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Abstract.Pipe cleaning is a common operation in the oil and gas industry. In this paper, the governing equation
of the pipeline inspection gauge (PIG, lowercase pig is commonly used) speed is combined with the gas flow
equations. The method of characteristics (MOC) is used to solve the transient equations of gas flow. And the
process of a pig passing over an uphill section of a gas pipeline is simulated. The results indicate that a pig may
get stuck in uphill gas pipeline, due to the coupling of the gas and the pig. Under these circumstances, a higher
pressure of the upstream could be helpful for driving the pig in motion. Additionally, the ratio of inlet pressure
rise during the pigging process is primarily determined by the inclination of the uphill section. In addition, a
formula to predict the inlet pressure during pigging in an uphill pipe is presented. Furthermore, the proposed
method and solution can be utilized to predict the speed and position of the pig, as well as the gas pressure and
the stoppage of the pig in hilly gas pipelines.
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1 Introduction

Regular pigging for the gas pipelines has become a standard
procedure for operators. Generally, a pig is a plug installed
in the pipeline to execute certain operations, such as liquid
removal, inspection of the pipe and cleaning out debris
[1–3]. Fluid is a pumped upstream of the pig to push the pig
forward. Because of the compressibility of gas and the
coupling effect between gas and pig, the speed of pig in gas
pipeline may be unstable [4–7]. Thereby, the prediction of
speed and the position of the pig are essential for pigging
operators [7,8].

In order to understand the dynamic characteristics of
the pig, the fluid-structure interaction (FSI) method can be
used to solve the pig motion equation and the gas equation
[9–12]. There have already been some works relating to the
dynamics of the pig in gas pipelines. TheMOC is efficient in
solving one-dimensional gas flow equation, so it is widely
used in pigging model [13,14].

The maximum speed a pig achieves from a stoppage in
gas pipeline is studied by Honggang and Zheng [15]. In this
paper, the gas equations are solved by the MOC. The
Runge-Kutta method is employed to address the speed
equation of the pig and to solve the ordinary differential
equations of the steady state equations of the gas. The
dynamics of a pig with a fixed bypass in the gas pipeline
have been studied by Hosseinalipour et al. [16]. Mirshamsi
46299006@qq.com
et al. presented a dynamic model of a long pig passing
through a two-dimensional gas pipeline, and carried out
simulation analysis [17]. Jingyuan and Changjun devel-
oped a pigging mathematical model coupling with the
quasi-steady state flow model [18]. Flow control in natural
gas and liquid pipeline were considered by Solghar [19].

The above pigging models mainly simulate the pigging
process in horizontal or small-dip pipelines. In these
pigging models, the friction of gas flow is considered as a
scalar. For instance, the change of its direction generated
by the backward flow of the gas is not considered. Thus, the
simulation of pigging for hilly gas pipelines would be
difficult for the pigging models.

In the pigging operations for hilly gas pipelines,
occasionally the pig will get stuck in the pipeline, which
can be identified by the increase of upstream pressure. At
present, the operators tend to attribute this phenomenon
to the increase of the resistance between the pig and the
pipe wall, such as the corrosion of pipe, bends, welding
lines, pipe deformation and other reasons. Nonetheless, it
seems that very few researches would pay attention to the
coupling of the gas and the pig in the hilly gas pipeline.
Actually, the coupling of the gas and the pig would lead to a
stoppage of the pig in the uphill gas pipe.

It seems that very few calculations or simulations focus
on the pigging in hilly gas pipelines. This paper deals with
the pigging model of a conventional pig moving through a
hilly gas pipeline. In the model, the gas equation is solved
by MOCmethod and the speed equation of pig is solved by
Runge-Kutta method. Then, the process of a pig moving
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Fig. 1. Load analysis of a pigmoving in a two-dimensional pipeline.
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through an uphill gas pipeline is simulated. The results
show that the ratio of the inlet pressure rise, during a
pigging in an uphill gas pipe, is mainly determined by the
inclination of the pipeline. Later, an empirical formula is
presented to predict the inlet pressure of a gas pipeline with
uphill sections during the pigging operation.

2 Mathematical modeling

2.1 Pig dynamic equation

Figure 1 shows the forces acting on a pig in a two-
dimensional pipe. The dynamic equation of the pig can be
written as follows [15]:

mv0pig ¼ Fp � sgn _xð ÞFfp �mgsinu: ð1Þ
In this equation, vpig is the velocity of the pig;m refers to

the mass of the pig; Ffp denotes the friction force of the pig.
The driving force FP is derived from the pressure difference
between the front and back of the pigging device. The
pressure difference is calculated by the upstream and
downstream flow dynamics in each calculation step.

Typically, a two-dimensional pipe is represented by
elevation icons, so it can be discretized into a series of
points in the form of elevation vs. distance. Thus, sinu in
the equation (1) of each point can be expressed by the
adjacent points. At each time step, the inclination
parameter sinu of the current pig position can be obtained
by the interpolation of the adjacent points. Subsequently,
the speed and position of the pig can be solved from
equation (1) by utilizing the Range-Kuta method.
Additionally, the inclination parameter sinu in the gas
equations can be calculated in the same way.

2.2 Gas flow model in hilly pipeline

The unsteady flow dynamics can be modeled based on the
fundamental fluid dynamic equations as below
[13–15,20,21]:

∂r
∂t

þ u
∂r
∂x

þ r
∂u
∂x

¼ 0; ð2Þ
∂p
∂x

þ ru
∂u
∂x

þ r
∂u
∂t

¼ �sgn uð ÞFf

A
� rgsinu; ð3Þ

∂p
∂t

þu
∂p
∂x

þgr
∂u
∂x

¼ g � 1

A
sgn uð ÞFfuþ qSþAurgsinu
� �

;

ð4Þ
where, u, p, r, g, x and t refer to velocity, pressure, density,
gravity parameter, distance and time, respectively. In
addition, notation u is the angle of the pipeline, A denotes
theareaofthepipe,Smeansthepipeperimeter,q is therateof
the heat inflow, g refers to the ratio of specific heat, and the
friction force per unit pipe length is represented by Ff.

In the hilly gas pipelines, there would be an occasion
that the gas flows backward, which causes the friction force
Ff to reverse. Therefore, the sign function of velocity sgn(u)
should be added before the friction. The friction factor and
the friction force per unit pipe length are provided
respectively as below [22]:

f ¼ 0:11
k

d
þ 68

Re

� �0:25

; ð5Þ

Ff ¼ fr
A

d

u2

2
; ð6Þ

where, d, k, f, andRe are the diameter of the pipe, pipe wall
roughness, friction factor, and Reynolds number, respec-
tively. The solution of gas equations by using MOC is
detailed in the Appendix A.

2.3 Initial and boundary conditions

Typically, the downstream gas pipeline is relatively long,
and its outlet is connected to a tank or other pipeline. In
this way, the outlet pressure is considerably consistent
when the pig stops in the gas pipeline for a short time.
Hence, the boundary condition of the constant outlet
pressure and constant flow rate at the inlet is used, which
stimulates the release of a stuck pig by increasing the
upstream pressure. The assumption is made only for
simplicity andwould bring some errors when the pig is close
to the outlet.

It is assumed that the upstream and downstream flows
are completely coupled by the pig. Therefore, the flow
velocities at the tail and nose of the pig equal to the speed of
pig [13–15]. The steady state momentum equation (3) and
energy equation (4) for the gas flow can be transformed to
ordinary differential equations, by assuming ∂/∂t=0. Now
the steady state equations can be obtained:

ru ¼ rouo; ð7Þ

du

dx
¼ 1

r c2 � u2ð Þ sgn uð Þ gFfu

A
þ g � 1ð ÞqS

A
þ gurgsinu

� �
;

ð8Þ



Table 1. Numerical values for the simulation.

Parameter Unit Valve Parameter Unit Valve

pi bar 40 Ffp bar 0.3
ri

Kg/m3 27.7 Qi m3/s 1.2
n m2/s 4.33� 10�7 q w/m2 0
g – 1.44 k mm 0.03
D m 0.5 m Kg 200

Fig. 2. Pig speed vs. pipe curve.

Fig. 3. Pig speed vs. inlet pressure of the pipeline.
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dp

dx
¼ sgn uð Þ 1� gð Þu2 � c2

c2 � u2

Ff

A
� u

c2 � u2

g � 1ð ÞqS
A

þ 1� gð Þu2 � c2

c2 � u2
rgsinu: ð9Þ

The initial fluid variables u, p, and r for both upstream
and downstream gas flows can be calculated by solving
equations (7–9) with the use of the Runge-Kutta method.

2.4 Numerical solution

There are two parts of the pipeline, including the one in front
of the pig and another one behind it, so as to facilitate the
process of pigging in the gas pipeline [13–15]. The dynamic
equations for the gas flows in downstream and upstream can
be addressed to gain differential pressure between the pig’s
tail and nose. The Runge-Kutta approach in the next step
can be used to solve the pig’s speed equation and to gain the
pig’s new position and speed.

It is important to update the grids on the flows’
downstream and upstream to calculate the parameters of
gas as the pig moves across one or more grids in the step of
ti. Later on, to calculate themotion of pig at the time step of
ti+1, the differential pressure at the pig’s tail and nose can
be derived. The calculations can be repeated till the time
step reaches the end or the pig reaches a certain position in
the pipeline [13–15].
3 Simulation of pigging in uphill pipeline

The values of the parameters are shown in Table 1. A
pipeline curve with an inclination section of 27.5 degree is
adopted in the simulation, which is figured in Figure 2.

The pig speed of the calculation is shown in Figure 2,
which indicates that the pig stops and moves backward
when it gets to the uphill section. After hesitating for
several times, the pig finally gets to a middle position of the
climbing section, and then starts to accelerate. When the
pig passes over the uphill segment, a maximum speed of
approximately 17m/s can be achieved.

The inlet pressure, compared with the pig speed, is
presented in Figure 3. It can be seen that the inlet pressure
increases significantly to drive the pig through the uphill



Fig. 4. Pressure at the pig tail, pressure at the pig nose, inlet pressure and pressure difference during the pigging.

Fig. 5. Three-dimensional surface map of gas parameters. (A) Gas speed of pigging in the uphill pipe; (B) gas pressure of pigging in the
uphill pipe.
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section. After the pig passes the uphill section, the inlet
pressure is then reduced to the normal level. The backward
movement of the pig is also shown in Figure 3. Within 60 to
70 s, the pig moves backward at a low speed of about
0.2m/s.

During the pigging, the pressure on the pig tail and
nose, the inlet pressure and the pressure difference between
the front and rear of the pig are indicated in Figure 4. It can
be seen that when the pig moves to the uphill section, the
gas pressure at the front of the pig increases due to the
compression generated by the pig. Additionally, when the
gas in the inclined pipe stops flowing, the pressure rise is
more obvious due to the action of gravity. As a result, the
pressure difference at the front and rear of the pig reverses,
which means the pressure at the front of the pig is much
higher now. In this way, as shown in Figures 2 and 3, the pig
stops quickly after starting. After hesitating for approxi-
mately 70 s, the pig finally gets to a middle position of the
climbing section, and then moves smoothly.

The distributions of gas parameters during the pigging
are shown in Figure 5. It can be seen in Figure 5A that the
gas velocity is coupled with the speed of the pig. As the pig
moves at a high speed, the gas flow rate increases
accordingly. Additionally, as the pig climbs the uphill
segment during 60∼ 120 s, the gas pressure rises signifi-
cantly, which is shown in Figure 5B. When the pig passes
through the uphill section, the gas pressure later returns to
normal.

The parametric sensitivity analysis of pigging in the
uphill segment is then carried out. As shown in Figure 6, the
following parameters have little effect on the ratio of inlet
pressure rise: mass of the pig, friction of the pig and the pipe,
pipe diameter, gas pressure, gas speed and the length of the
uphill. The ratio of inlet pressure rise during the pigging
process is mainly determined by the inclination of the pipe
and requires the uphill pipe to exceed a certain length.
4 Calculation of inlet pressure rise generated
by a stoppage

A series of pipes with different inclination angles
(10∼ 90 degrees), as shown in Figure 7A, is utilized to
calculate the ratio of inlet pressure rise. Using the
parameters listed in Table 1, the inlet pressures during
the pigging are shown in Figure 7B. Theminimum length of
the uphill pipe and the ratio of the inlet pressure rise, as
calculated from the results of the pigging simulations, are
fitted to the formulas as follows:

Lmin ¼ �0:0035x2 þ 0:6xþ 1:855; ð10Þ



Fig. 6. Parametric sensitivity analysis of pigging in an uphill segment. (A) Increase of mass or contact force; (B) the effect of pipe
diameter changes on the results; (C) sensitivity of gas pressure to the results; (D) sensitivity of gas speed to the results; (E) sensitivity of
uphill length to the results; (F) sensitivity of uphill inclination to the results.

Fig. 7. Simulations of pigging in uphill pipe with different inclination angles. (A) Pipe curves for the pigging simulations; (B) inlet
pressures of the simulations.
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Fig. 8. Actual values vs. Predicted values. (A) Calculations of minimum length of the uphill section; (B) increase ratio of inlet pressure
during pigging in the uphill segments.

6 H. He et al.: Mechanics & Industry 20, 406 (2019)
Rpr ¼ �0:0123x2 þ 2:53xþ 70:64; ð11Þ

in which,Lmin is theminimum length of uphill pipe, [m];Rpr
refers to the ratio of inlet pressure rise, [%]; x means the
angle of a pipe inclination, [degree, 10∼ 90]. The values
obtained from the simulation and the values predicted by
equations (10) and (11) are compared in Figure 8, which
indicates a good agreement.

Now, to predict the ratio of inlet pressure rise generated
by an uphill segment of gas pipeline, the following steps can
be used: to determine whether the inclined pipe exceeds the
minimum length calculated by the equation (10); then to
use equation (11) to calculate the pressure increment. It
should be noticed that the inclination of the pipe
determines the ratio of inlet pressure rise during the
pigging process. Therefore, the increase in the gas pressure
in the high-pressure pipe is more pronounced than in the
low-pressure pipe. Last but not least, as the boundary
condition of the constant inlet flow rate and constant outlet
pressure is adopted in the above simulations, the formula
presented would bring some errors when the pig is close to
the outlet of pipeline.
5 Conclusion

A pigging model using FSI to estimate the dynamic
behavior of the pig has been shown. The process of pigging
in a hilly gas pipeline is also simulated. The inlet pressure
rise during pigging in an uphill segment of gas pipeline is
studied.

The results show that the pig gets stuck in the uphill
segment of the pipe, due to the coupling between the
gas and the pig. In this condition, a higher pressure of the
upstream would be needed to pull the pig through
the uphill segment. The ratio of inlet pressure rise, during
a pigging in an uphill gas pipe, is mainly determined by
the inclination of the pipe. The formula presented
can be utilized to predict the inlet pressure of a gas
pipeline with uphill sections, and to determine whether
the pig passes through a particular uphill section of
pipeline.
In addition, the proposed method and solution can be
used to predict the gas pressure, pig speed, the stoppage of
pig as well as the position of pig in pigging operation for a
hilly pipeline.

Nomenclature
A
 Area of pipe

c
 Sound speed

d
 Diameter of the pipe

Ff
 Friction force per unit pipe length

Ffp
 Friction force between of pig

Fp
 Deriving force of pig

f
 Friction factor

g
 Gravity parameter

k
 Pipe wall roughness

m
 Pig mass

p
 Gas pressure

q
 Rate of heat inflow

Re
 Reynolds number

S
 Pipe inner perimeter

t
 Time

u
 Velocity of gas

vpig
 Velocity of gas

x
 Distance

m
 Coefficient of friction force

u
 Angle of pipe

r
 Density of gas

g
 Ratio of specific heat

l
 Real eigenvalue
Appendix A: Solution of Gas Equations using
MOC

MOC can effectively transform the partial differential
equations of gas flow into ordinary differential equations
that can be solved numerically. The solution steps are
shown below [13–15].

Equations (2–4) can be rewritten in the following form:

∂u
∂t

þA
∂u
∂x

¼ B; ð12Þ
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where,
u

1

2 3

u= [r u p] T, A ¼ u

r
gp u

64 75;
0

Ff

2
666

3
777
B ¼ �sgn uð Þ
rA

g � 1

A
sgn uð ÞuFf þ qS þ Aurgsinu
� �

664 775
:

Fig. A1. Characteristics used in MOC.
The nonlinear hyperbolic partial differential system of
equation (12) can be transformed into ordinary differential
equations integrated by the finite differences. MatrixA has
3 real eigenvalues l:

l ¼
u
uþ c
u� c

; c ¼
ffiffiffiffiffiffi
gp

r

r
:

8<
:

In which c refers to the sound speed. The compatibility
equations are obtained by multiplying the system given by
the eigenvectors. The eigenvectors of matrix A are:

u

r

2
6

3
7 0

2
6

3
7 0

2 32
6

3
7

y ¼ 0

� u

gp

66664
77775

1

c

gp

6664
7775

1

� c

gp

6664
7775

66664
77775
:

For each pair of l and y, equation (12) can be rewritten
in the form:

yT
du

dt
�B

� �
¼ 0: ð13Þ

By writing equation (12) along the characteristics line,
now we can obtain the compatibility equations:

du

dt
þ c

gp

dp

dt
¼ g � 1

c

qS

rA

þ sgn uð Þ Ff

rA
þgsinu

� �
u g � 1ð Þ

c
� 1

� �
along

dx

dt
¼ uþ c;

ð14Þ

du

dt
� c

gp

dp

dt
¼ � g � 1

c

qS

rA

� sgn uð Þ Ff

rA
þgsinu

� �
u g � 1ð Þ

c
þ 1

� �
along

dx

dt
¼ u� c;

ð15Þ

dp

dt
� c2

dr

dt
¼ g � 1ð Þ qS

A
þ sgn uð Þ Ff

rA
þgsinu

� �
g � 1ð Þur

along
dx

dt
¼ u: ð16Þ
The relationship between the fluid variables u, p, and r
at the time step tj�1 and at following time step tj. is
presented in Figure A1. At the time step tj�1, variables u, p,
and r at grid points S,M andR are obtained from the linear
interpolation of the data on O, N and L. Subsequently, the
gas flow parameters at point P can be derived from the
previous calculated grid points S, M and R.

Equations (14–16) are integrated along the correspond-
ing characteristic line dx/dt to obtain the desired variables.
From linear interpolation, equations (17–19) can be
obtained. In these equations, X will be replaced by the
desired calculating values, including u, p, or r.

XR ¼ XNþðXL �XNÞ uN þ cNð ÞDt
Dx

; ð17Þ

XM ¼ XNþðXL �XNÞ uNDt

Dx
; ð18Þ

XS ¼ XN � ðXO �XNÞ uN � cNð ÞDt
Dx

: ð19Þ

According to the equations (14–16), we get:

pP ¼ g
cR
pR

þ cS
pS

uR � uSð Þ þ cR þ cS
g

þ E1R �E2Sð ÞDt
� �

;

ð20Þ

uP ¼ uR þ cR
gpR

pR � pPð Þ þ E1RDt; ð21Þ

rP ¼ rM þ 1

c2M
pP � pM � E3MDt½ �; ð22Þ

where,

E1R ¼ g � 1

cR

qS

rRA
þ sgn uð Þ Ff

rA
þgsinu

� �
uR g � 1ð Þ

cR
� 1

� �
;

ð23Þ
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E2S ¼ � g � 1

cS

qS

rSA

� sgn uð Þ Ff

rA
þgsinu

� �
uS g � 1ð Þ

cS
þ 1

� �
; ð24Þ

E3M ¼ g � 1ð Þ qS
A

þ sgn uð Þ Ff

rMA
þgsinu

� �
g � 1ð ÞuMrM :

ð25Þ
The space step, Dx, and the time step, Dt, are chosen

under the stability condition [22].

Dt <
Dx

uþ c
: ð26Þ
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