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Abstract. The main technological equipment of pipeline transport of hydrocarbons are
hydraulic machines. During transportation of oil mainly used of centrifugal pumps, designed to
work in the "pumping station-pipeline" system. Composition of a standard pumping station
consists of several pumps, complex hydraulic piping. The authors have developed a set of
models and algorithms for calculating system reliability of pumps. It is based on the theory of
reliability. As an example, considered one of the estimation methods with the application of
graph theory.

Introduction

The system of trunk pipeline transport is a complex set of engineering structures with the system of
security and environmental protection. The analysis of the experience of exploitation of main facilities
of transport showed that most of them happen because of failures and damage to the hardware. Using
the developed methods and apparatus of semi-Markov models and the theory of construction of graph
States, let us analyze the algorithm for calculating the persistence on a difficult technical systems of
pipeline transport of oil.

1. Problem definition

Monitoring the reliability of hydraulic machines is a difficult task. In the practice of their operation
in the oil and gas sector, such monitoring is carried out using a complex of diagnostic parameters such
as bearing temperature, vibration, pressure, performance. In addition, the monitoring of leaks and the
parameters determining the possibility of occurrence of cavitation regime. One such operational
parameter is the coefficient of hydraulic reliability.

For the implementation of the proactive functions the evaluation of reliability is reduced to the
problem of determining the probabilistic characteristics of the life of the system and determining
availability according to the criterion of performance persistence, for example, hydraulic reliability.

Consider a typical scheme of a pumping station, a pump with a design capacity Q; u Q,, the power

FX(0)=ce™ Fy*(t) = cye 2!
B,,0=e" F,, @)=

N;=N,. The reliability function of the pumps has the form the

recovery time of each machine has an exponential distribution with
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parameters u; and u, the required minimum acceptable level of reliability J,. , schedule actual
hydraulic reliability J,., defined in real time. On site there is a tank farm with the volume ¥, the time
for park empty ¢,, assessment of the temporary reserve D(?).

It is required to determine: probabilities of transitions to all possible conditions and their moments,
an availability quotient of system in case of the set working schedule; a shelf life of system, the
predicted maintenance time by criterion of hydraulic reliability of system[1-3].

2. Methods, results and discussion

Let at the time of the beginning of the analysis the system be in operating state. In the line No. 1
transfer of a product with a productivity is performed Q;, on the second — with a productivity O, Two
options of functioning of system are possible. According to the first option in operation there are both
pumps. Then let ¢, — time, during which both machines at the same time are in work according to the
plan of transfer for 1 calendar year ¢, i.e. both machines have no structural allowance. Then provided
that reliability of one of objects decreases, reliability of system in general decreases, we accept
probabilistic parameter a, characterizing probability of decrease in reliability of system is lower than

reliability of one, admissible owing to loss, of elements, equal o =1, /ty. By the second option of

operation in work there is only one hydraulic machine. Thus the second carries out function of not
loaded allowance. Then

a,=t/t
where ¢, - is time during which the element of system has a structural allowance.

It is necessary to construct a state graph for the considered system, accepting that £, hydraulic
reliability is able Js,..>Js,; (figure 1).
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Figurel. State graph example for an assessment of reliability of system.
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In case of decrease in hydraulic reliability of an element No.1 or No.2 to level J,,<J, there is a
transition of system to conditions £; and FE; respectively. Decrease in reliability J,.,<J,; in this case
means that the system in general doesn't conform to the requirement of reliability and technical
intervention is necessary. The system is in conditions £; and E; also technical intervention with
intensity is required y; and . In case of recovery of an element in time ¢ the system passes into a
reliable condition E,, otherwise — in refusal £, and E,  During operation when there is a structural
allowance, the system with intensity of 1,0, and 4,0, passes into the conditions of £ and Ey , similar
to E; and E;, however transfer can be performed by means of machines, carrying out function reserve
while the system recovery is made [3-11].

In case of decrease in reliability of a reserve thread is down to one level lower admissible after float
time the system passes into conditions of £, and E;, with the level of reliability is lower than the
admissible.

The shelf life of system is determined by the time spent in conditions Ey— E; , Ey— E;, Ey— Es, Ep—
Ey.

System of the equations in an integrated form for the count:

Qo(tt )= le(f =Xt )dP o () + st(f =Xt )dP o 3() +
0 0

+ st(f - xt . )dP g s(x) + st(f - xt, )dP o g(x);

0 0

01t )= on(f —xt . )dP o) + Pio();
0

O3t )= on(t —xt . )dP 3 0(x) + P3 4(1);
0

Os(t )= 'I[Qo(t - xt, )dP 5 o(x) + st(t - xt,)dPs ¢(x);
0 0

Oeltt )= 'Z[Qé(t - xt,)dP ¢ s(x) + Pg 7(0);
0

t t
Og(tt )= [Qolt = xt, )AP g o) + [Qo(t = xt ) -dPg 9 (0);
0 0

t
Qoftt )= [Qo(t = xt,)dPgg(x) + P 1 (1)
0

(1

System of the equations in a probabilistic form:
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t
Po(tt,) =1=Po1 (1) = Po3 (1) + Pos (1) + Pog (1) —J Pi(t = x.t, )dPo, (x) +
0

t t t
+ [ Pyt = x.t, )dPo 3(x) ++ [ Ps(t = x.t, )dPy s(x) + [ Py(t = x.t, JdPo 3();
0 0 0

t
Pt )=1-Po)—P(0)+ fPo(t —=x,t, )dPy o(x);
0

t
Py(tt,) =1= Py (6)= Py 4 () + [ Po(t = x.t, )dP3 o();
0

t t
Ps(t,)=1=Ps (1)~ Ps 6 () + [ Polt = xt, JdPs o(x) + [ Ps(t = x.t, ) ds 6();
0 0

t
Po(tt,) =1~ Po5 (1) = Po 7 (1) + [ Po(t = .1, JdPe 5(%);
. ,
Bytt,)=1-P o (1) =Py o (?) +IPo(t —Xx.t, )dPg o(x) +JP9(t —xt,)dgo(x);
0 0
t
Po(tt,)=1-Pyg(t)— Py o () + IPg(t =Xt )dPg g(x)

0 2)

System of the equations in Laplace-Carson's forms:

Q%0 (st,)=0%3(5)P*03(5)+ 0% (56,)P*0; (x)
+O0*s ()P %5 () +OQ*g (5.8, )P ¥ 8 (5);

Q*l (S’tr) = Q*O (S’tr)'P*l,Z (s);

O*3(st,.)=0%0 (5,1, )P*3 4 (1);

O%*s (s,1,)=0% (5,4,)P*50 (x)+0%6 (5,1, )P %56 (5);

0% (51,)=0% (51, )P %67 (5);

O*g(s,t,)=0% (5.8, )P*g0 (s)+0%g (5,1, )P*g9 (s);

Q*9 (t’tr) = Q*9 (s’l}‘)P*9,10 (s) (3)

. | | _P)=|Ry ) |
Using this model we set semi-Markov process in a general view as . Then, if the
system is in a status i, the transition probabilities between statuses of system will have an appearance:

t n
Py(t) = [ TT( - Fi (x))dFy (x)

O k=l , (4)
F.(x) N : . . . .
where ~ V" - the distribution function of time of stay of an element is able i upon the following
transition to a status j;
ke N,k e(l;n)

- numbers of statuses except a status of j in which one-step transition from a
status is possible i;

Fig (x) the distribution function of time of stay of an element is able i upon the following
transition to a status £.

For determination of a distribution function of transitions from a status to a status it is necessary to
determine statistically function of change of a keeping of system by criterion of hydraulic reliability F;
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, in particular F(Js,¢t). For example, for the transmission system the function of distribution of
hydraulic reliability Js(z) will be constructed in real time with use of methods of statistical modeling
and the least squares on the base to operation properties of the equipment and the dispatcher data since
the beginning of the analyzable period (figure 4).
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Figure 2. Distribution function of F,(¢) for the oil pipeline

Further we will determine distribution parameters of a keeping of F; by the diagram of change of
hydraulic reliability under the law of change of coefficient of hydraulic reliability for the interclearing
period of 65 days from conditions:

In(Js,)

*
Jsal:JS(t*); "= C A=1/t* (5)
where t* - time to failure; Js ,; - critical level of an index of hydraulic reliability.
Thus, based on empirical function of change of coefficient of hydraulic reliability, we will receive
a distribution function of failures (a distribution function of frequencies of achievement by system of
critical values of coefficient Js and failure density by criterion of Js).
For determination of the transition probability of system from a status 0 in a status 1 we will use a
graph of fig. 1, supposing that adjacent statuses are No. 3,5,8. Without the need for the accounting of a
temporal reserve the formula (3) will assume an air:

Py (0) = [ (1= Fiy (x)) - (1= Fys () - (1 = Fog (0))dFy (%)

b

(6)

Time distribution functions for statuses can be defined as

t
[ f@du,
0 u="Fex), )

where U - density function.
- in particular:

Foy(x) =1 A9
Fog (x) =1-¢~72929)
Fo3(x)=1- e~ 2(-a2)(x)

(-
FOS(X):I_e Al=a)() ’ a1:1—a2_ (8)
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The transition probability of Py, is calculated as follows:

t
PByy(t) = [ (1= Fog(x)) - (1= Fys (x)) - (1= Fy 3(x))dlFy (x) =
0

(1-(1-e 22y - (1-e 207920y (1 _1 - A0y gp () =

(e 7292 (o721=a2)0)y . (o~ A=y g () =

Il
St~ O~ O~

t
(e—ﬂzqzx—/lz (1-g2)x=A41(1=q1)x )dFy; (x) :J' (e—ﬂzqzx—/lzx+/12q2x—/11x+11xq1 YdFy; (x) =

0
' -y x—A x+ A x ’ - x—A x+A1x ' _ﬂlqu(jiz-'—i)-'—ﬂlqu
[(e 2 AAI Gy, (x) =[ (e 2 A AN aFy (x) = (e 191 41 )dFy; (x) =
0 0 0
r —Qx A2 +4 +A1x
=I(e e 491 A ql)dFOI(x)=ﬂ(l—e_(ll+ﬂz)t)
22 + ﬁ“l
0 ©)

Remaining transition probabilities are calculated similarly.
For determination of the transition probability of system from a status 1 in a status 0 we will
receive:

t
Pio(1)= [ (1= Fia (x)dFio ()
0 , (10)

—1_ o H(x)
where Fio(x)=l-e - repairing function.
For determination of the transition probability of system from a status 1 in a status 2 taking into
account a temporal reserve the formula will assume an air:

t
P (t)= [ (1= R (x))- (1= D(x)))dFi (x)

0 : (11)
where D(x) - distribution function of a temporal reserve,
D(x)=1I npu t,<t; D(x)=0 npu t,>t;

—HAH(xX)
Fip(x)=1-e "277 repairing function.
By results of calculations, conversions and integration the following dependences for determination
of the transition probabilities are received:
- from a status Ej:

/1 N4 _ ﬂ/ - _
Pyt (x) =2l (1 e AHA Ry () = 2202 (1 AR,

ﬂ’l +12 ﬂ’l _}_12
b -a - A« _
Fos(x)= ﬁ(l —e (AP Pyg(x)= ﬁ(l — e AtA)y
- (12)

- from statuses Es, Ey:
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A @ - Ao _
P56(x)=/12—2(1—e (Atp)ty, ng(X)Z/ll—Z(l—e (Atp)ty

2t H ) (13)
Pig(x) =L (1 - e Aty B ()= E2 (- At
Ay + iy + i s

- from statuses E;, E; Es, Eo:

B, (t)=e"", tZtr’ P(t)=e", t<tr (15)

R (t)y=e"", thr’ R,()y=e"", t<tr’ (16)

; (17
(18)

P(ty=e"", t2tr P (t)=e", t<tr
R (t)=e"", t=2tr PR (t)y=e™, t<tr

- from statuses E;, E; Es, Eo:

in case I[<Ir  that probabilities P;, Ps4 , Ps; , Pgjy are equal O,
and 127 - equal 1.

By results of the carried-out transformations and integration, the following dependences for
definition of time of stay in statuses (T;) according to the count are received:

- for status Ej:

T, TH(I F: (t))dt ! ! : !
0 = —_— i]. = —_-——= = =
0 J Al iﬂl’am ﬂ'l a1 +22(Z2 +/11a2 +/12a1 ﬁ“l +2’2

i=l , (19)

1
i=1 A+ Ay . (20)

- for statuses E;, Es, E;, Es:
1 —y
T, =—(1—¢ Hiry,

H; (21)
1 _ _ _
f= (e M), Ty = (1) T = (e Ay T = e
H H H A . (4.21)
- for statuses E,, E,, E;p, E:
1
I =—
Hi, (22)
1 1 1 1
h=— TIh=— THh=— T\, =—
H : H : H : H : (23)
- for statuses E’5, E:
SO B B
Ay + 1y , A+ (24)

On a formula of conversion of Laplace-Carson for function F(S):

F (S)= Sfe™ - F()-dt
0 (25)
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we will receive formulas for determination of images for system of equations of an analysable
graph.
The readiness quotient determined by criterion of a keeping from dependences and the equations
for nested Markov «chains»:
> 17

K(Js, )= > P()=%=

it TSI S =k = T
b .

ieE

(26)

For th =tz h=4 we will receive dependences for determination of an availability quotient:

2
S rm Ly G P e
7,

K= Y P==t =2~ &

2
neE(Jg=Js, ) z]—:ﬂ-, l_’_%_’_ﬁ_’_@
icE A ,U /J ILlQ

Tpr

Ky *(Jsi’Tpr) = L Ki(Js;3t)

o . 7)

The keeping index - a shelf life of system is defined by the time spent in statuses £y— E; , Ey— Ej,
E)—E4; E)— Ey inclusive:

1, 1 - 11 .
Toops =+ — (e ) Ty e =—+ —(1-e72");
! L e 1
M+l Mty |
ZT”' L"'ﬁ"‘&"‘w(l—efﬂzt’)+M(]—eﬁﬂﬁ)
KR(Jsat) = z Pn(t) ==& = )vl +22 e /u22 lulz

neE(Js2Is,) 27772" ;4_&4_&_‘_0(2(/11 "rjz) n (j‘l +ﬂ2)a1

- A w . (28)

Thus, with use of the graph theory analytical dependences for the description of a set of statuses of
system of oil pipelines and determination of probable characteristics are received.

The developed system of equations of Laplace-Carson allows to determine stationary probabilities
by numerical methods using packets of mathematical computation.

3. Summary

The received dependences allow to characterize a set of statuses of systems of hydraulic machines
which in a general view consist of the elements described by different communications, connections,
state graphs and intensity of failures and restoration. In general the technique can be applied by
preparation of information to acceptance of administrative decisions in tasks of monitoring of
reliability, faultlessness, a keeping and safety in case of reliability assessment of hydraulic machines.
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