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ABSTRACT

Well completions are generally used to connect a reservoir to the surface so that fluids can be produced from or
injected into it. With these systems, pipe flows are typically established in the horizontal sections of slotted screen
completions and inflow control device (ICD) completions; moreover, an annular flow exists in the region between
the pipe and the borehole wall. On the basis of the principles of mass and momentum conservation, in the present
study, a coupling model considering the variable mass flow of the central tubing, the variable mass flow of the
annular tubing and the reservoir seepage is implemented to simulate the wellbore-annulus-reservoir behavior
in the horizontal section of slotted-screen and ICD completions. In earlier models, only the central tubing variable
mass flow and reservoir seepage flow were considered. The present results show that the closer the heel end, the
greater is the flow per unit length in the central tubing from the annulus. When external casing packers are not
considered, the predicted production rate of the slotted screen completion, which is obtained using the variable
mass flow model not taking into account the annulus flow, is 9.51% higher than the rate obtained using the (com-
plete) model with annulus flow. In addition, the incomplete model forecasts the production of ICD completion at
a 70.98% higher rate. Both models show that the pressure profile and flow profile of the borehole wall are rela-
tively uniform in the wellbore-annulus-reservoir in horizontal wells.
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Nomenclature
a: the intermediate substitution variable
B,: the volume factor of crude oil

b: the intermediate substitution variable

G integral constant of segment j

C: integral constant

c: the intermediate substitution variable

D.: the internal diameter of the casings [m]

D: the equivalent diameter of the annulus (i.e., area equivalent) [m]

D: the diameter of the center tubing [m]

APaw.i the loss of annular pressure drop of the i infinitesimal section of the annulus pipe flow [Pa]
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the loss of pressure drop of the 7 infinitesimal section of the center cylindrical pipe flow [Pa]
the friction loss in the i infinitesimal section of the center tubing [Pa]

the acceleration loss in the i infinitesimal section of the center tubing [Pa]

the mixing loss in the 7 infinitesimal section of the center tubing [Pa]

the friction loss in the 7 infinitesimal section of the annulus [Pa]

the acceleration loss in the i infinitesimal section of the annulus [Pa]

the mixed pressure drop loss of the annular area of the i infinitesimal section [Pa]

the full differential of s (or the length of the i infinitesimal section that is equal to As) [m]

the differential of the independent variable x [m]

the differential of the independent variable y [m]

the differential of the independent variable z [m]

the frictional factor of the i infinitesimal section

the friction factor of the annular area of the i infinitesimal section

the intermediate substitution function

the intermediate substitution function

the acceleration of gravity [m/s*]

the intermediate substitution function

the height difference from the reservoir bottom [m]

the thickness of the oil layer [m]

the horizontal permeability [m?]

the vertical permeability [m?]

the permeability [m?]

the length of segment j [m]

the length of horizontal well [m]

the num of divided segments of horizontal well (a uniform flow section)

the num of divided segments of horizontal well (which consists of many non-uniform flow segments)
the upstream pressure of the 7 infinitesimal section of the annulus pipe flow [Pa]

the downstream pressure of the i infinitesimal section of the annulus pipe flow [Pa]

the upstream pressure of the i infinitesimal section of the center cylindrical pipe flow [Pa]

the downstream pressure of the i infinitesimal section of the center cylindrical pipe flow [Pa]
the formation pressure of the drain boundary [Pa]

the flow pressure in the center cylinder of the i infinitesimal section [Pa]

the pressure in the annulus of the i infinitesimal section [Pa]

the bottom hole flow pressure [Pa]

the pressure in the oil layer [Pa]

the upstream flow rate of the i infinitesimal section of the center cylindrical pipe flow [m?/s]
the downstream flow rate of the i infinitesimal section of the center cylindrical pipe flow [m?/s]
the production rate of horizontal well [m>/s]

the upstream flow rate (it may also be negative, which indicates a reverse flow) of the i infinitesimal
section of the annulus pipe flow [m>/s]

the downstream flow rate of the i infinitesimal section of the annulus pipe flow [m?/s]

the flow rate of the 7 infinitesimal section from the oil layer into the annulus [Pa]

production rate [m?/s]

the flow radius [m]

the distance (approximate length) from the start point of the ith segment to the final point (x, y, z) obtained
in this segment [m]

the mainstream velocity at the beginning of the i infinitesimal section of the center tubing [m/s]
the mainstream velocity at the end of the i infinitesimal section of the center tubing [m/s]
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Vr,,‘I

Vm 1+
VmZ.i:
Vchi:

the velocity of the i infinitesimal section from the annulus into the center tubing [m/s]
the mainstream velocity at the beginning of the i infinitesimal section of the annulus [m/s]
the mainstream velocity at the end of the i infinitesimal section of the annulus [m/s]
the velocity of the i infinitesimal section flowing from the formation into the annulus [m/s]
the Darcy velocity [m/s]

the x coordinate of any point in space [m]

the start x coordinate of (the 1th segment of) segment j [m]

the end x coordinate of (the mth segment of) segment j [m]

the x coordinate of the start point of the ith segment of horizontal well [m]

the x coordinate of the end point of the ith segment of horizontal well [m]

the x coordinate of the start point of horizontal well [m]

the x coordinate of the end point of horizontal well [m]

the y coordinate of any point in space [m]

the start y coordinate of the ith segment of segment j [m]

the end y coordinate of the ith segment of segment j [m]

the y coordinate of the end point of the ith segment of horizontal well [m]

the y coordinate of the start point of the ith segment of horizontal well [m]

the y coordinate of the start point of horizontal well [m]

the y coordinate of the end point of horizontal well [m]

the z coordinate of any point in space [m]

the distance from the horizontal well to the bottom of the layer [m]

the start z coordinate of the ith segment of segment j [m]

the end z coordinate of the ith segment of segment j [m]

the z coordinate of the start point of the ith segment of horizontal well [m]

the z coordinate of the end point of the ith segment of horizontal well [m]

the z coordinate of the start point of horizontal well [m]

the z coordinate of the end point of horizontal well [m]

the height of the drain boundary [m]

the height of the well in the reservoir [m]

Greek letters

¢:
w:
@y
oo
(bje:
p:
(b[j:
ov,:
av:
Os:
&
011
Ag;:

Apy:

Apz,il

As:

The potential produced by well production

Viscosity [Pa.s]

The intermediate substitution function (equals to the formula within the outer layer braces of the Formula (23))
the potential of the constant pressure boundary or the oil drainage boundary

the potential generated by the segment j at the constant pressure boundary or the oil drainage boundary
the density of the fluid [kg/m’]

the potential generated by the i segment line at the midpoint of the j segment line

the micro-velocity variation in the micro-distance variation from the formation into the annulus [m/s]
the micro-velocity variation in the micro-distance variation from the annulus into the center tubing [m/s]
the micro-distance variation from the beginning of the 7 infinitesimal section of the center tubing [m]
The intermediate substitution function

the inclination angle from the horizontal plane of the i infinitesimal section [°]

the flow rate of the i infinitesimal section from the annulus into the center tubing [Pa]

the additional pressure drop between tubing and annulus at the beginning of the 7 infinitesimal section
under different completion modes [Pa]

the additional pressure drop between tubing and annulus at the end of the 7 infinitesimal section under
different completion modes [Pa]

The segment length [m]
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Subscript
aw: annulus wellbore
wr wellbore
i the 7 infinitesimal section (segment)
I the friction loss of the center tubing
acc: the acceleration loss of the center tubing
mix: the mixing loss of the center tubing
mf: the mixing loss of the annulus (middle)
macc: the acceleration loss of the annulus (middle)
mmix: the mixed pressure drop loss of the annulus (middle)
h: horizontal
v vertical
J the j infinitesimal section (segment)
al: the start of one segment of annulus
a2: the end of one segment of annulus
1: the start of one segment of tubing
the end of one segment of tubing

: the initial condition of the drain boundary
wf: the bottom hole wellbore flow

: sum of
r: tubing radial direction
cr: casing radial direction
Jsi: the start of the ith segment of segment j
Jei: the end of the ith segment of segment j

1 Introduction

Accurately predicting the productivity of horizontal wells is crucial to the formulation of horizontal well
production system and parameter optimization. Establishing an accurate horizontal well productivity
prediction model [1] or production data analysis model [2] is a work we have been doing. Slotted screen
completions and inflow control device (ICD) completions are two of the most common completions used
in horizontal well completion methods. Fluid flows from the oil reservoir into the wellbore through these
completions, which results in an additional pressure drop affecting the production rate of horizontal wells.
However, prediction models for horizontal well production rates based on slotted screen and ICD
completions have been simplified so that only the flow in the center tubing is considered, while the flow
in the annulus is disregarded [3—8]. Valvatne et al. [9] and Neylon et al. [10] established corresponding
models for ICD completions, but did not consider the effects of annulus flow. Luo et al. [11,12] presented
a more detailed model for ICD completions than the previous models but did not clearly analyze how
annulus flow affects the production rate through the flow rate profile and pressure drop profile along the
center tubing and the annular wellbore. The flow in horizontal wells from the wellbore—annulus—reservoir
processes of slotted screen completions and ICD completions has not been considered. The physical
process of fluid flow in slotted screen completions and ICD completions is shown in Fig. 1. There are
actually two types of variable mass flow in the horizontal wellbore: central tubing flow and annulus flow.
These two flow factors are important. Lorenz et al. [13] conducted production simulations with and
without an ICD within an 8.53 m horizontal wellbore and compared the annular flow under the two
conditions. Their experiments showed that during actual production, if the flow profile of the horizontal
section is unevenly produced, the horizontal section of the slotted screen completion and ICD completion
will contain the variable mass flows of the center tubing and the annulus, as shown in Fig. 2.
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Figure 1: Actual physical simplified model of a screen completion
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Figure 2: Diagram of horizontal well flow

In this work, the authors have considered the wellbore-annulus-reservoir process in the horizontal
section of a slotted screen completion and ICD completion. A corresponding flow model, a reservoir
Darcy flow, and a prediction model for the production rate of horizontal wells is proposed. Furthermore,
the developed model is compared with existing models with and without annulus flow modeling.

2 Establishment of Coupled Mathematical Model

Horizontal well production involves two flow processes: The flow of fluid in the formation section and
the flow of fluid in the wellbore section. In this study, models for fluid flow in the reservoir and in the
wellbore are developed. The two models are then coupled to establish a prediction model for the
production rate of horizontal wells.

2.1 A 3D Steady Darcy Flow Model that Considers the Real Wellbore Trajectory
A 3D steady Darcy flow model that considers the real wellbore trajectory in this paper uses the model in
Luo et al. [14].

2.2 Fluid Flow Model in the Wellbore Section
(1) Computation model for the flow rate and flow pressure of the infinitesimal section

The length of the wellbore section is represented as L and is divided into N segments. The segment
length is As = L/N when sorting is conducted from toe to heel. The diagram of infinitesimal section i is
provided in Fig. 3. In the infinitesimal section i of the center cylindrical pipe flow, p;; denotes the
upstream pressure, Q;—; denotes the upstream flow rate, p,; denotes the downstream pressure, O;;
denotes the downstream flow rate, and dp,,; denotes the loss of pressure drop in the segment.
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Figure 3: Flow diagram and force analysis of infinitesimal section i

In the infinitesimal section i of the annulus pipe flow, p,i; represents the upstream pressure, gy, ;i
represents the upstream flow rate (which may also be negative, which indicating a reverse flow), p, ;
represents the downstream pressure, g, ; represents the downstream flow rate, and dp,,,; represents the
loss of annular pressure drop in the segment.

The following relationships are then derived:

Agi = qsi + Gmi-1 — Gm,i (1)
Osi = 051 + Ag; )
P1i = P2+ dpy, 3)
Pali = Pa2,i + APaw,i “4)
Pati = pP1,;i+ Api Q)
Pa2i = P2+ Ap; (6)
Api = Apl, s ™
Apai = Al s, ®)

In the preceding formulas, Ag; indicates the flow rate of infinitesimal section i from the annulus into the
center tubing, ¢,; indicates the flow rate of infinitesimal section i from the oil layer into the annulus, Ap; ;
indicates the additional pressure drop between the tubing and annulus at the beginning of infinitesimal
section i under different completion modes, and Ap, ; indicates the additional pressure drop between the
tubing and annulus at the end of infinitesimal section i under different completion modes. For the slotted
screen completion, details are provided in Xiong et al. [15]. The ICD completion uses a spiral
channel-type ICD [16].

The flow pressure in the center cylinder of infinitesimal section i considers the average value of pressure
in the following section:
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The flow pressure in the annulus of infinitesimal section i considers the average value of the following
section pressure:

(i=1,2,..,N) 9)

) :pal,i +pa2,i (
Paw,i )

i=1,2,...,N) (10)

Assuming that no initial flow is observed at the toe of the wellbore, O, = 0. Thus, the flow pressure at
the end of the horizontal section is equal to the bottom hole flow pressure p,,r. Accordingly, the following
equation is applied:

1
Dwf =PwnN + Ede,N (11)

(2) Calculation model for pressure—loss dp,,; in infinitesimal section i

The pressure loss in the center cylinder of infinitesimal section i includes the gravity loss, friction loss,
acceleration loss, and mixing loss. Assume that dpy ; is the friction loss in infinitesimal section i (Pa), dpcc,; 1s
the acceleration loss (Pa), and dp;.; is the mixing loss (Pa). The value of the mixing loss is zero (0) in this
study. In accordance with the principle of conservation of mass [17]:

nD* oV nD?

PV1i=y=+ pVrinDds — p(Vi; + 5 -ds) =~ =0 12)
The following equation can be derived:

av 4V,

D (13)

where p is the density of the fluid (kg/m®), D is the diameter of the center tubing (m), ¥/} ; is the mainstream
velocity from the beginning of infinitesimal section i to the center tubing (m/s), V,; is the velocity of
infinitesimal section i from the annulus into the center tubing (m/s), V is the microvelocity variation in
the microdistance variation from the annulus into the center tubing (m/s), and Os is the microdistance
variation from the beginning of infinitesimal section i to the center tubing (m).

The annular pressure loss in infinitesimal section i includes the gravity loss, friction loss, acceleration
loss, and mixing loss. Assume that dp,,; is the friction loss in infinitesimal section i (Pa), dpacc,; is the
acceleration loss (Pa), and dp,u;; is the mixing loss (Pa). In accordance with the principle of
conservation of mass:

D — D?
PV —n( < ) + oV inD.ds — pV, ;mDds—
| 64V (D? 7D2) v | D? (14
c T - T
o 1’+8S s) 4 p@s s 4]

When the preceding equation is combined with the mass conservation formulas of the center tubing,
we obtain
e _ AVeriDe (15)
Os :—D
where V1 ; is the mainstream velocity from the beginning of infinitesimal section i to the annulus (m/s), V., ;
is the velocity of infinitesimal section i flowing from the formation into the annulus (m/s), D, is the internal
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diameter of the casings (m), and 0V is the microvelocity variation in the microdistance variation from the
formation into the annulus (m/s).

As shown in Fig. 3 and based on the principle of momentum conservation, the calculation of total
pressure loss in the center dp,,; is

dpy.i : Jrip Vii+Vaia  8pViiVii
_ Pwi _ 0, 170 irr,
5 = pgsin ; + 2D( > )"+ D + 6
16p Ver d dpmix,j
pr + ds

where g is the acceleration due to gravity (m/s%), 6; is the inclination angle from the horizontal plane of
infinitesimal section i (°), f;; is the frictional factor, V5; is the mainstream velocity from the end of
infinitesimal section i to the center tubing, and ds is the length of infinitesimal section i that is equal to As (m).

In accordance with the principle of momentum conservation, the calculation of total annular pressure
loss dpgy.; 1s obtained as

dp 0 Vi Voo
_ Daw,i = pg sin 01’ +ff,_P( ml,i + m2.1)2+
ds 2D 2 (17
Vr1212,i - Vr%ll.,i + dpmmix,i
ds ds

In the preceding formulas, dp,,; denotes the annulus pressure drop in infinitesimal section i (Pa), D
denotes the equivalent diameter of the annulus (i.e., area equivalent) (m), f,,r; denotes the friction factor
of the annular area, V), ; is the mainstream velocity from the end of infinitesimal section 7 to the annulus
(m/s), and dpmic; is the mixed pressure drop loss (Pa). The values of the mixed pressure drop in this
study are 0.

2.3 Steady-State Coupling and Its Solution
Assume that p,,; is the pressure at the midpoint of the center of section j for the horizontal well. The
pressure at the midpoint of the annulus in section j is

Apij+ Apy;
2

Assuming that ¢, is the potential generated by segment line i at the midpoint of segment line j,
integrating Eq. (8) [14] yields

Pawj = Pw,j T+ (18)

N
Pawj = Pe +£]§Z(¢U_ (:bie) +Pg(ze _ZW) (i: 1,2, "-,N) (19)

i=1

where p, is the formation pressure of the drain boundary (Pa), u is the fluid viscosity (Pa.s), k is the
permeability (m?), z, is the height of the drain boundary (m), and z, is the height of the well in the
reservoir (m).

The preceding formula is then rearranged as follows and is similar to Formula (20) [14]

N
> 3543 — Bie) = Pe = Pawy + PRz = 2) (1= 1,2,...,N) (20)
i=1

where 1 = B

4k’
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The pressure drop in the center tubing can be calculated using Eq. (20). The pressure at the midpoint of
section j for the center tubing is

ij :pl,j_O‘Sdpw,j (]: 1,2,...,N) (21)
From Eq. (21), po v = pwr, and p,,r is the heel end pressure of the wellbore.
Plj+1 :PzJ:Pu—de; (j: 1a27-">N) (22)

The total well output is

(qs,l + qs2 + qs3 +--+ qS,N)
B,

Q, = (23)

where B, is the volume factor of crude oil and Q, is the production rate of the horizontal well.

In the coupled model, ¢ and p,, are unknown, but can be determined by using an iterative method.
Suppose that a group of p,,, values and solutions with Eq. (20) is available to obtain the numerical value
of g. Then, ¢ is substituted into pressure drop Egs. (7), (8), (16), (18), and (21). pa,, is updated from the
heel to the toe, and the value of ¢ is updated using Eq. (20). These procedures are repeated until p,, and
g reach the desired accuracy. Finally, Eq. (23) is used to obtain the output for the whole well.
The specific calculation flow chart is shown in Fig. 4 below.

Calculation of the potential
generated by the horizontal
well divided into N sections at
the i-th horizontal wellbore in
the formation

I

A relationship equation
between pressure and output
can be established for each
section, and N equations can be
obtained

!

Assuming a set of central
tubing pressure and annulus
pressure along the horizontal

well

I
!

A set of equations can be solvec
to obtain a set of production
from the annulus into the
central tubing and formation
into the annulus

I

According to the calculation
method of variable mass flow
in the annulus and central
the difference between the tubing, the new pressure at the
output of each section and the last—No——  center of each section is
ulated result is less than the calculated through the new
set value inflow production, that is, the
new pressure distribution
along the way

Y‘es

v

Obtain the final pressure and
production distribution of the
center tubing and annulus

Figure 4: The calculation flow chart
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3 Case Calculation and Comparison with CMG Simulation Software

Well No. XXX-1 in the reservoir of the Halfaya Oilfield with bottom water in Iraq is selected as an
example, as shown in Tab. 1. The slotted screen completion and ICD completion are simulated using the
model established in this study and the simulation software from the Computer Modeling Group, Ltd.,
(Alberta, Canada) with and without considering the simulation of annulus flow conditions.

Table 1: Basic data for Well XXX-1

Parameters Value Unit
Original horizontal permeability 13.4 mD
Original vertical permeability 1.34 mD
Hole diameter 0.149 m
Viscosity of crude oil 1.62 mPa.s
Volume factor of crude oil 1.35

Eccentricity 0 m
Drainage radius 457.2 m
Length of horizontal well 600 m
Reservoir thickness 30 m
Density of crude oil 0.794 g/em’
Formation pressure 31.13 MPa
Absolute open flow potential 1357.5 m>/d

3.1 Calculation and Comparison of the Example with Slotted Screen Completion with and without

Considering Annulus Flow

The parameters of the slotted screen completion are as follows: The outside diameter of the screen is
114.3 mm with 120 holes per meter. The hole diameter is 10 mm, and holes are uniformly distributed. A
thin filter sleeve layer is placed outside the screen. The well test showed that the screen has an evident
sand layer. The permeability of the sand layer is 14,000 mD based on the absolute open flow potential of
the oil well. It is assumed that no packer is placed outside the screen and that the bottom hole pressure is
0 MPa in the heel. Horizontal well pressure profiles and liquid production profiles (the point of the
production rate is the total rate at 10 m) are shown in Figs. 5 and 6, with and without considering
annulus flow. The total output and the absolute relative error are shown in Tab. 2.

The information presented in the graphs (Figs. 5 and 6) and Tab. 2 show that the prediction of the model
without annulus flow modeling is 9.51% higher than that of the model with annulus flow modeling and that
the pressure values of the borehole wall and the flow profile are more uniform in the model with annulus flow
modeling. The error between the two flow models can be reduced if an appropriate number of packers is
placed outside the pipe. The results of the flow profile of the center tubing calculated using the model
with annulus flow modeling clearly show a flow in the annulus from the toe to the heel to aggregate flow
into the center tubing.

CMG is a three-phase black oil simulation software that considers gravity and capillary force. The
network system can use rectangular coordinates, radial coordinates, and variable depth/variable thickness
coordinates. In any network system, two or three-dimensional models can be established. This model
selected is the Implicit-explicit Black Oil Simulator (IMEX) in the CMG software, which is an adaptive
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implicit black oil simulation software (adaptive implicit numerical simulation method) for simulating gas and
gas- Three-phase flow of water, oil-water, and oil-gas-water reservoir fluids. IMEX can run in three modes:
display, full implicit and adaptive implicit. In most cases, only a small part of the mesh needs to be solved
fully implicitly, and most of the grids can be solved by explicit methods. The adaptive implicit method is just
the solution method suitable for this situation, and in the well Nearby and in the thin layers of layered oil
reservoirs, high-speed flow coning problems will occur during production. It is very effective to adopt
adaptive implicit processing to deal with these problems. Using adaptive implicit options can save one-
third to half of the running time. The calculation can use the same large time step as the full implicit
method. The user can specify the grid to be calculated by the full implicit method, and the network that

uses the full implicit calculation can be dynamically selected according to the user-defined limit or matrix
conversion critical value grid.

—— Flow rate into the tubing predicted by model with annulus flow modeling
Flow rate along the wellbore predicted by model without annulus flow modeling

—=— Pressure distribution along the tubing predicted by model with annulus flow modeling
Pressure distribution along the wellbore predicted by model without annulus flow modeling
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Figure 5: Profiles of pressure distribution and flow into the tubing (or along the wellbore) are calculated
using the two flow models for the slotted screen

—— Flow rate along the wellbore predicted by model with annulus flow modeling
Flow rate along the wellbore predicted by model without annulus flow modeling

—u— Pressure distribution along the wellbore predicted by model with annulus flow modeling
Pressure distribution along the wellbore predicted by model without annulus flow modeling
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Figure 6: Profiles of pressure distribution and flow along the borehole are calculated using the two flow
models for the slotted screen
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Table 2: Production predicted by the two models

Simulator Model with annulus ~ Model without annulus ~ Absolute

flow modeling m>/d flow modeling m’/d relative error %
New model 1217.35 1333.06 9.51
CMG 1217 1332 9.45

On the basis of the reservoir, fluid, and oil well parameters, simulation mechanism models for wellbore flow
with and without annulus flow are established using the CMG FlexWell function. The screen hole flow of the
screen completion is simulated using the ICD Orifice model because their flows are similar. The grid size is
92 x 92 x 3 m’, and each grid is 10 m. The horizontal well is located in the middle level of the grid, and its
length is 600 m. In addition, the values of other parameters (such as the diameter of the well) are the same as
the values of the corresponding parameters in the example. The open hole place of the pipe string is located
in the middle of each grid, and thus, the distance between the front and rear holes is 580 m. The hole size and
the number of ICD orifices are the same as those in screen completion. The model is shown in Figs. 7 and 8.

Grid Top (m) 2017-01-01

r” |

-y

Figure 7: Stereoscopic grid model

This model first uses IMEX to build a reservoir model, and inputs rock physical properties and fluid
properties (oil-gas-water PVT data and rock PVT properties, oil-gas permeability curves, etc.) to
complete the reservoir model. Then use CMG’s FlexWell to build an ICD (or screen) completion
horizontal well production model. FlexWell can simulate the production of complex oil wells by
establishing the oil well model shown in Figs. 9 and 10 below. Among them, the annulus is bound to the
prdan well to simulate the annulus, and the tubing is bound to prdtb to simulate the tubing. In this way,
the operation of establishing the real flow model of horizontal well ICD completion (considering the
annulus flow) through CMG software is realized.

The CMG FlexWell can achieve the simultaneous production of the annulus and tubing by setting the
outer and inner pipes. In view of this feature, this article uses the setting of the outer and inner pipes to
simulate the simultaneous flow of the annulus and central tubing. The annulus flow finally enters the
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tubing, so this paper sets up a packer at the heel end so that the annulus heel end cannot flow upwards to
achieve the simulation situation required in this article.
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Figure 10: Central tubing configuration

Fig. 11 presents the simulation results of different CMG models when the production is stable. However,
the CMG models do not provide the pressure distribution and flow profile along the borehole. The figure also
shows that the simulation results (profiles of pressure and production) of the flow model without annulus
flow are consistent with the simulation results of the corresponding model in Fig. 5 when the well
production rate is 1332 m>/d, which is the same as the production rate of the model established in this
study (Tab. 2). The simulation results (well production is shown in Tab. 2) for the wellbore flow model
with annular flow are also consistent with the simulation results of the corresponding model in Fig. 5.
The CMG simulator can simulate the flow from the annulus into the tubing. The flow rule along the
center tubing in the simulation results can reflect the authenticity of the simulation results of the
established model from the annulus wellbore, which is also consistent with the results of this study.

3.2 Calculation and Comparison of the Example with ICD Completion with and without Considering
Annulus Flow
Assuming that the well is completed with an ICD, and that no sand has accumulated outside the pipe, the
ICD completion parameters are as follows: the outside diameter of the ICD completion is 114.3 mm, the
length (throttling device) of a single throttle tube is 2 m, the diameter of the throttle tube is 3 mm, and
the local head loss factor is 0.16. Furthermore, assuming that the entire horizontal section of the ICD is
arranged, the ICD pipe has no packer, and the bottom hole pressure is 0 MPa in the heel. The horizontal
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well pressure profiles and liquid production profiles are shown in Figs. 12 and 13, with and without
considering the annulus flow. The total output and the absolute relative error are presented in Tab. 3.

—— Flow rate into the tubing predicted by model with annulus flow modeling
Flow rate along the wellbore predicted by model without annulus flow modeling

—=— Pressure distribution along the tubing predicted by model with annulus flow modeling
Pressure distribution along the wellbore predicted by model without annulus flow modeling
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Figure 11: Profiles of pressure distribution and flow into the tubing (or along the wellbore) are calculated
using the two flow models for the slotted screen in the CMG simulator

—— Flow rate into the tubing predicted by model with annulus flow modeling
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Figure 12: Profiles of pressure distribution and flow into the tubing (or along the wellbore) are calculated
using the two flow models for the ICD

The information presented in the graphs (Figs. 12 and 13) and Tab. 3 show that in the prediction of ICD
well completion, the result of the model without annulus flow modeling is 70.98% higher than that of the
model with annulus flow modeling. Moreover, the pressure and flow profiles along the borehole wall are
more uniform. Although the calculation example assumes that no packer is placed outside the tube and
the absolute relative error of the predicted production between the two models is considerable, the real
completion pipe with a certain number of packers reduces only the error between the models with and
without annulus flow modeling prediction results. When the out-of-pipe packer condition is considered,
the error between the models with and without annulus flow modeling can still be significant. The
specific error is related to the number and positions of packers outside the pipe, and further research can
be conducted based on the model with annulus flow modeling. The results of the flow profile of the
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center tubing calculated using the ICD model with annulus flow modeling also show a clear flow in the
annulus from the toe to the heel to aggregate flow into the center tubing.

—— Flow rate along the wellbore predicted by model with annulus flow modeling
Flow rate along the wellbore predicted by model without annulus flow modeling

—m— Pressure distribution along the wellbore predicted by model with annulus flow modeling
Pressure distribution along the wellbore predicted by model without annulus flow modeling
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Figure 13: Profiles of pressure distribution and flow along the borehole are calculated using the flow models
for the ICD

Table 3: Production predicted by the two models

Simulator =~ Model with annulus Model without annulus Absolute relative
flow modeling m*>/d  flow modeling m*/d error %

New model 874.92 1495.93 70.98

CMG 1 870.1 1482 70.33

CMG 2 870.7 1482 (using the same results as the above row) 70.21

CMG 3 872.9 1482 (using the same results as the above row) 69.78

Similarly, the mechanism models with and without annular flow are established via the CMG FlexWell
function according to the parameters of the reservoir, fluid, and oil well. The ICD orifice model is also used to
simulate the ICD friction pressure drop. The ICD friction pressure drop model is also adopted in the CMG
simulation. Despite the easy flow conditions, the simulation produces no results for production. Therefore,
only the ICD orifice model can be used for the simulation. The hole size and number of ICD orifices are the
same as those in ICD friction. Pressure drop-type completion (throttling device) and the flow that
corresponds to the flow of ICD friction pressure drop-type completion can be adjusted by setting the
diffusion coefficient.

Figs. 14—16 illustrate the simulation results of the different CMG models when production is stable. The
simulation results of the flow model without annulus flow (well production is shown in Tab. 3) are consistent
with the simulation results of the corresponding model in Fig. 12. The simulation results (well production is
shown in Tab. 3) of the wellbore flow model with annular flow are also consistent with the simulation results
of the corresponding model.
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Figure 14: Profiles of pressure distribution and flow into the tubing (or along the wellbore) for the first case
calculated using the two flow models for the ICD in the CMG simulator
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Figure 15: Profiles of pressure distribution and flow into the tubing (or along the wellbore) for the second
case calculated using the two flow models for the ICD in the CMG simulator

Figs. 5, 6, 12 and 13 show the simulation results of the steady-state model established in this paper, and
the calculation results are smoother. Figs. 11, 14—16 show the results of transient simulation using CMG
simulation software. The inflow of some parts is the result of transient changes. During the transient
change, at the next time point, this part will become another result, so Figs. 14—16 provide three graphs
at different times. It can be seen from the graphs that the flow of a certain part at different times changes,
but the overall curve trend is the same. That is, the closer to the heel end, the greater is the flow per unit
length of the central tubing from the annulus.
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—— Flow rate into the tubing predicted by model with annulus flow modeling
Flow rate along the wellbore predicted by model without annulus flow modeling

—n— Pressure distribution along the tubing predicted by model with annulus flow modeling
Pressure distribution along the wellbore predicted by model without annulus flow modeling
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Figure 16: Profiles of pressure distribution and flow into the tubing (or along the wellbore) for the third case
calculated using the two flow models for the ICD in the CMG simulator

4 Conclusions

Based on the principles of mass conservation and momentum conservation, a coupling model
considering the variable mass flow of the central tubing, the variable mass flow of the annular tubing and
the reservoir seepage was established to simulate the wellbore—annulus—reservoir state in a horizontal
section of a slotted screen completion and ICD completion. This model is different from the previous
coupling model that only considered central tubing variable mass flow and reservoir seepage flow. It has
been compared with flow models without annulus flow. The following conclusions are drawn.

(1) If extra pipe packers are not considered, then for the completion of a slotted sieve tube well, the
predicted yield of the variable mass flow model without annulus flow modeling is 9.51% higher than that
of the variable mass flow model with annulus flow modeling; for an ICD completion, the predicted yield
of the variable mass flow model without annulus flow modeling is 70.98% higher than that of the
variable mass flow calculation model with annulus flow modeling. The ICD completion has a higher
error than the predictive results of the slotted screen completion, with and without considering annulus
flow. Both models show that the horizontal pressure profile and flow profile of the borehole wall are more
uniform in the wellbore—annulus—reservoir of horizontal wells.

(2) For real well completion, it is observed that, several packers outside the ICD completion of the well
pipe will only reduce the error in the prediction results between the models with and without annulus flow
modeling. The error between the models with and without annulus flow modeling remains significant when
packers outside the pipe are considered. The exact error is related to the number and positions of packers
outside the pipe, which can be studied further based on the model with annulus flow modeling.

(3) Considering the influence of annulus flow and establishing a model for the corresponding horizontal
section with annulus flow modeling are necessary, regardless of the slotted screen completion or ICD
completion of the well, as long as annulus flow is present in the horizontal section. The flow model with
annulus flow modeling is the basis for accurately predicting horizontal well production and optimizing
the design parameters of a slotted screen completion and ICD completion.

(4) The predicted flow profiles of the established models for a slotted screen completion and ICD
completion are all consistent with those obtained using the CMG simulator. The closer to the heel end,
the greater is the flow per unit length of the central tubing from the annulus.
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