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Abstract— Currently, various approacheswith several utilitiess  analyzed. In section IV the example is introduced. The

are proposed to identify damage in the pipeline. The pipeline Conclusion is presented in Section V.
system ismodeled in the form of a distributed parameter system,

such that the state space related to the distributed parameter Il. PIPELINE MODELING

system contains infinite dimension. In this paper, a novel ) L. .
technique is proposed to analyze and model the flow in the Here, the convective alteration in velocity and the compactness

pipeline. Important theorems are proposed for testing the  in the line of lengti(L), are ignored. The values which can be
observability aswell as controllability of the proposed model. measured are liquid density)( flow rate(®), and pressuré)

at the entry and exit of the pipeliné has been assumed that
the cross-sectional aréa) along the pipeline is stable. Figure
1 demonstrates the proposed pipeline.

Keywords— State space, Modeling, Analysis, hyperbolic
equation.

L
. INTRODUCTION I I
By increasing the industrial needs, a great number of long- dx D

distance pipelines are constructed and delivered. Pipelines ar P :
considered as one of the secured transport tools. However, thi , ( — () @
_—
v A

does not signify that they are riskless. Transiting through the ~

rough environment may break or block the pipeline which may

result in an enormous economic |1d4$ [2] [3] [4]. Hence

ensuring the assurance of the pipeline is highly essential for th&ig. 1. The designed pipeline

energy sector. The dynamics of the fluid inside the pipeline is stated based on
Since some problems such as leakage or blockage in thge momentum equation as well as the continuity equaftioe
pipeline may cause damage to the environment, so identifyinggomentum equation is defined as [20],

the damage in the _p_ipel_ine is importgnt. In [5] some techniqueg” + 19p + va - D)

for gas leak identification are studied. In [6] and [7] novel 9¢ = pOx = 2D

algorithms are proposed for identifying leakage in the pipeliné3y replacingy = — as well ap = pgA in (1) we have,

In [8] an observation approach is introduced for directly a® 1A iA n A2 0 2
observing the leakage in the pipeline. In [9] the instantaneousat 9% 2DA

frequency analysis methods are studied for detecting leaks iuch that\ is taken to be the pressure hé¢ad), ¢ is taken to
the pipelines. In [10] decentralized scheme for leak location iRethe flow rate£:* /s), x is considered as the length coordinate
a branched pipeline is studied. In [11] a new technique €M), t is taken to be the time coordingt, g is considered as
proposed for multi-leak identification in the pipeline. the gravitym/s?), A is taken to be the section aiga®), D is
Current research works are mainly focused on modeling theonsidered as the diameten), alsof is taken to be the
observer, controller or fault detection methods [12] [13] [14]friction coefficient.

[15]. However, studying the observability and controllability of The continuity equation is defined as [21],

the pipeline is remarkably essential [16] [17] [18] [19]. In this g—’t’ + paZZ—z =0 3)

paper, a novel technique is proposed to analyze and model 8¢ yeplacing the pressure head as well as the flow rate in (3) we
flow in the pipeline. Pressure and flow are kept stable b}‘lave,

utilizing control valves based on the various pressure and ﬂowa_A a2 9o _ (4)

rate of the transferring pipe. This article remaining sections ares: + gAdx 0

organized into four SectionSection Il presents the proposed in which a is the velocity of the wavém/s) in an elastic
model of the pipelineln Section Ill the observability, as well conduit filled with a slightly compressible fluid and® are

as controllability of the proposed model of the pipeline, is




functions of position and timeuch that\(x,t) and®(x,t), The proposed model,
wherex € [0, L], L is the length of the pipeline

If the flow rate, in a pipeline system has slight alterations the(®; ®; )T, respectively.

inputs as well as outputs xare
(@1 @ D3 Dy D5 Ay Az A" u=(A; A5)" andy =

the momentum equation linearized from the nonlinear pipelined, = ﬁ(Az -A) - J_A(pl
system as follows . ey fi
oD a fo (5) ‘D = zAg (A3 A1)_a¢z
_+Ag_A+_:0 . _Ax
at ax DA b, =2 N, -A)-L D
A A A A N PN
e 2 3 4 As by =305~ Ag) ~ - P,
. A f
b5 =22 (As — A) - £ ()
. _a2
Ay = s (D5 — )
. _a2
Ay = (@y = @)
2
A4 - ngAx( 5 q)s)
—X1 Sle X2 X3 le X4 | In (7) and (8)A, B, as well ag are represented by the block
matrices as follows
P, D, P; D, Ds ) x=(P; P, P3 Py P5 Ay Az AT
o« 0 0 0 0 3 0 O -2 0
Fig. 2. A pipeline with four sections 0« 0 0 0 0 p 0 B 0 and
000 « 0 0 4 0 §p 0 o0
The system of the pipeline is modeled using (4) ahdS{&ce asl 00 e 00 0, 1O B
. . : . .. |00 0 0 a 0 0 -3 |0 B
it is difficult to find the solutions for these equations, so in this S0y 00 0 0 0 o o (12)
paper, we use the finite difference approach whichiiseasyto , _, ¢ , ¢ ¢ ¢ o A
apply. The finite difference approach partitions the whole [0 o - 0 vy 0 0 o] [0 o |
pipeline intoN number of sections [22R3]. The pressure [t oo0oo0000
head, as well as flow rate, are obtained as below, _[0 000100 3
2
. —a
A = (A‘Di) wherea, ﬁ y are defined as follows
94 6  y=i-,
b = Ag an) f ® 2gAAx
T Ax Y T DAt a=22L (13)
Figure 2 demonstrates a pipeline with four sections. In this l_’;“lg
figure, Ay, A, A3, Ay, As are pressure  head and B = TAx
D, P, O;, P, P are flow rates. The common linearized
model is defined as below -

dx—A +B e
dt_ X u
y=_Cx 8

such that x is taken to be the state vector having tin&nown (@) ».
flow perturbation quantities at each point. Control parameters
in various cases may be represented with the pressures as wi
as flow rates at the starting point and ending point of the

A Inpun {Doundary Comditoa 1\ amd A
out put By wf O,

pipeline system. The selection of boundary conditions alters the
design of the model. Figure 3 shows the different boundary
conditions in a discretized pipeline system. In this figure, six
cases are taken into consideration. -y (B,
Case 1. The initial and boundary conditions that can be  ¢)wmea moussr Coodinona, and @,

out pal B, axd A,

controlled and measured are the pressure heads in the beginnii

and end of the pipeline. The inputs are (8) Az . Ayer ()
{A(O, ) = Ap(t) 9) . ‘
A(L, t) = Aout(t) h
and outputs are : |
{ D(0,t) = Dy (t) (10) By B2 et 124
B(L, 1) = Poue(t) Sy

Fig. 3. boundary conditions

ﬁ'
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‘:’ ~1 |
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¥ Inpat ( Bosedary Condimandh,, and &,
oat put Ay ard @,



Case 2: The initial and boundary conditions that can be j _ —a? (P — D)
controlled and measured are pressure head in the beginning an_dA‘ 2gARx

the flow rate in end of the pipeline. The inputs are Ag = g_Aan( s — Dy)
1) = Poy (14) n an ,B, as well ag are represented by the bloc

DL, t) = Poye (1) In (7) and (8)4, B Il ag d by the block
dA(Ot' t)t= A (8) matrices as follows
and outputs are x= (P, D, O3 D, D5 Ay Az AT

(00.0 =000 (15) <o 0 o0 oo [°8]

AL, t) = Ay (B) © « 0 0 0 0 B 0 0 o and
The proposed model, inputs as well as outputs xare 00 a 0B 0 0 B 8 8
(@1 Dy B3 Dy Ay Ag Ay A5)T, ui= (P54)7 and  y= T A S L D
(®, AS)T, respectively. ;, 0 40 0 0 0 0 0 o (21)

> P _ _r 0 0 -y 0 0 0 O 0o

q)1_ Ax (HZ Hl) DACD1 0 Z) Y 0Y 0 0 0 O |0 O]

0 0O

: -A

?2=§(H3_H1)_;?CD2 C':[O 001 3
¢3=Kf(H4_H2)—E‘D3 0000 1_9 0

: Z4g f Case 4: The boundary conditions that can be controlled and
¢4:_(H5_H3)__q)4 e . . .

. 28 DA measured are the initial flow rate in the beginning and pressure
A== (0; - D)) (16) head in the end of the pipeline. The inputs are

. ZgAAx CD(O. t) = q)in(t)

A ZgAAx 7o (@ 4 2) {A(L: t) = Aoy ® )
L e B and outputs are

As = 2o (Ps — Pa) (oo o (23)
A5 — g_A_an(CDS _ q)4) q)(L t) out(t)

kThe proposed model, inputs as well as outputs xare
(@ @3 Dy P5ALA; Az AT, u= (@ As)  and y =
(Ps A1 )T, respectively.

In (7) and (8)A, B, as well ag’ are represented by the bloc
matrices as follows

x=(d; ©, O3 D, D5 Ay Az AT Z
« 0 0 0 3 0 0 0O 0 CD = A‘g (H3 H) — f d)z
0 a 0 0 0B 0 O o p| and . _Ag f
00 «a 0 BO B O 0 0 o, = o — (H, — H,) — ECI)3
a0 0 0 @ 0 0B | lo o0 . Zdg 7
-4 0 y 0 0O O 0 O |0 O CD _ZAx (Hs H3)_ﬂ¢4
o -y 0o y 0 0 O O 0 O 17 : —-Ag f
0 4 0 0 0 0 0 vy 0 (7) CDS—E(HS_HAQ_JG)S
0 0 0 y0 0 0 0 2 0 . —a? B (24)
B [l 0 00O0ODO i H, = 2gAAx (CDZ (Dl)
= . a2
0 0 0O0OO0OO 01 H, = M( — 1)

Case 3: The boundary conditions that can be measured are the.
initial flow rate and pressure head in the beginning of the 13 = ZgAAx( s = ®2)

pipeline. The inputs are 7 = _
@(0,¢t) = Dy, (1) Hy =5 (Ps = P3)
{A(O £) = Ay (£) (18) In (7) and (8)A, B, as well ag are represented by the block
and Ol;tputs alrne matrices as follows
DL, t) = Dpyue(t) o x= (D P, O3 Dy CI’5 Ay Ag AT
{A(L t) = Ay, () (19 « 0 00 BOPB O 0
4 ou i 0o 0 0O 0 -p O B 0 0
The proposed model, inputs as well as outputs xare 0 0 « 00 0 - 0 o B and
(q)z CD3 Cb4_ CDS A2A3 A4_ As)T , U= (cbl Al )T and y = Az 0 0 0o 0 O O - B = 0 -B
(Qs A5)T, respectively. %0000 000 -2y 0 5)
. T lag f 00y 00 0 O0O0 O y 0 5
?2_?(A3_A1)_¥¢2 40 y 000 00 0 o
¢3=K5(A4_A2)_ﬁ¢3 0 v0y 00 o0 0f [0 o0 |
b, =22 (N, - Ay) - L D, C':O 001000
28x DA (20) 0 00O01O00O0

b. =49 A —A) =L
Ps = sz(AS Ay DA Ps Case 5: The boundary conditions that can be controlled and
, = — (P — D)) measured are the flow rate in the beginning and pressure head
ngAx in the end of the pipeline. The inputs are

Ay == (Py— D))

2 gAAx




{CD(O, t) =
O(L,t) =
and outputs are
{A(O, t) =
A(Lt) =

Ain (t)
Aoy (1)

q)in (t)
D e (1)

The proposed model,

(P @3 @, P5A; Az Ay A

(A; AS)T, respectively.

: -A
d, = (A3 —Ay) —

inputs as well as outputs xaxe
@) and y =

s
DA P,

h — ~49 _ _r
CDS - 2Ax (A4— AZ) DA CD3

o, Zﬁ(/\s —As3) —Df—A‘I’4
Hl:z;Tix( 1)
H, = ZgAAx( 53— ®y)
Hs ZgAAx( 4_CD2)
H4 =Z;ﬁ(¢5 —q>3)

Hy = =% (05 — ®,)

gAAx

5

), u= (b

(26)

@7

(28)

— (@, — D)

H4- - ZgAAx ( 57 3)
In (7) and (8)A, B, as well ag are represented by the block
matrices as follows
x = (P Py P3P, Ay Ay A A4)T

ZgAAx

@ 0 0 0 -3 3 0 0 o 0]
0O « 0 0 - 0 B 0O 00
N and
0 0 « 0 0O - 0 B 00
0o 0 0 0 0 - 0 0
A'= ¢ p g_|0 P
2% 0 0 0 0 0 0 00
4 0 y 0 0 0 0 0 0 0 (33
0O -4 0 y 0 0 0 0 0 0
0o 0o - 0o 0 0 0 0 ly o]

o 1000000
“looo0oo0100
Ill. PIPELINESYSTEMANALYSIS

The following lemmas are given to prove the controllability and
observability of the system [24] [25].
Lemma. 1. Consider the system described in (7) and (8)

In (7) and (8)A, B, as well ag are represented by the block whereA,y; is taken to be the state mafri,, is taken to be
matrices as follows
x= (0, P, P; D, cI35 A, A3 AT

|
I, ON ©O © © R

o= O o o ! o o

0

= O O o R o o

|
=

ooOOOOOOO

0
B

B0

0B
B 0
-+

0
0
0
0
0

o O o o
L

0
0 o

o B

o -3
,2’\/

<
o O © o
L

and

(29)

the control matrix, als@,,; is taken to be the output matrix.

The controllability of matrixC;,,; is defined as below [25],
Cix2i(A,B) = [B AB A?B A3B .. A"1B] (34)

Matrix C is called controllable if it has full row rank.

Pr oof:

For case 1, the matri;,; canbe simplified by the elementary

column transformation anoly using the column Echelon form

transformation [26]as

Diai =[loo Goo | (35
wherel is the identity matrix and is the triangular form

matrix with elements of, g andy.
If y #0,a # 0,8+ 0, matrixC will be full ranked matrix and

Case 6: The boundary conditions that can be measured are thge controllability is proved.
flow rate and pressure head in the end of the pipeline. Theor other cases using the same method can be proved that the

inputs are
{CD(L, t) = @4 (D)
AL, t) = Apye(8)
and outputs are
A(O, t) = Aln(t)

The proposed model,
(D1 @y D3 @y Ay Ay A3 Ay)T
(@, AT, respectively.

inputs as well as outputsxate
) and y=

d’1_ﬂ(A2_ 1)_Df_A¢’1
éz—;gg( 3 — 1)—[{?%
O3 =—— (A —Ay) — - D3
d’ =ﬂ(A5_ 3)‘%‘1)4
Hy = ZgAAx( 2 — @)
H2=2;ﬁ( 53— P1)

= (Ps5 As

(30

(39

(32)

controllability is full rank.
Lemma. 2. For the system described in (7) and (8), the
observability of matrid0,;,; is defined as below [26],
c
[ ca 1
OZiXi(C'A): = CAZ (36)

CA.L'—l
Matrix O is called observable if it has full columns rank.
Pr oof:
For case 1, the matri,;,; can be simplifed by the elementary
row transformation and by using the row Echelon form

transformation [26as

[
(010!

02i><i :l: :l
Py iy

wherel is the identity matrix ang is the triangular form
matrix with elements ofr, § andy.

If « 0,8+ 0,y # 0, matrixO will be full ranked matrix and
the observability is proved.

(37



For other cases using the same method can be proved that ti
observability is full rank.

IV. EXAMPLE

Consider the model described in FigureSlippose the length
of the pipeline id. = 5.2 x 103 m, the diameter of the pipe is

D = 0.5 m, the cross-section ¥ = 0.1963 m?, density isp =

1000 kg/m3, gravity isg = 9.806 m/s?, also the wave speed
coefficient isa = 1250 m/s. The simulations in this section

are carried out for case 1 and case 2.

Control variables according to the casel model are the

pressures at the beginning and end of the gipe®d As) and
can be directly measured. Furthermore, the flow ratesFig' 6 Output and input flow

(P, and ®,) are outputef the systemimplementing Lemma

1 and also Lemma&, it can be concluded that the rank of For case Zhe model is made of the pressures head at the

discriminant matrices igank C = rank O = 16, thus, the

beginning and flow rate at the end of the pifpe &ndA,) and

system is completely observable and controllable. To confirfian be directly measured. Furthermore, the flow rates and

the theorem further, an observer is designed, see Figure 4.

Actior Known Inpat

Mentilfication |

Maxlel

State X N!cri.:rcd ouspul

Observer

Fig. 4. The designed model with the observer
Figure 5 displays the simulated pressure headthat
inlet (A (in) = A, = 10 m) and outlet(A(out ) = A5 = 7m)
of the pipeline system (for case 1)

Fig. 5 Pressure headnui variation

pressures headb( andA:) are the output of the system. The
pressure head variations are demonstrated in Figure 7, while the
flow rate variations are demonstrated in Figure 8.

Fig. 7. Pressure head variations

Fig. 8 Flow rate variations

The input and output flow in the pipeline is shown in Figure 6. V. CONCLUSION

In this figure, in just a few seconds the flow rate from the initia

amount which is zero approaches into the real value.

n this paper, a novel technique is proposed to analyze and
model the flow in the pipeline. The system of the pipeline is
modeled using hyperbolic partial differential equations. Since
it is difficult to find the solutions for these equations, so in this
paper, we use the finite difference approach which is easy to
apply. Important theorems are proposed for testing the



observability as well as conttability of the proposed model
The future work is to study the stability of the pipeline system.
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