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ABSTRACT The drainage process of a large drop natural gas pipeline after a pressure test is a complicated
transient flow process. This process is a gas-phase and liquid-phase flow process connected by a pig, in which
the pressure inside the tube, and the flow velocity of gas and liquid, and the movement state of the pig are
constantly changing. At the same time, there are also a variety of complicated working conditions such as
liquid evaporation and water hammer. Based on the pig transient model, a transient simulation model is
established for the upstream gas section and downstream liquid sections of the pipeline in this paper, and
the discrete vapor cavity model is used to simulate the drainage process. Taking a large drop pipe section of
natural gas pipeline as an example, the paper studied the influences of key parameters such as flow velocity
and pressure on the inlet and outlet of the pipeline on the drainage process and analyzed the complicated
conditions such as discrete cavity and water hammer in the pipeline during the drainage process. In this
paper, the law of pressure variation in the pipe is obtained, and the method of adjusting the inlet and outlet
pressure and flow velocity of the pipe section by segmentation is proposed to avoid the occurrence of complex
working conditions such as discrete cavity and water hammer.

INDEX TERMS Pig, large drop, drainage, transient flow, numerical simulation, water hammer.

I. INTRODUCTION

With the continuous expansion of the natural gas pipeline
laying area in China, the number of pipelines built in areas
with complex terrain and large drop has increased year by
year, which has brought many new problems to the pipeline
production [1], [2]. And if the operating parameters of
the drainage process are not accurately controlled, it will
cause serious pipe explosion accidents, such as two pipe
explosion accidents in the second west-east gas transmis-
sion line [3], [4]. Before the natural gas pipeline is put
into production, the pipeline will be filled with water to
check the pressure resistance of the pipeline, and drainage
work will be performed after the pressure test. In order to
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drain the water in the pipeline as much as possible, a pig
is usually added to the pipeline and then the pig is pushed
to drain the water. This process is an extremely complex
transient movement because the motion states of the gas
section, liquid section, and pig in the pipeline are constantly
changing, as shown in FIGURE 1 (a)-(d). Initially, the pig
started from a relatively gentle pipe section and passed the
uphill section of the pipeline at a non-constant speed. During
this period, the residual gas in the pipe, and the gas escaped
by the transient flow of the liquid, and the water vapor
formed by evaporation will gather at the height of the pipe
to form a larger cavity. When the pig is downhill, if the
pig speed is less than the liquid velocity, the cavity volume
will increase and the pipeline pressure will decrease. On the
contrary, if the movement speed of the pig is greater than the
velocity of the liquid flow, the pig squeezes the cavity, and
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TABLE 1. Studying on gas-liquid two-phase flow in the pipeline.

Models or methods

Research object

Achievement

Reference

Mathematical model of pigging based
on two-phase transient flow equation
Mathematical model of the pig
through gas and liquid

A simplified debugging model

A pigging model combining steady-
state and transient state

A mathematical model to simulate
the pipeline emptying process
Mathematical model of water supply
pipe network venting process

Non-isothermal two-fluid model

Fluid-structure interaction (FSI) code

Computational fluid dynamic (CFD)
model

The double forward method (DFM)
The CFD numerical simulation
method

Gas-liquid two-
phase flow
Liquid or gas
pipeline
Gas-liquid two-
phase flow

High gas and low
liquid pipeline
Air-water pipeline

Gas-liquid
coexistence
pipeline
Gas-liquid mixed
flow

Gas-liquid
coexistence

The drainage of
pipelines
Water-filled pipe
Oil or natural gas
systems

A new method for analyzing gas-liquid two-
phase flow during pigging is proposed.
Predicting the pig velocity and the optimum
range of the propellant flow rate.

The model can realize the simulation of the
pipeline debugging process.

The model is accurate enough to predict the
main parameters.

The model can accurately predict the hydraulic
characteristic variables.

The risk of collapse due to lower atmospheric
pressure is understood.

It can be used as a reliable tool for designing
and monitoring non-isothermal two-phase
flow.

The method can be employed as a numerical
tool to investigate the transient flow during
pipe filling.

A better understanding of the emptying
process.

It’s good for solving boundary conditions.
The simulation analysis of pipeline systems.

K. Kohda et al., 1988,[5]
F.Esmaecilzadeh et al., 2009,[6]
Zhang et al.,2013,[7]

B. Jamshidi et al.,2016,[8]

E. Coronado-Hernandez et
al.,2017,[9]

E. Coronado-Hernandez et

al.2018,[10]

C. Sondermann et al.,2019,[11]

R. Maddahian, et al.,2019,[12]

M. Besharat et al.,2019,[13]

B. Zhang et al.,2019,[14]
E.Liuetal.,2019,[15]; Z. Su et
al.,2019,[16]; S. Peng et
al.,2019,[17]-[18]

A pigging model of a pig with a Gas pipeline A brake device can ensure a more stable speed ~ H. He et al.,2020,[19]
brake unit in gas pipeline of the pig.
A gas-liquid two-phase flow model Gas-liquid The article proposes a reasonable water filling Liu et al.,2020,[20]
coexistence scheme.
the liquid section of the pipeline in this process, and even the
water hammer phenomenon may occur, the drainage process

(@) also needs to introduce the discrete vapor cavity model. In this
paper, We summarized the researches of many scholars on the
discrete vapor cavity model, as shown in Table 2.

) As can be seen from Table 1, many scholars have studied
and made relevant achievements in the gas-liquid two-phase
flow process in pipelines. However, we can find one thing
in common is that most studies focus on single-phase flow

© or gas-liquid mixed flow in pipelines, which is completely
different from the model established in this paper. During
the drainage process of the natural gas pipeline, the pig was

@ added to separate the gas section from the liquid section.

FIGURE 1. Schematic diagram of the drainage process.

the cavity pressure increases sharply, resulting in the water
hammer.

It can be seen from the above description that in order to
build a model consistent with this process, multiple aspects
need to be considered. First, there must be corresponding
transient flow models for gas and liquid sections to describe
the flow of gas and liquid sections. So far, many scholars have
studied the gas-liquid two-phase flow in pipelines, as shown
in Table 1. Secondly, a pig model needs to be used to couple
the gas section with the liquid section, so that the flow process
is more complete. In addition, since cavities may appear in
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More precisely, the model established in this paper is two
single-phase flow processes connected by a pig.

By means of summarizing Table 2, the discrete vapor cav-
ity model has great application in analyzing the complicated
working conditions of the pipeline, and the introduction of
this model can more completely analyze the drainage pro-
cess. The drainage process after a pressure test of large-drop
natural gas pipelines has already been applied in engineering
practice, but based on previous literature surveys, systematic
research on this aspect is still insufficient. Therefore, a corre-
sponding drainage model is established in this paper. Taking a
large drop pipe as an example, a comprehensive analysis was
made of the speed change of the pig, and the pressure change
in the pipe, and various unstable states (such as liquid column
separation and water hammer) that may occur in the pipe, and
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TABLE 2. Researching on the discrete vapor cavity model in recent years.

Models or methods Achievement

Reference

DVCM and DGCM

A hydraulic transient model has been developed

S. Alexandre et al.,2015,[21]

for describing cavitating pipe flow.

A discrete model for air cavities

Theoretical research and numerical simulation

E. Liu et al.,2017,[22]

of water hammer in fluid flow.

FVM-DVCM
pressure.

The water hammer model in the viscoelastic

pipeline is considered

Combining a relaxation-dissipation method

with DVCM

DVCM and DGCM

can be improved.

The model can accurately predict transient
The unsteady wall shear stress is determined.
The timing of classical DVCM pressure pulse

The effect of tube wall viscoelasticity on

L. Zhou et al.,2017,[23]
K. Urbanowicz et al.,2018,[24]
M. Mosharaf,2018,[25]

Y. Zhu et al.,2018,[26]

transient amplitude damping decreases with

increasing air content.
Coupling FSI-water hammer model with
DVCM
Artificial intelligence and other technologies

the rectangular grid.

pipeline.

The simulation clearly shows its preference to

Ability to predict the main parameters of the

A. Ghodhbani et al.,2019,[27]

Qiao et al. 2020,[28]-[30]

corresponding solutions were proposed to verify the accuracy
of the model.

The rest of this paper is organized as follows: In section 2,
a transient analysis model for the drainage process of large
drop pipes is established by combining the gas-liquid tran-
sient flow model, the pig model, and the discrete cavity
model. At the same time, an actual case was introduced in
section 3, which mainly analyzed the flow process of the
pig, the pressure change in the pipe, and the analysis of the
unfavorable working conditions in the pipe, and proposed
the corresponding solutions. In section 4, the main conclu-
sions of this paper are summarized from the two aspects of
case analysis and model evaluation.

Vpig B

Gas section Pig Liquid section

FIGURE 2. Drainage process model diagram.

Il. MODELS AND METHODS
A. MATHEMATICAL MODEL
As shown in Figure 2, it is assumed that gas and liquid cannot
be mixed through the pig, so the pipe is divided into two
parts by the pig: the upstream gas part and the downstream
liquid part. This process is considered to be a constant tem-
perature state, so the flow of gas and liquid must satisfy
the mass conservation equation and momentum conservation
equation [31]-[33]. Meanwhile, the gas section and the liquid
section are coupled with the pig.

1) Gas section transient simulation model

Mass conservation equation:

p  dpv)
ot ox

=0 (1)
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Momentum conservation equation:

Ipv)  B(pv?)  dp | AV .
RAVAMEAT A =0 (2
By ox ax TpaPTtersn @

In which: p- gas pressure in the pipeline, Pa;

g- gravity acceleration, m/s2;

0- inclination between the pipeline and the horizontal
plane, rad;

M- friction coefficient;

D- the inner diameter of the pipeline, m;

p- gas density, kg/m?;

v- gas velocity, m/s;

x - pipe length variable, m;

t- running time, s.

The gas density is determined by the equation of state of the
gas % = ZRT, where p is the absolute pressure of the gas (Pa),
Z the compression factor of the gas, and T the temperature of
the gas (K), R the gas constant(8.314J/(mol-K)).

2) Liquid section transient simulation model

Mass conservation equation:

av 1  dp dp

Ny WP Py 3
dx + paz(v8x ot )

Momentum conservation equation:

av av 1adp - A 0 4
ot TVox T oay TEsnOFopvivi= @)
In which: p- gas pressure in the pipeline, Pa;
g- gravity acceleration, m/s2;
0- inclination between the pipeline and the horizontal
plane, rad;
D- the inner diameter of the pipeline, m;
- friction coefficient;
a- water hammer wave velocity, m/s;
p- liquid density, kg/m3;
v- liquid velocity, m/s;
x- running distance, m;
t- running time, s.
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The above is the transient model of the gas section and the
liquid section in the pipeline, which can be solved by using
the characteristic line method [34]-[36] and coupled with the
pig transient equation below.

3) Pig dynamics analysis

The pig is mainly affected by its own gravity, friction and
the pressure exerted by the upstream gas and the downstream
liquid in the pipeline. The pressure at the head of the pig is
the pressure from the downstream liquid, and the pressure
at the tail of the pig is the pressure from the upstream gas.
By establishing the momentum conservation equation of the
pig, the pig motion and fluid flow in the pipeline can be
coupled [37]-[39].

Transient motion differential equation of the pig:

dVpig .
mpigTZ(Pl — P2) A — mpiggsin B — F (5)
In which: Vpe- the velocity of the pig, m/s;

mpig- the mass of the pig, kg;

P1- upstream pressure of the pig, N/m?;

P;>-downstream pressure of the pig, N /m2;

F.- the axial contact force between the pig and the pipe
wall, N.

ifl i+2
—+ |Q
- 0
1 _
| — |

FIGURE 3. Grid diagram of the drainage process.

»—‘
|
—
- — — — 1~

—>
V

pig

The Adams-Bashforth mathematical method is used to
solve the differential equations of the pig’s motion. The key
issue in establishing a transient motion model for a pig is how
to find the position of the pig at each time step and complete
the numerical simulation requirements for tracking the pig.
As shown in Figure 3, the pig is located between the grid
points i and i + 1, assuming the position of the pig is Xp. The
pipeline grid unit where the pig is located is further divided
into two small grid units, so we temporarily set a movable
grid node on the coordinates. Therefore, when the pig moves
in the pipeline, the new coordinates of the pig can be obtained
by applying formula (6):

XE = xp+ V]fi;atlmk (6)
In which: V]fi‘gf'l -the instantaneous speed of the pig, m/s;

Assume that the pig speed is the same as the upstream gas

section and the downstream liquid section next to the pig:

VI;i-gA[ — V£+Al (7)
V;);gAt — Vlt-'rAt (8)

In which: Vg, Vg, Vi - the speed of the pig, gas, and
liquid, m/s
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Similarly, the tail and head pressure of the pig is also the
same as the pressure of the upstream gas section and the
pressure of the downstream liquid section:

P;Tgét — Ptg-i-At (9)
t+At _ pt+At
PLFA— piia (10)

In which: Ppig, Py, Py - the pressure of the pig, gas, liquid, Pa.

XPIG XPIG

FIGURE 4. Schematic diagram of pig in the previous time step.

If the pig does not move to the next node of the grid, that
is, at a position between the two nodes (FIGURE 4), then the
speed of point p can be obtained by the following difference
formula:

1 — X
L P (Vi — V1) (11)

Xp—
Xp—1 — Xtail
In which: V}- the instantaneous speed of the pig, m/s;
x- the location of the different nodes, m.
The pressure at the end of the pig pri can be obtained by
the following heterodyne formula:
Xp-1 — Xtail

Prail = Pp-1 + (Pp — Pp-1) (12)

xp_1 — xp

In which: p;,, pp.1- the pressure of the pig at the nodes p,
p-1, Pa;
x- the location of the different nodes, m.

Pt

i

XPIG XpiG

FIGURE 5. Schematic diagram of pig in the next time step.

As shown in Figure 5, the pig moves to the next node, and
after the pressure at the tail of the pig is calculated, the flow
parameters of p that can be obtained by the next iteration.

The same method can be used to determine the flow param-
eters of the pig head:

Xpig = Xy
V., = Vpig + —(V i1 T Vpig) (13)
p xpig — _xp;+l p+
Xp' — Xpig
Prose = Py + ————Py 1 —Py) (14)
|

In which: ppose- the head pressure of the pig, Pa;

VOLUME 8, 2020
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Vs Vs, Viig- the speed of the pig at p,p' + 1, and the
speed of the pig itself;

x- the location of the different nodes, m.

By solving the liquid transient model and the gas transient
model, the head and tail pressures of the pig are obtained.
Then the head pressure and tail pressure of the pig are brought
into the pig model to calculate the speed of the pig.

4) Discrete Vapour Cavity Model (DVCM)

Establishing a discrete vapor cavity model is to deter-
mine whether liquid column separation will occur in the
pipeline [40]-[46].

The steam chamber |

i
i
i
!
! z
!
\
i
i

Baseline

FIGURE 6. Schematic diagram of liquid column separation.

As shown in Figure 6, we make the following assump-
tions: When the steam chamber is concentrated at section i,
the incoming flow is Q; i, and the outgoing flow is Q; oy, It is
assumed that the height at section i relative to the baseline
is z, the piezometric head of the pipeline is H;, and the
atmospheric pressure head is H4. Therefore, the absolute
head of the liquid in the pipeline is (H; + Ha) — Z;, and the
saturated steam head of the liquid is Hy = P7V. The following
is to determine whether liquid column separation occurs in
section i.

(1) (Hi + Hy) — Z; > Hy, Then there will be no low-
pressure vaporization at section i, and the volume of the steam
cavity V = 0. This hydraulic transition process can be
calculated according to the water hammer calculation method
of a simple pipeline.

(2) (H;i + Ha) — Z; < Hy, Then low-pressure vaporization
and liquid column separation will occur at section i, and the
volume of the steam cavity Vz > 0. At this time, the pressure
at section 1 is considered to be equal to the liquid saturated
vapor pressure, that is, Hpi = Hy + Z; — Ha.

The volume increment of the steam chamber during this
calculation period At is:

(Opi,in — Opi,out) At +(Qiin — Qi ou) At
2

Vi, =Vi,, + (15)
In which: At¢- interval time, s;

Qi.in- Calculate the inlet flow at i at the beginning of the
period, m3/s;

Qi out- Calculate the outlet flow at i at the beginning of the
period, m3/s;
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Opi,in- Calculate the inlet flow at i at the end of the
period, m3/s;

Opiout- Calculate the outlet flow at i at the end of the
period, m3/s.

If Vi, > 0, it indicates that the steam chamber is still in the
development and expansion stage, and the next time period is
calculated.

If Vi, < 0, it is considered that the steam chamber has
collapsed and the two separated water columns are instantly
bridged.

B. MODEL SOLVING STEPS

During the drainage of the simulated pipeline, the pipeline is
divided into two parts. The first part is the gas part from the
inlet of the pipeline to the tail of the pig, and the second part
is the liquid part from the head of the pig to the outlet of the
pipeline.

In the first step, the gas section equation is solved to
obtain the gas pressure immediately adjacent to the tail
of the pig. Then, the liquid section equation is solved to
obtain the liquid pressure immediately adjacent to the head of
the pig.

In the second step, the dynamic analysis of the pig is
completed, and the pig head pressure and the pig tail pressure
obtained in the first step are substituted into the pig transient
motion model, and the Adams-Bashfor method is used to
obtain the speed of the pig and the differential method is used
to obtain the new position coordinates of the pig.

When the calculation node is located at the high point
or inflection point of the pipeline, the discrete vapor cavity
model is used for calculation. The flow chart is shown in FIG-
URE 7.

Ill. RESULTS AND DISCUSSION

A. BASIC PARAMETERS OF THE PIPELINE

A large drop pipe section is introduced as a practical case
in this paper, as shown in FIGURE 8, four special position
points on the pipe section are taken as observation points. The
section along the line is mostly mountainous, and the terrain
is undulating. The entrance of the pipe section is located at
an elevation of 2290.94 meters. The length of the line is
6935.1 meters, the highest point is 2519.53 meters, the lowest
point is 2140 meters, the maximum slope is 24.32°, and the
pipe diameter is 1016mm. The equivalent roughness of the
pipeline is 0.Imm.

The detailed data along the pipeline are shown in Table 3.

The pig used in the simulated section is a straight plate pig
and its main data are shown in Table 4.

In addition, this pipe section uses water as the pressure
test medium. The water supply source is clean (the total
suspended solids should not be greater than 50mg/L) and non-
corrosive (PH value is 6 ~ 9). The physical parameters of the
water used are shown in Table 5.

And the kinematic viscosity of the gas section behind the
pig is 0.000015m?/s.
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Input pipe system parameters and
elevation mileage data

v

Conduct steady-state calculation to determine the full-line flow pressure distribution at the initial time

v

Calculate wave speed

v

Determine the pipe step size and time
step

t=0;L =0
|l
5

t+ At
I

No

\ 4

. . Calculate the pressure flow in each grid of
Pipe high point or No each pipe section upstream of the pig
inflection point

A 4 \ 4
Discrete  vapour cavity Homogeneous foam flow
model (DVCM) model
[ |
+ \ 4
Calculate the pressure flow at the boundary

Calculate the pressure flow in each grid of the | . - . .
liquid pipe section downstream of the pig point at the inlet of the gas pipe section

upstream of the pig

Calculate the pressure flow at the boundary
point of the outlet of the liquid pipe section
downstream of the pig

v

Calculate the instantaneous speed and instantaneous position of
the pig

Calculate the pressure flow at the boundary point of the pig

v
X,>L 0

Yes

Show the results

End
FIGURE 7. Drainage process flow chart.
B. INITIAL STATE OF THE TUBE Before the drainage operation, the pipeline is completely
Before the pipeline is drained, the pressure distribution of the filled with water and is in a full flow state. As can be seen from
pipeline is shown in FIGURE 9. the comparison of FIGURE 9 and FIGURE 8, the pressure at
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TABLE 3. Data along the pipeline.

Mileage(m) 0 788 900 1232 1384 1685 1812 2008 2145 2550 2689 2799
Elevation(m) | 2291 2327 2369 2422 2418 2446 2440 2500 2513 2520 2494 2465
Mileage(m) 3049 3146 3255 3707 4009 4367 4438 4532 4811 4915 4981 5124
Elevation(m) | 2446 2428 2441 2421 2344 2235 2235 2216 2158 2184 2198 2226
Mileage(m) 5230 5406 5548 5589 5671 5907 6108 6203 6261 6544 6751 6935
Elevation(m) | 2264 2320 2353 2363 2403 2407 2373 2333 2306 2265 2150 2140
2600 4 | process of the pig under the boundary conditions and the pres-
2500 sure variation of the gas and liquid in the pipe by controlling
£ the inlet gas flow rate.
g 2400 1) Controlling the pressure at the inlet and the flow rate at
=
% 2300 the outlet
=
2200 5 4 1) ANALYSIS OF THE SPEED CHANGE OF THE PIG
2100 L L — In order to explore the change law of the pig’s moving speed
0 2000 4000 6000 with time, it is assumed that the inlet pressure is 3.5MPa
Mileage(m) and 4MPa, and the outlet flow velocity is controlled to be
FIGURE 8. Topographic map of large drop pipeline. 0.8-2.2m/s, and the sp.eed 1nterval.1s 0.2m/s. The relatlol?shl.p
between the running time of the pig and the outlet velocity is
TABLE 4. Basic data of the pig. shown in FIGURE 10.
The data type Parameter
The mass of the pig 700kg 7007
Friction between pig and pipe wall 0.05MPa
Absolute roughness of pipe inner wall 0.047mm 60007 — 3.5MPa
. --= 4.0MPa
TABLE 5. Physical parameters of the water. %
E 5000
z
The data type Parameter &
Density 1000kg/m? E 40004
=
Temperature 20°C =
Saturated vapor pressure 2.3388kPa 3000
Bulk modulus 2390MPa
Dynamic viscosity 0.001N-s/m?
2000 T T T T T T T 1
0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
4 Velocity (m/s)
<
[ FIGURE 10. At 3.5Mpa and 4MPa, the change curve of a pig running time
= with the outlet flow velocity.
N
o 2
-
2
8 0 . . L It can be seen from FIGURE 10 that as the flow velocity
- 0 2000 4000 6000 of the outlet increases, the running time of the pig gradually
. decreases, indicating that the higher the flow velocity of the
Mileage(m)

FIGURE 9. The initial pressure of the pipe section.

the first high point of the pipe at the mileage of 2655.99 m is
the lowest, and the size is 0.358 MPa.

C. ANALYSIS AND DISCUSSION

The following two cases are studied: (1) Controlling the speed
of the pig and studying the changes in pressure at different
positions of the process by controlling the inlet pressure and
the outlet flow rate; (2) exploring the law of the movement

VOLUME 8, 2020

outlet, the greater the speed of the pig. At the same time, under
3.5MPa and 4MPa pressure conditions, the operation curves
of the pigs almost coincide, indicating that the operation
speed of the pigs is independent of the inlet pressure. Here,
when the inlet pressure is 3.5MP and the outlet flow rate is
1.2m/s, the change curve of the pig’s moving speed with time
is shown in FIGURE 11.

It can be seen from FIGURE 11 that in the initial stage of
the drainage process, the pig in the pipe vibrates, which is
because the initial conditions in the pipe are not very consis-
tent with the relevant parameters during the pipe operation,
such as the pressure difference between the head and tail of
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20

Velocity(nv's)

T T
0 2000 4000

Time(s)

FIGURE 11. The curve of the pig’s moving speed with time.

the pig is very big or the flow velocity of gas and liquid is not
consistent. The oscillating process can consume the energy
inside the pipe so that after a period of time the liquid, gas, and
pig in the pipe can reach a new stable state. And the maximum
value of pig speed oscillation occurs when the movement time
is the 30s, the speed value is 2.14m/s, and the minimum value
occurs when the movement time is the 40s, the speed value is
0.82m/s, and the vibration amplitude reaches 1.32m/s. In the
subsequent pigging movement time, the change range of its
movement speed is becoming smaller and smaller. At about
480s, the speed of the pigging is basically maintained at
1.5m/s, but the speed value will fluctuate slightly at different
times.

Pressure (MPa)

T T T T 1
0 1000 2000 3000 4000 5000
Time (s)

FIGURE 12. The curve of pressure change with time at position 1.

2) PRESSURE ANALYSIS AT SPECIAL POINTS

In order to study the change of pressure in the pipeline under
the conditions of fixed initial pressure and outlet flow rate,
the boundary conditions of inlet pressure of 3.5 MPa and
pipeline outlet flow of 1.2 m3/s are taken as an example, and
the process of pressure change with time at each special point
is studied.

FIGURE 12 shows the change of pressure in the tube with
time at position point 1. As can be seen from the figure,
the lowest pressure at this position occurs at the beginning of
the drainage process, which is about 0.8 MPa. Then, as the pig
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moves steadily forward, the liquid on the left side of point 1
continues to flow out, and the pressure gradually rises at this
position. Comparing with the topographic map of the pipe
section, it can be found that the trend of pressure rise coin-
cides with the trend of the pipe section elevation before the
point. When the pig running time reaches 1640 s, the pressure
at this point reaches a maximum value of 3.5 MPa.

Pressure (MPa)

0.0 T T T T 1
0 100 200 300 400 500

Time (s)

FIGURE 13. Pressure change at point 1 within 500s.

FIGURE 13 shows the pressure change process of position
point 1 within 500s of the operating time. At the beginning of
the operation of the pig, the pressure in the pipe at position 1
showed a regular decreasing reciprocating oscillation process
like the pig. As the energy is consumed, the oscillating pro-
cess gradually disappears, and the duration is approximately
the same as the pig oscillating time. It can be inferred that the
initial stage of the pigging operation, the oscillating process
of the pig and the oscillating process of the fluid in the pipe
are synchronized and mutually influential.

Pressure (MPa)

3 T T T T 1
0 1000 2000 3000 4000 5000

Time (s)

FIGURE 14. The curve of pressure change with time at position 2.

FIGURE 14 shows the trend of pressure at position 2 over
time. As can be seen from the figure, the initial pressure at
this point is about 5 MPa, and as the drainage work begins,
the pressure at this position shows an upward trend. When the
drainage working time reaches the 1640s, the pressure at this
position reaches the maximum value of 7.505 MPa. As the pig
passes through the highest point, it begins to move along the
downhill pipe toward the point. Before reaching the point 2,
the static pressure of the liquid column at point 2 continues
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FIGURE 15. The curve of pressure change with time at position 3.

to decrease due to the continuous discharge of the fluid in
the pipe. The pig passes through this position and thereafter
receives a constant pressure of 3.5 MPa.

FIGURE 15 shows the change in pressure at position 3 over
time. As shown in the figure, the initial pressure of the
position point is about 2.4 MPa, and the subsequent pressure
change process is the same as the change process of the
previous position point. When the pig passes the highest
point of the pipeline, the maximum pressure at point 3 is
4.868 MPa, and when the pig passes the lowest point of the
pipeline, the minimum pressure at point 3 is 0.736 MPa.

Pressure (MPa)

T T T T 1
0 1000 2000 3000 4000 5000
Time (s)

FIGURE 16. The curve of pressure change with time at position 4.

FIGURE 16 shows the pressure versus time curve at the
pipe outlet, and the initial pressure at this position is about
5 MPa. When the pig passes the highest point of the pipeline,
the point has a maximum pressure of 7.69 MPa, and when the
pig passes the lowest point, the point has a minimum pressure
of 3.52 MPa. It can be seen from the figure that the pressure
change amplitude in the pipe section is basically consistent
with the pipe section elevation change. When the pig is in the
uphill section, the pressure at the outlet rises. When the pig is
in the downhill section, the pressure at the outlet decreases.

In summary, under the premise of fixed inlet pressure and
outlet flow rate, with the movement of the pig, the pressure
change process of each point on the pipeline is as follows:
when the pig moves in the uphill section, the pressure at each
point will rise; when the pig moves in the downhill section,
the pressure at each point will fall.
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FIGURE 17. The curve of the movement speed of the pig when the inlet
flow rate is fixed.

2) Controlling the inlet flow rate

Based on the study of the relationship between the fluid
velocity in the tube and the movement speed of the pig in
the previous section, in order to make the movement speed
of the pig within a reasonable range, the inlet flow rate of the
pipeline gas was selected to be 1.3 m/s. The simulation results
of the movement speed of the pig along with the change of
mileage are shown in FIGURE 17.

From FIGURE 17, we can see that the speed of pig motion
fluctuates greatly in the whole simulation time. When the
pipeline mileage is about 2700m, the pig motion appears the
phenomenon of cycling. In this regard, we have explained as
follows: At the 743m mileage, as the pig entered the uphill
stage and the hydrostatic pressure of the liquid column was
constantly reduced, the running speed of the pig began to
increase gradually. When it reached the first high point of the
pipeline, the pig speed also increased to 4.69m/s. Then the pig
went downhill. Due to the large pressure in the liquid section
in front of the pig and the insufficient pressure in the gas
section behind the pig, the speed of the pig dropped sharply,
which caused the pig to retreat. The maximum backward
speed of the pig was —0.65m/s. Before reaching point 2,
the pressure of the pig’s head and tail must be constantly
changed to keep the gas pressure and liquid pressure in a
balanced state as much as possible. During this time, the pig
will move back and forth until the pig moves to point 2.

It is worth noting that the instantaneous speed near the
outlet of the pipeline in FIGURE 17 reached 21m/s, which
indicates that the water hammer phenomenon occurred in the
pipeline at this time. The reason for this phenomenon is that
when the pig moves back and forth before reaching point 2,
the liquid on the left side of point 3 flows slowly, but the
liquid on the right side is continuously lost due to gravity,
causing the pressure at point 3 to gradually decrease. When
the pressure drops to the saturated vapor pressure, the liquid
at point 3 begins to evaporate and vaporize. After a certain
period of time, a cavity will be formed at this point. When
the pig passes point 3, the cavity created here also moves
downstream. With the decrease of the pig’s moving speed
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in the last downhill section, the pig began to squeeze the
steam cavity. When the pressure reached a certain value,
the steam cavity collapsed and quickly closed. The pig’s
speed increased sharply and eventually hit the front liquid
section forms a water hammer and there is a danger of tube
explosion. Here, the pressure curves of point 2 and point 3
with time are shown in the following figures.

4.5

4.0

3.5

Pressure (MPa)

3.0

2.5

T T T T 1
0 1000 2000 3000 4000 5000

Time (s)

FIGURE 18. The curve of pressure overtime at point 2.

The change of pressure at position 2 with time is shown in
FIGURE 18. Before the pig reaches this point, the pressure
here is always in a high-pressure state, and the pressure peak
is about 4 MPa. And the pressure value reciprocates with
the change of the pig’s moving speed. When the pig passes
through the position, the pressure inside the pipe becomes
the pressure of the gas section and continues to decrease,
maintaining at 2.6 MPa or more.

Pressure (MPa)

T T T 1
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Time (s)

FIGURE 19. The curve of pressure overtime at point 3.

FIGURE 19 shows the pressure change process with time
at point 3. It can be seen from the figure that after the pig
moves to the downhill section and starts to do reciprocating
motion, the pressure at point 3 starts to gradually reduce, and
the pressure reduction process lasts for about 1000s until the
saturated vapor pressure of the liquid at this temperature is
reached. When the pressure is lower than the saturated vapor
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pressure, it is considered that the pressure in the cavity will
not decrease any more, and it will be kept as the saturated
vapor pressure of the liquid. As the pig passes through point 3,
the pressure value at point 3 will become the pressure value
of the gas section.

Based on the above analysis, the main reason for the water
hammer is that when the pig moves in the first downbhill
section, a cavity is formed due to the difference in the flow
velocity of the upstream and downstream liquids at the posi-
tion point 3. Therefore, as long as the reciprocating oscillation
of the pig is solved, the problem of the water hammer can be
solved.

In order to solve the above-mentioned problem of the recip-
rocating motion of the pig and the water hammer problem,
the method of controlling the boundary condition in sections
is adopted to achieve the purpose of controlling the moving
speed of the pig. The specific scheme is shown in Table 6.
After the pig is moved to the position of 3810.6 m, the inlet
flow rate is set to 0 m/s in order to make full use of the
remaining pressure energy of the gas section, while achieving
the purpose of reducing the pressure of the gas section and
saving energy. In addition, in order to control the liquid flow
rate, appropriate back pressure should be added at the outlet.

Velocity (m/s)

T T T T T T T |
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (s)

FIGURE 20. The curve of the movement speed of the pig after the
adjustment of the scheme.

By applying the above-mentioned segmented control
scheme, a curve of the pig speed with time as shown in
FIGURE 20 is obtained. It can be seen from the figure that
through the adjustment of the boundary conditions, although
the speed of the pig fluctuates between 4000m and 5000m,
the speed of the pig does not show a negative value, and
there is no phenomenon of the pig receding during the whole
operation of the pig. At the same time, the velocity of the pig
at the end of the pipeline is effectively controlled, and there
is no water hammer in the whole process.

In addition, we also apply this scheme to the drainage
process of the large drop pipeline. Comparing the actual data
with the model simulation data, we find that the velocity
deviation of the pig is smaller, the maximum deviation of
velocity is 0.307% in the mileage of 4000-5000m, and 0.76%
at the end of the pipeline, which shows the accuracy of the
model.
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TABLE 6. Controlling inlet flow and outlet pressure in sections.

Operation position of the pig /m Inlet flow rate / m/s Outlet back pressure /MPa
0~3711 1.3 +0.8
3711~3810.6 6 +0.8
3810.6~5907.3 0 +1
5907.3~Outlet 0 +0.8

In summary, when controlling the inlet flow rate to con-
trol the drainage process, it is possible to prevent the water
hammer by adjusting the inlet flow and the outlet pressure in
stages.

IV. CONCLUSION

Based on the study of the drainage process of a natural gas
pipeline with a large drop, the following conclusions can be
drawn in this paper:

(1) When controlling the inlet pressure and outlet flow,
the inlet pressure of the pipeline does not have a significant
effect on the moving speed of the pig, and the outlet flow rate
is the main factor affecting the moving speed of the pig.

(2) Under the premise of controlling the inlet pressure and
outlet velocity, the pressure change of each point in the pipe
is approximately similar to the elevation change before the
point. If the pig is in the uphill phase, the liquid pressure in
front of the pig is in the rising state; when the pig is moving
in the downbhill section, the liquid pressure in front of the pig
is in the falling state.

(3) When controlling the inlet gas flow rate, if a water
hammer occurs in the drainage process, it can be solved by
adjusting the inlet flow rate and outlet pressure in stages.

In addition, because the research content of this paper has
been verified in engineering practice, it shows the correctness
of the drainage model established in this paper. For this
model, we think it has the following advantages:

(1) The drainage process of a large drop natural gas
pipeline is a gas-liquid-solid complex coupling process that
uses a gas to push the pig, and the pig pushes the liquid,
which is essentially different from the liquid pushing process
when the liquid pipeline is pigged. The simulation model of
the drainage process of the large drop natural gas pipeline
established in this paper is of more practical value.

(2) The simulation model established in this paper can well
reflect the complex flow process of liquid-pushed by gas in
the drainage process of large-drop natural gas pipelines. The
model can be used to analyze the influence of the flow rate
and pressure of the pipeline inlet and outlet, the pressure
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change inside the pipe, the transient movement of the pig,
and some other complicated problems such as the liquid
vaporization at the higher point and the water hammer.
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