International Journal of Innovative
Computing, Information and Control ICIC International (©)2024 ISSN 1349-4198
Volume 20, Number 3, June 2024 pp. 889-909

STUDY ON THE FEASIBLE RANGE OF FLOW RATES
OF THE MULTI-BRANCH PIPELINE - A CASE STUDY
OF LAYERED WATER INJECTION

YUANLONG YUE*, LuJING Liu, LvYIN N1U AND XIN ZUO

Department of Automation
College of Information Science and Engineering
China University of Petroleum (Beijing)
No. 18, Fuxue Road, Changping District, Beijing 102249, P. R China
{1iu_3797; niulvyin }@163.com; zuox@cup.edu.cn
*Corresponding author: yueyuanlong@cup.edu.cn

Received July 2023; revised November 2023

ABSTRACT. Layered water injection serves as a crucial technical strategy for ensuring
long-term stability and high production in oilfield exploration. For addressing the pre-
vailing issues about the feasibility of water distribution schemes when multiple strata are
simultaneously activated, and improving water injection success rates, this paper explores
the feasible range of flow rates for layered water injection. Initially, the pipeline struc-
ture of intelligent layered water injection is elucidated. Grounded on Darcy’s law and
the flow characteristics of wellhead valve and water distributor nozzles, a mathematical
model for the pipeline considering the pressure loss along the path is established. The
coupling relationships between steady-state operating points across various strata are ex-
amined. Numerical methods are then employed to scrutinize the change patterns of these
steady-state operating points in the event of a variation in the nozzle opening of a specific
stratum. Subsequently, the particle swarm optimization (PSO) algorithm is employed to
confirm the differences in the flow rates corresponding to the same nozzle opening for
a specific stratum during separate and simultaneous strata activations. This verification
demonstrates that the flow rate relationship when a single stratum is activated separately
cannot be used to assess the relationship between the mozzle opening and the flow rate
of that stratum when multiple strata are activated simultaneously. Finally, this paper
investigates the feasible range of flow rates in the strata, considering the constraint of
mazximum injection pressure of the strata. The relationship between the nozzle opening
of each stratum and the flow rate is derived, providing a theoretical basis for judging
the feasibility of the water distribution schemes during the optimization of layered water
injection.

Keywords: Layered water injection, Water distribution schemes, Pipeline structure,
Interlayer coupling, Feasible range of flow rates

1. Introduction. During the process of oil field exploitation, water injection techniques
have become crucial in enhancing oil recovery and subsequently boosting economic gains
from oil wells [1-4]. However, conventional generalized water injection techniques often
fall short due to a lack of precise management. This imprecision commonly leads to hy-
draulic breakthroughs and a steep increase in the water-oil ratio, further undermining
the economic performance of the oil field. To overcome this challenge, layered water in-
jection techniques have been developed [5,6]. The 4th generation layered water injection
technology, developed in recent years, introduces a novel segmented injection process
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[7,8], consisting of intelligent water distributors, downhole data communication instru-
ments, surface communication equipments, and computer control system [9,10], as shown
in Figure 1. The intelligent water distributor is the core tool of the system, integrating
a flowmeter, dual pressure gauges, thermometer, communication module, and regulation
assembly (consisting of transmission assembly, blanking plug, and drive motor). Through
motor-driven adjustments to the blanking plug’s nozzles opening, it achieves a closed-loop
control of layered water injection flow rates or manual adjustments [11,12]. The structure
of the intelligent water distributor is depicted in Figure 2. Downhole data transmission in
layered water injection provides crucial support for real-time monitoring of injection data
and automatic adjustment of injection flow rate [13]. The technology for downhole data
transmission is primarily categorized into wired and wireless types [14]. Specifically, wired
transmission predominantly relies on pre-installed cables for real-time parameter moni-
toring [15]. Wireless transmission uses vibrational, pressure, and flow waves for remote
data transmission [16-20]. In 2021, Zhou et al. introduced a layered water injection mod-
el based on wireless communication [21]. This model uses historical data to predict and
optimize downhole parameters such as pressure and flow rate. The model can accurately
forecast the pressure and flow rate of each stratum, offering technical reinforcement for
the application of wireless layered water injection systems. In 2023, Yue et al. addressed
the issue of wireless code communication technology in intelligent layered water injection
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for oil fields [22], proposing an optimal output fusion control method based on MPC-PID.
Integrating comprehensive well structure and strata characteristic analysis, this method
enhances communication efficiency and has demonstrated, through simulations, superior
performance over conventional techniques.

As domestic oil fields increasingly enter a high water-cut phase on a large scale, water
injection extraction becomes progressively challenging. Compared to traditional general-
ized water injection, layered water injection can significantly alleviate interlayer conflicts.
However, when the water distribution flow rates do not align with the actual injected flow
rates into the strata, it can reduce the layered water injection success rate, preventing
optimal reservoir stimulation. Consequently, accurately and swiftly calculating layered
water injection flow rates, while ensuring their feasibility, has become pivotal to ensuring
efficient water injection in oil fields. Many scholars both domestically and internation-
ally have studied layered water injection. In 2020, Jia et al. introduced a systematic
approach combining traditional numerical simulation, data assimilation, and machine
learning to achieve detailed water injection design for oil fields [5]. Utilizing automated
control technology, this method offers real-time monitoring of data from layered injec-
tion and production. Importantly, Jia et al. employed the particle swarm optimization
(PSO) algorithm to optimize the water distribution flow rates, ensuring not only more
precise water distribution schemes but also a significant enhancement in oil field produc-
tion efficiency. In 2023, Liu et al. explored downhole monitoring and data transmission
techniques for layered water injection in China [23]. They pinpointed the challenges of
existing technologies and proposed innovative solutions for monitoring and data trans-
mission. The study underscored the significance of digital communication networks in the
digitization of reservoir development. Similarly, in 2023, Wu et al. delved into wireless
communication technology for layered water injection [24], with a particular emphasis on
its energy efficiency. To mitigate energy consumption, they introduced a multilayer water
injection prediction model that is continuously refined using historical data. This model
effectively predicts the flow rate and pressure for each stratum. In 2020, Chen et al. in-
troduced a novel optimization algorithm specifically tailored for waterflooding production
optimization [25]. This method synergizes global and local surrogate models to enhance
the production optimization process. Compared to the conventional one-shot surrogate-
based approaches, this technique iteratively selects data points to bolster the accuracy
of the surrogate model. In the realm of layered water injection research, scholars both
domestically and internationally predominantly focus on several key aspects: 1) the evo-
lution of layered water injection technology; 2) real-time transmission of downhole data;
3) communication techniques for layered water injection; 4) optimization of injection-
production processes; 5) strategies to amplify recovery rates; 6) the structural design of
layered water injection pipeline. To date, no expert has delved deeply into whether the
water distribution schemes in layered water injection are feasible.

In the process of water injection, it is essential to meet the requirements of “injecting
enough water, injecting good quality water, injecting water with precision, and injecting
water effectively”. The key to improving the efficiency of layered water injection lies in
reasonably controlling the flow rate of water injected into each stratum and ensuring its
success rate [26]. In practical engineering, the change in the blanking plug nozzles open-
ing driven by the motor in the downhole intelligent water distributor is crucial for the
control of the strata water injection flow rate. However, when the nozzle opening of a
particular stratum is altered to adjust its flow rate, this change can influence the flow
rate and pressure of other strata, leading to a shift in their steady-state operating points.
Specifically, when the nozzle opening of a stratum is increased, both its flow rate and
pressure rise, while the flow rate and pressure of the remaining strata correspondingly
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decrease. Conversely, when the nozzle opening of a stratum is reduced, its flow rate and
pressure decline, but the flow rate and pressure of the remaining strata increase corre-
spondingly. The phenomenon of interlayer interference in the context of water injection
control introduces considerable complexity to the assessment of the feasibility of water
distribution schemes. A persistently flawed scheme fails to address the water injection
demands across various strata, which leads to a decrease in the water injection success
rate. The consequent decrease in oil field recovery rates substantially undermines oil pro-
duction and sends production efficiency into a tailspin [27-29]. The implications grow
more dire, with the potential for such circumstances to inflict catastrophic damage on
the overall economic viability of the oil field. As production costs escalate dramatically
and revenues continue on a downward trajectory, the viability of continuous extraction
operations at some oil fields may be brought into question. This places the long-term
trajectory of oil field development in a precarious state of jeopardy. Thus, it is crucial to
carry out feasibility analyses of water distribution schemes, i.e., a feasible range of flow
rates in the strata.

In summary, research into the feasible range of flow rates in the strata is a key research
topic in the field of layered water injection technology and holds significant research
implications and broad application prospects. This study investigates the feasible range
of flow rates in the strata. Firstly, by considering the vertical height of the pipeline,
interlayer height, and pressure loss along the path, mathematical models of the pipeline
for water injection in a single stratum and multiple strata are established. Subsequently,
based on this pipeline model, the PSO algorithm is used to validate that the flow rate
corresponding to each nozzle opening when a stratum is independently activated cannot
be directly used to determine the flow rate corresponding to each nozzle opening of that
stratum when multiple strata are activated simultaneously. This leads to a theoretical
exploration of the feasible range of flow rates in the strata. Finally, as a case in point,
when three nozzles are simultaneously activated, an analysis is undertaken to observe the
changing trends in steady-state operating points of each stratum when the opening of
the first, second, or third stratum nozzle alters. Grounded in the theoretical exposition,
the feasible range of flow rates is analyzed numerically. The study of a feasible range of
flow rates in the strata aids engineers in assessing the feasibility of layered water injection
water distribution schemes, bolstering the efficiency of layered water injection techniques.
This is poised to become a significant advantage of the fourth-generation layered water
injection technology.

2. Mathematical Model of Layered Water Injection Pipeline in Single Stratum.
Firstly, we make some basic assumptions regarding the layered water injection process in
oilfields: 1) the fluid flow speed within the pipeline is slow and the fluid flow can be
treated as laminar flow; 2) the flow characteristics of the nozzle and wellhead valve group
are equivalent to an equal percentage characteristic; 3) the geological characteristics of
each stratum remain constant, i.e., the water absorption characteristics of each stratum,
the minimum opening pressure, and the maximum injection pressure remain unchanged.

Drawing from field conditions in water injection wells, a pipeline model for a single
stratum of layered water injection system is established, as shown in Figure 3. Py denotes
the pressure before the wellhead valve, treated as a constant supplied by the pump room,
and measured in MPa; @, denotes the total pipeline flow rate, measured in m?/h; P
represents the pressure after the wellhead valve, in MPa; C' and () are the opening
coefficients of the wellhead valve and stratum nozzle, respectively; H; represents the
distance from the surface to the first stratum, in meters; P, and (), represent the pressure
and flow rate before the stratum nozzle, respectively, measured in MPa and m?/h; P;; and
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(1 represent the pressure and flow rate after the stratum nozzle, respectively, measured
in MPa and m?®/h. The surface pipeline spans from P to cross-section A-A, while the
water injection pipeline extends from cross-section B-B to D-D.

In this section, a water injection pipeline model consisting of a single stratum is es-
tablished. During the optimization process of layered water injection water distribution
schemes, many scholars often neglect the pressure loss along the path due to its insignifi-
cance and high computational complexity. However, as the remaining oil amount in the
strata continuously decreases and the water cut persistently increases, the requirements
for injection pressure accuracy become increasingly stringent. Continuing to overlook the
pressure loss along the path could result in misjudgment of interlayer flow rate distribu-
tion, misdirection in water distribution schemes, and might even negatively impact the
development efficiency of the oil layer and the production benefits of the oil field. In
establishing a mathematical model of injection column for a single stratum, this paper
takes account of the pressure loss along the path to enhance the model’s accuracy and
application effectiveness.

The relationship between differential pressure and flow rate at the throttling elements
(wellhead valve, nozzles) is as follows:

qv = C\@ (1>

where C' is the opening coefficient of the wellhead valve, which is given by

7C,d3 2
4 p(1—pB)

In the model, C,, is the flow coefficient, and p represents the density of water, with units
in kg/m3. 3 can be considered as the ratio of the throttling element’s open area to the
pipeline area. d; is the valve opening diameter, measured in meters. The relationship
between post-nozzle pressure and flow rate can be determined according to the water
intake characteristics curve of the stratum:

P =kQ1+ b (3)

where k; is the water absorption index of the first stratum, b; is the minimum opening
pressure of the stratum, and the joint (1) formula can be obtained:
2
Ple_;‘l’lel“‘bl (4)
&
Q3 =C*Py — P) (5)

C:

(2)



894 Y. YUE, L. LIU, L. NIU AND X. ZUO

Neglecting the nozzle loss, the pressure loss along the surface pipeline, and strata, and
considering the pressure loss along the vertical pipeline, then

128 H
P1:P+ng1—#@) (6)

where p is the viscosity coefficient of the fluid in Pa-s, g is the acceleration of gravity in
m/s?, and d is the diameter of the injection pipeline in m. Since the model is a single
stratum, @y = @1, and the association of Equations (4) and (6) yields

2
— (ko + 2200 ) \/ (ko + 22580 ) — 4 (& + &) (b = P — pgH1)

(7)
(3 3)
where ()] is the branch flow rate when the single stratum is activated, and also the total

flow rate in m3/h. In this paper, considering constant pressure injection, the wellhead
pump is a centrifugal pump, and the incoming water characteristic curve of the pump:

Py =min® — sz(Q) (8)

where m; and msy are the scale factors of the pump machine and n is the rotation speed.

Q) =

3. Mathematical Model of Layered Water Injection Pipeline in Multiple Stra-
ta. Similar to the single stratum case, the number of water injection branches increases
in multiple strata conditions, as shown in Figure 4. Given that the water intake charac-
teristics vary across different strata, the steady-state characteristics of pressure and flow
rate changes become more complex compared to the single stratum case.
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F1GURE 4. Pipeline model of multiple strata

The stratigraphic properties satisfy the following primary functional relationship:
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where k,, denotes the water absorption index of the nth stratum, reflecting its water ab-
sorption capability, while b,, represents the minimum opening pressure of the nth stratum.
The condition for strata injection flow rate is that the pressure behind the nozzles should
not be less than the minimum opening pressure of that strata. According to the strati-
graphic properties, to ensure the simultaneous opening of each stratum in layered water
injection, the minimum pressure behind all the water distributors should not be less than
the maximum value of the minimum opening pressure across all strata, i.e.,

min {P;} > max{b;}, i=1,2,....n (10)

Starting from the classical theory of fluid mechanics, considering the disturbance char-
acteristics under multiple strata conditions for the entire well, and combining fluid physical
parameters, wellbore structure, and strata characteristic parameters, a spatial distribu-
tion model for pressure and flow rate under stable water injection conditions at a fixed
opening is established. When the nozzles of multiple strata are open simultaneously, the
flow rate in the main and branch flow rates satisfies the following relationship:

Qo=0C01+Q2+ -+ (11)

From Equation (5), we can see that

Q2
P=P - ?3 (12)
The relationship between the pressure in front of the water distributor nozzle and the
incoming water pressure in each stratum is as follows:

2
Plzpo—%—i—ngl—hfl (13)
Q2
PzZPO—C—(2)+P9(H1+H2)—hf1—hf2 (14)
Q2
Pn:PO—C—g—l—pg(Hl—l—Hg—l—---—l—Hn)—hfl—hfg—---—hfn (15)
Among them,
12811H, Qo
hpp = ——— (16)
~128uH; (Qo — Q1)
hyy = i (17)
128uH, (Qo — Y1, @)
By = = 18
! i (18)
The relationship between pressure and flow rate after the nozzle of each stratum is
P11 - ]{ZlQl + bl (19>
Pyy = kaQo + by (20)
P = kpQp + by, (21)
Coupling Equations (19), (20), and (21) with Equation (1) yields
1
P1 == EQ% + ]{71@1 + bl (22)
1
1
P2 == EQ% + kQQQ + bg (23)
2

1
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Combining Equations (22), (23), and (24) with Equations (13), (14), and (15) yields

ki C2 C2 4 o
Q=— 121—1—71 k%—@(bl—Po-f—%—Png'f‘hfl) (25)
1
koC2 C2 4 0
Qy = — 2224—72 kg—@(bz—P(H-%—PQ(H1+H2)+hf1+hf2) (26)
3
k,C2
Q’ﬂ__ 2

C? 4 2
+7n\/k%—§ (bn—Po-l-%—pg(Hl+H2+"'+Hn)+hf1+hf2+"'+hfn> (27)

When the multiple strata are activated at the same time, the relationship between the
flow rate in the main and branch flow rates is

Qo=0Q1+Q2+--+Cn

BC2 2 4 02
=- 21+71 k%—c—lz bl—Po-l-O—g—Png-i-hfl
kC2  C2 4 2
- 2224-72 k%—@(bz—Po-i-%—pg(Hl-i-Hz)'i‘hfl-i—hfz)
2
k,C2 C? 4 2
—Tn-l-Tn\/k%—E<bn—Po+%—pg(H1—|—H2+"'—|—Hn)+hf1—|—hf2+"'+hfn)

1 n 1 n 4 2 [ [
= —EZkiOf—l—EZCf\lk?— oz <bi—Po+% + Z htm — pg Z (Hm)> (28)
i=1 i=1 g m=1 m=1

where Cy is the opening coefficient of the 2nd stratigraphic nozzle, and the rest of the
parameter units refer to Section 2.

The above is the pressure-flow characteristic curve of multiple strata and the total
route established considering the vertical height of the pipeline interlayer height, and the
pressure loss along the path. During the water injection operation, the pressure before
the wellhead valve is generally provided by the pump room, i.e., ) remains constant.
As can be seen from Equations (25) to (28), changes in the nozzle opening of a certain
stratum cause changes in the fluid environment, leading to changes in the total demand
flow characteristics, prompting the steady-state operating points of the remaining strata
to readjust.

4. Analysis of the Feasible Range of Flow Rate for the Layered Water Injec-
tion.

4.1. Study on the re-evaluation of strata nozzles opening under simultaneous
activation conditions of multiple strata. When multiple strata are activated simul-
taneously, the overall fluid dynamic environment changes significantly compared to when
a single stratum is activated. Even though each nozzle opening remains constant, the
flow rate of each stratum changes due to the interlayer interactions. Specifically, the flow
rate corresponding to each opening of the nozzle when a stratum is activated individually
cannot be directly used to determine the flow rate corresponding to each opening of that
nozzle when multiple strata are activated simultaneously. This is because the resistance
characteristics of the entire system change when multiple strata are activated simultane-
ously, thereby affecting the flow rate distribution. Although this issue is of great practical
significance for optimizing water injection efficiency, no scholars have conducted in-depth
research on it to date. Therefore, this section employs the PSO algorithm to meticulously
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analyze and validate that the sum of the flow rates when multiple strata are activated
independently under various opening combinations of nozzles is greater than the total
branch flow rate when the strata are activated simultaneously [30,31]. This underscores
the necessity to reassess the flow rate corresponding to each opening combination of noz-
zles when multiple strata are activated concurrently, leading to the requirement for the
feasible range of flow rates in the strata.

4.1.1. Modeling. Based on the field water injection process of oilfields, the demand for
water injection flow rates in the entire water injection system is maintained for an ex-
tended period once determined. Taking the three-strata layered water injection model as
an example, when the three strata are activated independently, it can be deduced from
Equation (7) that the relationship between the flow rate and nozzle opening for the second
and third stratum is as follows:

(k: + 128“H1) \/(k: + 128“H1> —4 (Cig + %) (by — Py — pg (H1 + Ha))

Q5 = (29)

&+ &) (bs — Py — pg (Hy + Hy + Hy))

1 1
? (c—g +7h)
The total branch flow rate approximation when the nozzles in the three strata are activated
at the same time is

kC2  C2 5 5 koC2 5 ]
—121+71\/A:127§%(1;17Pn+%7pg}11+64‘;‘51{1 ol \/A2 L (by — Py + & — pg (Hy + Hap) + 2uih)

/
Q(] - (ﬂ7 128pHy ) ( 10 128 H1 ) (£7 128 Hy )
1+ c2 wdl C2 _ xdt c2 wdl

\/kf*é(blfﬂﬂrz%*pgﬂﬁr \/kgf(‘?zg(bsz()Jr%sg*P!](HHrHZ)Jr \/1»":2;*(‘25(b3*3)+%5§*P.O(H1+H2+H3)+

(30)

6404 H, ) 6400 H, ) 6404 H )
wd® wd® wd®

C2 2 o 10
*ijSﬂL%\/kéf(%(bz*Po (2%* (H1+H2+H3)+%)*5

+ ( 10 lZSu,Hl ) ( 10 128uHy > ( 10 128/,41'11 )
1+ o2z ndd 2 dt o2z ndd

+ +
\/kf fz(bl Po+25- ﬁngJr%) \/kg T(bz Pot25— ﬂg(H1+Hz)+b4WH1) \/ks T(bd Po+25- PQ(H1+H1+H3)+%)

+5 (31)

The following assumptions have been made:

1) The physical parameters of the injected fluid are considered to be constant;

2) The fluid is assumed to exhibit a laminar flow;

3) The pressure before the wellhead valve is considered constant, without considering
the variation of the pressure before the wellhead valve;

4) The stratigraphic properties remain constant.

4.1.2. Objective function. In this study, an optimization mathematical model is estab-
lished to minimize the difference between the sum of flow rates when multiple strata are
activated individually and the total branch flow rate when all strata are activated simul-
taneously. In this model, C, Cy, and C5 represent the opening coefficients of the nozzles
in each stratum. The objective is to find the optimal combination of C, Cs, and C5 that
minimizes the objective function.

min F/(Cy, C, C3) = Q) + Q5 + Q3 — Qg (32)
s.t. Cy €0,1], Cy € [0,1], C5 € [0, 1] (33)

In this context, )}, @), @4, and @ are determined by Equations (7), (29), (30),
and (31), respectively. @)} represents the total flow rate when only the first stratum is
activated, measured in m3/h. Q) signifies the total flow rate when only the second stratum
is activated, also in m? /h. Similarly, Q% indicates the total flow rate when the third stratum
alone is activated, in m*/h. @ represents the total branch flow rate when the three strata
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are activated concurrently, denoted in m? /h. Equation (33) serves as the constraint, which
outlines the range of the nozzles opening coefficients for each stratum.

4.1.3. Principle of PSO algorithm. PSO algorithm is an intuitive method of global op-
timization, and its inspiration stems from the social behavior of bird flocking while for-
aging. Each particle traverses within the search space, striving for the optimal solution.
Assume within an F-dimensional target search space, a swarm is comprised of N parti-
cles, where the ith particle is denoted by an F-dimensional vector x; = (21, Ti2, - . ., TiF),
1 = 1,2,..., N, representing its position within the F-dimensional search space. The
“fight” velocity of the ith particle is also an F-dimensional vector, denoted as v; =
(vi1, Vigy « -, Up), 2 = 1,2, ..., N. The best position thus far located by the ith particle is
represented as p; = (pi1, P2, - - -, Pir), and the most optimal position the entire swarm has
found to date is represented as p; = (pg1,Pg2; - - -, Pgr) [32-34]. Herein are the main steps
of the algorithm.

1) Initialization: Initialize a swarm of particles, each with a random position and
velocity.

2) Evaluation: In each iteration, the fitness of the position of each particle is assessed.

3) Update: Each particle updates its velocity and position based on its historical best
position p; and the best position of the swarm p,. The updated formulas are as follows:

v; = wv; + a1y (pi — ) + cara (pg — xi) (34)
T =x; + v (35)

where w is the inertia weight, ¢; and ¢y are the learning factors, and r; and r5 are random
numbers between [0, 1].

4) Loop: Repeat steps 2) and 3) until the termination conditions are met, such as when
the number of iterations reaches a preset value, or when the fitness of the swarm’s best
position meets the requirements of the problem.

4.2. Study of the feasible range of flow rates in the strata. In the implementation
of layered water injection technology, “the feasible range of flow rates in the strata”
refers to the range of flow rate combinations corresponding to possible nozzles settings
of each stratum under given operating conditions. Within this range, the possibility of
flow rate combinations for each stratum is defined as a feasible range, and all flow rate
combinations within this range are achievable, whereas those beyond this range are not
feasible. This concept assists engineers in understanding the potential combinations of
flow rates that can be realized under specific conditions, offering theoretical backing and
operational guidelines for achieving better water-oil ratio control and improving oil field
recovery rates. The theoretical analysis and solving of the feasible range are of crucial
importance for effective layered water injection management and optimization.

For the feasible range of flow rate in the single stratum, using the scenario where only
the first stratum is activated as an example, and taking account of the pressure loss along
the path, the operating point corresponding to this stratum will change accordingly as
per Equation (7), when the first stratum nozzle opening changes. When considering the
constraints of the maximum injection pressure in the strata, the feasible range of flow
rate in the strata under the limit of maximum injection pressure corresponds to the flow
rate range associated with the range of nozzle openings.

When analyzing the feasible range of flow rates in the strata, the pressure loss along the
path between the stratum is ignored in the calculation due to the significant difference in
distance between the interlayer and the distance H; from the surface to the first stratum.
Only the pressure loss from the surface to the first stratum is considered. When the nozzles
of multiple strata are activated simultaneously, the changes in the combination of nozzle
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openings for each stratum will cause changes in the total branch flow rate, further leading
to changes in the steady-state operating points of each stratum.
Combining Equations (22), (23), and (24) with Equations (13), (14), and (15) yields

C, = : @ (36)
\/Po— %+ng1 —hp —kiQ1 — by
Q2 (37)
\/Po— S+ pg (Hy + Hy) — hy1 — ka2Q2 — by

Taking account of the maximum injection pressure for each stratum, during the water
injection process, the pressure behind the stratum nozzle should not exceed the maximum
injection pressure of that stratum. If it does, it would lead to a breakthrough of the
injected water and an increase in water cut. Let the maximum injection pressure for the
first stratum be Pijmax, for the second stratum be Phypax, and for the nth stratum be
Py max. Considering the maximum injection pressure constraint, we obtain

2 2
PO_C_;SPHmaX—i_%_ngl_'_hfl (39>
1
2 Qs
PO_E<P22max+ﬁ_pg(Hl+H2)+hfl (40)
Q2 0%
P()—E<Prmmax+c,2_pg(H1+H2+'”+H")+hfl (41)

Equations (25), (26), and (27) establish a pipeline model considering interlayer pres-
sure loss along the path, reflecting the change of steady-state operating point caused by
nozzles opening variation. In the study of the feasible range of flow rates in the strata,
the interlayer pressure loss is disregarded, and we obtain from Equations (25), (26), and
(27):

le—kflz+0; K — 512 <b1 P0+g—z— H1+71285_§£1QO) (42)
GRS éz (b2 Rt d pg(H1+Hz)+%§ilQO> (43)
B 2

—I-C; k‘Q—%(b —Po+gg PQ(H1+H2+"'+Hn)+%§1QO) (44)

where Q1, Q5 and Q,, denote the branch flow rate of the first stratum, the branch flow rate

of the second stratum, and the branch flow rate of the nth stratum in m?/h, respectively,

ignoring the pressure loss along the path between the first stratum and the nth stratum.
From Equation (28), we have the total flow rate:

Qo
=+ Q2+ +Qn
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When the stratum nozzle opening changes, the total flow rate Q, will be affected
correspondingly. In strata water injection models, determining the total flow rate under
various nozzle opening combinations is crucial. Given the non-linear characteristics of
the model, direct solutions using conventional methods are challenging. For this reason,
this paper employs the Newton method. The Newton method is an iterative numerical
technique aimed at approximating the solution to this problem [35,36], offering a practical
tool for flow rate management after adjusting each stratum nozzle opening. Utilizing the
Newton method enables us to predict and control the total flow rate changes during
the layered water injection process with greater accuracy, thereby optimizing the water
injection process. The procedure of the Newton iterative method is demonstrated in Figure

D.
.
/ Readf, df,X,, N, & /
v

v

Output X',

Output iteration failed

!

End ¢

FIGURE 5. Newton method for Q,

In Figure 5 the objective function f is determined by Equation (45), that is, f =
Q1 + Qs + Q3 — Qo, df represents the derivative of f with respect to Qg, where Q is
denoted as x, z( is the initial estimate, ¢ is precision, and N represents the maximum
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number of iterations. The core of the Newton method is to use the current estimate and
its corresponding function value and derivative value to obtain the next estimate that is
closer to the true solution, i.e.,

f (o)

e

Comparing the newly obtained total flow rate estimate x; with the previous estimate
Xo, if the difference between them is less than a predefined precision ¢, it can be inferred
that the estimate is sufficiently close to the true total flow rate, terminating the iteration.
Otherwise, if the maximum iteration count is not yet reached, the new estimate x; replaces
Tp, proceeding to the next iteration. In certain instances, even after NN iterations, the
algorithm may not achieve the desired precision. Under such circumstances, it becomes
pertinent to reconsider adjusting the initial estimate or enhancing the maximum iteration
limit.

Through the aforementioned iterative process, estimates of the total flow rate for various
opening combinations of nozzles can be obtained. This method is not only efficient but
also accounts for the non-linear characteristics of the model. Based on the total flow
rate estimates for each opening combination of nozzles, using Equations (42) to (44), the
flow rates for each stratum are derived, denoting the feasible range of flow rates in the
strata. Concurrently, the critical constraint of the maximum injection pressure for each
stratum must be considered. By analyzing all potential opening combinations of nozzles
and excluding those that do not meet the constraints, a more practical feasible range of
flow rates that incorporates the maximum injection pressure constraint can be established.

(46)

1 =T

5. Simulation. This section presents a study where the simultaneous opening of nozzles
across three strata is considered. Simulation experiments were conducted to verify the
mutual disturbance characteristics of the steady-state operating points among the strata.
The experiments provided insight into how alterations in the nozzles opening in the first,
second, and third stratum respectively impact the steady-state operating points of the
other strata. Building on the foundation of interlayer interference, and following the the-
oretical derivations of the feasible range of flow rates in the strata, constraints regarding
the maximum injection pressure of the strata were incorporated into the analysis. This
led to a simulation-based analysis of the feasible range of flow rates in the strata.

5.1. Simulation of strata steady-state operating point mutual disturbance char-
acteristics. In scenarios where only a single stratum is activated, consider the case where
only the first stratum is activated. Given the known incoming water characteristic and a
constant pressure injection scenario, when the wellhead valve opening coefficient C'is fixed
and the first stratum nozzle opening coefficient C; changes, the pressure-flow relationship
before the nozzle can be obtained from Equation (4), as illustrated in Figure 6.

As depicted in Figure 6, the water injection layer section 1-1 curve represents the
pressure-flow relationship of the stratum when the nozzle opening coefficient is 50%. The
point of intersection between this curve and the total flow pressure characteristics curve
represents the steady-state operating point, labeled as point a. When the nozzle opening
coefficient decreases to 25%, the steady-state operating point of the stratum shifts from
point a to point ¢, causing a reduction in the flow rate under the same pre-nozzle pressure
conditions. Conversely, when the nozzle opening coefficient increases to 75%, the steady-
state operating point of the stratum shifts from point a to point b, resulting in an increased
flow rate under the same pre-nozzle pressure.

When the nozzles of three strata are concurrently activated, considering the incoming
water characteristic is known, and the injection condition is constant pressure injection,
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Water injection layer section 1-1
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FIGURE 6. Variation of the steady-state operating point of the first stratum
when its opening coefficient is changed

the pre-nozzle pressure-flow relationship for each stratum can be obtained from Equations
(22), (23), and (24) when the wellhead valve opening coefficient C' remains constant, while
the nozzles opening coefficients C7, Cy, and Cj respectively increase or decrease. These
relationships are illustrated in Figures 7 to 12.

Figures 7 to 12 illustrate the flow-pressure curves of pre-nozzle for each stratum under
constant pressure injection conditions, obtained by individually varying the nozzles open-
ing coefficients for the first, second, and third strata. Taking the example of increasing
or decreasing the nozzle opening coefficient for the first stratum, the change is illustrat-
ed in the steady-state operating points of the remaining strata when the nozzle opening
coefficient of certain stratum changes. As depicted in Figures 7 and 8, the total flow pres-
sure characteristics 1, 2, and 3 curves are obtained by calculating the total flow rate and
pressure from the surface to the bottom of the well. The water injection layer section 1-1
curve represents the flow-pressure characteristics when the nozzle opening coefficient of
the first stratum is at 50%. The water injection layer section 1-2 curve corresponds to

Water injeet
Total flow p
o

Pressure(MPa)

0 2 4 6 8 10 12 14
Flow rate(m’/h)

FIGURE 7. Variation of the steady-state operating point of each stratum
when the opening coefficient of the first stratum is reduced
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FIGURE 8. Variation of the steady-state operating point of each stratum
when the opening coefficient of the first stratum is increased
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FIGURE 9. Variation of the steady-state operating point of each stratum
when the opening coefficient of the second stratum is reduced
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FIGURE 11. Variation of the steady-state operating point of each stratum
when the opening coefficient of the third stratum is reduced
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FIGURE 12. Variation of the steady-state operating point of each stratum
when the opening coefficient of the third stratum is increased

the flow-pressure characteristics when the nozzle opening coefficient increases or decreas-
es by 25%. The water injection layer section 2, and 3 curves represent the flow-pressure
characteristics when the nozzles opening coefficients of the second and third strata are
both at 50%. The demand flow pressure characteristics 1, and 2 curves illustrate the total
flow pressure characteristics before and after changes in the opening coefficient of the
first stratum’s nozzle when three strata are operating simultaneously. With the nozzles
opening coefficients of the first, second, and third strata all being 50%, the steady-state
operation points for these strata are respectively at points a, b, and c. As shown in Figure
7, when the nozzle opening coefficient of the first stratum decreases by 25%, the steady-
state operation point of this stratum transitions from point a to point al. Under identical
pre-nozzle pressures, this stratum’s flow rate decreases. At the same time, the steady-
state operation points of the second and third strata move from points b and ¢ to points
bl and cl, suggesting that under the same pre-nozzle pressure, the flow rates for these
strata increase. Similarly, as illustrated in Figure 8, when the nozzle opening coefficient
for the first stratum increases by 25%, under the same pre-nozzle pressure, the flow rate
of this stratum increases, while the flow rates of the second and third strata decrease.



INT. J. INNOV. COMPUT. INF. CONTROL, VOL.20, NO.3, 2024 905

These results align with the fundamental understanding of fluid dynamics, corroborating
the accuracy of the mathematical model of the layered water injection pipeline.

5.2. The feasible range of flow rates in the strata simulation. In this section,
the PSO algorithm is employed for simulation analysis to reassess the issue of water
injection opening configuration. During this process, each particle represents a possible
opening configuration, incorporating three parameters: C7, C5, and C3. PSO algorithm
attempts to find an optimal set of parameters that minimize the objective function in
Equation (32) by iteratively moving particles within the parameter space. Specifically,
the “particleswarm” function in the MATLAB environment is used, with the number of
particles set to 100 and the maximum number of iterations set to 200. For each particle,
a three-dimensional search space is defined, where the range for parameters C, Cs5, and
Cs is [0.01, 1].

During each iteration, the fitness of every particle is evaluated, that is, the current
position of the particle (values of Cy, Cy, and Cj) is plugged into the objective function,
which represents the influence of the opening coefficient of the three strata on system per-
formance. Moreover, each particle updates its velocity and position, taking consideration
of its best historical position and the best historical position of the entire swarm, among
others. These elements collectively guide the movement of particles within the search
space, aiding the algorithm in finding the global optimum. The changes in the optimal
function value during each iteration process are shown in Figure 13.

3.6

358

Best function value
(#%) (98]
W W
B (=)

o
W
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3.48 - : : L
0 5 10 15 20 25
Iteration

FIGURE 13. Variation of optimal function values

As illustrated in Figure 13, the best function value of all particles is stored during
each iteration. This best value represents the minimum of the objective function at the
current position of the swarm. As the number of iterations increases, the optimal function
value eventually stabilizes, implying that the algorithm is nearing a global optimum. The
stabilized value is a positive number, suggesting that the sum of flow rates when each
stratum is independently activated at any opening combination exceeds the total branch
flow rate when all strata are simultaneously activated. This indicates that the flow rate
corresponding to each nozzle opening when a stratum is independently activated cannot
directly determine the flow rate corresponding to each nozzle opening of that stratum
when multiple strata are activated simultaneously. The analysis of the feasible range of
flow rates in the strata is, therefore, of paramount importance.
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In Section 4.2, the theoretical derivation part, this study introduced the concept of
the feasible range of flow rates in the strata. The relationships between the flow rate of
each stratum, nozzles opening, pressure loss, and other factors are derived, taking account
of the constraint of maximum injection pressure. Concurrently, the Newton method was
used to solve for the total branch flow rate under different opening combinations. In this
section, the theoretical understandings and mathematical models are applied in conjunc-
tion with specific data and parameters for simulation analysis. Based on actual geological
structures and working conditions, simulate the layered water injection process, calculate,
and present the feasible range of flow rates in the strata, as shown in Figure 14.

q1 (m>/h) 135

FIGURE 14. The feasible range of flow rates in the strata under constraint

As depicted in Figure 14, the X, Y, and Z axes represent the flow rates of the three
strata, respectively, and the scatter points represent various possible flow rate combina-
tions, forming the feasible range. By traversing all possible combinations of strata nozzles
opening, the flow rate combinations are within a specific region. Specifically, the range of
ql is between 1.8 m®/h and 2.15 m?/h, the range of q2 is between 1.3 m3/h and 1.6 m?3/h,
and the range of g3 is between 0.5 m3/h and 1.18 m®/h. No outliers are observed. Water
distribution schemes should be within this feasible range. If not, it indicates that the
water distribution schemes are unfeasible and need to be adjusted promptly; otherwise,
it would lead to a decline in the water injection success rate. In numerical simulations,
by traversing all possible opening combinations and calculating the total flow rate under
these combinations, the flow rate of each stratum is computed. The flow rates of the
three strata are represented in a scatter plot. The changing trend and relationship of the
feasible range are obtained by approximating the scattered points. Based on the feasible
range that comprehensively considers all constraints, a more accurate determination of
the possible flow rate range of each stratum during the actual layered water injection pro-
cess can be made. This aids in optimizing the water injection process, thereby improving
the water injection success rate of oilfields.

6. Conclusion. Addressing the issue of the feasibility of water distribution schemes dur-
ing simultaneous multiple strata operation in layered water injection and the need to
improve the water injection success rate, this study carries out theoretical derivations
to establish the relationship between nozzle opening and flow rate for each stratum dur-
ing layered water injection. The study then uses simulation analysis to understand the
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changing laws of the steady-state operating points of the remaining strata when the nozzle
opening of certain stratum changes. Comprehending this mechanism of mutual influence
is crucial for optimizing the layered water injection process. Building upon the theoretical
derivation, due to the difference in fluid dynamics between individual stratum operation
and simultaneous multiple strata operation, this paper employs the PSO algorithm. This
demonstrates that the flow rate corresponding to each nozzle opening during a single stra-
tum operation cannot be directly used to assess the flow rate corresponding to the same
nozzle opening of that stratum when multiple strata are simultaneously in operation. This
work introduces the concept of the feasible range of flow rates in the strata, conducting
theoretical and numerical research into the feasible range of flow rates in the strata. This
provides a basis for judging the feasibility and adjustment of water distribution schemes,
aiding in optimizing the fourth-generation layered water injection technology and enhanc-
ing the efficiency of oilfield development. In the future, further studies should be directed
towards the following two areas: 1) Given the complexity of geological formations, it is
imperative to extend the scope to more intricate strata structures and heterogeneities, to
further validate and optimize the model’s adaptability; 2) Incorporating field experimen-
tal data for comparative analysis against simulation results will bolster the validation of
the methods proposed in this study. Moreover, refining and optimizing the model in a
real-world setting is pivotal. Such research directions hold promise for fostering technical
innovations and enhancing benefits in oilfield development.
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