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Abstract

Emptying pressure pipelines is a routine operation during pipeline maintenance. This study
investigates the emptying characteristics of pressurized pipelines with air valves under
unsteady flow conditions. A mathematical model for the emptying process is developed
using the rigid water column theory, exploring the influence of drain valve opening,
initial air pocket length, and valve opening patterns on the transient flow behavior. The
results indicate that, compared with the linear valve opening pattern, a nonlinear power
function opening increases the minimum air pocket pressure head by 0.1014 m and delays
its occurrence by 0.655 s. The maximum emptying velocity rises by 0.48 m/s when the
opening is increased from 10% to 30%, thereby shortening the emptying time by 65.4%.
However, the pressure head inside the air pocket decreases accordingly. When the air valve
diameter is enlarged from 0.003 mm to 0.008 mm, the pressure recovery time is markedly
reduced and the initial pressure fluctuations are attenuated. Numerical simulations based
on the Heihe emptying case demonstrate that a well-planned layout of multiple air valves
effectively shortens the duration of negative pressure heads. Replacing the first air valve
with a 50 cm diameter circular orifice significantly raises the minimum pressure head of
the pipeline and dramatically enhances the stability of emptying pressurized pipeline.

Keywords: pressurized pipeline; drainage process; air valve; rigid water column model;
non-constant flow

1. Introduction

Long-distance water transfer projects constitute a direct and effective means of mit-
igating the spatio-temporal imbalance of water resources and alleviating urban water
shortages. Thanks to their high efficiency and low leakage rates, pressurized pipelines
have been widely deployed in such projects as well as in municipal distribution networks.
Accelerated urbanization and growing worldwide demand for hydraulic infrastructure
have driven these conveyance systems towards ever-larger scales and increasingly complex
configurations, rendering the transient phenomena encountered during pipeline empty-
ing operations more intricate and variable. During emptying, the failure of air valves,
overly rapid opening of drain valves, or excessive emptying velocities can readily induce
sub-atmospheric pressures and severe pressure surges, potentially triggering catastrophic
events such as pipeline collapse [1]. Consequently, an in-depth investigation of transient
flow in the emptying of pressurized pipelines is of paramount importance.
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Compared with the emptying process, the transient behavior during the filling of
water transmission pipelines has hitherto received more extensive attention in the litera-
ture [2,3]. Currently, studies on the draining process of pressurized pipelines are primarily
based on the filling process [4], and the specification of parameters such as draining ve-
locity and the degree of drain valve opening during draining also draws from pipeline
filling procedures. Zhang et al. [5] compared several rapid empty-pipe filling schemes,
analyzing the impact of filling velocity on the hydraulic characteristics of hump pipes
with air valves, and concluded that filling schemes for long-distance pipeline systems with
velocities not exceeding 0.3 m/s are overly conservative and inefficient. Zhou et al. [6]
developed a numerical simulation model for rapid pipeline filling with multiple entrapped
air pockets to investigate the hydraulics-pneumatics transient flow during water con-
veyance system filling. Liang et al. [7] investigated the filling process under different
pipeline inclination angles, analyzing variations in flow velocity, pressure, and gas-liquid
two-phase distribution. Their findings indicate that when the pipeline inclination is less
than 30°, appropriately increasing the filling velocity can effectively shorten the filling
cycle. Ling et al. [8] conducted a numerical analysis of the rapid filling process in bypass
pipelines based on an elastic model combined with the polytropic gas law, identifying the
rate of air expulsion as the key factor affecting filling efficiency. Yan et al. [9] utilized Fluent
for three-dimensional numerical simulation of the filling process in pressurized pipelines,
finding that high-flow-rate filling causes intense pressure variations in trapped gas and
recommending the adoption of a “low-flow-rate filling principle”. Lin et al. [10] employed
a three-dimensional computational fluid dynamics model to study the evolution of the
air-water interface in horizontal pipes during filling, observing that residual air can induce
severe pressure oscillations leading to violent fluctuations at the interface. Collectively,
research on the filling process of pressurized pipelines has revealed the influence of pipeline
characteristics, trapped air pockets, filling velocity, air valves, and other factors on unsteady
flow during filling, providing a theoretical foundation for studying the draining process.

The draining of pressurized pipelines generally falls into two scenarios: one involves
emptying the fluid for pipeline maintenance and repair, and the other requires divert-
ing excess flow through a bypass pipeline or drain outlet when the pipeline flow rate
is too high. Coronado-Hernandez et al. [11] designed an experimental setup to study
two typical draining scenarios, with air valves either failing or functioning normally. They
complemented this with computational fluid dynamics (CFD) simulations to investigate
the influence of trapped air pocket size, valve opening rate, and valve opening time on
pressure variations within the pipe. Their results identified the amount of reverse airflow
as the primary factor affecting draining stability. Paternina-Verona et al. [12] proposed a 3D
model to simulate the emptying process in a single pipeline, incorporating a PVOF model
and a two-equation turbulence model. The model is used to capture more detailed flow
characteristics—such as pressure and velocity patterns of discrete air pockets, contours of
air and water velocity distributions, and temperature variations during air pocket expan-
sion. Laanearu et al. [13] analyzed the movement of the air-water interface within pipes
through experiments and simple numerical modeling. Experimental measurements of flow
rate, water level changes, and pressure variations during draining were compared with
results from a control volume model, revealing that the draining velocity is determined col-
lectively by cavity pressure, siphon outflow, pipe friction resistance, and leakage at the pipe
tail. Besharat et al. [14] proposed a computational model based on the rigid water column
model to simulate transient phenomena in single pipes, validating it with experimental
results. They concluded that the model could accurately predict experimental outcomes
such as pressure variations and negative pressure values. Coronado-Hernandez et al. [15]
developed a mathematical model to simulate the emptying process in water supply net-
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works. They applied it to a case study, highlighting negative pressure as a critical cause
of pipeline collapse. Tijsseling et al. [16] proposed an improved one-dimensional model
for rapid pipe draining and filling. This model considered pressure, gravity, friction, the
air content at the tail of the water column, and aeration at the front, enabling predictions
of the water column’s velocity, length, and position during rapid operations; however,
experimental validation was not performed. Fuertes-Miquel et al. [17] reviewed various
mathematical models for the water phase, air-water interface, and gas phase during the
filling and draining of water pipelines, proposing that computational fluid mechanics offers
a better explanation for cavitation dynamics during draining. Tasca et al. [18] developed
a one-dimensional Method of Characteristics (MOC) transient flow model incorporating
dynamic boundary conditions for air valves and evaluated the model with test data. The
model’s key control parameters include the air valve orifice area, the discharge coefficient,
and the pipe friction factor. Bian et al. [19] applied a three-action air valve in tandem
with a two-stage valve closure to a highly undulating gravity-flow pipeline, raising the
minimum pressure head from —10 m to —1.19 m and thereby eliminating the risk of column-
separation water hammer. Wu et al. [20] developed a novel staged-exhaust air valve that
reduced the pressure peak of water hammer by 29.72% compared with an unprotected
case, effectively damping pressure surges. Li et al. [21] provided a combined air-vessel
and over-pressure relief-valve strategy that lowered the maximum transient pressure from
1.343 MPa to 1.087 MPa, while simultaneously reducing the air-vessel volume by 20%
relative to stand-alone air-vessel protection.

In summary, current research on unsteady flow during pressurized pipeline emptying
has primarily focused on analyzing the pressure within the air pocket, the air-water inter-
face, and the evolution of the water level, as shown in Table 1. However, a systematic and
quantitative investigation of how key boundary conditions—such as air-valve characteris-
tics (diameter and number) and drain-valve opening—govern critical hydraulic parameters
during emptying (e.g., transient discharge, negative-pressure extremes, and emptying effi-
ciency) is still lacking. Consequently, this study develops a two-phase mathematical model
of the emptying process for a pressurized pipeline, grounded in an actual engineering case.
The study was conducted to quantitatively investigate the effects of the valve operation
scheme, valve opening, initial empty segment length, air valve diameter, and the number
of air valves on key performance metrics, including drainage velocity, cavity pressure head,
and flow rate.

Table 1. Summary of relevant studies.

Research Source

Mathematical Model

Key
Control Parameters

Valve Opening Law

Air
Valve Arrangement

Coronado-Hernandez
and Fuertes-Miquel
etal. [11,15,17]

Rigid water column
model for
single-pipe systems

Valve opening time, air
valve orifice size,

pipe slope

Linear opening

Single air valve

Tasca and Bian
etal. [18,19]

One-dimensional
transient flow model

Break-point opening,
air valve orifice size

Two-stage
linear closing

Ordinary, three-action
or improved
dual-orifice air valve

Wu et al. [20]

Coupled 3D CFD &
MOC transient
flow model

Buffer plate orifice size

Staged exhaust
triggered by
pressure difference

Staged exhaust
air valve

Lietal. [21]

Combined air
vessel-relief valve
transient model (MOC)

Valve opening/
closing law

Two-stage
linear closing

Integrated air vessel &
over-pressure
relief valve
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Unlike previous work that relied on piece-wise linear valve opening laws and suffered
from abrupt velocity changes, the present study introduces a nonlinear power-law opening
schedule. Furthermore, by innovatively coupling the optimisation of air-valve quantity
and diameter, a “circular orifice + multi-valve coordination” layout is proposed. This
approach enables the quantitative, system-level elucidation of how these specific boundary
conditions affect the core hydraulic parameters of the emptying process, thereby providing
more accurate theoretical guidance for optimizing emptying operations and ensuring both
safety and efficiency.

2. Mathematical Model
2.1. Schematic Diagram of Emptying in Pressurized Pipelines

To analyze the emptying process of a pressurized pipeline, a geometric model of a
single-pipe system equipped with air valves is established, as illustrated in Figure 1, for
simulating the pipeline emptying procedure.

Air valve

Patm > P

Figure 1. Schematic Diagram of Water Drainage in a Pressurized Pipeline.

2.2. Mathematical Model of the Emptying Process

In engineering practice, heat exchange between the fluid and the surroundings is
generally neglected; hence, the model considers only the conservation of momentum and
mass of the fluid motion. To simplify the analysis, the following basic assumptions are
adopted [22]:

(1) The wall shear stress acting on the water column is assumed constant and is evaluated
using the Darcy—Weisbach equation;

(2) The air-water interface is well-defined and remains parallel to the horizontal plane;

(3) The characteristic time of the thermodynamic process within the air pocket during
emptying is much shorter than the heat-exchange time scale, so the process is treated
as adiabatic;

(4) The pipeline possesses sufficient structural strength to withstand the sub-atmospheric
pressures developed during emptying without significant deformation or collapse.

2.2.1. Liquid Phase Model

Based on the principles of momentum and mass conservation, the governing equation
for the liquid phase during the emptying process is derived. Under the rigid water column
assumption, the entire water body within the pipeline is considered the control volume,
indicated by the blue color, with the x-coordinate aligned in the direction of flow. The
corresponding free-body diagram is shown in Figure 1.

The force at the upstream end of the control volume is p* Asinf; the force at the
downstream valve side is —p},, Asinf; the component of the gravity of the water body
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along the x-axis is Ly Asin6?p,g; the force between the water body and the pipe wall
is —trtDLysint; the local loss of fluid at the valve is —h;. Applying the momentum
conservation principle [23]:

duy

p* Asin® — p,,, Asin® + Ly, Asing?pg — T7tD Lysing — he= Asin@prwﬁ

)

In the equation, p* represents the absolute pressure of the gas in the cavity (Pa);
Pl represents the standard atmospheric pressure (Pa); A is the interfacial area (m?);
6 is the angle between the pipeline and the horizontal plane (rad); L, is the length of the
water column (m); py, is the density of the fluid (kg/m?); g is the acceleration due to gravity
(m/s?); D is the diameter of the pipeline (m); 1  is the local head loss of the fluid at the
valve (m); vy is the instantaneous average velocity of the fluid in the pipeline (m/s);
T is the shear stress (Pa), which is typically calculated using the Darcy-Weisbach
equation [24]:

T = waUw]Uw| (2)

8

1 € 2.51

In the equation, f represents the friction coefficient of the pipe wall, calculated using
the Colebrook-White formula [25]; € is the equivalent wall roughness (mm); D is the pipe
diameter (mm); and Re is the Reynolds number.

By substituting Equation (2) into Equation (1), and dividing both sides of the equation
by AsinfLypy, it can be simplified to Equation (4):

P* — Pam . Vw|w| hy dvy
_ _ =% 4
PwLw +gsinf —f 2D AsinfLypw dt @)
From mass conservation, the water-column length satisfies [26]:
Lw:L—LO—/vwdt 5)

where L represents the total length of the pipeline (m); Ly represents the initial length of
the air pocket (m).

Differentiating Equation (5) with respect to time gives the continuity
differential equation:

dLy

ar —Ow (6)

2.2.2. Gas Phase Model

During emptying, water is treated as an incompressible fluid; hence, over At the
increase in the empty pipe-section volume equals the volume of water discharged. The
air-pocket mass-conservation equation reads [12]:

dm,

ar = paOvaAuO (7)

where p,0 is the atmospheric density (kg/m?), v, is the velocity of the gas entering the air
valve (m/s), Ay is the inlet area of the air valve (m?) and m, is the mass of the gas in the
empty section of the pipe (kg), which can be expressed as:

ma = paAsind(L — Ly) 8)
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where p, is the air-pocket density (kg/ m?).
Combining Equations (7) and (8) yield the rate of change of the air-pocket density:

% _ pﬂOUﬂAaO - PavaSinQ

dt — Asinf(L — Ly) ®)

The air-pocket pressure evolution follows the ideal-gas law together with the
expansion—compression equation [27-29]:

' dVe o dmg

dt V, dt m, dt

(10)

where V, is the air-pocket volume (m?), and k is the polytropic exponent; for an adiabatic
process, k =1.4.

2.2.3. Air Valve Model

To describe the air inflow through the air valve, a dynamic air valve model is estab-
lished under the following assumptions:
(1) The air inflow is isentropic;
(2) The air temperature inside the pipeline is assumed equal to the water temperature;
(3) Variations in the air volume within the pipeline depend solely on the water outflow.

During emptying, the air pocket expands, and the absolute pressure inside the pipe
falls below the ambient atmospheric pressure. Two flow regimes must therefore be consid-
ered [30,31]:

Sub-critical flow (0.53p7,, < p* < pi,):

dm, p* 1.4286 p* 1.714
at CznAuO\J 7Patmp110 l(p;tm ) p;;tm ( )

Choked flow (p* < 0.53p;;,,):

dmg _ ., 0686 .

W: in a07ﬁp

where Cj, is the air-inflow discharge coefficient; R is the gas constant (J/(kg-K)); T is the

(12)

absolute temperature (K).

2.2.4. Drain Valve Operation Model

Linear opening: The valve opening varies piece-wise linearly with time ¢,

kit,0<a<n
a=< ... (13)
kitn <a<m

where a is the valve opening (%); k; is the slope of segment i; t is the actuation time (s); n is
the intermediate opening degree (%); m is the preset opening degree (%).

Nonlinear power-law opening: Based on the valve’s head-loss characteristics, a 10 s
power-law schedule is designed that opens slowly at the beginning and accelerates towards
the end,

a =03t (14)
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From the manufacturer-supplied valve-opening—flow—head-loss curve, the local loss
coefficient ¢ at any opening is defined as [32]:

_ thg

02

4

(15)
where v is the fluid velocity at the valve (m/s).

2.3. Initial and Boundary Conditions

Initial Conditions: Before the commencement of water drainage, the initial drainage
velocity is vy (o) = 0, the initial water column length is Ly ) = L — Lo (where Ly denotes
the length of the vented pipe section), the initial absolute pressure in the vented section is
p*(0) = 101,325 Pa, the initial air density in the vented section is p, ©0) = 1.205 kg/ m?3, and
the initial air intake velocity at the air valve is v,() = 0.

Boundary Conditions: The upstream boundary condition is governed by the absolute
pressure P* within the vented pipe section. At the air valve and the outlet of the downstream
water drainage valve, the flow is a free outflow to the atmosphere.

Using the specified initial and boundary conditions, the fourth-order Runge-Kutta
method is employed to solve Equations (1)—(15) simultaneously for the time-dependent
variations of the pressure in the vented pipe section, the water drainage velocity, the air
intake mass flow rate at the air valve, and the water column length.

2.4. Model Verification

The accuracy of the present emptying model is evaluated against the experimental
dataset reported by Coronado-Herndndez et al. [11,15]. The test pipe is constructed of
Methacrylate (Aminnth Pipe Systems, Dammam, Saudi Arabia). The pipeline geometry
is characterized as follows: length 4.36 m, internal diameter 0.042 m, relative roughness
0.018, and inclination to the horizontal 30°. The ambient conditions were: local absolute
atmospheric pressure 101.325 kPa, and absolute temperature 293.15 K.

The mathematical model presented in Section 2.2 is employed to simulate the empty-
ing sequence of this pipeline, and the computed results are compared with the experimental
measurements. The comparison, illustrated in Figure 2, shows that the predicted pressure
oscillations within the air pocket closely agree with the experimental traces, with a maxi-
mum discrepancy of 3.59%. This confirms that the proposed model is capable of accurately
reproducing the hydraulic behavior during the emptying process.

10.5
L=436m
D=0.042m = Model simulation result
10.0 —e— Upper limit of fluctuation of experimental value
: —— Lower limit of fluctuation of experimental value

_
E 95t
=
<
o
=
£ 90t
7]
v
[
—
=9

85

8.0 |

1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time (s)

Figure 2. The comparison results between the simulation results and the experiments.
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3. Analysis of Transient Flow in Pressurized Pipelines During
Water Drainage

For the water drainage process under normal conditions, rapid air admission through
the air valve is particularly critical. Efficient air replenishment enables faster balancing
of the negative pressure generated during drainage, thereby ensuring safe operation.
Table 2 presents the calculation cases for water drainage under regular air valve operation,
investigating the influence of the initial vented pipe section length, valve opening degree,
and air valve inlet orifice diameter on the drainage process, respectively.

Table 2. Calculation Cases for Water Drainage with an Air Valve.

Diameter of the

Working Initial Length of the Maximum .
Condition Number Emptying Column Valve Opening Air Inlet Hole of
the Air Valve
Test 1 0.3m 20% 0.005 m
Test 2 0.5m 20% 0.005 m
Test 3 1.0m 20% 0.005 m
Test 4 0.5m 10% 0.005 m
Test 5 0.5m 20% 0.005 m
Test 6 05m 30% 0.005 m
Test 7 0.5m 20% 0.003 m
Test 8 0.5m 20% 0.005 m
Test 9 0.5m 20% 0.008 m

3.1. Impact of the Water Drainage Valve Opening Strategy on the Drainage Process

The opening strategy of the water drainage valve plays a crucial role in ensuring the
stable operation of the fluid within the pipeline. Figure 3 presents a comparison of the
pressure head variations in the vented cavity under different opening strategies. As evident
from the figure, compared to the instantaneous opening (0-s strategy), both the linear and
nonlinear power-function opening strategies mitigate the sudden drop in pressure head
observed in the no-strategy scenario. These strategies increase the minimum pressure head
in the vented cavity during drainage by 0.5369 m and 0.6383 m, respectively, and delay the
time of its occurrence. Furthermore, the partially enlarged view reveals that the nonlinear
power-function strategy increases the minimum cavity pressure head by 0.1014 m and
delays its occurrence time by 0.655 s compared to the linear strategy. However, it also
increases the water drainage completion time by 3.371 s.

10.5
10.0
== 0s Valve Opening Rule
95 | —#¥— Linear Valve Opening Rule
: —/— Nonlinear Valve Opening Rule
E S 7 |
90} \ / |
2 \/ !
[N
\ | |
0.1014; |
85 ./
I e !
| |
|
8.0 - |
| |
| 10 12 141
L 1(s) |
7.5 L 1 = = = = = = = o = = =
0 10 20 30 40 50

1(s)

Figure 3. Influence of Different Valve Opening Strategies on Vented Cavity Pressure Head.
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Figure 4 further compares the variation of the valve resistance coefficient versus
drainage time for the linear and nonlinear power-function opening strategies. During the
initial drainage phase, the resistance coefficient corresponding to the nonlinear power-
function strategy at any given time is significantly higher than that of the linear approach.
Consequently, the valve resistance is greater at corresponding time points, effectively
restraining the excessive increase in drainage velocity during the early stage and enhancing
the safety of the drainage process. Therefore, the nonlinear power-function opening
strategy is adopted for all water drainage calculations in pressurized pipelines presented in
this study.

20 1

Nonlinear Valve Opening Rule

Lincar Valve Opening Rule

Valve Resistance coellicient

o
T

0 50 100 150 200 250 300 350
t(s)

Figure 4. Changes in Resistance Coefficient under Various Valve Opening Strategies.

3.2. Impact of Different Boundary Conditions on Water Drainage Velocity

Figure 5 shows that the drainage flow velocity increases sharply during the initial
drainage phase. This is attributed to unstable air intake through air valves and the gradual
opening of the drainage valve at this stage. As the drainage process progresses, the drainage
valve opening remains constant, and air intake stabilizes, resulting in a gradual decrease
in flow velocity. The partially enlarged view indicates that a smaller initial cavity length
corresponds to a higher peak drainage flow velocity, although the magnitude of change is
relatively minor. Under ideal fluid conditions, where energy is conserved along streamlines,
a longer water column results in a higher hydraulic head and, consequently, greater
flow velocity.

0.8
_ roys——— — — — — — & |
0.7 | —Hl=1.0m I
—#—1,~0.5m ! A I
| I
0.6 - _A_]()=0.3m = |
1£030 |
05 7 |
- | \ \ |
E 04 — Local Amplification ! NN [
~—~ | I 025 |
> T, to s 1015 20 25 30,

0.3

0.2

Horizontal Angle 30°
Valve Opening 20%
Initial Water Column Length 6m

0.0 . I . 1 . 1 A : .
0 10 20 30 40 50 60

t(s)

0.

Figure 5. Effect of Cavity Length on Drainage Flow Velocity.
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Figure 6 shows the influence of the opening degree of the backwater valve on the
flow velocity of the backwater inside the pipeline. During the water withdrawal process,
the maximum water withdrawal flow velocity corresponding to a 10% opening degree
was 0.11 m/s. With the increase in the opening degree, the maximum water withdrawal
flow velocities increased by 0.2 m/s and 0.48 m/s, respectively. Meanwhile, the water
withdrawal times for a 20% opening degree and a 30% opening degree were shortened by
52 s and 72 s, respectively, compared to a 10% opening degree. However, the corresponding
initial velocity fluctuations during water withdrawal increased accordingly. This is because
when the valve opening increases, due to the relatively high water withdrawal speed, the
air intake volume of the air valve is insufficient.

0.8
F -
o7L . T oe=10% :
o ——a=20% ! os |
I I
A q=30° -
06L a=30% 1204 I
£ I
1 12
| I !
0.5 03 T —— |
— " Local Amplification ! f\" S 7,
I —
g | "2 I
Eo4 T 2 3 4 5 6
> I | t(s) I
1
|

Initial Water Column Length 6m
Horizontal Angle of pipeline 30°
Initial Cavity Length 0.3m

0 20 40 60 80 100
t(s)

Figure 6. Effect of Drainage Valve Opening on Drainage Flow Velocity.

Figure 7 illustrates variations in drainage flow velocity with different air valve diame-
ters. At an air valve diameter of 0.003 m, the required drainage time was 104.7 s. As the air
intake orifice diameter increased, drainage time decreased by 54% and 63.3%, respectively.
When air valve diameters measured 0.003 m and 0.005 m, significant flow velocity fluctua-
tions were observed during the initial drainage phase, with more pronounced oscillations
occurring at smaller intake areas. These fluctuations primarily resulted from limited air
inflow through smaller orifices at the onset of drainage. Insufficient air replenishment
reduced the minimum pressure head in the pipeline, consequently decreasing drainage
velocity. As air intake gradually increased over time, the pressure head rose and drainage
velocity increased again. This cyclical pattern persisted until the required air replenishment
diminished, after which the drainage process progressively stabilized.

0.8
Horizontal Angle 30° —=— Dair=0.003 m
0.7 Ve}l_ve ()[wning 20% —*<— Dair=0.005 m
Initial Water Column Length 6m A— Dair=0.008 m
0.6 | ro4gmm———————== ===
I | I
| \ —~—_ I
0.5 | 03 " |1
> — | _— |
%) > f
= Hoa | \ !
E0.4 P 1\
Local Amplll’lcauonlz VPN S~
= —_— | / I
AN
0.3 | | I
|/ 1
| \/
0.2 |0'0012345678910|
S {C R
0.1 .
k‘—ﬁ\{«\‘&\‘
0.0 1 1 e
0 20 40 60 80 100 120

Figure 7. Effect of Air Valve Diameter on Drainage Flow Velocity.
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3.3. The Influence of Different Boundary Conditions on Cavity Pressure

Figure 8 illustrates the temporal variation of pressure head under different initial
cavity lengths. During the initial drainage phase, the cavity pressure head plunges to
its minimum before gradually recovering as drainage progresses. Upon completion of
drainage, the cavity pressure equilibrates with the local atmospheric pressure. As the cavity
length increases, the minimum pipe pressure rises from 8.994 m to 9.065 m. This occurs
because longer initial cavity lengths provide greater cavity volume available for expansion
at drainage onset, thereby elevating the minimum internal pressure.

10.5
10.0
——[~=03m
S5k - —%—1=05m
9.0 i ——[=1.0m
|
S 85 1
g 85
~ |—»
*\;\ — 4 Local Amplification !
80 1
7.5
7.0k Horizontal Angle 30°
: Valve Opening 20%
65k Initial Water Column
-0 Length 6m
6.0 L
0 20

1(s)

Figure 8. The influence of the initial length of the cavity on the pressure head.

Figure 9 reveals similar trends in cavity pressure head variation across three valve
openings. At the onset of drainage, the pressure head plunges rapidly before gradually
recovering to its initial state. The minimum pressure heads corresponding to 10%, 20%,
and 30% openings measure 10.069 m, 9.019 m, and 7.783 m, respectively. As valve open-
ing increases, the minimum pressure head during initial drainage decreases by 1.05 m
and 2.286 m incrementally. However, at the 30% opening, the cavity pressure head re-
covers to its initial conditions 62.85% faster than at the 10% opening, despite a longer
drainage duration.

10.5

10.0

95

9.0

|
E 85 I I P I
< ! ! |
g0 I Local Amplification | \ =N
’ — —~
= I 1y || s [
i | 2857 s I
15 F s | - |
| -~
! \ -~ |
7.0 b sl I
Initial Water Column Length 6m \
Horizontal Angle of pipeline 30° | 0 1 2 3 4 5 6 7 8 I
6.5 I Initial Cavity Length 0.3m | o . |
oo X 6
60 1 1 1 1 1 1 L Il L 1
0 20 40 60 80 100

1(s)

Figure 9. Effect of Drainage Valve Opening on Pressure Head.
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Figure 10 demonstrates that the minimum cavity pressure heads for three air valve
diameters measure 6.13 m, 7.05 m, and 8.61 m, respectively. Increasing the air valve diame-
ter reduces the pressure recovery time to initial values by 69.3 s and 98.5 s incrementally.
Notably, at smaller diameters (particularly 0.003 m), significant pressure head fluctuations
occur during initial drainage due to insufficient air intake. These oscillations are substan-
tially mitigated with larger air intake orifice diameters. Consequently, increasing the air
valve diameter significantly enhances drainage stability in pressurized pipelines.

—%— Dair=0.003 m
—*— Dair=0.005 m
—2— Dair=0.008 m

p*/y (m)

Local Amplification
_

7.0 " Horizontal Angle 30°
Valve Opening 20%
6.5 Initial Water Column 6.0
Length 6m 0 2 ! 6 |
6.0 . 1 . 1 A
0 20 40 60 80 100 120

1(s)

Figure 10. The influence of air valve diameter on the pressure water head.

In summary, during pressurized pipeline drainage, the nonlinear power-law valve
opening elevates the minimum cavity pressure head and delays its occurrence compared to
linear valve operation, while simultaneously suppressing excessive growth in flow velocity
during the initial drainage phase. Altering the initial cavity length exerts a limited influence
on hydraulic parameters throughout the drainage process. Increasing the drainage valve
opening significantly enhances flow velocity and reduces drainage duration—for instance,
at a 20% opening, velocity increases by 0.2 m/s, and drainage time decreases by 55.7%
compared to a 10% opening. Furthermore, appropriately enlarging the air valve diameter
(e.g., from 0.003 m to 0.005 m and 0.008 m) substantially improves drainage stability by
mitigating pressure fluctuations induced by air deficiency. Collectively, these strategies
effectively optimize the drainage process and accelerate the recovery of pressure head
within the pipeline.

4. Case Study: Heihe River Drainage Section of the Hanjiang-to-Weihe
River Diversion Project

The second-phase project of the Han-to-Wei Water Transfer Scheme constitutes a key
component of the overall conveyance system. Located in Zhouzhi County, Xi'an City,
Shaanxi Province, the project comprises a southern and a northern main line. The north
line utilises pressurised pipelines; during routine inspection and maintenance, emptying
operations are required. This case study focuses on the Heihe emptying reach, which is
designed as a pair of parallel pipelines. Each pipeline has an internal diameter of 3.4 m
and a total length of 3168.43 m, with a maximum elevation difference of 51.94 m. The
longitudinal profile of the pipeline is illustrated in Figure 11. The pipe length, elevation
difference, and sinf with respect to the horizontal for each pipe segment (I-V) are calculated
and presented in Table 3.
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Figure 11. Longitudinal profile of the Heihe emptying pipeline.
Table 3. Pipeline parameters.
Pipe Section Number I II III v A%
Pipe length (m) 732.12 777.07 749.98 750.00 159.26
Elevation difference (m) 33.11 4.83 4.75 7.34 1.91
sinf 0.0452 0.0062 0.0063 0.0098 0.0120

The drainage pipeline was subdivided into five segments based on elevation differen-
tials. As illustrated in Figure 12, four operational scenarios were designed for comparative
analysis. Scenario 1 incorporates a single air valve at the pipeline inlet. Scenario 2 deploys
air valves at chainages 0 + 862.12 and 1 + 468.69. Scenario 3 installs five air valves positioned
at chainages 0 + 862.12, 1 + 468.89, 2 + 389.19, 3 + 139.17, and 3 + 889.17. Building on the
findings in Section 3, which demonstrate that increasing the air valve diameter enhances
flow velocity and minimizes cavity pressure, Scenario 4 modifies Scenario 3 by replacing
the first air valve with a 0.5 m diameter circular orifice. All scenarios employ DN300 air
valves (Bensv Valve Stock Co., Ltd., Tianjin, China) configured for gas exchange exclusively
when the water—air interface descends below valve elevation.

Plan 1
(1 Air Vahea)

Plan 2 ® A
(2 Adr Valve) @
Plan 3 o) A A s
(3 Air Valve) ey Y N Y
Plan 4
¢1 Air Holew d:’) ) ) fa s aa)
4 Air Vakve) ey - Y Y
0-2862.12 1+462.60 2438019  3+139.17  3+880.17

Figure 12. Research plan.

Initial Conditions: At time t = 0, the cavity pressure p*) = 101,325 Pa, the drainage
water velocity vy ) = 0 m/s, the air density within the cavity py ) = 1.205 kg/ m?, and
the air valve intake velocity v,;,(0) = 0 m/s. The maximum preset opening of the drainage
valve is specified as 12%, achieved through a linear valve opening process over 5 min. The
drainage flow rate must not exceed 3.63 m3/s, and the air valve intake velocity must not
exceed the critical velocity. Since the mathematical drainage model established in this study
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requires the cavity in the emptied pipe section to possess a certain initial length at time t = 0
to satisfy the computational prerequisites, an initial cavity length of 5 m is assumed at ¢ = 0.

The variation of the cavity pressure water head of the Black River water return pipe
section under different calculation schemes is shown in Figure 13. It can be seen from the
figure that the models of the hollow air valves in Schemes 1 to 3 are the same, and the
minimum cavity pressure water head is 9.97 m. The time at which the minimum value
occurs is 299.1 s, when the water return valve is fully open. As the water return process
proceeds, the cavity pressure water head gradually increases. Scheme 1 features a single air
valve for air replenishment throughout the process. When the water withdrawal process
reaches 1131.56 s, due to insufficient air replenishment, the rate of increase of the cavity
pressure water head gradually slows down. At the same time, in Schemes 2 and 3, the
second air valve begins to supply air, and the cavity pressure water head in the pipe section
increases by 0.06 m over the next 40.3 s. Compared with Schemes 1 and 2, at 12,992.81 s,
the pressure water head inside the pipe of Scheme 3 reaches 10.326 m, which is essentially
close to the standard atmospheric pressure water head. The part of the empty pipe pressure
water head that is lower than the standard atmospheric pressure water head is defined as
the negative pressure water head. By comparing schemes 1, 2 and 3, it can be observed
that the reasonable arrangement of multiple air valves along the drainage pipeline can
significantly reduce the duration of negative pressure water head in the pipe; however, the
minimum pressure water head in the pipe remains unchanged at the beginning of drainage.
By comparing Scheme 4 with Scheme 3, the minimum pressure water head in the hollow
cavity of Scheme 4 is 10.305 m, and the occurrence time is 345.2 s. Compared with the
previous three schemes, it increases by 0.335 m, the occurrence time is 345.2 s, and the
occurrence is delayed by 46.1 s. Meanwhile, the cavity pressure water head in Scheme 4
has recovered to the atmospheric pressure water head at 10,786.32 s.

104
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o] == Plan 2
Plan 3
102 —A— Plan 4

P*/y(m)

10.0 /

1
0 2000 4000 6000 8000 10,000 12,000 14,000 16,000
Time(s)

Figure 13. The variation of cavity pressure water head in different drainage schemes.

Figure 14 shows a comparative schematic of the drainage flow rates under different
schemes. As the drainage time increases, the flow rates in all schemes exhibit a trend of
initially increasing and then decreasing. Comparing the four schemes, the overall drainage
process is relatively stable. The maximum drainage flow rate observed in Schemes 1-3 was
3.55 m3/s, which is 0.06 m3 /s lower than that in Scheme 4. The drainage flow rates did not
exceed the preset flow rate limit; however, oscillations in the flow rate occurred upon the
opening of the air valves. Upon completion of the drainage process, Scheme 1 required
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16,098.85 s (approximately 4.47 h), while Schemes 2—4 achieved completion 105.71 s, 273.5 s,
and 498.62 s faster, respectively.
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Figure 14. Variation of Drainage Flow Rate under Different Drainage Schemes.

5. Conclusions

This paper establishes a mathematical model for the drainage process in a pressurized

pipeline with a single air valve. The model was validated using existing experimental data.

The study focused on the relationships between the opening strategy, valve opening degree,

and air valve diameter, as well as key hydraulic parameters such as pipeline drainage

velocity and cavity pressure head. The drainage model with multiple air valves was also

applied to the Hehe drainage section pipeline of the North Main Line in the “Hanjiang-to-

Weihe River Diversion Project” Phase II. Drainage calculations and analyses for this section

led to the following main conclusions:

)

@)

®)

@)

®)

A mathematical model for the drainage process was developed using the rigid water
column assumption and validated by experiments. The results show that the model
matches experimental data well, with a maximum error of 3.59%.

During drainage in pressurized pipelines with air valves, both linear and nonlinear
power-function valve opening strategies improve the process. The nonlinear opening
strategy increased the minimum cavity pressure head by 0.1014 m and delayed its
occurrence by 0.655 s compared to the linear strategy. It also effectively reduced the
rapid increase in drainage water velocity at the start of drainage.

As the valve opening degree increases, drainage water velocity rises significantly and
drainage time shortens. At 20% opening, velocity increased by 0.2 m/s and drainage
time dropped by 55.7%. At a larger opening, velocity increased by 0.48 m/s and
drainage time fell by 65.4%. However, the minimum cavity pressure head fell by
1.05 m and 2.286 m, reducing drainage stability. Increasing the valve opening degree
speeds up drainage but may reduce process stability.

Increasing the air valve diameter improves drainage stability in pressurized pipelines.
Small air valves (0.003 m) caused pressure fluctuations due to low air intake, but
these weakened when the diameter increased to 0.005 m or more. At 0.005 m and
0.008 m, the drainage time was reduced by 54% and 63.3%, respectively, compared to
the small valves.

Well arrangement of multiple air valves can reduce negative pressure head dura-
tion without changing the minimum pressure value. All schemes showed drainage
flow rates that first rose then fell, reaching a maximum of 3.61 m3/s. Compared to
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Scheme 1, drainage times for Schemes 2, 3, and 4 were reduced by 105.71 s,273.5 s, and
498.62 s.

The rigid water column model adopted in this study simplifies the actual drainage
process by neglecting water elasticity and spatial variations, and assumes that submerged
air valves remain closed. To more accurately unravel the complex dynamics of pipeline
drainage, future work should incorporate more sophisticated hydraulic models, such as
elastic models, and rigorously investigate the complex gas-liquid two-phase flows triggered
by the intrusion of air through submerged air valves.
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