Journal of Applied Fluid Mechanics, Vol. 5, No. 2, pp. 75-83, 2012. A
Available online at www.jafmonline.net, ISSN 1735-3572, EISSN 1735-3645.

DOI: 10.36884/jafm.5.02.12170

Dynamic Analysis of Small Pig through Two and Three-
Dimensional Liquid Pipeline

M. Lesani, M. Rafeeyan’ and A. Sohankar
Department of Mechanical Engineering, Yazd University, Yazd, IRAN

FCorresponding Author Email: rafeeyan@yazduni.ac.ir
(Received March 18, 2010; Accepted September 13, 2009)

ABSTRACT

The derivation and solution of the two and three dimensional dynamic equations for a small pipeline inspection
gauge (Pig) through a liquid pipeline is the main aim of this work. These equations can be used for synthesis of speed
controller of a pig by using a bypass port in Pig. Momentum and energy equations are employed to study the
influence of flow field on the Pig’s trajectory. The pig is assumed to be a small rigid body with a bypass hole in its
body. The variation of the diameter of the bypass port, which is controlled by a valve, is considered in this
formulation. The path of the pig or geometry of the pipeline is assumed to be 2D and 3D curve. 2D and 3D
simulations of the pig motion are performed individually and a case has been solved and discussed for each of them.
The simulation results show that the derived equations are valid and effective for online estimating of the position,
velocity and forces acting on the pig at any time of its motion.

Keywords: Pig, Dynamic equations, Liquid pipeline, Momentum and energy equations.
NOMENCLATURE
D pipeline diameter P .

g acceleration of gravity ail
f(x) function of the centerline of the pig in 2D Bose Pressurein the nose of the pig

pressure in the tail of the pig

=~

sgn(x) function of sign R radius of curvature of the pig’s path
F = uN dry friction force s position variable along the pig’s path
" Vi velocity of the pig
Kgo, Ksg, Ky coefficients of pressure losses pig
a constant value
Lpig length of the pig T A a time dependent parameter
m mass of the pig 0 angle of the tangent to the centerline of the
N normal force acting on the pig p ipel{'ne i
p the fluid force acting on the pig in the P density of fluid
pipeline direction K curvature
1. INTRODUCTION observing the internal surface of the pipeline. Pigs are

devices which are inserted into a pipeline and travels
throughout it for inspection. A number of instruments
such as MFL(magnetic flux leakage) sensors are
carried by a smart pig to detect surface damages of the
pipeline and their positions. The more knowledge about
the dynamic behavior of the pigs, the more decrease in
cost and time of the maintenance. Therefore, pipelines
must be pigged regularly. Different kinds of pipe-wall
defects that can be detected during pigging were
explained by Hopkins (1992). Pigs must be run at
constant speeds since the measuring process requires
enough time for detecting damages. So, the study of

Pipelines are the safest method to transport fluids such
as oil and gas products. After several years of the
operation, the walls of pipelines suffer deterioration
and pipeline conditions get worse. Passing the fluid
through pipelines causes some types of corrosions on it.
These corrosions can damage the pipeline and reduce
its life, hydraulic efficiency, surface softness and so on.
All types of pipeline defects increase costs of fluid
transportation. For this reason, preventing the
pipelines from these defects is always important for oil
and gas industries. These damages of pipelines can be
monitored only by pigs because there is no access for
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dynamic behavior of a pig is also necessary for its
speed control.

The pig is usually driven by injected fluid flow behind
its tail and expelled fluid flow in front of its nose. Thus,
the dynamic behavior of the pig depends on the
difference pressure across its body and height
variations of its center of gravity. Determination of
kinematics parameters of a pig and acting forces on it
can be obtained by solving the governing equations of
fluid flow together with the pig dynamic equations.
Results of research on the motion of the pig in pipeline
are scarcely found in the literatures. Most of results are
commercially based on field experience. It seems that
the first research in modeling of the pig motion has
been introduced by McDonal et. al. (1946). The
computation errors were generated in this work due to
the used assumption and numerical approach. This
modeling was modified and improved by removing
some limitations by Barua (1982). The first pigging
model was based on full two-phase transient flow
Jformulation proposed by Kohda et. al. (1988). This
model is composed of correlations for pressure drop
across the pig, slug holdup, pigging efficiency, pig
velocity model and a gas and liquid mass flow
boundary condition applied to the slug front. Some
other complementary researches for pigging simulation
in two-phase flow straight pipelines were also reported
by (Minami and Shoham 1991; Taitel et. al. 1989;
Scoggins and M. W. 1977, Xiao-Xuan and Gong 2005).
Transient pig motion through gas and liquid pipelines
was presented by Nieckele et. al. (2001). Modeling and
simulation for pig flow control in natural gas pipeline
was studied by Nguyen et. al. (2001). One type of pig
using bypass flow in natural gas pipeline was
considered by some investigators such as Nguyen et. al.
(2001). They proposed a simple nonlinear controller
for controlling the pig velocity when it flows in natural
gas straight pipeline.

In all the mentioned studies, researchers assumed that
the pig moves in a straight line in the plane. Simulation
of small pig in space pipeline was studied firstly by
Saeidbakhsh et. al.(2009). This study was based on
some simplifying assumptions such as: the pig is small,
the pig/wall friction coefficient is constant and the
driving force is time-dependent. In this research, the
influence of the flow field is modeled only by time-
dependent driving force acting on the pig. This
assumption was made only for simplicity. In fact,
solving coupled equations of pig motion and flow field
can be a logic extension for further works.

The motivation for the present study is the obvious lack
of information concerning to 2D and 3D dynamic
analysis of a pig motion in the liquid pipelines. This
extension is based on some simplifying assumptions:
the pig is small, the pig/wall friction coefficient is
constant and fluid is incompressible. The differential
equations of the pig in the pipeline are derived by
Newton's second law for pig and momentum and energy
equations for fluid. The coupled equations are reduced
to one equation with respect to parameter of curve
technically. Finally, Rung-Kutta method is used for
solving the derived equation. The 2D and 3D test cases
are chosen to illustrate the application of this new
formulation for these cases.

2.  GOVERNING EQUATIONS OF THE PIG
MoTION

2.1 Case 1: Two-Dimensional Path

Figure 1 shows a typical small pig moving inside a two
dimensional pipeline and its free body diagram. In this
figure, the mass of the pig, dry friction and normal

force are denoted bym, F u= UN , N respectively.
Also, the upstream acting forces on the pig due to fluid
motion are shown by F; and F,, respectively, see

Fig. 1.The dynamic equations of the pig derived from
Newton’s second law along the tangential and normal
directions are as follows,

N —mgcos 6 =ma, (1)
Fy—Fy —mgsin6 —sgn(x)F, = ma, )
Where O is the angle of the tangent to the centerline
curve of the pipeline with respect to Xx -axis at any

point; i.e. if f(x) is assumed to be the function of the

centerline of the pig, thus we can write

1
I+ F(x)?

If s is measured along the pig’s path and the radius of

O=tan” f'(x), cosO = 3)

curvature of the path is denoted by R, then the normal
and tangential accelerations of the pig are as follows

Voig =S =1+ f'(x)° % “)

szig_ f"(x) 2 )

a, =

R i oo
N ©
21+ 11?2

Fig. 1. Schematic view of a pig inside a planer pipeline
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Fig. 2. The control volume No. 1.
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Fig. 3. The control volume No. 2.

To derive the term F; — F, in the left side of equation

(2), one can combine the momentum and energy

equations for fluid. To determine this term, the

Jfollowing assumptions are employed in this work.

The  fluid inside the pipeline

incompressible.

The flow field is fully developed.

3. The coefficient of the friction between pig and
pipeline is constant.

4. The coefficient of friction losses along the
path is constant.

is

To determine the term F; — F, two control volumes

are employed as shown in Figs. 2 and 3; one behind the
pig and the other in front of it. Also it is assumed that
the lengths of control volumes are the same and equals

to 2Lpl-g, where Lpig is the length of the pig.

The Eq. 7 shows the momentum equation for an inertial
control volume.

ﬁZﬁS +ﬁB ZJCS ﬁpﬁdg
(7)

+E VodV

ot Jev
In this equation, surface forces, body forces and

velocity are denoted by FX,F p and V respectively.
The different terms of the above equation in the
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tangential direction (t-direction) for two control
volumes are as follows:

Fgyy = P(x) A~ Fj— P4y, ®
.[CS] V.oV dA= pVA(YV — V), %jm V.pdV ~0
Fg2=—P(x+5Lyg)A+ F+ Boyse Ay, )
.[CSZ V.pV.di= pVA(W, —V), g.[cm V.pdV =0
Fpi=Fpiy=—2pgL e Asin 0
f'(x) (10)

= —2pgL o AL L
VI+ f'(x)?

where P(x) is the pressure of the fluid on the pig,
F[and Fj are reactions of the pig on the control
volumes (Fy =—F/, F, =—F;), Py and
pressures of the fluid in behind and in front of the pig,

P nose @re

Ay, is the area cross section of the valve.

Pressure differences along the pipeline can be derived
from the energy equation between two arbitrary
positions as follows

P y?
(_l+ a; ——+ gZ,-) _[P(X)
P 2 P

5 (11)
V(x)
+a(x) 2 +eZ(x)]=hy
where o is an approximately constant value in the

order of one in the turbulent flow, Z is the height of
the selected position and V is the velocity of the fluid
xV?
and hye = f——— . Simplification of (11) gives
r=I57

2
Py = b~ fp 2T
+ pelZ; - 2(]

Substituting (8)-(10) and (12) in (7) for each control
volumes, it leads to

(12)

Fi-F, = (Ptail _Pnose)Ah

L(x+5Lp,-g)—L(x) V2
D 2

+g,oZ(x+5Lpig cos0)

(13)
(%)

VI+ f'(x)?

In general, the pressure difference between the tail and

- pgZ(x)]A— 4pgALpig

the nose of the bypass hole in the pig ( P,,i1 — Pppse) 1S
established from three parts; i.e. pressure losses from a
sudden contraction at the tail (K g¢ ), valve inside the
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hole (Ky) and a sudden expansion at the nose

(Ksg )

X

0 -2 z
Fig. 4. Shematic view of a pig inside a 3D pipeline.
The following relations are suggested for the pressure

difference and the losses coefficients in the fluid
mechanics books and papers e.g. Nguyen et al. (2001).

2
_ Ktotalp(Vh - Vp[g)
2

Ptail - b

nose —

(14)

where
Kioar =Ksc + Ky + Kgg

di
Ksc =0-42(1—%)

2

d h
lve 2
KSEf(I_V“_Z"e) ,

Ky =fr
dvalve

2 dZ

d
min(K gra1) = (1= —15€)(1.42 = =4
d? d?

)

The normal force N is obtained if one substitutes Eqs.

(3) and (5) in Eq. (1)
f"(x) 2. I
Vi I fw)?

The final equation of the pig can be derived by
substituting all the terms in Eq. (2) as follows

N =mf g/ (15)

Ko pPA* (V =\1+ ()7 )7 SLpig 72
24, D 2
/') /')

+4pgAL

(16)

i —mg
M lrw? i re?

. S'x) 2 g
—sgn(x)myy- X+ /=
VI+1'@7 I+ f'()°

mp L) 2o )
I+ f'(%)?

The equation is a second order ordinary differential
equation that can be solved numerically.

2.2 Case 2: Three-Dimensional Path

Figure 4 shows the free body diagram of a typical small
pig inside a three-dimensional pipeline. The weight of
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the pig, dry friction force, normal force of the pipe wall
and driving force are W, f, N, P, respectively. These
forces, as shown in the Fig. 4, are three dimensional
vectors in general. The position vector of the C.G. of
the pig is denoted with V(1) where A is a time

dependent parameter. We can write it with respect to its
components, i.e.

ri) =x(A)i+yA)j+z(A)k (17)
1t is assumed that the gravitational force acts in the y-
direction, then the weighting force of the pig is
represented as W =-mgj. A frame of mutually

orthogonal unit vectors is defined that it always travels
along with a body moving in space (Thomas 1996).
There are three vectors in the frame. One of them is the
unit tangent vector t. Another one is n vector that gives
the direction of dv/ds. The third is b=t xn. These
vectors and their derivatives are called as Serret-Frenet
formulas (Sokolnikoff 1964), when available, give
useful information about moving vehicles and paths
they trace. The magnitude of the derivative dt/ds tells
us how much a pig’s path turns to the left or right as it
moves along; it is called the curvature of the path. The

number|db/ds| tells us how much a pig’s path rotates

or twists as the pig moves along; it is called the torsion
of the pig’s path.

Although there are experimental data that indicate that
the dynamic contact force (friction) might be a function
of the pig velocity, however as Hopkins (1992), it is
considered that it is independent of the pig velocity.
This force acts in the direction of the pipe axis and in
the opposite of the pig’s motion. The direction of the
normal force N is unknown; however it does not have
any component in the tangential direction of the pig’s
path. The driving force P acts in the direction of the
pipe axis. This force depends on the pressure difference
between the nose and the tail of the pig and other
variables in a complex problem.

The dynamic equations of the pig derived from the
Newton’s Second Law along n, T and b directions are
as follow;

d’s
p(A) —sgn(V)f +mg, Zmd—z (18)
t
N;+mg, =mV?>/R (19)
N2 +mgy =0 (20)
where,

N=Nm+Nyb, W=mg,t+mg,n+mgpb

and s is measured along the pig’s path. If we use the
chain rule and differentiate from Eq. (17) for obtaining
the n, T and b at all points and denote d/dt = ( ) and
d/dA=()", then the following relation will be
obtained;

_ Xi+yj+zk
2 2

)

x' +y'2 +z'
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Based on the first Serret-Frenet formula, we have,

dt/ds = kn where « is the curvature and ~ will be
determined from;

ﬂ:ﬂ ﬁ—a1t+a21+a3k
ds dt ds
—(xy +2%x" - x’y'y"—x’z'z")/A
= (x'zy" + "z’ —y'x'x" —y'z'z")/A
az = ((v'zz"+x'2z" Zx'x"=z'y'y )/A
A=x' +y 2427 (22)
=é Z—: al +a3 +a? 23)

Also the normal unit vector R can be obtained from
Egs. (22), i.e.
:(a1i+a2j+a3k)/A (24)

The second normal unit vector is derived from the outer
cross product of T and R, i.e.

1

,Mialz +a§ +a§)

a5y —arz")i — (a3x' = a;z')j +(arx' - a;z' k]

b=txn=

(25)

Since the projection of the vector V; on V' is equal to

V.V, /|V2| then g,,g; and g}, can be obtained as:

a
2, - 82 (26)
JaZ vl val
g(az;x'—a;z')
gp = 3 ! 27)
\/A(alz +a§ +a32)
g =———2 (28)
12 12 12

X4y +z

Now, one needs to calculate the remaining unknown
terms in Egs. (18) to (20) i.e.,

V =i(A) = (xi+yj+zk)A (29)

If one substitutes Eqs. (25) and (26) and the magnitude
of Eq.(29) in Egs. (19) and (20), the components of
normal forces are determined as:

gas

Ny =mfida} +a3 +a? +—A2——] (30)
Vai +a3 +ad3
Ny = mg(azx'—a;z') G1)
\M(al2 +a5 +a32
IN|=yN7 +N3 . f=uN| (32)

Finally, substituting Eqs. (32) and (29) in Eq. (18)
results in:

79

’

mgy

Ja

i{x'(x”/iz + X))+ y' (A + Ay
Ja
+ z'(z"/?.,2 +z'))

where

P(A) -

sgn(V) pmh; —

(33)

8ga; )2

hy ={(A\Ia12 +a§ +a32 =
Vai +a3 +a3

glazx'—a;z') 5,05
+ (L))
ﬂA(aIZ +a§ +a32)

The term p(A) can be obtained from momentum and
energy equations in pipeline direction as follows
Kioa A2 plV = i(x? + 32 +2"7 )
24,
4pgAL p,g/ly
‘ﬂ‘\/x +y' 2427
Substituting Eq. (34) in Eq. (33) and rearranging it

with respect to A results in the final differential
equation as

p(A) =
34
5L g y? (Y

—pr >

A7 +y +z’2),/a1 +a; +a;

\/(x'z +y' +z'2)\/a, +al+a;

0.5

}f:ﬂh
; T2

2

A g(ax'~a,2)
A \/(x'z-i—y +7z )\/a1 +a2+a3

gy ﬂz(xx +y'y"+z’z")
(x"?+y?+z"7)

(35)
where
2
1 Ktotal pA |4 _

x72+y72+272 ZmAh

hy

Ko PAZ Anx"? + 3% +22)? o SLyig 12
2mA4,, p D 2m

iy’
pig > > 5>
m ﬂz(x'z +y12 +Zl2)

—sgn(Ayx2 +y 222 )u]

—4pgAL

The above equation is a nonlinear differential equation
with respect to A, which can be solved by a numerical
technique such as Runge-Kutta based on initial
conditions. When parameter A is determined in each

time instant t, then the position and the velocity of the
pig can be calculated.
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3. NUMERICAL STUDIES

In order to show the validity of the developed
equations, three case studies were designed and solved
by the proposed numerical technique.

3.1 Casel

For the first case study, let us assume a 2D pipeline
with the curve equation as y(x)=0.5(x+sinx).
Figure 5 shows the pipeline curve. The numerical
values for the mass of the pig, length of the pig, pipe
diameter and the bypass diameter are assumed to be
50 kg ,0.3 m,0.25 M and 0.12 m, respectively.

Y(m)

10

0 5

Xam) 15

Fig. 5. The pipeline curve in 2D for case study 1.

Vpig(m/s)

Times)

Fig. 6. Velocity of the pig for case study 1.

| ,/ |
= /‘/ —

10
Time(s)

Fig. 7. Normal force exerted on the pig for case study
1

The fluid is water with density of 1000 kg/m3 and

velocity of 5m/s . The inlet pressure of the pipeline is
8 bars. The dynamic and static coefficients of friction
are assumed to be 0.2 and 0.3, respectively. The pig
position at initial time is at the point x(0) = y(0) = 0.

The aim of this example is to test thevalidation of the
Jformulations for the simpler case, i.e. two-dimensional
path. The geometric curvilinear periodic nature of this
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pipeline can help this examination. Figure 6 shows the
velocity of the pig with respect to time. This figure
shows the periodic variations of the pig’s velocity.
Figure 7 also shows the periodic nature of the normal
force acting on the pig.

3.2 Case?2

The geometry of the selected pipeline for the second
case is shown in Fig. 8. It is similar to a well known
space curve such as helix with the following parametric
equations

x(A) =6sin A, y(1) =6cos A, z(1) =64

The fluid is water with p =1000kg /m? and it
velocity in the pipeline is 20 m/s .The mass of the pig
is 50kg and static and dynamic friction coefficients

are 0.3 and 0.2, respectively. The pig moves from origin
at t=0 and its motion is recorded up to 15 seconds.

Fig. 8. A helix-type pipeline.

This example shows the validation of the above
formulation for three dimensional path, where its
geometric is curvilinear periodic nature. Figures 9a to
9f show the position and velocities of the pig in the x, y
and z-directions with respect to time. The positions of
the pig in the x and y-directions have a periodic nature.
The velocities in these directions have the same sorts of
trends. However, the velocity of the pig starts from zero
and decreases down to a certain level and then remains
constant. It takes about 5 seconds. This is true because
of the special geometry of the pipeline. Since there is no
difference between any two points of the path and also
the area of hole is constant, the pig’s velocity reaches a
constant value. These results validate the modeling and
formulation of the present research. Also, these results
are very similar to the case 1 of Saeidbakhsh et.
al.(2009) qualitatively. Comparison between these
results shows that the fluid decreases the motion of the
pig in the pipeline because in this research, effects of
the fluid are included in equations.

3.3 Case3

The geometry of the selected pipeline for the third test
case is shown in Fig. 10. The parametric equations of
this path are
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Fig. 9. Simulation results of helix-type pipeline.

Fig. 10. Selected geometry of pipeline for the case 3.

x=A° yzﬂzsinl z=2% cos A

The fluid is water with p=1000kg /m? and it
velocity in the pipeline is 5 m/s .The mass of the pig is

50kg and static and dynamic friction coefficients are

0.3 and 0.2, respectively. The pig does not move from
origin at t=0 and its motion is recorded up to 15
seconds.

The results are shown in Fig. 11. The geometry of the
pipeline for this test case is arbitrary. The Runge-kutta
method with a sampling time of 0.01s was used for this
case study. All figures show that the pig stops after 12
seconds, where the equilibrium conditions establish for
pig in the pipeline at this moment. In this case, the
direction of friction force and also its type (static or
dynamic) varies in some times of motion. Also, the
gravity force of the pig and the fluid driving force
frequently vary. Then, as Fig. 11g shows, the pig
velocity reaches to zero in some times and accelerates
again. This example shows the ability of the formulation
for pigging estimation. The best pig can be select for a
special pipeline based on the formulation in this
research. Also, sticking of a pig in a special pipeline
can be estimated by this formulation.

4. CONCLUSION

A numerical method for dynamic analysis of a pig in the
space curves was presented in this work. The
differential equations of the pig in the pipeline were
derived by Newton'’s second law for pig, momentum and
energy equations for fluid in the pipelines (Serret-
Frenet formula for dynamic analysis of pigs in space
curves). This method is limited by the incompressible
fluid flow in the pipeline.

Three numerical case studies were selected to validate
the proposed procedure of this paper. Results from the
first case which is a 2D example, are in agreement with
the physical nature of the problem.

The second case study is also a pipeline whose special
geometry (helix type) helps someone to check the
validation of the proposed procedure. The results from
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this case also are in agreement with the physical nature
of the problem.

The third case, which is a space pipeline whose
geometry is arbitrary, also validated the proposed
procedure for this case.
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e) Position of the pig in z direction.
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g) Velocity of the pig in tangential direction.

1) Velocity of the pig in z direction.
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Fig. 11. Simulation results of the pipeline of the test case 3.
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