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Study on coupling model of
reservoir seepage dynamic and
horizontal wellbore flow

Zhong Cheng*, Jingchao Liu, Liang Zhang, Kai Zuo,
Chuangang Liu, Zhouzheng Hao and Xiangxiang Ding

CNOOC Ener Tech-Drilling & Production Co., Tianjin, China

The dynamic seepage behavior of the reservoir near the wellbore directly
affects oil well productivity, fluid properties, and pressure distribution in the
wellbore. Accurately describing and understanding this area is crucial for making
informed decisions on reservoir management and production optimization,
making it one of the current research hotspots. To more accurately characterize
the coupled flow behavior between the wellbore and the near-well reservoir,
this study proposes a transient coupling prediction model for the wellbore-
reservoir system in the completion section of a horizontal well, based on
fluid mechanics and reservoir seepage theories. This model addresses the
deficiencies of traditional models in describing the interaction of wellbore
flow, completion dynamics, and reservoir seepage by explicitly depicting the
dynamic interactions between the wellbore and the reservoir. The research
results indicate: (1) For the annulus and wellbore, flow rate and pressure stabilize
at approximately 100 s, during which complex flow direction information in the
annulus is captured, revealing the early transient flow characteristics inside the
wellbore. (2) For the reservoir seepage near the wellbore, a larger time interval is
selected, and variations in pressure and flow rate are still observed within the 1-
day to 10-day range. However, the changes in reservoir pressure and axial flow
rate are relatively small, highlighting the spatial and temporal scale differences
between the reservoir and wellbore simulations. This coupled model facilitates
the evaluation of oil well performance parameters and, by incorporating the
behavior of the reservoir near the wellbore, provides theoretical guidance and
technical support for production optimization and reservoir management.

KEYWORDS

wellbore reservoir coupling, near-wellbore simulation, the transient flow, productivity
prediction, reservoir seepage dynamic

1 Introduction

After the completion of horizontal wells, the production process exhibits different
wellbore-reservoir flow response characteristics, influenced by the completion method
and the degree of reservoir contamination. Reservoir seepage behavior refers to the
flow pattern of oil, gas, or injected fluid through porous media in the form of
seepage; wellbore flow behavior describes the process by which reservoir-produced
oil and gas fluids enter the wellbore and rise to the surface through the wellbore.
Therefore, for completion wellbores with long production intervals, prolonged oil and
gas recovery can obscure subtle variations in reservoir seepage characteristics (Peng 
et al., 2022). However, current mainstream horizontal well-reservoir coupling models
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exhibit numerous limitations in capturing the coupled flow
characteristics between the wellbore and the reservoir, particularly
in accurately reflecting their dynamic interactions.These limitations
may result in deviations in predicting the pressure distribution and
fluid flow within the wellbore-reservoir system, ultimately affecting
the optimization of oil well production.Therefore, the motivation of
this study is to develop a wellbore-reservoir couplingmodel that can
more accurately describe dynamic processes, reduce complexity, and
improve computational efficiency, thereby providing better guidance
for oil well development and production.

The most common approach is to divide the entire production
system into two sub-processes: reservoir seepage and wellbore flow.
The purpose of wellbore-reservoir coupling is to describe the effect of
wellbore hydrodynamic process on bottom hole pressure response.
According to the different wellbore-reservoir coupling model and
solution methods, it can be divided into numerical method (Ju et al.,
2018;Minget al., 2020;Vicente et al., 2000), analytical (Guoet al., 2009;
Johansen et al., 2015) and semi-analytical method (Clarkson et al.,
2016; Ma et al., 2020; Yao et al., 2012). In addition, in order to obtain
fluid dynamics more accurately, the current research focuses on the
coupling application of the model by the complexity of wellbore
trajectory (Nie et al., 2018), the diversity of completion methods
(Munkejord et al., 2021) and the call of inflow control device. In
recent years, many scholars believe that the properties of strata
rock do not remain unchanged from the surface to the wellbore
(Tiab and Donaldson, 2024). The flow patterns and laws of fluid in
wellbore and reservoir are different, and the interaction relationship is
more complex. And as the production time goes on, the reservoir
is not always in the original stable state, and the change of the
reservoir will drive the change of the wellbore flow, thus affecting
the productivity (Ahammad et al., 2019; Kong and McAndrew, 2017;
Rookietal., 2014;Szanyi et al., 2018).Therefore, thedynamicmodeling
of flow in the near-well region is attracting the research interest of
horizontal wells or unconventional wells.

In recent years, the wellbore-reservoir coupling mentioned in the
literaturemostly refers to the coupling of the whole well section of the
horizontal well with the reservoir. Some literature have pointed out
that advanced wells with long production sections will cause wellbore
storage effects to mask reservoir response (Johansen and Khoriakov,
2007). At present, the most common way is to divide the whole
production system into two sub-processes: reservoir seepage and
wellbore flow. Therefore, the productivity index is the key parameter
to determine the accuracy of wellbore - reservoir model. Under the
assumptionthat theouterboundarypressureandbottomholepressure
are constant, Joshi (1988) deduced the steady-state productivity
formula of horizontal well by using the current field theory similar to
hydropower.Dikken (1990) proposed that the frictional pressure drop
between thefluid in thehorizontalwell and thewall cannotbe ignored.
The pressure loss along horizontal wells, especially the pressure loss
caused by turbulent friction, is considered as an important factor in
productivity calculation. Babu andOdeh (2013) proposed a simplified
well productivity equation, which can derive the quasi-steady-state
productivity formula of horizontal wells in box-type closed reservoirs.
The formula canbeused for anyhorizontalwell in a closed rectangular
shape under semi-steady flow conditions, so it is now more used to
assess pressure losses in reservoirs.

The coupling model of horizontal well and multilateral well
usually adopts semi-analytical solution, aiming to maintain higher

accuracy by consideringmore influencing factors. Fokker and Verga
(2013) proposed a semi-analytical method. The model takes into
account the interference effect of the well, but the limitation is
that the semi-analytical method is limited to linear equations and
cannot be directly applied to two-phase flow. Fu (2019) proposed the
critical equation of horizontal well productivity in low permeability
interbedded bottom water drive reservoir by using the equivalent
flow resistance method, and realized the critical production of
low permeability interbedded effect. Sheng et al. (2019) believe
that the uniform distribution of the induced fracture network
underestimates productivity.Therefore, considering the distribution
of induced fracture spacing and fracture porosity, a high-precision
productivitymodel for predictingmulti-fracture horizontal gaswells
is established.

It can be seen from the above that a stable and efficient dynamic
coupling scheme between wellbore flow and reservoir flow is very
important for the evaluation of advanced wells. In order to consider
the reservoir effect, completion tools and hydraulic effect, wellbore-
reservoir coupling simulation generally adopts the fully implicit
method or semi-implicit method. Holmes et al. (1998) described a
network model for freely dividing reservoir blocks. The model can
determine the local flow of the whole well. Krogstad and Durlofsky
(2009) used fully coupled and fully implicit methods to simulate
reservoirs. The multi-scale mixed finite element method used in
this paper mainly solves the problems of reservoir heterogeneity. In
traditional reservoir simulation, wells are represented as source terms
and sink terms in the simulation grid block through simple inflow
relationship. Kurtoglu et al. (2008) et al. proposed a method that can
calculate pressure distribution independently of grids or nodes, and
gave an example to prove that the semi-analytical model can be used
to simulate heterogeneous formations.Wang et al. (2016) developed a
semi-analytical coupled model that took into account anisotropy and
formation damage in the near-well area, but failed to directly describe
thefluiddynamics inthereservoir.Khoriakovetal. (2012)believedthat
the reservoir flow along the well trajectory cannot be ignored, and for
very early transients, the complete transientmethodmust beused, and
gave corresponding examples to prove it. Cao et al. (2019) simulates
the flow performance of semi-steady horizontal wells in anisotropic
reservoirs, taking into account the flow in the near-well region of any
well trajectory, and the established model has a higher order than
the standard finite difference method. With the gradual development
of completion simulation technology, Ranjith et al. (2017) focused
on short-term or long-term production optimization for dynamic
simulationofadvancedwells inreservoirs,whichisofgreatsignificance
for the implementation of completion measures in different periods.

To study thedynamic coupledflowbehavior between the reservoir
and wellbore, this study combines theoretical analysis with numerical
simulation. First, based on fluid mechanics and seepage mechanics
theories, a fully coupledmathematicalmodel of thewellbore-reservoir
systemwas established, where both themass balance andmomentum
balance equations are expressed in transient forms.The wellbore flow
is solved using a one-dimensional unsteady flow model, while the
reservoir flow is modeled using a Darcy law-based seepage model.
Furthermore, to improve the computational efficiency and result
accuracy, the model is discretized using the finite difference method,
andnumerical simulation tools areemployed for solvingandanalyzing
the results.The accuracy of the model was verified through case data,
and further analysis was conducted on the flow characteristics and
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dynamicresponsesofthewellboreandreservoiratdifferenttimescales.
This research approach provides theoretical guidance and technical
support for the completion design and production optimization of
practical oil and gas wells.

2 Description of the coupling
mechanism between reservoir and
horizontal well

Theprocess of interaction between reservoir and horizontal well
is difficult to express intuitively, so a couplingmodel is established to
solve the process of fluid flow state and energy transfer.Thewellbore
and reservoir are mutually boundary conditions, which have the
characteristics of mutual influence and mutual restriction, thus
forming a complex wellbore-reservoir coupling dynamic system.
For the whole coupling system, any parameter change will cause
dramatic changes in the flow field and energy field in the coupling
system. Considering the complexity of wellbore-reservoir coupling
system, it is necessary to discretize the whole coupling system.
The solution of the coupled model is a nonlinear programming
problem, which is difficult to converge. The Runge-Kutta method
can be used.

In the coupling of wellbore and reservoir, the traditional
reservoir simulator directly relates the system with coordinate
system. In this study, to reduce complexity and improve the
computational efficiency of the model, the reservoir and horizontal
wellbore are modeled as separate entities. The reservoir flow is
described using a Darcy law-based seepage model, while the
wellbore flow is solved using a one-dimensional multiphase flow
model. The two components are coupled through the wellbore
section inlet and the reservoir outflow boundary conditions. Under
this coupling mechanism, it is assumed that the flow inside the
wellbore and the seepage in the reservoir do not influence each
other, and fluid flow is primarily driven by the boundary pressure
difference. The horizontal wellbore and reservoir are aligned with
the coordinate axis. At the same time, the completion measures
and optimization measures are limited in the discrete network of
coordinate system format, resulting in a serious overestimation of
productivity. In addition, some reservoir simulators introduce time
units to try to solve the change law of finite reservoir with time,
ignoring the wellbore storage effect to mask the reservoir response,
and it is difficult to describe the flow direction of fluid in the
reservoir.

In this paper, node analysis method and reservoir simulation
grid are used to deal with the coupling problem of tube, annular and
reservoir. As shown in Figure 1, the reservoir is divided into near-
well reservoir area and far-well reservoir area. The well is separated
from the large reservoir, which allows the well to be represented
almost independently of the discrete simulation grid. At the same
time, the flow field and energy field use the transient material
balance equation and momentum balance equation to eliminate the
reservoir response problem.

In the above, the system network composed of node analysis
method and reservoir simulation grid presents the completion
area and reservoir area. This model allows for the control of
completion components in the modeling of complex networks.
As shown in Figure 2, the location of nodes represents different

identification points, and the node network of completion area or
special parts is constructed to solve the problem of coupling flow
between reservoir and horizontal well under different completion
conditions. The boxes represent the boundaries between the nodes,
and the efficiency and direction of fluid transfer is resolved by the
nature of the area controlled by the nodes and the pressure difference
between the areas.

3 Mathematical models for reservoir

As shown in Figure 2, only orthogonal meshing of bedrock
system is needed in meshing, without considering all kinds of
geometry, which avoids complex meshing and greatly reduces the
amount of calculation. The problems of fluid loss and pressure
loss in reservoir are solved based on Babu model (Babu and
Odeh, 2013;Ma et al., 2020).Theknown information such as far-well
reservoir pressure and horizontal well length is used as the boundary
condition.

Assumptions:

(1) The flow process is constant temperature, and the fluid flow in
bedrock satisfies Darcy’s law;

(2) Considering the compressibility of bedrock and fluid.The rock
deformation is micro-deformation without considering the
inertial force.

Compressibility calculation formula of reservoir rock:

cb = −
1
Vt

dV
dP

(1)

Productivity calculation formula:

q = JR(PR(t) − Pr(t)) (2)

dV
dt
= JR(PR(t) − Pr(t)) (3)

The boundary formula:

{
{
{

PR = PR(0) t = 0

PR = PR(t) t = t
(4)

At the same time, Equations 1–3 can be deduced:

∫
PR(t)

PR(0)

dP
(PR(t) − Pr(t))

= −
JR
cbV

t∫
t

0
dt (5)

ln(
PR(t) − Pr(t)
PR(0) − Pr(t)

) = e
(− JR

cbVt
t)

(6)

PR(t) = Pr + (PR(0) − Pr(t)) ∗ e
(− JR

cbVt
t)

(7)

Formulas 8, 9 are derived from Formulas 5–7.

Pt+1R = Pr + (P
t
R − Pr(t)) ∗ e

(− JR
cbVt
∆t)

(8)

∆V = cVt(PtR − Pr(t)) ∗(1− e
(− JR

cbVt
∆t)
) (9)

Figure 3 shows a schematic diagram of the physical model
of horizontal wells in box formations. This article uses the Babu
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FIGURE 1
Reservoir-completion basic structure.

FIGURE 2
Well simulation grid.

and Odeh models. The advantage is that for any box reservoir,
the mathematical model of unstable seepage in horizontal wells is
established by physical model analysis. Combined with the principle
of material balance, the productivity formula of horizontal wells
under quasi-steady state conditions in finite box reservoirs is given.

Assumptions:

(1) The reservoir with closed boundary can be regarded as a box
shaped discharge area. And the length, width and height of the
area are a, b, and h, respectively.

(2) Fluid flow in porous media is governed by Darcy‘s law and
is slightly compressible under pressure, ignoring the effect of
capillary force.

The details of the Babu and Odeh model are shown in Formulas
10–16.

∆p(x,y,z, t) = Pr − Pt(x,y,z, t) =
Bμq
abhLα
∫
t

0
[S1(xi,xj, t) · S2(yi,yj, t) · S3(zi,zj, t)]dτ

(10)

∆pr(x,y,z, t) = Pr − Pt(x,y,z, t) = qt,y · F(t) (11)

F(t) = 1
∅Ct

1
abhL
∫
t

0
[S1(xi,xj, t) · S2(yi,yj, t) · S3(zi,zj, t)]dτ (12)

S1(xi,xj, t) = 1+ 2
∞

∑
n=1

cos
nπxi
a

cos
nπxj
a

exp(−
n2π2Kxt
∅μCta

2 ) (13)

S2(yi,yj, t) = 1+ 2
∞

∑
n=1

cos
nπyi
b

cos
nπyj
b

exp (−
m2π2Kyt

∅μCtb
2 ) (14)
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FIGURE 3
Schematic diagram of coupling flow between reservoir and
horizontal well.

S3(zi,zj, t) = 1+ 2
∞

∑
l=1

cos
lπzi
h

cos
lπzj
h

exp(−
l2π2Kzt
∅μCth

2) (15)

Set the horizontal well along the y-axis, F (t) on the y-axis is:

Fij(t) =
1
∅Ct

1
abhL
∫
t

0
[S1(x0,x0, t) · S2(yi,yj, t) · S3(z0,z0, t)]dτ (16)

Figure 4 shows the corresponding relationship between time
and capacity. In the process of oil production, the flow qi at the
node is constantly changing with time, and it is difficult to obtain
its analytical expression. Formula 17 is used in this paper as a
replacement.

∆pr(t) = qt,y(t) ∗ Fij[(ti+1 − ti) − (ti − ti−1)] (17)

The flow at the node is regarded as uniform in the time t =
∆t. If the time is long, the flow cannot be regarded as uniform
within t = ∆t, so the time needs to be divided into m nodes. Let
t =m∆t, and the flow is uniform in each ∆t. The principle of
superposition can be adopted for the pressure drop of each node,
and as shown in Formula 18.

∆pr(m∆t) =
N

∑
j=1

q(t,y)j(∆t)Fij(m∆t) + [q(t,y)j(2∆t) − q(t,y)j(∆t)]Fij[(m− 1)∆t]+

…{q(t,y)j(m∆t) − q(t,y)j[(m− 1)∆t]}Fij(∆t)
(18)

The time is considered to be short enough, and the flow
rate is considered to be uniform within t = ∆t. It can be
used to infer Formula 19.

∆pri(∆t) =
n

∑
j=1

qt,yj(∆t)Fij(∆t) (19)

Given that the time step is set to ∆t, Equation 20 is
discretized as follows:

∆pri(∆t
K) =

K

∑
k=1

N

∑
j=1

qt,yj(∆t
k)[Fij(∆tK −∆tk−1) − Fij(∆tK −∆tk)]

(20)

FIGURE 4
Discrete in time domain.

FIGURE 5
Unit of wellbore.

FIGURE 6
Momentum equation micro-element.

4 Mathematical model for wellbore

4.1 Mathematical model for wellbore

Take amicro element in one-dimensional single-phase flow pipe
flow as shown in Figure 5. Let the cross-sectional area of the micro-
element perpendicular to the Z-axis beA, and its volume element be
Adz. According to the principle of mass conservation, the difference
between the mass flowing into the volume element and the mass
flowing out of the volume element per unit time should be the
mass change in the volume element. The fundamental formula is
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FIGURE 7
Discrete grid graph.

TABLE 1 Case study 1 parameters.

Parameters Values

Reservoir dimension in x direction 1,600 m

Reservoir dimension in y direction 1,600 m

Reservoir dimension in z direction 40 m

Horizontal well length 1,000 m

Reservoir temperature 80°C

Reservoir pressure 25 MPa

Bottom hole pressure 24 MPa

Effective permeability 500 mD

Viscosity 0.1 Cp

Wellbore radius 0.10 M

Equation 21, from which the other Formulas 22, 23, are inferred.

(ρ+
∂ρ
∂z

dz)(v+ ∂v
∂z

dz)Adt (21)

In order to speed up the solution, the second-order term can be
ignored in the above equation, and the following can be obtained:

(ρ+
∂ρ
∂z

dz)(v+ ∂v
∂z

dz)Adt− ρvAdt (22)

Since there is no source of fluid mass in the micro-element,
according to the principle of mass conservation, the variation of the
volume element per unit time is equal to the net mass inflow into the
micro-element, that is:

∂(ρv)
∂z

Adzdt = −
∂ρ
∂t

Adzdt (23)

FIGURE 8
Comparison of pressure along the well for various productivity models.

4.2 Mathematical model for wellbore

As shown in Figure 6, a micro-element is taken in the flow
channel pressure field. According toNewton’s second law, the change
in momentum of a micro element per unit time should be equal to
the sum of the external force it receives. The external forces on the
micro-element include the pressure difference between the inlet and
outlet ends, the frictional resistance of the pipe wall and the gravity.
The relevant content is shown in Formulas 24–27.

Pressure difference between inlet and outlet of micro-element:

−A
∂p
∂z

dz (24)

The fluid gravity in micro-element is:

−ρgsinθAdz (25)

Friction force of fluid inside micro-element:

−
fρv2

2D
Adz (26)
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Considering the influence of gravity, friction and other factors,
according to the momentum conservation principle, the following
can be obtained:

∂(ρv)
∂t
+
∂(p+ ρv2)

∂z
= −

fρv2

2D
− ρgsinθ (27)

The friction coefficient calculation method of radial inflow is
generally based on the recent research of Ouyang (1998). The
calculation process is shown in Formulas 28–31.

If Re ≤ 2300, the wall friction in laminar flow is calculated by:
For inflow case:

f = 16
Re
(1+ 0.04304R0.6142

ew ) (28)

For outflow case:

f = 16
Re
[1− 0.0625

(−Rew)
1.3056

(Rew + 4.626)
−0.2724] (29)

If Re ≥ 2300, the wall friction in turbulent flow is calculated by:
For inflow case:

f = 16
Re
(1− 0.0153R0.3978

ew ) (30)

For outflow case:

f = 16
Re
[1− 17.5

Rew

R0.75
e
] (31)

5 Mathematical models for the
coupling progress

The composition of this coupling model can be divided
into horizontal well, completion, near-well reservoir and far-well
reservoir. Therefore, the pressure loss includes the completion,

casing annulus, tubing and reservoir seepage pressure loss.The fluid
flow between different layers can be coupled by fluid continuity
equation and momentum equation. As shown in Figure 7, the
coupling model is transient in all parts of the system. Based on
the specific construction of horizontal wells, the corresponding
structural drawings are drawn with nodes and grids. The use
of the grid can freely meet the requirements of accuracy, and
gradually refine or coarsen until it meets the needs of the
solution. Nodes and grids simultaneously control the orientation,
region and boundary of the cell network, so that we can sort
the cell structure.

In order to simulate the change of well flow with time,
the reservoir model must be combined with the well flow
model. Due to the differences in reservoir properties and fluid
properties at different node positions, the horizontal completion
section will take corresponding completion measures. Therefore,
it is necessary to establish a coupling model for different
completions. The specific steps of establishing the coupling
model of reservoir and different completion horizontal wells are
as follows:

(1) The completion model is discretized, and the main boundary
conditions are the flow pressure located at the bottom of the
well and the formation pressure located in the remote reservoir.
In detail, according to the length of the whole section and
the completion of different positions, the horizontal section
is divided into several micro-segments, and the number
of nodes and network modules are set. In addition, the
node position and network module control range can be
arbitrarily selected according to the completion engineering
requirements. At the same time, different nodes can also
be refined or non-refined according to the research when
dividing nodes.

(2) The flow direction of fluid in wellbore and reservoir
is usually unknown. Figure 7 shows the node units

FIGURE 9
Well completion.
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FIGURE 10
Flow rate reservoir to annulus.

FIGURE 11
Axial flow rate in annulus.

in different layers, which are sorted naturally by flow
direction. The ranking rules of the remaining layers are
the same, but the subscripts are different. The subscript r
represents the reservoir node, the subscript c represents
the completion node, the subscript t represents the tubing
node, and the subscripts, j, and k represent the serial
numbers respectively.

(3) Next, we can select the corresponding node unit according to
the completion type and draw the coupling structure diagram.
Then the nodes are sorted, and the natural sorting of the
downstream direction is convenient to solve. The toe point
of the horizontal well is recorded as node 1, and the nodes
are sorted until the heel of the horizontal well. Other sorting
methods can also be, as long as the solution variables and sort
number consistent.

FIGURE 12
Axial tubing flow rate.

FIGURE 13
Tubing pressure distribution.

(4) Period setting problem of time flow. Aiming at the problem
that the accuracy of the approximate model and the sampling
frequency of the system cannot be taken into account when
the sampling period is set synchronously to the iteration
step of the approximate model, a new multi-step iteration
strategy is further studied. The iteration step and sampling
period of well flow and reservoir flow are set respectively,
which allows multiple iteration processes in one sampling
period of the approximate discrete-time model, and meets
the computational accuracy requirements of the approximate
discrete-time model.

(5) Solving the unknowns in the coupled model. Connecting
computational equations with coupled structure diagrams,
since most equations are nonlinear, an iterative method
must be used.
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FIGURE 14
Reservoir pressure distribution.

FIGURE 15
Axial flow rate in reservoir.

6 Sensitivity analysis of the
productivity formula and case study
verification of the model

6.1 Sensitivity analysis of the productivity
formula

To verify the robustness of the model, a combination of single-
variable analysis and the reservoir-wellbore coupling model was
employed to explore the sensitivity of influencing factors. The
selected data represent steady-state conditions at a simulation time
of 1 day. The model assumes a 600 m open-hole completion, with
parameters listed in Table 1. As shown in Figure 8, to better evaluate
the accuracy of the developed model, it was compared and analyzed
against the traditional productivity model, and its productivity was
observed. The Babu model is commonly used to describe the flow
behavior in oil and gas wells, particularly for productivity analysis
of horizontal or complex wellbores. Scholars have established a

reservoir-wellbore coupled steady-state model based on the Babu
model and conducted sensitivity analyses (Li et al., 2018).

6.2 Case study verification of the model

In this section, the results obtained after the specific application
of the model are described.This example shows simulation results for
a 1,000 m horizontal well. As shown in Figure 9, slotted pipes with
an inner diameter of 10 cm are used for 0–300 m and 700–1,000 m,
and blank pipes with an inner diameter of 10 cm are used for the
middleof300–700 m.Fivegroupsofdifferent timepoints (1 s-10 days)
were selected, and the reservoir pressure in the far-well area was
constant 25 MPa, and the bottomhole flowpressurewas set as 24 MPa.
Other parameters were shown in Table 1. In Figure 9 to Figure 14, the
pressure, velocity and flow direction of the wellbore and near-well
reservoirs are calculated by the solver in this paper.

As shown in Figure 10, the dynamic evolution process of fluid
entering the annulus from the reservoir is illustrated, detailing the
flowprofiles at different timepoints (1 s, 100 s, 1,000 s, and 1 day).The
results indicate that the fluid flow profiles exhibit significant dynamic
characteristics at different time intervals and gradually stabilize over
time. Initially, at t = 1s, the rate of fluid inflow into the annulus from
the reservoir is relatively uniform across segments, with an overall
low flow rate, indicating that significant flow differences have not yet
formed. At this stage, the inflow profile is relatively smooth, with
no distinct local flow velocity peaks. Over time, the flow velocity
gradually changes. At t = 100 s and t = 1,000 s, the flow velocity curves
gradually approach a steady-state distribution, and the overall flow
velocity exhibits nonlinear variation. Specifically, the flow velocity
near the heel significantly increases, while that near the toe is relatively
lower. This asymmetric inflow profile is caused by pressure drops
and local resistance variationswithin the annulus. Figure 11 illustrates
the axial flow of fluid within the annulus. At the initial moment (t
= 1 s), the flow velocity near the heel (0 m) is low. As the distance
increases to 100 m, the velocity rises rapidly, reaching a peak in the
150 m–300 m range before gradually decreasing. At t = 100 s, the
overall flow velocity increases significantly, and velocity differences
between positions become more pronounced. At t = 1,000 s, except
for the gradual decline in flow velocity near the heel, the flow velocity
in the middle and rear sections stabilizes, and the system approaches
steady-state conditions.

Figure 12 describes the axial flow of fluid in the tubing. In this
couplingmodel, the positive direction of well inflow refers to the flow
direction from the near-well reservoir to the annulus and the annulus
to the wellbore, and the axial flow of each interval is defined as the
positive direction from the toe to the heel. As shown in Figure 10,
when t = 1 day, the axial flow of the annulus near the heel is negative,
which means that in the part of about 100 m from the heel, the fluid
flows from the heel to the toe. Figure 13 shows the evolution of tubing
pressure. It is observed from Figure 13 that there is a sharp change of
pressure, corresponding to two flow jumps in Figure 11. At the same
time, it can be observed that the flow field and pressure field in the
tubing tend to be stable at t = 1000s.

Figure 14 and Figure 15 show the reservoir pressure at the
corresponding position in the reservoir and the axial flow in the
reservoir, respectively. As can be seen from the picture, it takes
longer for the transient state to reach steady state. In fact, in the
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model constructed this time, the near-well reservoir still does not
reach a stable state at t = 10 h, and the time required to reach a stable
state in the reservoir is much longer than in the well.

7 Conclusion

This paper effectively controls the interactions between different
layers using a nodal discretization method, thereby addressing the
unsteady flow coupling problem between horizontal wells and the
reservoir. To achieve this, the flow states of the horizontal wellbore
and the reservoir are solved separately in transient and steady-
state phases, enabling the capture of dynamic responses inside the
wellbore and the description of seepage characteristics in the near-
well region. The conclusions are as follows:

(1) Based on fluid mechanics and reservoir seepage theories,
this paper establishes an unsteady flow coupling model
that includes the horizontal wellbore, completion structure,
and near-well reservoir. By considering the dynamic
seepage characteristics of the near-well reservoir, the model
systematically analyzes the pressure distribution and flow rate
variations inside the wellbore and near the well region. This
model allows for a more accurate description of the complex
dynamic response processes of horizontal wells and their
surrounding reservoirs.

(2) The pressure and flow velocity in the wellbore, annulus, and
near-well reservoir were calculated and analyzed. The results
show that the entire coupled system takes more than 10 h
to stabilize, while the local stabilization time of the wellbore
and annulus is about 1,000 s. Notably, during this process,
the axial flow velocity near the heel of the annulus exhibits
negative values, indicating reverse fluid flow from the heel
to the toe. This phenomenon is highly consistent with the
complex flow behavior observed in actual oil fields, confirming
the effectiveness and practicality of the model in describing
horizontal wellbore flow characteristics.

(3) Bycomparingtheflowandpressurefielddistributionsatdifferent
times, this paper provides a detailed characterization of the
dynamic response features of various sections at givenmoments.
The results indicate that the new model has high practical value
in predicting the dynamic response of horizontal wells under
different completion parameters, offering a theoretical basis for
optimizing completion parameters and improving recovery in
actual oil field development.

This study offers a new approach to dynamic coupling modeling
of horizontal wells and reservoirs, particularly in describing the
flow characteristics of the wellbore and reservoir during the
early transient stage, providing guidance for dynamic oilfield
management and enhanced recovery. However, the model still has

shortcomings in transient descriptions during the early stages,
mainly in its inability to accurately reflect the dynamic responses of
both the wellbore and the near-well reservoir simultaneously. This
limitation may affect the prediction accuracy of early-stage results.
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