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ABSTRACT

With the ongoing advancement of oil and gas exploration into deep

and ultra-deep formations in China, precise wellbore pressure control OPEN ACCESS
under complex geological conditions has become a critical technical

challenge for safe drilling operations. To overcome the limitations of Received: 16/07/2025

existing dual-gradient drilling (DGD) technologies—particularly their
poor applicability and limited pressure regulation capability in land-based
drilling—this study introduces an innovative hydraulic-lift dual-gradient DOI

drilling annular flow model, tailored for ultra-deep vertical wells. The 10.23967/j.rimni.2025.10.70434
model accounts for solid-liquid phase separation flow characteristics and
the hydraulic-lift effect of downhole dual-gradient pumps. The Stability
Enhancing Two-Step (SETS) method is employed to solve the strongly
nonlinear, coupled governing equations, significantly improving compu-
tational stability and efficiency. Experimental validation reveals that the
model’s predicted pressure distribution closely matches measured data,
with a maximum average error of only 16.4%, confirming the model’s
accuracy and applicability. Additionally, this study systematically analyzes
the impact of key parameters—such as drilling fluid flow rate, viscosity,
lift pump speed, and the number of pump sections—on bottomhole
pressure regulation, providing valuable insights into their influence on
annular pressure behavior. The findings offer a solid theoretical foundation
for optimizing drilling parameters and ensuring safe, efficient drilling in
ultra-deep wells under challenging geological conditions.
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1 Introduction

Deep oil and gas resources are abundant and hold substantial development potential, with
exploration and production activities progressively advancing into deep and ultra-deep formations.
In China, deep and ultra-deep oil and gas resources account for approximately 34% of total reserves,
with deep oil and natural gas resources comprising 39% and 57%, respectively [1]. Onshore deep and
ultra-deep resources are primarily concentrated in the Tarim and Sichuan Basins, where complex
geological structures present significant challenges, including high temperature and high pressure,
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multiple pressure systems, and the presence of corrosive acid fluids [2]. Under such harsh conditions,
improper handling of wellbore overflow or loss can easily escalate into severe secondary incidents such
as pipe sticking, blowouts, and wellbore collapse. Therefore, the development of advanced drilling
technologies capable of achieving precise wellbore pressure control is of urgent importance.

Controlled pressure drilling (CPD) technologies mainly include bottomhole constant-pressure
drilling and dual-gradient drilling (DGD). The bottomhole constant-pressure drilling technique
achieves precise annular pressure control through a combination of backpressure pumps and choke
manifold systems [3]. However, its limitation lies in the inability to actively adjust bottomhole pressure,
restricting its applicability to addressing overflow incidents alone. By contrast, DGD establishes
two distinct pressure gradients within the wellbore through various mechanisms, enabling better
adaptation to the narrow pressure window. To date, multiple DGD systems tailored for deepwater
applications have been developed worldwide, including subsea mud-lift DGD systems [4], riserless mud
recovery (RMR) systems [5], and dual-density mud systems [6]. Nevertheless, these existing systems
face persistent issues such as high operational costs, large downhole space requirements, limited
density-reduction capability, and poor adaptability to onshore operations. In particular, recent studies
on double-layer pipe dual-gradient drilling have explored its feasibility, interface stability, hydraulic
modeling, and parameter optimization, providing valuable insights into its application in deepwater
and potentially onshore environments [7,8]. Most are designed for marine environments, making direct
application to land-based drilling difficult.

To address these limitations, CNPC Engineering Technology R&D Company Limited has devel-
oped an innovative DGD approach—Hydraulic-Lift DGD. In this method, a surface pump delivers
power fluid to modular circulation connection devices such as top-drive adapters and three-channel
drill strings, which then drive a downhole lift pump to achieve dual regulation of flow rate and pressure.
While previous modeling efforts for double-layer pipe dual-gradient drilling have addressed aspects
such as wellbore pressure calculation and control algorithms [9,10], the theoretical framework for
full-wellbore annular pressure prediction for Hydraulic-Lift DGD remains incomplete, necessitating
further research to establish a robust basis for parameter optimization and field application. Experi-
mental prototypes have been successfully developed, and laboratory tests have demonstrated effective
annular pressure regulation.

Cuttings transport in the annulus has a significant influence on pressure behavior, making it
essential to incorporate cuttings migration effects to enhance prediction accuracy. In oil and gas
well engineering, solid-liquid two-phase flow models are generally categorized as homogeneous flow
models, phase-separated flow models, and drift-flow models. Gavignet and Sobey [11] developed a
two-layer steady-state cuttings transport model for inclined and horizontal wells, consisting of a pure
fluid layer and a cuttings bed layer. Martins et al. [12], building on the work of Doron et al. [13],
proposed a similar two-layer model in which cuttings are transported both through an upper solid—
liquid mixed-flow layer and a lower cuttings bed layer, assuming the upper layer behaves as a homoge-
neous flow. Santan et al. [14] refined this model by distinguishing the velocity differences between
solid and liquid phases in the suspension layer, thereby forming a solid-liquid phase separation
model with advantages in annular pressure prediction. This approach was later applied to transient
cuttings transport modeling [15]. Sun et al. [16] developed a transient cuttings transport model
based on the drift-flow concept, treating the solid-liquid mixture as a homogeneous phase without
stratification, replacing bed height with cuttings concentration, and using projection algorithms to
improve computational efficiency. Related theoretical studies have also explored Newtonian coating
flows using two-parameter blade families [17] and non-Newtonian fluid flows over deformable
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rotating disks [18], which broaden the understanding of complex fluid dynamics in engineering
applications.

Building upon the theory of solid-liquid phase separation, this study develops a transient annular
flow model for hydraulic-lift DGD, fully accounting for cuttings migration in vertical wells and the
hydraulic-lift effect of downhole dual-gradient pumps. This model enables dynamic prediction of
annular pressure profiles throughout the wellbore during DGD operations, thereby elucidating the
significant role of Hydraulic-Lift DGD in bottomhole pressure regulation and providing a sound
theoretical foundation for parameter optimization and field implementation.

2 Model Building
2.1 Assumptions

In general, for large-displacement wells, cuttings within the wellbore typically exhibit two distinct
distribution states: a cuttings bed and a suspended layer [19]. However, in the vertical wellbore section,
cuttings rarely settle, making it difficult to form a stable cuttings bed. In such cases, the wellbore is
dominated by a suspended layer, with cuttings primarily transported upward by the drilling fluid in a
suspended state. Consequently, this study departs from the conventional two-layer cuttings dynamic
model commonly applied to large-displacement wells, aiming instead to develop a solid-liquid two-
phase mixed-flow model tailored for vertical wellbore sections. The dynamic schematic of the proposed
model is presented in , as illustrated by the two-phase flow structure, which clearly depicts the
flow behavior and interaction between the solid and liquid phases.

Cuttings Particle

Drilling Pipe Flow Direction

Drilling Fluid

Figure 1: Schematic diagram of mixed-phase flow dynamic model

Given the complexity of computational modeling, the following assumptions are adopted [20,21]:

(1) The solid-liquid phase mixture is treated as an incompressible fluid, with relative slip between
the two phases taken into account;

(2) The physical properties of the drilling fluid and cuttings are considered continuous;

(3) The flow of both liquid and solid phases is modeled as one-dimensional along the axial
direction;

(4) All cuttings’ particles are assumed to be spherical, with uniform diameter and density.
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2.2 Solid-Liquid Two-Phase Flow Equation

The continuity equations for each phase are derived from the principle of mass conservation,
whereas the momentum equations are formulated based on the principle of momentum conservation.
The continuity and momentum equations for the solid—liquid two-phase flow are adapted from the
two-layer transient cuttings transport model proposed by Chen et al. (2022) [21]. In the present study,
the original equations are modified by removing the cuttings-bed layer, making them applicable to
vertical wellbore sections dominated by a suspended layer. The continuity and momentum equations
can be expressed as follows:

(a) Liquid phase continuity equation:

0 0
g (&p1) + & (epiu) =0 (1)

where ¢, is the volume fraction of the liquid phase, p, is the density of the liquid phase, kg/m?, v is the
liquid phase velocity, m/s.

(b) Solid phase continuity equation:

9 9
— (e, —(e.pv) = 2
o7 (&,0,) + 5 (g,pv,) =0 (2

where ¢, is the volume fraction of the solid phase, p, is the density of the solid phase, kg/m®; v, is the
velocity of the solid phase, where the solid phase velocity represents the average velocity vector of the
particles, m/s.

(c) Liquid phase momentum equation:
0 0 oP
Y (eipA;) + 3z (epiutA,) = _glAha_zl — Aye1p8 — ST — Fy (3)

where P, is the liquid phase pressure, Pa, 7, is the shear stress between the liquid phase and the wall
surface, N/m?*, F,, is the interfacial force between liquid and solid phases, N, 4, is the area of the
suspension layer, m?, S, is the wetted perimeter, m, and g is the gravitational acceleration, taken as
9.8 m/s’.

(d) Solid phase momentum equation:
0 0 JoP
. (g.vp.\'vsA/l) + — (8.\‘p.\'vsv.\'A/l) = _g.yAll_l - Ahg.\'pxg - SSS/IW‘E.\‘ + Fs/ (4)
at 0z 0z ‘

where 7, is the shear stress between the solid particles and the wall surface, N/m?.

2.3 Performance Equation of Downhole Lifting Pump

The downbhole lifting pump is an axial-flow pump, which operates by utilizing the high-speed
rotation of its blades to generate axial thrust. As the impeller rotates, the liquid is propelled axially
outward, creating a localized low-pressure region at the impeller inlet. This pressure differential
continuously draws external fluid into the impeller. Axial guide vanes are employed to collect the
fluid discharged from the impeller, remove its rotational component, and effectively convert part of
its kinetic energy into pressure energy. This process reduces hydraulic losses within the impeller and
ensures a relatively stable internal flow state.

Upon entering the axial-flow pump impeller, the liquid moves along a cylindrical flow surface,
undergoing a compound motion that can be decomposed into three velocity components: absolute
velocity v, circumferential velocity u, and relative velocity w [22]. The motion imparted by the
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impeller’s rotation is circular, while the motion of the liquid relative to the impeller is the relative
velocity. The vector sum of the relative velocity and the circular motion constitutes the absolute
velocity, which represents the motion of the liquid relative to a stationary reference frame. All three

velocity vectors are tangent to the cylindrical flow surface and satisfy the relationship V=w+u.

The three velocity vectors of any liquid particle can be formed into a velocity triangle, which can be
used to summarize the motion law of the liquid inside the downhole lifting pump. The inlet and outlet
of the impeller are particularly critical. For convenience, absolute velocity is usually decomposed into
two mutually perpendicular components, denoted as v, and v,,. Among them, the velocity component
v, along the circumferential direction is called the circumferential velocity, and its value is related to
the head of the pump. The velocity v,, along the axial direction is called axial velocity, and its value is
related to the flow rate of the pump. The triangle of import and export speed is shown in Fig. 2.

w Wnl + wu2
Un=
2

&
<

\4
A

>
>

u

& >
>

Figure 2: Triangle diagram of inlet and outlet of downhole lift pumps

Based on the inlet and outlet triangles of the downhole lifting pump, equations related to speed
can be derived.

2.3.1 Speed Triangle
Import speed triangle

(a) Circular velocity at the inlet:

Drmn
U = 60 (5)
where D is the impeller diameter, m, n is the impeller speed of the downhole lifting pump, r/min.
(b) Circumferential velocity at the inlet:
The inlet circumferential velocity depends on the suction conditions and is usually 0.
vy =0 (6)
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(c) Axial velocity at the inlet:

40,,
where Q,, is the mixed fluid flow rate, m’/s, d, is the diameter of the wheel hub, m.
Export speed triangle
(a) Circumferential velocity at the outlet:
The exit circumferential velocity is usually equal to the inlet circumferential velocity.
U,=u =1u 8)
(b) Axial velocity at the outlet:
The axial velocity at the outlet is usually equal to the axial velocity at the inlet.
Vir = V. = VY, 9)

Geometric mean of relative velocity

Because the circumferential velocity u at the inlet and outlet of the axial-flow impeller cascade is
equal, the inlet and outlet velocity triangles can be superimposed. The geometric mean of the relative
velocities at the inlet and outlet is referred to as the relative velocity of the incoming flow at infinity,
or simply the geometric mean relative velocity, denoted as w... Based on the velocity triangle, it can be
expressed as:

2 2
WQQ:\/vfﬂ.*.(@) :\/viﬁ_(u_w) (10)

When v,;, = 0, w,, can be expressed as follows:

vvoo=\/v,2n+(u—%)2 (1D

The direction of geometric mean of relative velocity can be expressed as:

Y
tan B, = —————— 12
p u— (.2/2) (12)
After presenting the velocity-related expressions, it is necessary to formulate the corresponding
energy-related expressions for the downhole lifting pump. To this end, a brief description of the pump’s
operating principle and hydraulic design theory is provided, serving as the basis for deriving the energy-
related formulation.

2.3.2 Head Equation of Downhole Lifting Pump

The downhole lifting pump utilizes a rotating impeller to impart torque to the fluid, thereby
inducing axial motion. An axial-flow pump converts externally supplied mechanical energy into fluid
energy. Based on the momentum equation, the theoretical head equation of an axial-flow pump can
be derived to describe the relationship between the energy absorbed per unit weight of fluid from the
impeller and the change in the fluid’s angular momentum per unit time. This formulation also reflects
the impeller’s performance characteristics in the downhole lifting pump, specifically the conversion
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of energy between theoretical head and fluid velocity. The theoretical head expression is given as

follows [23]:

HT — uAvu — u(Vuz - Vul) (13)
g g

When v,, = 0, H; can be expressed as follows:
uvn2

4

Hy=—"H (14)

2.3.3 Basic Equations for Designing Blades Using Lift Method

The lift method is the earliest and most enduring approach for designing the impeller blades of
axial-flow pumps. This method draws on the aerodynamic principles governing aircraft wing motion
to determine the blade profile, representing a semi-theoretical, semi-empirical design approach. The
underlying assumptions of the lift method are as follows:

(1) The number of blades is small;
(2) The mutual interference between airfoils is minimal;
(3) The flow around an airfoil within a cascade is similar to that around an isolated airfoil.

Under these assumptions, a single-airfoil design can be applied, with mutual interference effects
accounted for through appropriate corrections. The correction factors are typically obtained from
experimental data.

By analyzing the energy transfer mechanism of the downhole lifting pump using the lift principle,
the fundamental energy equation of the pump can be derived. This equation is expressed as follows:
2Av, 1

Cumn= W, 1+tani/tan B, =

In this equation, the parameters can be classified into two categories: structural parameters of the
downbhole lifting pump and motion parameters of the fluid. Among them, C,, //t, and A represent the
structural parameters of the downhole lifting pump. Specifically, C, is the lift coefficient of downhole
lift pump, I/t is the density of underground lift pump blade grid, A the tangent value of the angle
between lift and resultant force can be expressed as the ratio of the drag coefficient of the downhole
lift pump to the lift coefficient. The motion parameters of the liquid are Av,, w,,, and tan (8,), and
can be obtained from the triangle of inlet and outlet velocities, which have been listed in the previous
text and will not be repeated here. This equation is actually an equation with unknown variables.

2.3.4 Hydraulic Efficiency of Downhole Lifting Pump

Fluid flow through the passage of a downhole lifting pump is accompanied by hydraulic friction
losses, as well as additional hydraulic losses caused by impact, flow separation, and changes in velocity
direction and magnitude, all of which result in energy dissipation. The energy lost per unit mass of
fluid within the pump’s flow passage is referred to as the hydraulic loss of the pump and is typically
evaluated in terms of hydraulic efficiency.

For downhole lifting pumps, hydraulic efficiency is generally defined as the ratio of the pump’s
actual head to its theoretical head, accounting for hydraulic losses occurring within both the impeller
and the guide vanes. Its value can be estimated using the method proposed by Guan [24], with the
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corresponding estimation formula expressed as follows:

m=1+0.0831g,] O (16)
n

2.3.5 Actual Head of Downhole Lifting Pump

Based on the previously defined hydraulic efficiency of the downhole lifting pump, the expression
for its actual head can be written as:

H = Hrny, (17)

2.4 Auxiliary Equations

To close the above system of basic equations, corresponding auxiliary equations are introduced.
These include geometric relationships, expressions for the physical properties of the solid-liquid
phases, and formulations describing the forces acting on the solid-liquid phases.

2.4.1 Geometric Relationship Expression

(1) Hydraulic radius of annulus:
D,=D,— D, (18)
where D, is the inner diameter of the wellbore, m; D; is the outer diameter of the three channel drill
pipe outer pipe, m.

(2) Suspended layer area:

For mixed-flow models applicable to vertical wells, the area of the suspended layer is equal to the
annular cross-sectional area, which can be expressed as:

4 =7 (D= DY) (19)
(3) Wet perimeter:

The wetted perimeter is defined as the length of the boundary between the fluid and the solid wall
surface at a given flow cross-section. For mixed-flow models applicable to straight wells, the wetted
perimeter is equal to the circumference of the annulus and can be expressed as:

S/m' =7 (Do + D/) (20)

2.4.2 Expression of Physical Property Parameters
(1) Expressions for solid and liquid phase volume fractions:

For the Euler-Euler two fluid model, the sum of the volume fractions occupied by the two phases
is equal to 1.

g+e =1 (21)
(2) Suspended layer density:
P = €101 + &y (22)
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(3) Effective viscosity of fluids:

Most drilling fluids are non-Newtonian, among which the power-law model is the most widely
used rheological model in engineering practice. Its main characteristics are:

(1) The constitutive equation is simple, containing only two constants that characterize rheological
properties and have clear physical meanings;

(2) The equation can be readily linearized.

Therefore, in this study, the drilling fluid is modeled as a power-law fluid, and its effective viscosity
is expressed as follows:

2n+1\" (D)™
=K 23
" ( 3n ) (12u)"™" 23)

where K is the viscosity coefficient of the drilling fluid, Pa-s", which is a characteristic ratio parameter
used to characterize the viscosity of fluids, # is the flowability index of drilling fluid, dimensionless,
used to characterize the degree to which the fluid deviates from Newtonian characteristics. When
n =1, it represents a Newtonian fluid. When n > 1, the fluid exhibits shear thickening characteristics,
and at this time, the fluid is an expansive plastic fluid. When n < 1, the fluid exhibits shear dilution
characteristics and is a pseudoplastic fluid.

(4) Liquid phase Reynolds number:

D
Re — Pum |ul| h (24)
e
(5) Solid phase Reynolds number:
Re, = de,p; lu; — v, (25)
e
where d, is the diameter of the solid particles, m.
2.4.3 Force Expression
(1) Shear stress between fluid and wall:
1
T = Eﬁpl ZARZ (26)
where £, is the friction coefficient between the fluid and the wall, dimensionless.
24
Re’ Re < 3470 — 1370n
J'=1 0.046 @7
W,Re > 3470 — 1370n
e
(2) Shear stress between solid particles and wall:
1
T, = Ef;ps |Vs| Vs (28)
where f; is the friction coefficient between solid particles and the wall, dimensionless.
0.206
ﬁ' = p 122 (29)
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2.4.4 Interphase Forces between Solid-Liquid Phases

The exchange and transfer of momentum between the fluid and solid particles occur through
various interphase forces, including drag, lift, buoyancy, virtual mass force, Brownian force, Saffman
force, Bassett force, and others. Among these, drag is the most significant interphase force, exerting a
pronounced influence on particle flow behavior. Therefore, in this study, other interphase forces are
neglected, and only the interphase drag force is considered. The expression for the interphase drag
force is given as follows [25]:

Fs/‘ =Ju —v| (u, — v,) (30)

The expression for J in the formula is as follows;
3e,4,Cip,

_ 31
4d. (1 — )™ (1)
where C, is the drag coefficient, dimensionless.
C, = ;—:s (1 + 0.15ReS°‘687) ,Re, < 500 (32)
C, = 0.44,Re, > 500

3 Model Solving
3.1 Model Discretization

When applying the finite difference method to discretize the model in both the time and spatial
domains, the temporal grid is generated based on a preset total simulation time and divided into
uniform time steps. In the spatial domain, the hydraulic-lift dual-gradient drilling annulus flow model
simplifies the solid-liquid two-phase flow to a one-dimensional flow along the wellbore axis, with
emphasis on the axial distribution characteristics of annular pressure. Accordingly, a one-dimensional
spatial grid is adopted, extending from the bottomhole to the wellhead along the fluid flow direction.
The spatial mesh arrangement used for calculating wellbore annular pressure is illustrated in Fig. 3.

wellhead i=m triple-channel drill pipe

N

S

Outlet of the downhole lift

pump stage i=k+1
flow direction

N Inlet of the downhole lift
pump stage i=k

7

.

7

7

.
-
§
.
§

N
annulus downhole i=1

Figure 3: Schematic diagram of spatial grid division
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3.2 Boundary Conditions

In the hydraulic-lift dual-gradient drilling annulus flow mathematical model, the boundary
conditions are classified into two types: velocity boundaries and pressure boundaries. The velocity
boundaries include the cuttings velocity at the bottomhole and the drilling fluid velocity at the
bottomhole. The pressure boundaries comprise the wellhead pressure and the downhole lifting pump
pressure.

The expression for the velocity of cuttings in the wellbore annulus (flow velocity of cuttings at the
drill bit) is:

D*,ROP
)y = —————— 33

(Voo (D% — D7) (33)
where ROP is the mechanical drilling speed, m/s. The expression for the flow rate of drilling fluid in
the wellbore annulus is:

40
=— 34
where Q is the drilling fluid displacement, L/s. The expression for wellhead pressure is:
(P/)m = Pp (35)

where P, 1s the wellhead pressure, Pa.

The action of the downhole lifting pump can be used as a boundary condition for the hydraulic
lifting dual-gradient drilling annulus flow mathematical model. Assuming that the downhole lifting
pump corresponds to the spatial grid k& node, the fluid at the k£ + 1 node will obtain a certain amount
of pressure energy from the k node lifting pump and be lifted to the surface. The expression for this
boundary condition is:

Py = P+ pugH (36)

3.3 Solution Method

Given the strong nonlinear coupling of the governing equations, which involve multiple interre-
lated unknowns, the SETS method is employed in this study to obtain the solution [26]. Originally
developed for nuclear reactor safety analysis, the core concept of the SETS method is to divide the
computation into two stages: a prediction step and a correction step. During the solution process,
the SETS method applies a semi-implicit discretization scheme to the continuity and momentum
equations, while explicitly treating the transport terms of density, energy, and momentum at element
boundaries. This approach effectively enhances the numerical stability of the discretized equations
and removes the restriction imposed by the Courant time step size. The solution procedure for the
hydraulic-lift dual-gradient drilling annulus flow model is illustrated in Fig. 4.
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Mesh generation and input of initial and
boundary conditions

Solve the predictor step of the momentum equations to obtain
intermediate velocities (U5)1 and (@), and substitute
them into the corrector step for momentum correction.

l

Simultaneously solve the momentum corrector step and the
continuity predictor step to obtain the velocity components | gpTg

WO . i @PYIDE . (EDNT

Next step

Substitute the solved (vo)! and (w)P! into the continuity

corrector step to solve for (£,)%! and (gL

Calculate the value of (P; }’:11

Figure 4: Theoretical model solution process

4 Model Validation

To verify the accuracy of the proposed model, experimental tests were carried out. Fig. 5
presents the schematic layout of the experimental system. The experimental setup employed wellbore
dimensions consistent with those in the theoretical model: a simulated wellbore diameter of 0.252 m,
a simulated drill string diameter of 0.168 m, a horizontal wellbore length of 11.015 m, and five lift
pump sections. Based on the theoretical model, the annular pressure distribution was calculated at
different axial positions in the wellbore annulus (h = 5.556, 6.356, 7.22, 10.1, 11.015 m) under various
drilling fluid pump inflow rates. The calculated results were then compared with the corresponding
experimental measurements.

Fig. 6 presents the pressure distribution at various measurement points in the wellbore annulus
under different drilling fluid pump flow rates (corresponding to different backpressure valve openings
in the experiment) for both conventional drilling and hydraulic-lift dual-gradient drilling. In both
cases, the annular pressure distribution predicted by the model closely matches the experimental
measurements, demonstrating a high degree of consistency in distribution trends. This agreement
verifies the effectiveness and accuracy of the proposed model.
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Figure 5: Layout of hydraulic lift type dual-gradient drilling indoor physical simulation experiment
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Figure 6: Comparison of model predicted data with experimental data for different pressure return
valve openings

The annular pressures calculated by the model at various measurement points were compared
with the corresponding experimental data, and the maximum and average errors were determined for
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both conventional drilling and hydraulic-lift dual-gradient drilling. The results of the error analysis
are summarized in Table |, while the comparison between experimental measurements and model
predictions is illustrated in Fig. 7. For conventional drilling, the maximum average error across
different drilling fluid pump inflow rates was 14.3%, and the average error gradually decreased as the
opening of the drilling fluid return pipeline was reduced. Under hydraulic-lift dual-gradient drilling
conditions, the maximum average error was 16.4%, with a similar trend of decreasing average error as
the return pipeline opening decreased. These results indicate that the annular pressures predicted by
the model deviate only slightly from the experimental measurements, thereby confirming the model’s
effectiveness.

Table 1: Error analysis of model calculation results and experimental results

Back pressure  Mud pumping Max error Avg error Max error Avg error
valve opening  flow rate (L/s) under normal  under normal  under under dual-
(%) conditions (%) conditions (%) dual-gradient  gradient
conditions (%) conditions
(7o)
25 7.61 1.02 0.67 1.12 0.76
35 10.61 2.23 1.46 2.28 1.60
50 13.72 5.96 4.05 4.57 3.38
70 13.89 21.5 14.3 239 16.4
3.0 v conventional circulation at 70% opening
dual-gradient circulation at 70% opening +20%
2.5} ¢ conventional circulation at 50% opening
dual-gradient circulation at 50% opening
+ conventional circulation at 30% opening
2.0 F dual-gradient circulation at 30% opening
A nventional circulation at 20% opening
dcu(l)al-gr;d?e:t ccir::]:ttlgn :tl 20% glls):mni /‘/

—_
th
T

-
=]
T

/ 7o

P

0.0 0.5 1.0 1.5 2.0
measured annular pressure (MPa)

e
N
T

predicted annular pressure (MPa)

e
=]
T

Figure 7: Plot of experimental measurements vs. model prediction error analysis

As shown in Table 1 and Fig. 7, the model’s predictions match the experimental results closely for
backpressure valve openings of 25%, 35%, and 50%, with maximum errors below 5%. However, at a
70% backpressure valve opening, the maximum error increases to 23.9%. This is primarily due to the
nonlinear behavior of the backpressure valve at high openings, which leads to greater fluctuations in
fluid pressure and flow. In future work, we plan to address this issue by replacing the backpressure
valve with an infinitely adjustable electric-driven pump, enabling more precise flow control and
reducing such discrepancies.
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5 Case Analysis

To investigate the annular flow characteristics of hydraulic-lift dual-gradient drilling, calculations
and analyses were performed using a simulated well. A land-based vertical well with a depth of 8000
m, equipped with a downhole lifting pump of optimized parameter configuration, was selected as the

reference case. The drilling parameters and downhole lifting pump specifications are summarized in
Table 2.

Table 2: Basic data of the algorithm

Drilling parameters Value Downhole lift pump parameters Value
Vertical depth/m 8000 Rotational speed/r/min 1250
Borehole diameter/m 0.2159 Impeller diameter/m 0.2
Drill string diameter/m 0.127 Hub diameter/m 0.13
Drilling fluid density/kg/m? 1100 Number of blades 5
Drilling fluid flow rate/L/s 40 Blade pitch/mm 188.5
Flow behavior index 0.68 Blade solidity 0.94
Consistency index 0.2 Number of impeller (Guide Vane) stages 5
Cuttings density/kg/m’ 2650 Lift coefficient 0.53
Cuttings diameter/m 0.005 Drag coefficient 0.009
Rate of penetration/m/h 30 Number of pump stages 10

5.1 Drilling Fluid Flow Rate

As shown in Fig. 8, the solid-phase volume fraction in the annulus decreases progressively with
increasing drilling fluid flow rate. This occurs because a higher drilling fTuid flow rate directly increases
the liquid-phase velocity, thereby enhancing the drag force exerted on the cuttings. The increased drag
accelerates the solid-phase flow, facilitating the suspension and transport of cuttings particles, which
effectively reduces the solid-phase volume fraction. Moreover, the figure indicates that the variation
in solid-phase volume fraction is more pronounced within the low-flow-rate range (25-35 L/s).
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Figure 8: Variation of solid phase volume fraction with drilling fluid flow rate after stabilization
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As shown in Fig. 9, the reduction in bottomhole pressure diminishes as the drilling fluid flow rate
increases. This behavior arises because, within a certain flow range, an increase in the discharge flow
rate of the downhole lifting pump leads to a decrease in pump head. Consequently, increasing the
drilling fTuid displacement reduces the pump head, which in turn lessens the reduction in bottomhole
pressure. This trend also partially reflects the operating characteristics of the downhole lifting pump.
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Figure 9: Changes in bottomhole pressure reduction with drilling fluid flow rate

5.2 Drilling Fluid Viscosity

As shown in Fig. 10, the solid-phase volume fraction in the annulus decreases with increasing
drilling fluid viscosity, with the maximum cuttings concentration reduced by up to 40%. This occurs
because higher drilling fluid viscosity increases the drag force exerted on the cuttings, thereby
enhancing cuttings lifting efficiency. This effect is more pronounced at low drilling fluid flow rates,
where the volume fraction of settled cuttings decreases accordingly. As shown in Fig. 11, the reduction
in bottomhole pressure diminishes as drilling fluid viscosity increases.
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Figure 10: Variation of solid phase volume fraction with drilling fluid viscosity after stabilization
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Figure 11: Changes in bottomhole pressure reduction with drilling fluid viscosity

5.3 Downhole Lifting Pump Speed

Asshownin Fig. 12, the reduction in bottomhole pressure increases with increasing impeller speed
of the downhole lifting pump. When the pump speed rises from 650 to 1450 r/min, the reduction in
bottomhole pressure increases by 2.06 MPa. This is because a higher impeller speed corresponds to
greater input power to the pump section, enabling the downhole lifting pump to generate a higher
head. The increased pressure energy imparted to the fluid as it passes through the pump results in a
lower bottomhole pressure and, consequently, a greater reduction in bottomhole pressure.
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Figure 12: Wellbore pressure reduction with the change of lifting pump section

5.4 Number of Sections of Downhole Lifting Pump

As shown in Fig. 13, the reduction in bottomhole pressure increases linearly with the number
of lift pump sections. When the number of pump sections increases from 10 to 35, the reduction in
bottomhole pressure rises by 3.03 MPa. This occurs because adding pump sections is equivalent to
connecting multiple downhole lifting pumps in series, which produces a linear increase in head and,
consequently, a linear increase in pressure energy. As a result, the pressure in the section from the lift
pump to the bottomhole decreases, leading to a proportional increase in the reduction of bottomhole
pressure.
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Figure 13: Wellbore pressure reduction with the change of lifting pump section

6 Conclusions

(1) This study presents an innovative theoretical model for hydraulic-lift dual-gradient drilling
annulus flow, specifically tailored for ultra-deep vertical wells. The model integrates solid-liquid two-
phase mixed flow characteristics and the dynamic effects of downhole lifting pumps. By solving the
nonlinear, strongly coupled system of equations using the SETS method, we significantly enhance the
computational efficiency and stability of the model.

(2) A comprehensive comparison with experimental data was conducted using wellbore dimen-
sions and lift pump parameters consistent with the experimental setup. The results demonstrate
that the model’s predictions are highly accurate, with a maximum average error of only 16.4%. This
confirms the model’s reliability and applicability for predicting annular pressure in hydraulic-lift dual-
gradient drilling operations.

(3) Numerical analysis of key operational parameters—including drilling fluid flow rate, viscosity,
lift pump speed, and the number of pump sections—reveals the following insights: Increasing both the
flow rate and viscosity of the drilling fluid effectively reduces cuttings concentration in the annulus
and enhances cuttings suspension. Additionally, raising the speed and number of pump sections
significantly improves pressure energy transmission and increases the range of bottomhole pressure
control. These findings underscore the critical role of these parameters in regulating the annular
pressure field and bottomhole pressure, providing a solid theoretical foundation for the optimization
and design of hydraulic-lift dual-gradient drilling systems.

(4) In future work, we plan to develop an optimized hydraulic-lift pump parameters model
to improve pressure control accuracy within the existing model. Additionally, integrating real-time
monitoring systems and considering variable fluid properties under different conditions will further
enhance the model’s performance and applicability for complex drilling scenarios.
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