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Abstract: The pressure characteristics of long-distance water pipelines during hydraulic transient
processes are crucial for ensuring the safe, stable, and long-term operation of water transfer projects.
This paper establishes a one-dimensional mathematical model based on sections of the Yinjiangjihuai
long-distance water diversion project in China. The water supply requirements of the pipelines are
categorized into two replenishment modes as follows: gravity supply and pump-pressurized water
supply. The opening and closing strategies of the water pipelines under different flow conditions
are simulated and analyzed to explore the hydraulic transient processes under various water supply
modes. The transient variations of key hydraulic parameters during valve closure are clarified.
Simulation results indicate that the water pipeline design is reasonable, meeting the water supply
demands at relatively low Manning values and that it has the capability for long-term supply. Due
to the excessive head provided by the pumps, pump-pressurized water supply and gravity supply
modes cannot operate simultaneously. Under gravity supply mode, the minimum pressure in the
downstream pipeline is relatively higher overall, while the maximum pressure in the upstream
pipeline is relatively lower overall. In the pump-pressurized water supply mode, the safety and
stability of the water supply can be ensured by adjusting the closing time of individual pumps and
the interval time between adjacent pumps. The research findings provide technical guidance and
scientific basis for the construction of national water networks and water transfer projects.

Keywords: gravity flow; pump-pressurized water supply; method of characteristics; one-dimensional
mathematical model; water hammer

1. Introduction

Long-distance water conveyance projects play a crucial role in providing drinking wa-
ter to urban and rural residents, agricultural irrigation, and industrial production support
due to their characteristics of cross-regional coverage, large scale, stable transmission, and
strong anti-pollution capability [1–3]. However, during hydraulic transients, problems such
as pressure fluctuations, cavitation, and water hammer effects are common [4,5], and issues
like corrosion, leakage, blockage, and pipe bursts still need to be prevented [6–9]. These
problems seriously affect the safety and stability of water conveyance systems. To mitigate
these impacts, researchers have proposed various solutions and calculation methods.

The study of water hammer phenomena began in the early 19th century. Through the
study of wave propagation theory, Joukowsky derived the most famous basic equation
of water hammer [10]. The Method of Characteristics (MOC), Finite Volume Method
(FVM), Lattice Boltzmann Method (LBM), Smoothed Particle Hydrodynamics (SPH), and
Preissmann slot method have been widely applied in water hammer analysis. The FVM,
with its numerical stability and wide applicability, plays an important role in the simulation
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of long-distance pipelines. However, the FVM also has high computational complexity,
especially when dealing with complex boundary conditions and nonlinear problems [4].
The LBM is notable for its ability to handle complex boundary conditions and its parallel
computing advantages. Despite significant progress in water hammer analysis, challenges
remain in terms of computational complexity and numerical stability [11]. The SPH method
excels in handling free-surface flows and multiphase flows, but it may face numerical
dissipation and stability issues in high Reynolds number flows [5]. The Preissmann slot
method simplifies the simulation of free-surface flows by introducing the slot concept,
but it may have limitations when dealing with complex geometries and high-velocity
conditions [12].

In recent years, one-dimensional mathematical models based on the Method of Char-
acteristics (MOC) have been extensively applied in hydraulic transient calculations for
various water pipelines. For instance, they have been utilized to investigate the effects
of the opening and closing of ultra-supercritical steam traps on the temporal curves of
pipeline flow and water hammer pressure [13], as well as the protection of water pipelines
by air valve groups to mitigate water hammer effects [14], and the fluctuation of hydraulic
parameters such as elastic modulus and Poisson’s ratio in different pipelines [15]. Concur-
rently, significant progress has been made in optimizing the Method of Characteristics. For
example, Hwang [16] introduced shock particles with dual states to enhance the accuracy
of pipeline simulations; Liang et al. [17] established a systematic water hammer protection
model based on wave characteristic methods and conducted numerical simulation analyses
under different water hammer conditions. The Method of Characteristics can also be cou-
pled with other methods for solution. In one-dimensional coupled mathematical models,
Wang et al. [18] combined the Method of Characteristics (MOC) with the Method of Im-
plicit (MOI) to simulate non-steady flow and hydraulic transient processes in pipelines; in
one-dimensional coupled with two-dimensional mathematical models, Riasi et al. [19] used
modified implicit characteristic methods to solve the quasi-two-dimensional equations
of transient flow in pipelines; and in one-dimensional coupled with three-dimensional
mathematical models, Geng et al. [20] combined the one-dimensional Method of Character-
istics (MOC) with the three-dimensional Finite Volume Method (FVM) to simulate pressure
fluctuations driven by water hammer.

The water pipelines ensure safe passage through hydraulic transient processes by
implementing operational strategies and additional protective measures. The opening
and closing strategy for water pipelines should comprehensively consider the sequence
of pump or valve closure, the initial valve opening degree, and the opening and closing
speed [21–23]. The aim is to prevent water hammer waves generated by the opening and
closing of branch valves or pumps from superimposing on the main pipeline, thereby
avoiding increased pressure or the generation of large amounts of gas. Additionally, water
pipelines can mitigate peak values of hydraulic parameters during fluctuation processes
by installing air valves, pressure relief valves, pressure regulating wells, and other mea-
sures [24–26]. Among these, air valves ensure the safe and stable operation of water
pipelines by separating gas and liquid, adjusting pressure, and preventing water hammer.
Wang et al. [27] formulated air valve placement standards based on the analysis of pipeline
burst events to reduce the risk of secondary bursts; Li et al. [28,29] studied the effects of air
valve types, orifice diameters, and discharge coefficients on water column separation and
water hammer protection. Although the aforementioned scholars have conducted research
on various types and placement methods of air valves and other protective measures, the
deployment of air valves and similar protective measures can also be obtained through
learning algorithms. Bostan et al. [30] studied the optimization design of dampers and
layout in water distribution systems based on genetic algorithms; Alhwij et al. [31] similarly
explored the protective performance of pressure vessel size, orifice diameter, and air valve
orifice diameter and discharge coefficient based on genetic algorithms.

Gravity and pressurized water supply are two modes of long-distance water con-
veyance projects. It is essential to study the hydraulic transient processes under both
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supply modes. Therefore, this paper establishes a one-dimensional mathematical model
based on the Method of Characteristics. It discusses the impact of air valve exhaust capacity
on water hammer attenuation in conjunction with the valve-closing strategy for pressurized
water supply, and further explores the optimal valve-closing strategies under different
supply modes.

2. Mathematical Model
2.1. Water Conveyance Pipeline

The research object selected is the water conveyance pipeline from Qiliqiao Reservoir
to Xiayi in the Yinjiangjihuai long-distance water diversion project in China, as shown in
Figure 1. The designed water levels of the upstream and downstream reservoirs on the
pipeline are 46.00 m and 39.00 m, respectively. Based on the water levels at the inlet and
outlet of the pipeline, it is known that the pipeline can meet gravity flow water conveyance
under low flow conditions, while pressurized water conveyance is required under high
flow conditions.
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Figure 1. Study area and water conveyance pipeline structure. Created by ArcGIS 10.6 software
(https://www.arcgis.com).

The water conveyance pipeline was constructed using a DN3200 PCCP (Prestressed
Concrete Cylinder Pipe) for the water supply, with a design flow rate and pipeline length
of 13.80 m3/s and 61.62 km, respectively. Additionally, 344 sets of air valves were installed
to ensure water supply safety. The pressurized pumping station of the pipeline consists
of four sets of pump units, operating in a three-in-one standby mode under design flow
conditions. The rated head, flow rate, speed, and moment of inertia of the pumps are 35 m,
6.389 m3/s, 425 rpm, and 340 kg·m2, respectively, while the moment of inertia of the motors
is 1373 kg·m2. Furthermore, the water conveyance pipeline can still provide 5.60 m3/s of
water even under conditions of gravity flow water supply only.

2.2. Basic Equations and Method of Characteristics
2.2.1. Basic Equations of Water Hammer

The Method of Characteristics is commonly applied in the modeling and analysis of
water hammer in one-dimensional mathematical models for water conveyance pipelines.
Compared to other methods, the Method of Characteristics offers advantages such as

https://www.arcgis.com
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numerical stability [32], wide applicability [33], fast solution speed [34], and high flexi-
bility [20]. Considering the pressure head changes caused by water hammer, the basic
equation of water hammer can be simplified into the following motion and continuity
differential equations:

∂Q
∂t

+ gA
∂H
∂x

+
f Q|Q|
2DA

= 0 (1)

gA
∂H
∂t

+ a2 ∂Q
∂x

= 0 (2)

where Q represents the flow rate; H denotes the piezometric head; g is the local gravitational
acceleration; A stands for the cross-sectional area of the pipe; f represents the friction
coefficient of the pipe wall; D represents the diameter of the pipe; and a, x, and t, respectively,
represent the wave speed of the water hammer, the distance of water hammer wave
propagation, and time.

In the derivation of Equations (1) and (2), it is assumed that the flow is one-dimensional,
incompressible, and quasi-steady in a rigid pipe. These assumptions simplify the complex
nature of fluid dynamics to a more manageable form, suitable for long pipeline analysis.
The linear friction factor represents viscous effects, and the equations consider a uniform
cross-sectional area [35].

2.2.2. Method of Characteristics

By introducing a constant λ and multiplying it by Equation (2), then adding Equation
(1), where λ = ± g

c , the equations are simplified. Taking into account that both H and V
are functions of x and t, and x is a function of t, a total derivative simplification analysis is
conducted. Furthermore, by introducing the cross-sectional area of the pipeline (A), the
flow rate (Q) replaces the flow velocity (V), leading to the positive and negative character-
istic lines in the Method of Characteristics. Figure 2 displays the computational grid for
the Method of Characteristics, with Equations (3) and (4) presenting the computational
formulae for the positive and negative characteristic lines, respectively. Where P is the flux
to be determined at the i-th node of the pipeline at the next moment, and A and B are the
fluxes at the (i − 1)-th and (i + 1)-th nodes at the previous moment, respectively.

C+ : HP = CA − SAQP (3)

C− : HP = CB + SBQP (4)

where:
CA = HA +

c
gA

QA (5)

SA =
c

gA
+

f ∆x
2gdA2 |QA| (6)

CB = HB − c
gA

QB (7)

SB =
c

gA
+

f ∆x
2gdA2 |QB| (8)
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2.2.3. Solution Equation of Air Valve

The air valves in the pipeline are designed to perform functions such as rapid air
exhaust, high-speed air intake, air–water phase exhaust, and trace exhaust. Among them,
the rapid intake and exhaust apertures have a diameter of DN100 mm, while the trace
exhaust apertures have a diameter of DN5 mm. According to the basic principles of
thermodynamics and fluid mechanics, the following four situations are delineated based
on the absolute atmospheric pressure outside the pipeline (P0) and the absolute pressure
inside the pipeline (P) [36]:
1⃝ When air flows into the air valve at subsonic speed (P0 > P > 0.528P0):

.
m = Cin AinP0

√√√√ 7
RT0

[(
P
P0

)1.4286
−

(
P
P0

)1.714
]

(9)

2⃝ When air flows into the air valve at critical flow velocity (P < 0.528P0):

.
m = Cin AinP0

0.686√
RT0

(10)

3⃝ When air is discharged from the air valve at subsonic speed (1.894P0 > P > P0):

.
m = −Cout AoutP

√√√√ 7
RT

[(
P0

P

)1.4286
−

(
P0

P

)1.714
]

(11)

4⃝ When the air valve flows out at critical velocity (P > 1.894P0):

.
m = −Cout AoutP

0.686√
RT

(12)

where Cin and Cout represent the intake and exhaust flow coefficients of the air valve,
respectively; Ain and Aout represent the cross-sectional areas of the intake and exhaust
valves of the air valve, respectively; R is the gas constant; T is the absolute temperature
inside the pipe; and T0 is the absolute atmospheric temperature outside the pipe.

Combining the ideal gas equation, the Method of Characteristics equation, and the
equation relating pressure and hydraulic head, the boundary condition equation for the air
valve at the end of the time step is derived [28] as follows:

P
{

Vi + 0.5dt
[

Qout − Qin
CA + CB

B
+

2
B

(
P
ρg

+ Z − H0

)]}
=

[
m0 + 0.5dt

( .
m0 +

.
m
)]

RT (13)

where ρ is the fluid density; Vi is the point volume at the beginning of the time step; Qin and
Qout are the inflow and outflow rates at the beginning and end of the time step, respectively;
m0 is the initial mass of air in the cavity;

.
m0 and

.
m are the inflow or outflow rates of air in

the cavity at the beginning and end of the time step, respectively; Z is the height of the air
valve above the reference plane; and H0 is the local atmospheric pressure.

2.2.4. Solution Equations of the Pump

The hydraulic balance equation for the pump outlet valve is:

HP3 = HP2 −
QP|QP|

2Cv
(14)

where HP3 and Cv are, respectively, the pressure head measured downstream of the valve
section and the resistance coefficient of the valve.
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The hydraulic balance equation for the pump is:

HP2 = HP1 + HP (15)

The equation of motion for the pump unit:

T = −I
dω

dt
(16)

Introducing relative head h, relative flow rate v, relative speed a, and relative torque β,
two equations are derived based on the above equations:

CA − CB − vQr(SA + SB) + Hr

(
a2 + v2

)
WH(x)− v|v|∆H0

τ2 = 0 (17)

(
a2 + v2

)
WB(x) + β0 − CT(a0 − a) = 0 (18)

where WH(x) = h
a2+v2 ; WB(x) = β

a2+v2 ; x = π + tan−1( v
a
)
; β0 = T0

Tr
; CT = 2GD2n2

r
365pr∆t ; HP is the

pump head; QP is the pump flow rate; n is the pump speed; T is the pump torque; p is the
pump power; GD2 is the rotational inertia of the pump unit; ∆H0 is the head loss of the
control valve; and τ is the relative opening. Subscript ‘0′ indicates initial value; subscript ‘r’
indicates rated value.

Equations (17) and (18) are solved using the Newton–Raphson iterative method,
where WH(x) and WB(x) are obtained through linear interpolation based on the pump unit
characteristic curves [37].

2.2.5. Solving Equations of the Valve

The relationship between the head of the valve and the flow characteristics is as
follows [38]:

∆H =
K(τ)
2gA2

V
Q2 (19)

where AV is the cross-sectional area of the valve in full open position; and K(τ) is the
pressure loss coefficient at different openings of the valve, obtainable through interpolation
from the pressure loss characteristic curve of the valve.

By solving Equations (1), (2), and (19) simultaneously, the flow rate through the
regulating valve can be determined for different valve openings at any given moment, as
well as the pressure heads upstream and downstream of the regulating valve.

2.3. Model Validation

A mathematical model identical to the physical model by Sha et al. [39] was established
to validate the accuracy, feasibility, and applicability of the one-dimensional mathematical
model. By comparing the maximum hydraulic head measured in the pipeline at differ-
ent valve closure times with the maximum hydraulic head calculated by the model, the
simulation results were verified against experimental data, as shown in Figure 3.

Quantitative analysis of experimental data and simulation results can be conducted
using the Nash efficiency coefficient, calculated by the following formula [40]:

NSE = 1 −

n
∑

i=1
(hi − fi)

2

n
∑

i=1

(
hi − h

)2 (20)

where hi represents the experimental results; f i represents the simulated results; h is the
mean value of the sample dataset; n is the number of data points in the sample; and i is the
index of the data point in the sample.
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The Nash efficiency coefficient between the experimental data and simulated results
is 0.92, indicating that the overall numerical simulation results closely match the average
level of the measured data. This suggests a high credibility of the mathematical model
and high accuracy of the simulation results. Furthermore, the error between the experi-
mental data from Sha et al. [39] and the simulated results of the mathematical model is
less than 10%, indicating precise control of the mathematical model parameters and appro-
priate selection of solution formulae, which accurately reflect the pressure fluctuations in
pressurized pipelines.

3. Simulation Results Analysis
3.1. Analysis of Water Supply Modes for the Water Conveyance Pipeline

Due to the use of gravity flow for the water conveyance pipeline at low flow rates and
pressurized flow at design standard flow rates, further exploration is required for the water
supply mode of the pipeline system under other flow conditions. The pipeline’s centerline
elevation and internal pressure under gravity flow and pressurized flow modes are shown
in Figure 4.
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Although there is a 7.0 m height difference between the upstream and downstream
reservoirs of the water conveyance pipeline, the newly constructed pipeline system still
has a surplus of 4.38 m and 13.97 m under gravity flow and pressurized flow modes,
respectively. This indicates that the water conveyance pipeline initially possesses a certain
stability for long-term water supply. Under long-term water supply conditions, the accu-
mulation of deposits, scale, biofilm, and other pollutants on the inner wall of the pipeline
will lead to a decrease in the Manning coefficient [41], further increasing the head loss
along the pipeline. Under pressurized flow conditions, the water conveyance pipeline
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can achieve the long-term water supply goal through the standby units of the pumping
station. However, under gravity flow, without considering the actual flow diameter inside
the pipeline, it will be unable to supply the rated flow when the Manning coefficient of the
pipeline is less than 8.

Due to the design flow rates of 5.60 m3/s under gravity supply and 13.80 m3/s under
pressurized supply for the pipeline, further investigation is required regarding whether a
simultaneous supply mode of gravity and pressurized water should be adopted between
these flow rates. Combining the rated head (35 m) and rated flow rate (6.389 m3/s) of the
pump, the flow and head transformation process, as well as the pump efficiency curve, can
be plotted as shown in Figure 5. The pump efficiency characteristics depicted in Figure 5
were generated using Hammer software (version 10.03), based on provided parameters
including rated head, rated flow rate, rated speed, and the moment of inertia of the pump
and motor. This figure is intended for preliminary simulation purposes to explore the
feasibility of mixed gravity and pressurized water supply modes. Detailed analysis and
accurate pump performance curves should be obtained from manufacturer specifications
or empirical data for precise system design and analysis.
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When the pipeline intends to achieve a larger flow rate (greater than 5.60 m3/s and
less than 13.80 m3/s) by using a single pump for pressurization in conjunction with gravity
supply, according to China’s “Design Standard for Pump Stations” (GB 50265-2022), the
operating efficiency of a single pump should not be less than 80%. At this point, the head
height of the pipeline connected to the single pump is much greater than 30 m. Referring
to Figure 4, it can be observed that the downstream head height of the pipeline connected
to gravity flow is only 4.59 m, significantly lower than that of the pipeline connected to
the pump. Additionally, without the use of check valves, the pipeline connected to gravity
flow will experience backflow.

3.2. Water Hammer Characteristics of Low Flow Supply

Combined with Figure 4, it can be seen that the elevation of the pipeline center overall
decreases, with a height difference of 3.36 m between the upstream and downstream
ends. Locally, the pipeline crosses rivers, roads, and other structures, forming a siphon-
like pattern in the longitudinal direction, with a short-distance height difference reaching
6.886 m. Considering the wave speed of 750 m/s in the study pipeline segment, with
a simulation time step of 0.005 s, the simulation time should be adjusted based on the
pipeline length. The maximum adjustment should not exceed 25%, with an average
adjustment of 3%.

In the gravity flow supply mode, the water supply pipeline achieves its supply objec-
tives solely by opening and closing a single valve. Linearly closing the valve at 30, 60, and
90 s, the maximum pressure, minimum pressure along the pipeline, and gas volume (when
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the pressure head of the pipeline drops to −10 m, water will vaporize, forming air [42]) are
shown in Figure 6.
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Combining the distribution of pipeline centerline elevation in Figure 4, it is observed
that, disregarding the local inverted siphon pipeline, the centerline elevation of the up-
stream water supply pipeline (0~13.28 km) remains relatively constant, while that of the
downstream water supply pipeline (13.28~61.62 km) shows a pronounced downward trend.
When the valve at the upstream end of the water supply pipeline suddenly closes, water
flow within the pipeline continues downstream under gravity. The downstream water
supply pipeline not only replenishes and exhausts gases through pipeline outlets and air
valves but also improves the efficiency of air valve utilization by adjusting gas density
and pipeline elevation design. However, the small negative pressure generated in the
upstream water supply pipeline after valve closure leads to gasification and the formation
of gas, although the overall centerline elevation remains relatively flat. This condition
suggests potential challenges in air valve operation in the upstream section compared to
the downstream section, where the elevation changes more significantly. As a result, the
efficiency of air valve utilization in the upstream water supply pipeline may vary due to
these hydraulic differences.

Therefore, the air generated in the upstream water supply pipeline under valve closure
is less likely to be expelled compared to the downstream pipeline, and the accumulation
of gas easily induces the upstream water supply pipeline to experience flow cessation,
exacerbating the complexity of the hydraulic transition process in the upstream pipeline.
Adverse phenomena such as hydraulic fluctuations caused by water hammer become more
pronounced with decreasing valve closure time. For instance, the maximum pressure in
the water supply pipeline under valve closure times of 30, 60, and 90 s is 0.39, 0.37, and
0.36 MPa, respectively, while the maximum gas volume in the water supply pipeline under
valve closure times of 30, 60, and 90 s is 570.6, 552.1, and 518.0 m3, respectively.

3.3. The Valve Closure Pattern for High-Flow Water Supply

The approach to water hammer protection for long-distance water pipelines mainly
follows strategies such as reducing pipeline velocity, shortening the length of pressurized
pipelines, and employing air valves as conventional hydraulic structures [17]. The water
supply pipeline needs to adopt a centralized water supply to achieve high-flow water
supply objectives. Moreover, considering the existing conditions of the water supply
pipeline (without altering its length or introducing additional hydraulic structures), the
protective measures that can be implemented are limited to reducing pipeline velocity.

Therefore, it is necessary to sequentially shut down the pumps to reduce the flow ve-
locity of the water transmission pipeline in the pressurized water supply mode. Specifically,
this is achieved by setting the individual pump shutdown time (t1) and the interval time to
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start shutting down the next pump (t2). This study conducted numerical simulations with
different combinations of t1 = 30, 60, 90 s and t2 = 10, 20, 30 s, and compared the maximum
pressures along the pipeline under different scenarios. The design pressure of the water
transmission pipeline is 0.6 MPa for the 0~30 km section and 0.4 MPa for the 30~61.62 km
section. Figure 7a illustrates the maximum and minimum pressures along the pipeline
under conditions of t1 = 30, 60, and 90 s and t2 = 10 s, while Figure 7b shows the maximum
and minimum pressures along the pipeline under the condition of t1 = 30 s and t2 = 10, 20,
and 30 s. The design pressure is multiplied by 1.5 to obtain the check pressure, as per the
relevant design standards.
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Figure 7. The maximum and minimum pressures under different conditions of t1 and t2.

In Figure 7a, the water transmission pipeline experiences a maximum pressure ex-
ceeding the check pressure under the condition of t1 = 30 s, specifically at a distance of
0.410 km where the maximum pressure reaches 1.04 MPa. The maximum pressures gener-
ated under the conditions of t1 = 60 and 90 s are both less than the check pressure, with
peak pressures along the pipeline of 0.588 MPa and 0.583 MPa, respectively. In Figure 7b,
under the three valve-closing modes of t2 = 10, 20, and 30 s, the water transmission pipeline
produces maximum pressures exceeding the check pressure, measuring 1.04, 0.986 and
0.979 MPa, respectively. It can be observed that by extending the duration of t2 to ensure
stable hydraulic conditions during the hydraulic transition of the pipeline, followed by
using a smaller t1 to complete the final water cutoff, significant maximum pressures are
generated. Considering the minimum pressures along the pipeline, it can be noted that the
distribution of the minimum pressures along the pipeline is similar under the conditions of
t1 = 60 and 90 s. However, water vaporization due to a pressure head of −10 m reduces
the effective flow area of the pipeline, leading to an increase in local flow velocity. This
ultimately results in similar maximum pressures along the pipeline under the valve-closing
mode of t2 = 10 s and t1 = 60 or 90 s.

Based on the above discussion, it can be inferred that the study can adopt a smaller
valve-closing time (t1 = 30 s) during the closing process of the first two pumps, while using
a larger valve-closing time (t1 = 60 s) for the final closing process, with a constant t2 value
of 10 s. Figure 8 illustrates the maximum and minimum pressures along the pipeline under
this valve-closing method, along with the pressure, flow rate, and air fluctuation at the
upstream node of the pipeline.

Under this valve-closing method, the maximum pressure along the pipeline remains
consistently below the design pressure, meeting the requirements of the hydraulic transition
process. The peak pressure along the pipeline is 0.588 MPa, which is equal to the peak
pressure when all t1 values were set to 60 s as mentioned earlier. The fluctuation patterns
of pressure and flow rate at the upstream node of the pipeline (also the most critical
node) are quite similar. The moments when the pressure, flow rate, and air reach their
peaks at this node are approximately 160.45, 161.20, and 161.20 s, respectively. As the
first valve closes completely, pressure and flow rate at the node begin to fluctuate, with
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the fluctuation amplitude decreasing rapidly over a short period. When the second valve
closes completely, pressure and flow rate at the node fluctuate again, with a longer duration
and larger magnitude of fluctuations. Finally, when the third valve closes completely, the
pressure fluctuation at the node reaches its minimum value, causing an increase in flow
rate, and the longest time required for the amplitude of fluctuations to decrease.
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4. Discussion

The simulation results provide significant insights into the hydraulic behavior of long-
distance water pipelines under different water supply modes. Firstly, the study confirms
the impossibility of simultaneous gravity and pumped flow operations due to the excessive
head provided by the pumps. While this might seem an obvious conclusion, it underscores
the necessity of thoroughly evaluating head requirements and operational constraints in
water conveyance systems. This finding is crucial as it suggests that mixed flow scenarios
require alternative design or operational strategies to avoid conflicts, which could impact
the overall efficiency and safety of the water supply system.

Secondly, the analysis of valve closure times has revealed critical information about
transient pressures within the pipeline. Shorter valve closure times were found to result
in significantly higher transient pressures. For instance, a 30 s valve closure resulted in
a maximum pressure of 0.39 MPa, whereas extending the closure time to 90 s reduced
the maximum pressure to 0.36 MPa. This indicates the importance of optimizing valve
operation strategies to manage water hammer effects effectively. By carefully controlling
valve closure times, it is possible to mitigate the risks of excessive pressure surges, thereby
enhancing the operational safety and reliability of the pipeline system.

The effectiveness of air valves in mitigating transient pressures was another key aspect
of this study. The results showed that air valves play a crucial role in ensuring the safe
operation of the pipeline by allowing controlled air intake and exhaust, thus reducing the
impact of water hammer. However, the study also highlighted variations in the efficiency
of air valve operation along the pipeline, influenced by local hydraulic conditions. For
example, upstream sections experienced challenges due to small negative pressures leading
to gasification. This suggests that strategic placement and appropriate sizing of air valves
are essential to optimize their performance and ensure system stability.

Taking the air valve at the upstream location as an example, Figure 9 depicts the
fluctuation of hydraulic parameters of the air valve under the aforementioned valve closure
modes. According to the image, it can be observed that the air valve achieves and maintains
a high exhaust capacity under both valve closure modes, and it is difficult to achieve better
hydraulic conditions even with longer valve closure times. Therefore, this objective can be
achieved through other hydraulic structures, such as pressure regulating wells [24,25].
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Figure 9. The hydraulic fluctuation of the air valve at the upstream end of the water pipeline.
(a) Variation in pressure at the upstream air valve under valve closure conditions at 60 s; (b) Variation
in flow rate at the upstream air valve under valve closure conditions at 60 s; (c) Variation in gas
composition at the upstream air valve under valve closure conditions at 60 s; (d) Variation in pressure
at the upstream air valve under valve closure conditions at 90 s; (e) Variation in flow rate at the
upstream air valve under valve closure conditions at 90 s; and (f) Variation in gas composition at the
upstream air valve under valve closure conditions at 90 s.

To support these findings, several studies have demonstrated similar conclusions
regarding the importance of optimized valve closure strategies and the critical role of
air valves. For example, Hwang et al. [16] emphasized the effectiveness of optimized
valve operations in mitigating transient pressures. Similarly, Li et al. [28] highlighted the
importance of strategic air valve placement to enhance system stability under transient
conditions. Additionally, Pan et al. [5] demonstrated that the integration of multiple
protective measures, including air valves and pressure regulating wells, is essential for
comprehensive water hammer management in long-distance pipelines.

In light of these findings, several recommendations for the design and operation of
long-distance water pipelines can be made. Optimized valve closure strategies should be
implemented to manage transient pressures effectively, with longer closure times being
preferable where feasible. Additionally, careful consideration must be given to the place-
ment and sizing of air valves, particularly in sections with significant elevation changes
or where negative pressures are likely to occur. Lastly, given the limitations of simul-
taneous gravity and pumped flow operations, it is recommended to explore alternative
operational strategies such as sequential pumping or the use of backup pumps during high
flow conditions.

5. Conclusions

This study relies on actual water supply engineering and establishes a one-dimensional
mathematical model based on the Method of Characteristics. It formulates valve closure
strategies on the basis of existing maintenance measures and investigates hydraulic fluc-
tuations under both gravity flow and pressurized water supply modes to elucidate the
influence of air valves on the hydraulic transition process of water pipelines. The main
conclusions drawn are as follows:

1. The study confirms the impossibility of simultaneous gravity and forced pump op-
eration due to the excessive head provided by the pumps, which precludes the
coexistence of both modes. Moreover, the pipeline exhibits a high surplus head under
both supply modes, indicating its capability for long-term stable water supply.

2. Under gravity flow mode, a valve closure time of 30 s still meets the requirements
of design specifications. Additionally, due to the density difference between water
and air, gases mainly move upstream, leading to significant fluctuations in hydraulic
parameters of upstream pipelines.
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3. Under pressurized water supply mode, the first two and last valves of the water
pipeline can still achieve the same hydraulic conditions as those obtained when all
valves are closed for 60 s. However, due to the limited exhaust capacity of air valves,
further extension of valve closure time does not yield significant benefits.
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