 0.14 30

Fig. 2. Model meshing
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2.3 Flow Model and Boundary Conditions

(1) Multiphase flow model

This paper uses theVOFmodel in Fluent software,which is amethod for dealingwith
surface tracking based on a fixed Eulerian grid. In this model, only a set of momentum
conservation equations is adopted for all fluids. In each calculation unit of the whole
flow field, the phase volume ratio of each fluid component is calculated and recorded:

∂

∂t

(
αqρq

) + ∇ · (αqρq�vq
) = Sαq +

∑n

p=1

(
ṁpq − ṁqp

)
(3)

where, αq is the volume fraction of fluid q and has no dimension; ρq is the fluid q density,
kg/m3; �vq is the q phase velocity vector, m/s; ṁpq is the mass transfer from fluid p to
fluid q; ṁqp is the mass transfer from fluid q to fluid p; Sαq is the source entry.

(2) Turbulence model

Turbulent model chooses the two-equation model standard k-e model in Fluent soft-
ware, which is proposed according to the experimental research phenomenon. Turbulent
kinetic energy equation and turbulent dissipation rate equation are used for solving, and
turbulent kinetic energy and dissipation rate can be obtained, and the numerical value
obtained is used to calculate turbulent viscosity.

ρ
dk

dt
= ∂

∂xi

[(
μ + μ

σk

)
∂k

∂xi

]
+ Gk + Gb − ρε − Ym (4)

ρ
dε

dt
= ∂

∂xi

[(
μ + μ

σε

)
∂ε

∂xi

]
+ C1s

ε

k
(Gk + C3sGb) − C2sρ

ε2

k
(5)

where, ρ is fluid density, kg/m3; xi is position; μ is fluid viscosity, pa·s; Gk is turbulent
energy generation caused by average velocity gradient; Gb is turbulent energy genera-
tion caused by buoyancy; Ym is the effect of compressible turbulent pulsation on total
dissipation rate; C1s, C2s, C3s are set as default values in Fluent software, respectively
1.44, 1.92, 0.99; k is turbulent energy; ε is dissipation rate.

(3) Boundary conditions

Set boundary conditions such as velocity inlet, pressure outlet and wall. In order to
simulate the real seabed environment to the maximum extent, seawater velocity adopts
logarithmic velocity profile, and the ocean current velocity flow distribution formula is:

V = Vmax

[
2y

H
−

( y

H

)2]
(6)

where, Vmax is the maximum ocean current velocity on free surface, which is taken as
0.3–0.5 m/s in this paper; H is the depth of seabed wellhead; y is the height variable (0
≤ y ≤ H).

Except for the inlet and outlet, the rest boundaries are set as wall, so the mechanical
properties of seabed, including deformation caused by force, are ignored.
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2.4 Simulation Results and Verification

(1) Simulation results

The simulation results of different ocean current velocities are as follows (Figs. 3, 4
and 5):

Fig. 3. Drilling fluid return under different ocean current velocities

The simulation results of different drilling fluid displacement are as follows:
The simulation results of drilling fluid return with different gas influx are as follows:

(2) Verification

By comparing the actual height of drilling fluid return and the simulated height under
different gas influx conditions, it is found that the error range between the simulated
drilling fluid return height and the actual drilling fluid return height by Fluent is within
the allowable range, indicating that the numerical simulation results in this paper are
reliable (Figs. 6 and 7).



46 G. Chen et al.

Fig. 4. Drilling fluid return with different drilling fluid displacement

Fig. 5. Drilling fluid return with different gas influx
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Fig. 6. Actual height of drilling fluid return and simulated height

Fig. 7. Comparison of simulation results and ROV data

3 Wellhead Pressure Calculation Based on Drilling Fluid Return
Height

According to the jet theory in fluid dynamics, the influence of the resistance at the
nozzle on the jet height is ignored, and the single jet theory height is used to represent
the drilling fluid return height. Turner [4] concluded through dimensional analysis that
the maximum rising height H is related to the momentum flux M, buoyancy flux B and
flow flux Q.

H = f (Q,M ,B) (7)

where, Q = 1
4πd

2u0; M = uQ; B = 1
4πd

2u0g′
0; g

′
0 = g(ρ0 − ρa)/ρa.

where d is the nozzle diameter, m; u0 is the flow velocity at the nozzle, m/s; ρ0 is the
jet fluid density, kg/m3; ρ0 is the environmental fluid density, kg/m3; g is the gravitational
acceleration, m/s2.
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Thus, two length scales and one flow velocity scale are obtained:

(8)

where, lM is the momentum characteristic length; lQ is the flow characteristic length.
Based on the three characteristic lengths, Eq. (7) can be written as:

H = f (Q,B,M , ua, θ, ϕ) (9)

where,is the flow velocity of environmental fluid, m/s;is the angle between the nozzle
normal direction and the bottom surface;is the angle between the flow velocity of envi-
ronmental fluid and the vertical plane through the nozzle.In this paper, the drilling fluid
return process of open-circuit drilling is vertical jet, so Eq. (9) is:

H = f (Q,B,M , ua) (10)

Through dimensional analysis, the length scale and flow velocity scale are intro-
duced, and the above equation is:

H

lM
= f

(
lM
lQ

,
ua
u0

)
(11)

According to the Boussinesq hypothesis, the change of density does not significantly
change the properties of fluid, and the density difference before and after mixing is very
small compared with the density of each point.Then:

g′
0 = g

(
ρ − ρa

ρa

)
= f (Q,M ,B, ua) (12)

ρ is the local density of the flow field after mixing, and Eq. (11) is:

u20
g′lM

= f

(
lM
lQ

,
ua
u0

)
(13)

After introducing the Froude number F = u0/
√
g′
0d and the speed ratio ur = ua/u0:

H

dF
= f (F, urF) (14)

lM
lQ

is much greater than 1, and the influence of lQ is ignored:

H

dF
= f (urF) (15)

By fitting the numerical simulation results of this paper, the previous empirical
formula is modified:

H

dF
= 2.204(urF)−1/3 (16)
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The relationship between the drilling fluid return height H and the wellhead flow
velocity u0 is obtained. Then, the relationship between the wellhead flow velocity and
the wellhead pressure is also needed to be established. The relationship between the
actual jet flow and the nozzle pressure is:

Q =
√

BP

10000
(17)

where, Q is the wellhead flow rate, m3/s; P is the wellhead pressure, Mpa; B is the
flow characteristic coefficient, which is obtained by experiment. The outlet flow rate is
converted to the wellhead flow rate, and the relationship between the wellhead flow rate
and the wellhead pressure is obtained:

u0 = 4

πd2

√
BP

10000
(18)

Substitute the above equation into (16), and we get:

H =
2.204(urF)−1/3

√
BP
g′
0d

25πd
(19)

The flow characteristic coefficient B in the above equation is only related to the
wellhead diameter. The empirical formula obtained by predecessors through experiments
is:

B = 22556d2 − 514.3d + 3.227 (20)

Therefore, the relationship between the drilling fluid return height H and wellhead
pressure P is established. Under the premise of known drilling fluid return height, the
wellhead pressure can be calculated in real time, providing conditions for the inversion
of bottomhole pressure.

4 Inversion of Bottomhole Pressure Based on Wellhead Pressure

When overflow occurs, formation gas invades the wellbore, and the single-phase flow
in the annulus of the wellbore changes into gas-liquid two-phase flow. Based on the
calculation method of wellhead pressure, this paper obtains the gas-liquid two-phase
flow state and pressure distribution in the wellbore by solving the gas-liquid two-phase
flow model in the wellbore.

4.1 Gas-Liquid Two-Phase Flow Model in the Wellbore During Well Surge

The drift flowmodel originally proposed by Zuber et al. [9] is selected in this paper. This
model describes the relative slip of gas flow and gas-liquidmixed flow, reveals the sliding
difference between gas-liquid two-phase flow in two-phase flow and the distribution law
of gas-liquid two-phase in the pipeline. The governing equations of the model include
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gas phase continuity equation, liquid phase continuity equation and gas-liquid phase
mixed momentum equation.

Gas phase continuity equation:

∂

∂t

(
ρgαg

) + ∂

∂z

(
ρgαgug

) = 0 (21)

Liquid phase continuity equation:

∂

∂t
(ρlαl) + ∂

∂z
(ρlαlul) = 0 (22)

Mixed momentum equation:

∂

∂t

(
ρlαlul + ρgαgug

) + ∂

∂z

(
ρlαlu

2
l + ρgαgu

2
g + p

)
= −q (23)

where, αl is liquid content; αg is gas content; ρl is liquid phase density, kg/m3; ρg is
gas density, kg/m3; ul is liquid phase velocity, m/s; ug is gas phase velocity, m/s; p is
pressure, pa; z is space variable, m; q is source term.

In addition to the control equation, four other auxiliary equations are introduced for
auxiliary solution:

Gas-liquid two-phase volume fraction relation- ship:

αl + αg = 1 (24)

Gas phase density equation:

ρg = p

a2g
(25)

Liquid phase density equation:

ρl = ρl0 + p − p0
a2l

(26)

The drift velocity relationship proposed by Zuber and Findlay [10]:

ug = C0um + us (27)

where, us is gas slippage velocity, m/s; C0 is gas distribution coefficient.

4.2 Solving of Gas-Liquid Two-Phase Flow Model in Wellbore

(1) Discrete format

For time partial derivative, the first-order backward difference is adopted. Taking
the gas phase mass conservation equation as an example, the time partial derivative
difference format is as follows:

(
Egρg

)j − (
Egρg

)j−1


t
+ ∂

(
Egρgvg

)j
∂x

= 0 (28)



Bottomhole Pressure Inversion Method 51

Scalar type variables are located in the center of the control unit, and vector type
variables are located at the boundary of the control unit.

For the convection terms in the mass conser-vation equation and momentum conser-
vation equation, the first-order upwind difference is adopted.Taking the gaseous mass
conservation equation as an example, the difference format of the convection term is:

∂
(
Egρgvg

)

∂s

∣∣∣∣∣
i

= 1


x

[(
Egρgvg

)
i+1/2 − (

Egρgvg
)
i−1/2

]
(29)

(
Egρgvg

)
i+1/2 =

{ (
Egρgvg

)
ivg,i > 0(

Egρgvg
)
i+1vg,i ≤ 0

(30)

The other terms except the convection term are adopted by central difference, for
example, the discrete format of the pressure partial differential term in the momentum
equation is (Fig. 8):

∂p

∂s

∣∣∣∣
i+1/2

= 1


x
(pi+1 − pi) (31)

Fig. 8. Schematic diagram of staggered grid difference

(2) Solving steps

➀Take the parameters of each node in the wellbore before kick as the initial value,
and take the wellhead pressure calculated based on the return height of drilling fluid as
the boundary value to estimate the bottomhole pressure.

➁Calculate the gas phase density, liquid phase density and other parameters by
auxiliary equation.

➂Calculate the flux of each node one by one until the wellhead, and compare the
calculated results with the actual wellhead pressure. If the accuracy requirements are
not met, the bottomhole pressure is re-estimated after correction until the accuracy
requirements are met. Thus, the accurate bottomhole pressure is obtained.

5 Conclusion

(1) Through the Fluent simulation of the drilling fluid return process of deepwater shal-
low open-circuit drilling, the influence of different ocean current velocity on the
drilling fluid return height was analyzed, and it was found that the lateral ocean
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current velocity had a greater impact on the offset and diffusion of the drilling fluid
return, but had a smaller impact on the drilling fluid return height. The influence of
different drilling fluid displacement and gas influx on the drilling fluid return height
was analyzed, and it was found that the greater the drilling fluid displacement was,
the higher the drilling fluid return height was. The greater the drilling fluid displace-
ment was, the higher the drilling fluid return height was, and the change amplitude
was more significant than the former.

(2) Based on the relationship between the jet height and the outlet flow velocity, the
relationship between the drilling fluid return height and the wellhead flow veloc-
ity was obtained by fitting and modifying the Fluent numerical simulation results.
The relationship between the drilling fluid return height and the wellhead pressure
was further obtained by the relationship between the outlet flow rate and the outlet
pressure.

(3) Taking the wellhead pressure as the boundary value, the accurate bottomhole pres-
surewas obtained by solving the drift flowmodel.Therefore, the bottomhole pressure
inversion method for deepwater shallow open-circuit drilling based on the drilling
fluid return height was established, which provided a basis for the implementation
of subsequent well control measures.
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