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Modeling and Simulation for PIG with Bypass Flow
Control in Natural Gas Pipeline
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Pusan 608-739, Korea

Hui Ryong Yoo, Yong Woo Rho
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This paper introduces modeling and simulation results for pipeline inspection gauge (PIG)
with bypass flow control in natural gas pipeline. The dynamic behaviour of the PIG depends
on the different pressure across its body and the bypass flow through it. The system dynamics
includes: dynamics of driving gas flow behind the PIG, dynamics of expelled gas in front of the
PIG, dynamics of bypass flow, and dynamics of the PIG. The bypass flow across the PIG is
treated as incompressible flow with the assumption of its Mach number smaller than 0.45. The
governing nonlinear hyperbolic partial differential equations for unsteady gas flows are solved
by method of characteristics (MOC) with the regular rectangular grid under appropriate initial
and boundary conditions. The Runge-Kuta method is used for solving the steady flow equations
to get initial flow values and the dynamic equation of the PIG. The sampling time and distance
are chosen under Courant-Friedrich-Lewy (CFL) restriction. The simulation is performed with
a pipeline segment in the Korea Gas Corporation (KOGAS) low pressure system, Ueijungboo
-Sangye line. Simulation results show us that the derived mathematical model and the proposed
computational scheme are effective for estimating the position and velocity of the PIG with
bypass flow under given operational conditions of pipeline.
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Nomenclature-~--------
A : Pipe cross section [m2

]

c : Wave speed [m/s]
C : Linear damping coefficient of the PIG

[Ns/m]
Cc : Convection heat transfer coefficient

[W/m2K]
d : Internal diameter of pipe Em]
dvalve : Bypass valve diameter Em]
r, : Braking force [N]
Ff : Friction force per unit pipe length

[N/m]
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FfP : Friction force between the PIG and
pipeline's wall including [N]

- FfPsta : Static friction force
-Ff Pdyn : Dynamic friction force
Fp : The PIG driving force [N]
h : The opening height of valve Em]
k : Pipe wall roughness Em]
K : Wear factor per distance travel [N/m]
Ksc : Sudden constraction loss coefficient
KsE : Sudden expansion loss coefficient
Ktatal : Total loss coefficient
LPIG : Length of the PIG Em]
m : Hydraulic mean radius of pipe Em]
M : Weight of the PIG [kg]
P : Flow pressure [N/m2]
q : Compound rate of heat inflow per unit

area of pipe wall [W/rn"]
S : Perimeter of pipe [m]
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T : Flow temperature [K]
Text : Seabed temperature [K]
u : Flow velocity [m/s]
tcv : Flow velocity through valve [m/s]
VPIG : Velocity of the PIG [m/s ]
x : Distance from pipe inlet Em]
XPIG : Position of the PIG Em]
X : Denote flow parameter values

Greeks
r : The ratio of specific heat
II : Kinetic viscosity of flow [m2/s]

p : Flow density [kg/mS
]

Subscripts
L, R, M, N, S, 0, P : Denote the grid points, and
0, I : Denote the points at inlet and outlet of

pipeline

1. Introduction

It is generally agreed that pipelines provide one
of the most common ways and the safest means to
transport large quantities of oil and gas products.
Just like any other technical component, during
operation, the walls of pipelines suffer a
deterioration process and the pipeline conditions
get worse. Pipelines can be failed with time if they
are not properly maintained. One part of a main
tenance procedure of pipelines is pigging them
regularly to prevent the increase of their wall's
roughness and the reduction of the internal diam
eter. The tool used for pigging is called Pipeline
Inspection Gauge (PIG). There are over 350 PIGs
of all types nowaday(Cordell and Vanzant, 1999).
Each type of the PIG is designed for some differ
ent desired. purposes. All of the PIG is the most
effective when they run at a near constant speed
but will not be effective in case that they run at
too high speed. The typical speeds for utility
pigging are about 1-5m/s for on-stream liquids
and 2-7m/s for on-stream gas(Cordell and
Vanzant, 1999). So, prediction and control of the
PIG velocity are very important when we operate
a pipeline system.

Fluid transient flows in pipelines are an inter
esting field in fluid mechanics and can be found

in the references(White, 1999; Tannehill et al.,
1997; Wylie et al., 1993; Fox, 1977). Results of
research on the dynamics of the PIG in pipelines
are scarcely found in the literature. Some works
relating to the dynamics of the PIG without
bypass flow have been reported. J. M. M. Out
(1993), used Lax-Wendroff scheme for the inte
gration of gas equations with adaptation of finite
difference grid. The grid has to be continuously
updated with the PIG position and the fluid
values at the new grid points are estimated by
interpolation. P. C. R. Lima(l999), solved this
problem by using one-dimensional semi-implicit
finite difference scheme. The nonlinear algebraic
equations at each time step are solved by adopting
Newton's method. T. T. Nguyen et aI.(2001), dealt
with this problem by using MOC and regular
rectangular grid for upstream and downstream
flows and solved the PIG dynamic equation by
using Runge-Kuta method.

In the case of the PIG without bypass flow, the
PIG is modelled without leakage so that upstream
and downstream flows are completely separated
by the PIG body. Boundary conditions at the tail
and nose of the PIG for upstream and down
stream flows are quite simple: the flow velocity at
the PIG nose and tail equal to its velocity. In fact,
there is undesired leakage flow through the PIG.
Some PIGs are also designed with a flow path
through their bodies. This flow is called bypass
flow and varies with different pressure across the
PIG. Bypass flow is not used in a sealing PIG but
is often essential for an efficient cleaning opera
tion. Bypass flow makes the PIG to slip back
behind the debris that it may have scraped from
the pipe wall. The purpose is to keep the debris
flowing with the stream and not accumulate in
front of the nose of the PIG. The presence of
bypass flow reduces different pressure across the
PIG and then slows down its velocity. Hence, we
can also use bypass flow to control the PIG
velocity. For the PIG with bypass flow, Azevedo
et aI.(1996), simplified the solution under the
assumption of steady state and incompressibility
of flow in pipeline.

This paper deals with modeling of the PIG
flow in compressible, unsteady natural gas pipe-
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2.1 Gas flow model

Fig. 1 PIG flow in the natural gas pipeline

(7)

(8)

E =L=l_q_+ Ff [u(r- I) IJ (4)
1 C pm pA c

E =_L=l_q__ Ff [u(r-I) +1]
2 C pm pA c

(5)

(6)E ( q Ffu)3=(r- I ) -m+---;r-

c=/rPp
q=Cc(TeXl- T)

Am=S
Ff=Ff(k, Re)

where,

al ., 1993),

v. the flow of gas is quasi-steady heat flow.
The unsteady flow dynamics can be modelled

based on four fundamental fluid dynamic
equations: continuity equation, momentum
equation, state equation and energy equation.
These four nonlinear hyperbolic partial
differential equations are transformed to ordinary
differential equations by using Moe in the fol
lowing forms(Nguyen et al., 2001)

du c dp_ dx_
dt + rP dt-Ei along dt- u+c (I)

du c dp_ dx_
dt - rP dt-E2 along dt- u- c (2)

du .u«: dx_dt -c dt-E3 along dt-u (3)

The value of friction force, Fr, can be
calculated as shown in the reference(Fox, 1977).

The fluid variables p, u or p must be solved at
each location x and time t. The sampling dis
tance, L1x, and the sampling time, L1t, are chosen
under the CFL stability constrain(Tannehill et
al., 1997)

L1t< I ~ I (9)u-c
Figure 2 shows the relationship between fluid

variables p, p, U at the time step ti and at
preceeding time step ti - i .

Using Eqs. (1)-(3) under description of
variables shown in Fig. 2, we can derive the
variables p, p, u at grid point P from previous
calculated grid points L, N, and O. Firstly, we

Lrncl')

line with bypass flow across its body. The PIG is
driven by injected gas flow behind its tail and
expelled gas flow in front of its nose. Bypass flow
is controlled by opening and closing a valve
placed in the PIG body. The bypass flow effects to
the different pressure across the PIG and then, to
its dynamic behaviour. The system dynamics
includes dynamics of driving gas flow behind the
PIG, dynamics of expelled gas flow in front of the
PIG and movement dynamics of the PIG.

The governing nonlinear hyperbolic partial
differential equations of downstream and
upstream gas are solved by Moe with the regular
rectangular grid under appropriate initial and
boundary conditions. The Runge-Kuta method is
used for solving the steady flow equations to get
initial flow values and the dynamics equation of
the PIG.

2. Modeling

The scheme of the PIG flow in pipeline with
bypass flow is given in Fig . 1.

We assume that the PIG is designed with the
central bypass hole and the velocity of the PIG is
controlled by controlling the bypass flow accord
ing to opening and closing the valve.

2.1.1 Governing dynamics equations
We assume for the natural gas flow in the

pipeline as shown in Fig. I.
i. the natural gas is ideal and one phase ,
ii. pipeline internal diameter is constant,
iii. the pipe center line is in a horizontal or near

horizontal line to ignore the effect of gravity ,
iv. the friction factor is a function of wall

roughness and Reynolds number. Steady state
values are used in transient calculations(Wylie et
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Fig. 3 Bypass flow through PIG

(17)

(18)

(16)

Ktotal=Ksc+Kv+KsE

Ksc=0.42( 1- d~~ve )

KsE=(I-~r

where,

Ktotal=0.42(l-~)+Kv+( 1_ d~re)2

(21)

the pressure loss of valve and the pressure loss
caused by sudden contraction of flow at the tail of
the PIG and sudden expansion of flow at the nose
of the PIG. When the velocity of natural gas in
the range of 200m/s or its Mach number is less
than 0.45, it can be treated as incompressible with
an error less than 5%(Willson and Yokota., 1994).
Hence in th is paper, the pressure drop allows the
bypass flow to be assumed as incompressible as it
passes through the central bypass hole in the PIG.
The bypass flow through valve causes the pressure
drop across the PIG is given by

P P
-J(, (vv-VPIC)2

taU- nose- total 2g

(19)

Kv=Kv(hldvalve) (20)

Equations (18) and (19) are given in the refer
ence(White, 1999). Valve loss coefficient Kv is a
function of the opening distance ratio hidvalve of
a closing valve and depends on the type of valve
to be used. Th is data can be found from valve
manufacturer. From Eq. s (17)-(20), the total loss
coefficient is given by

2.1.3 Initial and boundary conditions
It is assumed that the steady state variable

distributions are used for the initial conditions in
the absence of field data concerning the initial
field variable distributions(Wylie et al., 1993).
The boundary conditions at pipeline inlet and
outlet can be given in two ways: under a condi
tion of flow rate Q(t) or pressure p(t) together
with the temperature of flow T(t) . Both of the
above conditions are given in the previous work
(Nguyen et al., 2001). Here, we deal with the
boundary conditions at the PIG such as its ta il for
upstream flow and at its nose for downstream
flow. The boundary conditions here depend on

x

o
%;.+1

,!
!
I

<le l

L

t}l

get flow parameters at grid points R, M, S from
linear interpolation formula. Then, we integrate
Eqs. (1)-(3) along the characteristic lines dxldt
to get the desired variables.

Fig. 2 Backward and forward characteristics using
in MOe

t
J

t

r-+-c>-----~---~-

XR=XN-(XN-Xd (UN+CN)L1t (10)
L1x

XM=XN-(XN- XL) Ud~t (II)

XS=XN-(XN-XO)(UN-CN) ~~ (12)

PP ~:~ X [(UR -us) + CR+CS +
PR Ps r

(E1R- E 2S)L1t ] (13)

Up=UR+ ;;R (PR-pp)+E1RL1t (14)

I
PP=PM+ cL [pp-PM-E3ML1t] (15)

The values of E1R' E2S, E 3M in Eqs. (13)-(15)
are calculated from Eqs . (4)-(6) at the corre
sponding grid points R, S, and M .

2.1.2 Bypass flow through PIG
The amount of bypass flow through the PIG

depends on the opening height of valve, h, and
the different pressure across the PIG as shown in
Fig. 3. The pressure loss across the PIG includes
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Fig. 4 Scheme for calculation of boundary values at
the tail and nose of the PIG(the PIG stays in
same grid space)

the dynamic behaviour of the PIG and the open
state of bypass valve. At a boundary there is only
one available characteristic such as a backward
characteristic at an upstream boundary or a
forward characteristic at a downstream boundary.

In the presence of bypass flow, the average fluid
velocity at the tail of the PIG can be derived as
follows

where,

Pnose=Ps+ YPs [(uTWse-us)-E2S~1t](26)
Cs

Substituting Eqs. (22), (24)-(26) into Eq. (16),
after some arrangements, we have the relationship

av(uv- VPIC)2+bvtuv>:VPIc)+cv=O (27)

We solve Eq. (27) under the condition of uv-:

VPIc>O to get fluid velocity in the valve, Uv.

Then, using Eqs. (22) and (24)-(26), we can

derive the values uie«, Unose, Ptafl, and Pnose. To
use Eqs. (25)-(27), the fluid parameters at point
R of downstream flow and at point S of upstream
flow need to be calculated first and they can be
derived as the following steps:
i. Calculate the flow parameters at point Nu« by
linear extrapolating from two points Land N

(22)

p"".

R S O'

I

l," _ ' <-.J IJI LfIO ,"_<-.JIJII
Z, /G (/5)-..1

I

+( dvalve )2( )Utail=VPIC --d- UV-VPIC

p .,

L

where,

And using downward characteristic line, at the
nose of the PIG we have

Equation (23) is made with assumption that the
pressure drop allows the bypass flow to be treated
as incompressible as it passes through the central
bypass hole in the PIG. So, the velocity Un of the
flow enters into valve equal to the velocity Uvz of
the flow leaves from valve. Then, we have

(30)

(28)

(29)

N tail

X Ntail XNtail- XL (XN- Xd +XL
XN-XL

ii. Calculate wave speed, cma«; at point
using Eq. (13)
iii. Calculate the position of point R

iv. Calculate the flow parameters at point R by
linear interpolating from two points Land N

The same steps must be done for upstream flow
to find out flow parameters at point S. After
finding out flow parameters at the tail of the PIG,
flow parameters at point P are derived by linear
interpolation from flow parameters at point P-1

and flow parameters at the tail of the PIG. The
PIG can move to the next grid space as shown in
Fig. 5. In this case, two points P and P+1 need to
interpolate from flow values at point P-1 and at
the tail of the PIG.

(23)

(24)

Uv=Un=Uvz

UTWse = Utail

Having established a technique for finding total
loss coefficient Ktotat at any position of a closing
valve in Eq. (21), it is possible to calculate
pressure and velocity of fluid at the tail and nose
of the PIG.

From Fig. 4, using backward characteristic line
at the tail of the PIG, we have

Ptail=PR+~[ -(Utail-UR)+ EIRLlt]
CR

(25)
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3. Computational Scheme

Calculate upstream flow

Calculate bypass wIocity

Calculate cIifilrmt presswe

Calculate downstream flow

4. Simulation Results

movement in next time step. Next, we calculate
the dynamics of upstream and downstream of
flows. The calculations are repeated for further
time steps until the PIG reaches the end of pipe
line.

Fig. 6 Computational scheme

Simulation was performed with data of one
pipeline segment in the KOGAS low pressure
system, Ueijungboo-Sangye line, which has been
used in previous work (Nguyen et al., 2001). We
chose the sampling time ,1t=0.05s and sampling
distance Ax =40m. The boundary condition of
interest is used: constant flow rate at pipeline inlet
and constant pressure at pipeline outlet. The by
pass valve diameter is chosen as dVaIVe=0.1778m.

The first simulation has been done with the PIG
when we launch it. The initial velocity is given to
overcome the static friction force acting on the
PIG. These simulation results are given in Figs. 7
-9.

The effect of using bypass flow can be seen
from Fig. 7: the bypass PIG tracks well the
reference velocity while no bypass PIG has much
oscillation. The different pressure acting on the

P'

p-
I

P

NL

I
I , - __-----<>-----¢~==l--_¢_-

r,

R L' ~V"J !'I_. N'
1/ _1--- - - - _--<1-:==:-I--Q-:---<>-<~-

l,. _ .c_)o.r! L""
' it " "-,,

x PIG (t»--i
Fig. 5 Schemefor calculation of boundary values at

the tail of the PIG(the PIG moves to the next
grid space)

2.2 The PIG dynamics model
Forces acting on PIG are shown in Fig. 1. The

dynamic equation of the PIG can be written from
the Newton's Second Law as follows

M d
2x(t) +C dx(t) +Kx(t)

(ff dt

=Fp(t)-FfP(t)-Fb(t) (31)

In the above Eq. (31), the driving force Fp(t) is
derived from the different pressure at the tail and
nose of the PIG which are calculated from
upstream and downstream flow dynamics in each
computational step. The friction force FfP(t), the
braking force Fb(t), the wear factor K and the
linear damping coefficient C are measured from
experiment. The position and velocity of PIG can
be calculated from Eq. (31) by using Runge-Kuta
method.

The steps of computing the dynamics of the
PIG are simplified by the computational scheme
shown in Fig. 6.

Fist of all, the sampling distance and time are
chosen and the CFL condition (9) must be
checked to make sure whether the computing is
stable or not. Then the initial values at grid points
along pipeline are calculated. If the PIG does not
reach the end of pipeline yet, the dynamics of the
PIG is calculated. From the new position and
velocity of the PIG, the boundary conditions at
the tail and nose of the PIG are solved to get flow
parameters at these points. Then the differential
pressure now is derived for calculation of the PIG
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Fig. 9 Bypass flow velocity across the PIG when
launching

PIG is given in Fig. 8. The velocity of bypass flow

across the PIG body is given in Fig. 9.

The second simulation has been done with

assumption that the PIG was stopped at the one

third of pipeline length by obstruction (debris or

deposit). This worst situation rarely happens with

a regular pigged pipeline. Once the PIG is

stopped, the pressure at the tail of the PIG

increased while the pressure at its nose decreased.

As the result, the different pressure across the PIG

is increased until overcoming both obstructions

causing the stoppage and the static friction. Then,

the PIG accelerates until the different pressure

abates to a level required to overcome the static

and dynamic friction. Once the PIG restarts, the

friction force reduces from static value to dynamic

value and the PIG velocity increases very fast. At

this time, the bypass port must be opened to

reduce the different pressure acting on the PIG

and hence its velocity is reduced. This case of

simulation has been done because it is the worst

case in pigging operation. The bypass flow must

act as fast as possible to keep the PIG velocity

tracking its designed operational value. The
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Fig. 13 PIG velocity

bigger bypass port is the faster the PIG velocity is
reduced. Figure 10 shows the PIG velocities vs.
the bypass port diameters. From this figure, we
can choose the bypass diameter when designing
bypass system for the PIG.

The different pressure acting on the PIG is
shown in Fig. 12 and the PIG velocities in both
cases with and without bypass can be seen from
Fig. 11: with appropriate controlled bypass flow,
we can eliminate the effects of friction force
change and the PIG can restart with tracking well
the reference speed.

The bypass flow can also be used as a brake to
stop the PIG when it is reaching to its trap barrel.

Figures 13 and 14 show the PIG velocity and
the velocity of bypass flow after opening bypass
port to reduce the PIG speed. Different pressure
acting on the PIG is shown in Fig. 15.

5. Conclusion

This paper presents the modeling and its
simulation results for the PIG with bypass flow
when it runs in natural gas pipeline. The models
for flow dynamics and PIG dynamics are derived.
The governing dynamic equations of upstream
and downstream flows are the same in the case of
the PIG without bypass flow. The computational
scheme for estimating the dynamics of the PIG
with bypass flow is proposed. The simulation was
performed with data of one pipeline segment in
the KOGAS low pressure system, Ueijungboo
Sangye line. The simulation has been done in
three cases: the PIG starts to move at its launcher,
the PIG arrives at its receiver and the PIG restarts
after stopping at the middle of pipeline. Through

60

50

~
Q

40

] 30
11

! 20

10

0
0 8 8 10 12 I. 18 18 20

Tnne(.)

Fig. 14 Bypass velocity across the PIG

8 8 10 12 I. 18 18 20

Time (.)

Fig. 15 Different pressure acting on the PIG

the simulation results, we can conclude as the
following:

(1) The bypass PIG can track well the refer
ence velocity while no bypass PIG has much
oscillation.

(2) In the worst case of pigging procedure (the
PIG stopped in the pipeline), the PIG accelerates
until the acting different pressure abates to a level
required to overcome the static and dynamic
friction forces. At the same time, the bypass port
must open as fast as possible to reduce the differ
ent pressure acting on the PIG and hence its
velocity is reduced.

(3) By controlling the bypass flow appropri
ately, the PIG can track and regulate well its
reference speed. The bypass flow also can be used
as a brake to stop the PIG when it is reaching to
its trap barrel.

To attain the good performance of the PIG
system using bypass flow, we need to control the
amount of bypass flow appropriately. This paper
does not concern to the problem of designing the
controller for the PIG operational system. The
PIG velocity control problem is treated in another
our work.
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