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Analysis of transient PIG motion in natural gas pipeline
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Abstract — In this study, the dynamic analysis of Pipeline Inspection Gauge (PIG) flow control in natural
gas and liquid pipeline is considered. The basic equations are differential forms of the mass and linear
momentum for compressible liquid and gas flows. The fluid flow equations and a linear momentum equation
of the PIG are solved simultaneously using an appropriate numerical method. Solution of these nonlinear
equations results in a set of diagrams for the variations of the fluid pressure, mass flow rate of the gas and
the PIG velocity through the pipeline. Comparing the results of mathematical model for the PIG with the
established experimental data in a segment of Ahwaz gas pipeline shows a good agreement between the

measurements and computations.
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1 Introduction

Soon after the first oil and gas pipelines were con-
structed, the need to keep their internal surface reason-
ably clean became apparent. Condensate, wax, water,
mill-scale, rust particles and other material deposited on
the pipe walls can all considerably affect the capacity,
performance, and integrity of hydrocarbon pipeline sys-
tems. So, PIGs are used extensively in the petroleum and
natural gas industries. A periodic pigged gas pipeline is
capable of transporting up to 70% more comparing to
the conditions without pigging [1]. Moreover, intelligent
PIGs can provide most of required information about the
pipeline conditions. PIG velocity significantly affects the
efficiency of cleaning PIGs and data quality of the in-
telligent PIGs. Predicting of PIG motion in pipeline is
very helpful to estimate PIG velocity, PIG position and
required driving pressure.

There are a few studies dealing with the PIG motion in
pipelines. McDonald-Baker [2] presented the first investi-
gation of pigging. They proposed a computational method
to predict working parameters such as pressure during
pigging. This method was further modified by Barua [3]
based on his experiments. However, the main assumption
of successive steady-state condition was not disregarded
in that study.

The first pigging model based on two-phased tran-
sient flow formulation was proposed by Kohda et al. [4,5].
They conducted an experimental and theoretical analysis
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on pigging of two phase flow pipeline with spheres. To
account the slip between phases, they applied the flow-
pattern-independent steady-state holdup and pressure
drop correlation. Empirical correlations are known to be
restricted when applied beyond the range of parameters
covered by the experimental data used to develop them.

Minami and Shoham [6] analyzed the PIG transient
operation through developing a pigging model and cou-
pling it with the Taitel et al. [7] simplified transient model
assuming quasi-steady state gas flow.

A simple model to predict the PIG motion driven
by incompressible fluids under steady-state condition was
presented by Azevedo et al. [8]. They improved their
model with contact force in PIGs and by-pass flow [9].

Nguyen et al. [10] proposed a computational scheme
using MOC and regular rectangular grid for estimating
the PIG dynamics flowing in natural gas pipeline.

Xu and Gong [11] predicted the pigging operation in
gas-condensate horizontal pipelines with low liquid load-
ing, which couples the phase behavior model with the
hydro-thermodynamic model. The model also contains
the capability of PIG tracking and slug-length-increasing
model.

Nieckele et al. [12] investigated several pigging opera-
tions, including the dewatering operation in a riser for an
isothermal situation, by the finite difference method. Re-
cently, the dynamic of small PIGs in space pipeline was
examined by Saeidbakhsh et al. [13]. They assumed that
the friction coeflicient is constant and the driving force is
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Nomenclature
A Pipe cross section area
c Sound speed
C Damping coefficient of PIG
Cy Constant volume specific heat
d Inner diameter of pipe
e Internal energy
f Friction factor
Fy Braking force
Fr Friction force
F. Contact force
Fipsta Equivalent pressure of frictional static force

Equivalent pressure of frictional dynamic force
g Gravity acceleration

h Convection heat transfer coefficient

K Bulk modulus of the fluid elasticity

l Length of pipeline

Lypig PIG length

m PIG mass
p Pressure
Prail Tail pressure of the PIG

Prose Nose pressure of the PIG
Pe Critical pressure

q Heat flux

Q Flow rate

R Universal constant of gas
Re Reynolds number

S Pipe perimeter

t Time

T Flow temperature

T Critical temperature

U Flow velocity

Voig PIG velocity

Initial position of PIG
Greek symbols

0% Ratio of specific heat

Jé] Angle of pipe axis with the horizontal

A Eigen value

p

v

€

Flow density

Dynamic viscosity

Surface roughness of pipe
subscript

0 The start point of the pipe
l The end point of the pipe
amb ambient

time dependent. Moreover, the effect of the flow field on
the PIG trajectory was disregarded.

Esmaeilzadeh et al. [14] studied the transient motion
of a PIG through liquid andgas pipeline. The method of
characteristics (MOC) with a regular rectangular grid was
exploited to solve the nonlinear equations under unsteady
state condition.

In Iran, there are a few studies considering the pigging
simulation. In the present work, equations governing the
conservation of mass, conservation of energy, and linear
momentum for the fluid were numerically solved coupled
with the equation of PIG dynamics. Finally the simula-
tion was performed for the Pazanan Aghajari to Maroon
gas pipeline and results were compared with experimental
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Fig. 1. The schematic of PIG in a pipe.

data. Good agreement was observed between measure-
ments and numerical results.

2 Governing equations

Figure 1 represents a typical of PIG flow in pipeline.
The centerline of the pipeline is inclined with the hori-
zontal at angle . In the computations, the flow field is
divided into two distinguish regions: (1) from pipe inlet
to the tail of PIG; (2) form the nose of PIG to pipe outlet.

The derivation of the principal equations of fluid dy-
namics is based on the fact that the dynamical behavior
of a fluid is determined by the conservation of mass, mo-
mentum, and energy, which are called the conservation
laws.

The following assumptions have been considered in
the computations:

(1) The domain is continuous and compressible, with the
fluid displaying a Newtonian behavior.

(2) The flow is single phase and unidirectional.

(3) The pipe has constant cross section with enough wall
thickness in which radial deformation is negligible.

(4) The friction coefficient is a function of surface rough-
ness and Reynolds number.

(5) The heat flux from the pipe is in quasi-equilibrium
state.

For the PIG shown in Figure 1, the continuity equation
is delineated as

dp dp ou

— 4+ u—+p—=0 1

ot "oz " Pox M)
In the above equation p, u, t and = are fluid density, flow
velocity in the axial direction, time and coordinate along
the axis of pipe, respectively.

For a compressible Newtonian fluid, the Navier-Stokes

equation is defined as:

op ou ou It
+pu—+p +—

9z T Plar TPt tosins=0 (2)
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where (3 is the tilting angle of the pipe, g is the gravity
acceleration and F} is the friction force between the fluid
and pipe wall per unit length of pipeline. Using Darcy-
Weisbach equation, F; can be expressed as

Fy = %ﬂdfpu2 (3)

The hydrodynamic friction coefficient, f, depends on
Reynolds number for laminar flow, and in the turbulent
regime, on the pipe relative roughness, ¢/d, as well. The
friction coefficient for a laminar flow regime (Re < 2300)
is 64/ Re, while for the turbulent regime (Re > 2300) the
friction factor was approximated by Haadland formula
(white [15]) as

f= {—1.8 log [% 10.234 (2)1'11] }2 (4)

The energy equation for the flow field is given as

g +’U,_2 _|_£ _|_u_2 +2( )_ﬁ—o
a|P\“T 2 )| T P \O T 2 )| Tar Y T A T
5

where S is the pipe circumference and ¢ is heat flux per
unit area. Neglecting the kinetic and potential energy,
following equation may be written for the energy term in
the above equation as

e=C,T (6)
Using the state equation of an ideal gas:

p

- =(y—-1)C,T where 72%
p

o

Substituting Equations (6) and (7) into Equation (5),
after some mathematical manipulation yields following
equation for energy conservation principal as

dp Op ou qS  Fru i

o tus e = (Y= 1) | o+ == + pgsinf| ()
Appling quasi-equilibrium condition for the heat flux, the
following equation is defined for heat flow as

q=h(Tamp = T) 9)

where h and Ty, are convection heat transfer coefficient
and ambient temperature, respectively.

Exploiting the second law of Newton to balance the
acting forces on the PIG, the dynamic equation for the
PIG motion according to the Figure 1 is given as

dVpig )

mT + C(vaig = (ptail - pnose)A —mgsin 3 — F; (10)
where Vi, is the PIG velocity, m the PIG mass, C' is linear
damping coefficient of PIG, piail—pnose is the difference
between upstream and downstream pressure of the PIG
surfaces and F¢ is the axial contact force between the PIG
and the pipe wall. The values of C' and F, are measured
by experiment.

3 Numerical simulation

To simulate the transient motion of PIG during its
operation, one needs to couple the pigging model with
the transient model. Assuming that upstream and down-
stream flows are completely decoupled by the PIG, flow
velocities at PIG tail and nose equal PIG velocity. The
flow field equations are solved through eigen values ap-
proach using uniform grid size. Consequently, partial dif-
ferential equations are transformed to ordinary differen-
tial equations in which they can be integrated via finite
difference method.

Equations (1), (2) and (8) can be rewritten in the
matrix form as

ow oW

s B = B (11)
where, W = [pup]? and matrices A and B are defined as
up 0O 0
A= |0u 1/p| p—|-Ff/pA

VTfl(Ffu + ¢S+ pAsing)
(12)

The nonlinear hyperbolic partial differential Equa-
tion (11) is solved by method of characteristics (MOC)
with the regular rectangular grid under appropriate initial
and boundary conditions. Accordingly, the partial differ-
ential equations have been replaced by ordinary differen-
tial equations. The characteristic values of matric A are

0~vpu

ap
p

Therefore, the eigen vectors of matrix A are obtained as
follow

A=[u,u+c,u—c| where c¢= (13)

w 0 0
p
v=11]0 1 1 (14)
u c c
Cpd Lo P

For each pair of characteristic value and vector, Equa-
tion (11) may be written as

du
T T
—=v'B 15
T =Y (15)
Along the following characteristic line

d

d—‘: = A(z,t,u) (16)

Thus, using Equations (15) and (16), the final form of
Equation (11) is expressed as:

du c dp dzx

ar Toapar T owoms Tt (17)
du c dp dzx
&l g, ol e - 18
at  ypdt 2 rOmE g TuTe (18)
dp  ,dp dz

v ‘x = F3 along ikl (19)
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where

El:v_—11+ﬁ{w_l]
&

c pp  pA
+gsin6<—1+L;1> (20)

_ y-la  Ffulh—1)
B2 =—— p¢+px4{ ¢ +1}
—gsinﬂ(l—i-’y—;l) (21)
¢, Fru) _w
B3 =(y—-1) <E+T>_c_2981nﬂ(7_1) 22

In the above equations ¥ = A/S. For the computations,
regular grid is used to generate mesh. Spatial step, Ax,
and time step, At are chosen based on the CFL condition
(Az and At are the space and time increment, respec-
tively), which requires that:

Az
uxc

At < (23)

Figure 2 illustrates the relationship between p, p and u
at the t; and ¢;_1. Appling Equations (17)—(19) and us-
ing defined variables of Figure 2, the values of p, p and u
at point P can be obtained by calculated values of pre-
ceding time step at points L, N and O. First of all, the
value of parameters should be computed by interpolation
at points R, M and S, then Equations (17)-(19) are in-
tegrated along the characteristic line as:

(uny — en)At

Xp=Xy—-—(Xy-X 24
R N— (Xn L) A (24)
uNAt
Xy =Xy — (Xy— X 25
M N — (Xn L) A (25)
— At
Xs=Xn—(Xn— Xo)i(UN ACN) (26)
X
N Y
m=m
PR pPs
+
X |(ug —ug) + RTCS (Erp — Eas) At
(27)
CR
Uup = ur + ——(pr — pp) + E1rAL (28)
YPR
1
Pp = PM + = [pp — P — Esnr At] (29)

M

For the computation of variables, X in the Equa-
tions (24)—(26) is replaced by p, p and u. Moreover, E1 g,
Eys and Esp are obtained from Equations (20)-(22) at
points R, S and M, respectively.

In order to solve differential equations, appropriate
boundary conditions and initial conditions should be im-
plemented. The boundary conditions in the pipe inlet and
outlet can be determined by two ways.

e

Uy +Cy

[

At

e e e e

]
X

1% i )
(uy +cy)At :{ uy —cy )AL

-g————-

> »!

t
Ax 1 Ax
X

Fig. 2. Backward and forward characteristics in MOC.

(a) The flow rate in the inlet and outlet of the pipe is known

Flow velocity can be determined through wu(t) =
Q(t)/A, where @ is the volumetric flow rate and A is the
area of the pipe. At the pipe inlet, to calculate p, back-
ward scheme is used, so applying Equation (18) yields:

S
pp=ps Ll —us) ~ B2 (30)
From known values of points L and N (as shown in Fig. 2)
and by exploiting forward scheme, p,, is computed at the
pipe outlet via Equation (17) as

Pp = PR+ —[_(up —uR) + E1 At]

(31)
CR

(b) The pressure is known in the pipe inlet and outlet

Flow velocity in the inlet and outlet section of the pipe
is computed by:

C
up = ug + —— (pp —ps) + ExAt (32)
YPs

c
up = up — —= (pp —pr) + E1 At (33)

YPR

Moreover, boundary conditions should also be applied for

the PIG motion. Assuming that the upstream and down-

stream flows are separated by the PIG, flow velocity is

equal to the PIG velocity at the tail and nose. If the PIG

does not move to the next grids (Fig. 3), the velocity of
point p can be determined through below interpolation:
Tp—1 — Tp

Up = Up—1 + (Upig — Up—1) (34)

Tp—1 — Ttail
Therefore, p, is calculated using Equations (30) and (31).
Then pressure at the PIG tail can be extrapolated as:
1 — Ttail
—

l'p,
Ptail = Pp—1 +
Tp—1 — Tp

Pp—Pp-1)  (35)

As shown in Figure 4, the PIG can move to the next
grid. Thus, after the pressure computation at the PIG
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Table 1. Numerical values for simulation [16].

Parameter ~ Value Units Parameter  Value Units
l 82400 m R 5183  Jkg!
d 0.7938 m vy 1.4 -
€ 0.045 mm m 2500 kg
h 2.1 W.m 2K C 0.74 N.sm™*
Tamb 27 °C T 27 °C
Qo 0.8 m3.s7! Lypig 1.705 m
Po 100.3 bar Xpigo 28 m
v 1.45e-5 kg.m_3 Upig0d 0 m.s!
i 100 bar Fipsta 2.0 bar
Q 0.8 m3.s7! Fipayn 1.8 bar
Puait Prose the PIG reaches the end of pipeline, if so, this loop is
by il i i i e i { pig ft-------- - terminated.
= P P’ P

X; X;
PO | . -_____. _________ -
- i N r- N' o'

g
Jj=1
XpIG

iz
J
XpIG

Fig. 3. The PIG remains in the preceding steps.

ptail .
s i b B B

A

t :'_1 ti
J J
XPIG X

Fig. 4. The PIG moves to the new steps.

tail, flow parameters at p;; should be obtained for the
next iteration.

The same trend should be used to compute flow pa-
rameters at the PIG nose. Therefore, flow velocity at point
p’ and pressure at the PIG nose are achieved as:

Tpig — Ly
Up = Vpig + %(upurl - Vpig) (36)
Tpig — Tp'+1
Ty — Tpi
Pnose = Pp’ + &(ppurl _pp’) (37)

Tpr — Tp'+1

So, in order to obtain the pressure at the PIG tail and
nose, the flow dynamic equations are solved from pipe
inlet to behind the PIG and from pipe outlet to front of
the PIG, respectively. In the next step, the PIG dynamic
is solved. The Runge-Kutta method is used to solve the
PIG dynamic equation in which the velocity and the new
position of the PIG are achieved. Then, it is checked if

Based on CFL condition, the sampling time At =
0.05 s, and sampling distance Az = 80 m, are uti-
lized in the present work. Constant flow velocity at inlet
ug (t) = up and constant pressure at outlet p; (t) = p; are
applied as the boundary conditions.

4 Simulation results

The simulation was carried out for the Pazanan
Aghajari-Maroon gas pipeline. A schematic of the pipeline
and topographic section of region are shown in Figures 5
and 6, respectively. The values of the system parameters
used in the present analysis are based on the final report
of ROSEN Inspection Co. as listed in Table 1. Besides,
the properties of PIG are summarized in Table 2.

In this section, the results of simulations of typical
pigging operation obtained from the models developed for
fluid flow, PIG dynamics and contact forces are explained.

To verify the validity of the present model, results
are compared with the experiments reported by ROSEN
Inspection Co. [16]. Figure 7 displays the PIG velocity for
different frictional static forces versus the PIG position. It
is clear from Figure 7 that the model is able to predict the
PIG velocity and position well. According to Figure 7, the
PIG is accelerated sharply at the beginning of the motion
and then, the PIG velocity become constant. Clearly, the
effect of static frictional force on the PIG velocity is just
in the initial stage and on the maximum velocity.

Figure 8 exhibits the PIG velocity versus time. Ap-
parently from Figure 8, the frictional static force has an
influence on the PIG velocity in the beginning of the mo-
tion and after a short time, the PIG velocity becomes sta-
ble and the PIG moves with constant velocity. As shown
in Figure 8, if the frictional static force is large, the PIG
acceleration is high in the beginning of motion and so it
causes the uncertainty of data sampling [16].

The PIG position as a function of time is depicted in
Figure 9. It is cleared that the value of frictional static
force does not have much influence on the PIG travel time.
The computed travel time for the PIG is equal to 13 h and
53 min; while this time is reported as 14 h and 3 min in the
experiments. Due to the significance of the PIG traveling
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Table 2. The properties of PIG of the Pazanan Aghajari — Maroon gas pipeline.

Inspection specification

Pipeline geometry

Min. inspection capability 365 km* Min. bend radius 1.5D
Standard operating time 11.7 h Min. bore straight pipe 704 mm
Max. wall thickness for full inspection 23.1 mm** Min. bore in 1.5 D bend 704 mm

* Depending on actual pipeline conditions
** Higher wall thickness can be inspected at difference specifications
Operating specification Tool specification
Velocity range 0.5-3 m.s~ ! R 410 mm
Max. velocity variation factor 1:5.1 S 1240 mm
Min. pressure in gaseous medium 2.5 MPa T 1705 mm
Max. operating pressure 12.5 MPa
TO NGL - 300
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Fig. 5. The schematic of pipeline.
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Fig. 6. Topographic section of region.

time, these results indicate satisfactory accuracy of the
applied model.

Figures 10 and 11 depict the variation of PIG pres-
sure at the PIG nose and tail, respectively, with respect
to the time. At the PIG nose, the pressure is constant

10
5
. mmm— e fpsta= 4 bar
g 4k /// 5, fpsta= 3 bar
_: \\ _____________ fpsta= 2 bar
8 1
at |
il
i
R, b
6 '

0 . . . .
8500 810 820 B30 840 850

PIG Velocity (m/s)
o

4 Nemrical Results
5 L] Experimental Result
2 .....l m UomtE g, w8 " mg gy
' m = n
1
1l I NI TN SO T SO A SN TR ST [T SN TN SN [N TN N T [T S N
0 15000 30000 45000 60000 75000 90000

PIG Position {m)
Fig. 7. The model prediction of PIG velocity vs. PIG position.
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Fig. 8. The model prediction of PIG velocity vs. time.
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Fig. 9. The model prediction of PIG position vs. time.

before departure, then, the pressure increases, but after a
short time the pressure declines. But in the beginning of
motion, the PIG tail pressure rises to overcome friction
forces and then reduces. The reduction of nose pressure
is due to the PIG motion toward the end of pipeline. Be-
cause based to the fact that pressure is constant at the end
of pipeline and the downstream length reduces by time,
the pressure drop at the upstream decreases. Therefore,
regarding to the constant pressure difference at the nose
and PIG, the PIG tail pressure decreases to overcome the
friction force.

The outlet velocity from the pipe line is plotted in
Figure 12. According to this figure, initially, the outlet
velocity is zero but it augments with the PIG motion
and finally reaches a constant value as the PIG velocity
becomes constant.
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Time (s)

Fig. 10. The model prediction of PIG nose pressure vs. time.
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Fig. 11. The model prediction of PIG tail pressure vs. time.
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Fig. 12. The model prediction of PIG outlet velocity vs. time.
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Fig. 13. The model prediction of inlet pressure vs. time.

Finally, Figure 13 exhibits the inlet pressure of
pipeline. Clearly the inlet pressure of pipeline increases
to move the PIG and then reduces till to reach a constant
value.

5 Conclusions

In this study, the transient motion of PIG in gas
pipelines was simulated. The governing equations were
solved using characteristics value approach. The compar-
ison between numerical results and experimental findings
indicated that the model can predict the PIG velocity
and position well. The present model enables us to deter-
mine the operation time of PIG, pressure and flow rate
of gas. Results showed that the value of friction force is
important in just the beginning of PIG motion.
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