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DYNAMIC PROCESSES IN THE OIL PIPELINES. PART II.
THE LEAK IDENTIFICATION BY NUMERICAL METHODS
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Abstract. The analysis of identification method of leaks occurring due to damages of the linear part of the main oil
pipelines is carried out. The momentum and continuity equations of viscous compressible fluid in a pressure pipeline are
presented. Differential equations of fluid movement in the oil pipeline are solved by the method of characteristics. Varia-
tion diagrams of pressure and velocity of fluid of a leaking oil pipeline are presented.

Keywords: oil pipeline; damage; identification; numerical method; wave speed.

1. Introduction

The classification of methods of identification of
places of outflow of a liquid in the main pipelines are
submitted in works [1-3]. One of them has merits and
demerits.

For fast detection of places of outflow of liquid in
the main pipelines the most effective is the method of
impact wave which takes into account waves of pressure
in liquid in the main pipelines

On the basis of this method the method and the soft-
ware of identification of places of outflow of liquid in
the main pipelines is developed.

Since the proportion of the fluid transported through
these connections is rather small, the identification of leaks
is very complicated.

2. Mathematical Model of Pipeline

The flow of viscous and compressive fluid 1s de-
scribed by differential equations with partial derivatives,
which express the laws of mass movement, quantity and
conservation of energy. The equation of fluid condition is
added to differential equations, which relate thermody-
namic variables. These equations with initial and bound-
ary conditions influence on the solution and can be es-
sentially integrated during time. Therefore, fluid flow
parameters at certain moments can be estimated.

When solving complicated applied hydrodynamic
tasks non-stationary quasi-linear one-dimensional fluid
flow models are widely applied [1-16]. In such models
the condition of flow at every moment of time is charac-
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terized by average values of pressure, velocity and den-
sity. When estimating the average values of fluid flow
parameters the following pre-conditions are taken into
consideration: pressure, density, intemal energy, and tem-
perature change inconsiderably in a cross-section of a
pipeline; the speed of movement on the walls of a pipe-
line is equal to zero.

We will study one-dimensional non-stationary
isothermic movement of viscous and compressive fluid
in a pipeline; i.e. when the fluid velocity vector is directed
longitudinally to the axis of a pipeline, and speed and
pressure change during time and longitudinally to the axis
of a pipeline (coordinate x).

Movement and continuity equations of viscous,
compressible fluid in a pressure pipe have the following
form:

l1dp dv dv Ay
+o vt 4a,=0, 1
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ot  ox ox
here: p,v - pressure and velocity of fluid; p — fluid den-
sity; ¢ —velocity of sound; f —non-dimensional hydrau-
lic coefficient of friction.

Differential equations of fluid movement in the cyl-
inder are solved by the method of characteristics [1,
2]. The essence of the method of characteristics is that
the speed of unknown variable and fluid pressure at in-
stant moment of time ¢+ A¢ are determined according to
these parameters at a moment of time (Fig 1).

Pressure and velocity in point D at the moment of
time is determined from nonlinear algebraic equation sys-
tem
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Fig 1. The circuit of point parameters determination by the
method of characteristics
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The velocity of sound in a two-phase fluid in a pipe-

line is as follows:
d e K (1’)_1} : )
Y{ W

here K (p)— volumetric elasticity modulus of fluid, p—
fluid density, E — elasticity modulus of a pipeline, d —
internal diameter of a pipeline, e —thickness of a pipeline
wall, Y - index of adiabatic process, €— rate of gas
volume in fluid with the total volume of fluid (mixture).

In general, volumetric elasticity modulus depends
on pressure:

K (p)= =0 ;,',, (8)

here: a;,b; — coefficients which are identified by experi-
ments. In general, the sound velocity in medium is equal
to.

Non-linear system of algebraic equations (4) and (5)
is solved by Newton method.

To enable the stability of solution, Currant’s condi-
tion shall be taken into account:

At§v+aiSAx. C)]

Characteristics C™ passes through points L and D,
the equation of which is:

ax _ v+a 10
ar : (10)
Having integrated expression between points L and
D, we receive coordinate x of point L:
xL=xD—(vL +aL)At. an
Velocity and pressure are approximated by the first
degree polynomials between points 4 and C:

)= TDTE, LEEA,
plx)= -@K;l I +fi:4 Pe- (12)

Having written expression (12) in expressions (10),
we receive the system of two non-linear algebraic equa-
tions with unknown quantities p; and v :

¢3=PL—PC—9(PA—PC) lVL+a(PL)=0, (13)

(I)4=VL—VC—G(VA—VC) le+a(pL)=0, (14)

here: 8=At/Ax.

The system of non-linear algebraic equations (13)
and (14) is solved by Newton method.

The values of variables at point R are estimated
analogously. In this case we receive the system of two
non-linear algebraic equations with unknown quantities
pr and vg:

@5 =pr-p.+0ps—p.) br-alpr)l=0.  (5)
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b =vp v, +00vp -v) br-alpr)l=0.  (6)

The system of noun-linear algebraic equations (15)
and (16) also is solved by Newton method.

The system of equations (3) and — (4) is solved by
Newton method:

i} =—tef, a7
ry =[pp.vpl fof =[o,,0,]-

The nodal point of three pipes is presented in (Fig 2).
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3

Fig 2. The circuit of three connected pipes: 1 — first pipe,
2 —second pipe, 3 — third pipe

Pressure and velocity in a nodal point are as follows:
on last nodal point of the first pipe — vjand p;, on the
first nodal point of the second pipe — v, and p,, on the
first nodal point of the third pipe — v3 and p;. Five
unknown quantities are received in the common nodal
point: py=p, =p, p3, v, v, and v3. To estimate the
unknown, the system of five equations shall be identi-
fied. According to formulae (3) and (4), C* and C~ char-
acteristics are written:

ct @ =0(p,v); (18)
Ct : @y =0, (py.,); 19)
C™ & @3 =04(ps,v3). (20)

The fourth equation in the common nodal point is
written on the following condition:

3 .
Yo% =0; 21)

i=1
here: ) = S;v; - fluid capacity in the nodal point (“+"
— fluid flows into nodal point, “—" — fluid flows from nodal
point), §; — cross-section area of pipe {, v; — velocity of
fluid in pipe ;.

The fourth equation is as follows:

Dy =81v; —Syvy —S3v3 =0. 22)

The fifth equation is as follows:

1
®s=p-p3= Ep(v3)?sign(v3) =0, (23)

here: & — coefficient of local losses which depends on
the rate of pipe cross-section area, p- fluid density,
signv - gives an appropriate sign depending on the speed.

The received system of five non-linear algebraic
equations (18) — (23) is solved by Newton method [9].
Having solved it, the values of pressure p;=p, =p,
p3 and velocity vy, vy, v3 inanodal point are received.

3. The Methodology of Leak Identification in a Pipe-
line

A crack in a pipeline causes rapid variations of fluid
flow. The wave of rapidly reduced pressure propagates
on both sides from the location of the crack at the speed
of sound. When leakage occurs in a pipeline, pressure
and velocity vary rapidly. Following the diagrams of pres-
sure and velocity variations, fluid leak can be identified.

The method of leak identification is based on the
observation of pressure wave propagation time when the
change of pressure is registered. Identification of a leak
is registered by the variation of time At between pressure
waves propagating into opposite sides from the leak which
reach the beginning and the end of a pipeline, i.e. pres-
sure sensing elements in the pipeline section under con-
trol, at different time. If leakage occurs in the middle of a
pipeline section under control, variation of time At will
be equal to zero. Meanwhile, when leakage occurs closer
to any end of the pipeline section under control, the varia-
tion of time At of pressure wave propagation occurs [10].

A sample diagram of pressure variation is presented
in (Fig 3). .

In case of leakage, pressure falls rapidly. The start-
ing point of pressure fall is identified with the first sens-
ing element: pressure p; and time 1; are identified on
that point. The starting point of pressure fall is identified
with the second sensing element: pressure p, and time
t, areidentified on that point. Time difference A is cal-
culated as well:
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Fig 3. Registering of pressure variations in a pipeline when
leakage occurs: 1 — data from the first sensing element, 2 —
data from the second sensing element



52

At=t,—1t;; (24)

here: Ar-— variation of time of waves propagating to the
beginning and the end of the pipeline section under control,
t; — time of wave propagation up to beginning of the
pipeline section under control, #, —time of pressure wave
propagation up to the end of the pipeline section under
control.

Pressure pulses at the location of damage propagate
at the speed of sound longitudinally to a pipeline (on both
sides of cracking) and certain moments of time are as fol-
lows:

IS Tt (25)

here: — distance from the beginning of the pipeline section
under contro!l up to the location of leakage, [, - length of
pipeline section under control, a— sound propagation
speed.

Variation of time when fluid pressure pulses reach
the beginning and the end of a pipeline are equal to:

(26)

Then the distance from the beginning of a pipeline
section under control up to the leak is calculated accord-
ing to the following formula:

x= L +% Ar.
2 2

If the first sensing element reacts first, symbol “-”
is written, i.e. leakage is closer to the beginning of a pipe-
line under control, but if the second sensing element re-
acts first, symbol “+” is written, i.e. leakage is closer to
the end of a pipeline section under control.

Having taken the velocity of fluid flow into consid-
eration when pressure wave propagation time # and #,
is:

27

——x +x
t1=2—, t2= y
a—Vvyig atvyg

L L
Z (28)

here: v,;; — fluid flow velocity.
The distance from the leak to the beginning of the
pipeline section under control is calculated as follows:

=Ly JA_f(a+ Vyia @ =Vyig )+ Lvyig

2 2a 29)

Analogous calculations are carried out observing
the variation of fluid flow velocity depending on time. In
case of leakage, fluid flow registered by the first sensing
element increases rapidly and the fluid flow velocity reg-
istered by the second sensing element starts falling rap-
idly. The starting point of fluid flow velocity increase is
identified with the first sensing element: velocity vy and
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time # are identified at that point. The starting point of
fluid flow velocity fall registered by the second sensing
element is identified as well: velocity v, and time £, are
identified at that point as well. To identify leakage loca-
tion analogous calculations are carried out.

A leak can be identified approximately for a con-
crete pipeline section having drawn the graph Af = f(x) of
dependence. Air melted in fluid influences on the sound
velocity propagation. This graphical dependence takes
sound velocity variation longitudinally to the pipeline
section into consideration. This dependence graph is
drawn up according to the following formula [8]:

L—x X

(ll'f'ﬂ——az‘ 1—£ a1+a1_a2 2—£ 3(30)
2 L 2 L

At =

here: a; - sound speed at the beginning of a pipeline;
a; - sound speed at the end of a pipeline.

4. Findings of Research and their Analysis

Three cases of pipelines are investigated in this re-
search: pipeline sections of different length as well as dif-
ferent setting of sensing elements registering pressure in
a pipeline.

The circuit of the pipeline section under investiga-
tion, setting of sensing elements registering pressure as
well as distances of leaks are presented in Fig 4.

The total length of a pipeline section, 1. e. distance
between sensing elements, L =750 m; distance from the
first leakage is x; =50 m, and from the second is —
x5 =550m.

Leakage in the system is simulated by closing and
opening leaking pipes. Variations of velocity and pres-
sure in the system were observed when the diameter of
the first pipe d, is 5 mm, 15 mm, 50 mm, 100 mm, and
the opening time of simulated leakage is fopen = 20's and
closing time by simulating the end of leakage is
toose = 30s. The diameter of the second pipe d, is
10 mm, 20 mm, 75 mm, and the opening time when simu-
lating leakage is fopen =40's and the closing time when

1 Place of lcakage Il Place of leakage
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}m:SOﬂ I | )l(

‘ N L 1

x:= 550 m i l_‘_l
L=750m 200m

50 m

L

Fig 4. Circuit of 1 km long pipeline section: 1, 2 — consistently
coupled centrifugal pumps of mark HM 5000 — 210;
3 — pilot pipeline section; 4, 5 — sensing elements which
register pressure
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simulating the end of leakage is Zopen = 505,

Two centrifugal pumps of mark HM 5000 — 210 are
consistently mounted at the beginning of a pipeline. Char-
acteristics of a pump are defined by the developed pres-
sure dependence H on input Q. Characteristics of cen-
trifugal pumps used in the main oil pipelines are fluently
falling curves.

Characteristics of consistently coupled pumps of
mark HM 5000 — 210 are presented in Fig 5.

BesBy” T
4e+00

3e+0B

817702704 0B U8 1 12 14 16 18 2
a

Fig 5. Characteristics of consistently connected pumps of
mark HM 5000 — 210
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Fig 6. Pressure variation diagram when leakage is absent in a
pipeline
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Fig 7. Velocity variation diagram when leakage is absent in a
pipeline

Diagrams of pressure and velocity variation when
the leakage is absent in the system are presented in Fig 6
and Fig 7.

Diagrams of pressure and velocity variation at dif-
ferent diameters of leaking pipe and different distances
of leaks from the beginning of a pipeline section under
control are presented in Fig 8-15.

Data and calculation results when the leak is identi-
fied according to the variations of velocity when diam-
eters of leaking pipes are different (the length of a pipe-
line section i1s 1 km) [16, 17].

p, Pa
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3.90E+06
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0 10 20 30 40 50 60 ;

- o i
¢~ ]-s{ sensor i _.
; = 2-nd sensor.

S i

Fig 8. Pressure variation diagram when the diameter of the
first leaking pipe is 5 mm, and the second — 10 mm

v. m/s
6.500 5
6.000 P

<< il
5,500 ?
5,000 —ﬁ]

4,500 H S —
4.000 Bt w—- ] -8t sensor
3.500 : —==21d sensor
3,000
2.500 H
2.000 T et

0 20 40 50

Fig 9. Velocity variation diagram when the diameter of the
first leaking pipe is 5 mm, and the second — 10 mm
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Fig 10. Pressure fall diagram when the diameter of the first
leaking pipe is 15 mm, and the second — 20 mm
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Fig 11. Velocity variation diagram when the diameter of the
first leaking pipe is 15 mm, and the second — 20 mm
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Fig 12. Pressure variation diagram when the diameter of the
first leaking pipe is 50 mm, and the second — 75 mm
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Fig 13. Velocity variation diagram when the diameter of the
first leaking pipe is 50 mm, and the second — 75 mm
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Fig 14. Pressure variation diagram when the diameter of the
first leaking pipe is 100 mm, and the second — 100 mm
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Fig 15. Velocity variation diagram, when the diameter of the
first leaking pipe is 100 mm, and the second — 100 mm
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Fig 16. Dependences of relative errors on the diameter of a
leaking pipe when the length of a pipeline section is 1 km:

1 — calculation on pressure and taking into account velocity
of liquid; 2 — calculation on pressure and not taking into
account velocity of liquid; 3 — calculation on liquid

t,s

1.0

0.0 200.0

400,0
X, m

600,0 800,0

Fig 17. Graph of dependence At =
pipeline section

f(x) for 1 km long



I Bajoraityté, M. Bogdevicius / TRANSPORT — 2003, Vol XVIII, No 1, 49-55 55

5. Conclusions

1. When analyzing pressure and velocity variation
diagrams, on the pipeline section under control at various
leakage holes diameter it was identified that the larger
the diameter of a leakage hole is, the greater variations of
pressure and fluid flow velocity in a pipeline at leakage
are.

2. The distance from the beginning of the pipeline
section under control to the leak is identified much more
accurately when the diamater of a leaking hole is greater.
When the diameter of a leakage hole is 10 mm, the rela-
tive error of leak estimation is 3.575 %, and when the
diameter of a leakage hole is 100 mm, the relative error
of the identified leak is 1,627 %.

3. It was identified that the distance from the begin-
ning of a pipeline section under control to the leakage
location is calculated more accurately when calculations
are carried out according to the variations of fluid flow
velocity than calculating according to the pressure varia-
tions in the system. When the diameter of a leakage hole
is 10 mm, a relative error of leak estimation is 3,575 % if
calculated according to the pressure variation, a relative
error of leak estimation is 3,190 % if calculated accord-
ing to the velocity variation. Therefore, it is recommended
to estimate the leak in a pipeline according to the varia-
tions of fluid flow velocity but not according to pressure
variations.
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