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Abstract

There are presented results of analytical studigteo nature and duration of natationary processes in complex
transmission systems caused by the shut-down mibidelividual compressor stations. A mathematioaldel of the gas pipelil
has been made, taking into accotim influence of compressor stations on the basislassical gas flow and continu
equations using the Dirac source functions. Re#tizadf the created mathematical model by applicaté the Fourier ar
Laplace integral transforms allowed to ohtai dependence in the analytical form, reflectimg iature of the oscillation in tir
of the mass flow of gas in the initial and finatsens of the gas pipeline. The constructed graptidependences of the tren:
the performance of the gas trangption system at its beginning and at the end sHale effect of placing the compres
station in the gas transportation system, in paldicits serial number on the route number, onnidieire of the noistationar
process caused by its stop, in particular, thetduraf nonstationarity. The results obtained and the finalabasions will b
useful in forecasting the operating modes of gasstmission systems, especially when they are igtidaded.
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The gas pipeline as a unified power system isreates an imaginary effect of unauthorized remaoval
characterized not only by the cost of energy fividg gas from the pipeline [1, 10]. If there is a sudden
gas pumping units, but also by large volumes dhcrease in gas extraction at the end of the gas
transportation of the medium, which in its turnas transportation system of a considerable extent, @and
energy carrier. The increase in the length of the gstepwise growth of gas supply to the gas pipelinésa
pipeline requires an increase in the number dfeginning, then the propagation wave of the pressur
compressor stations (CS), which leads to an iner@as disturbance will move with the speed of sound ia th
the energy consumption for transportation or reédact gas, and the duration of its passage sL/c. For the
of the energy supply to the consumer, which willdéo gas transportation system of Ukraine this timekisua
an increase in the specific energy consumption f@ne hour. The mass flow of gas will vary in thegsipn
transportation. Therefore, with an increase inlémgth proportion to the linear velocity of the gas, whiish
of the gas pipeline, the energy cost of the gaspmahis  within 7-12 m/s. Therefore, the time of gas flowera
conditionally reduced. This effect can be assedsed change in the Ukrainian system presumably amouants t
implementing a mathematical model of a gas pipeling6 hours. As a result, a wave of reduced pressorem
created with consideration for the energy intensity along the gas pipeline, starting from the end, wher
compressor stations and energy losses in lineéioesc spasmodic growth of the withdrawal occurs, and it

[1-7]. creates the effect of unauthorized withdrawal, Wwhic
It should be noted that according to the draft, theas repeatedly noted in practice [4, 8].
flow of gas by gas pipelines is considered statipna Under conditions of incomplete loading of the gas

Manifestations ~ of nonstationarity caused  byransportation system, its productivity can be
disturbances in the form of changes in the intake gubstantially lower than the capacity. In such
withdrawal of gas from the system, as well as bygonditions, the problem arises of optimal regulatad
fluctuations in pressure, lead to the occurrence dfie operating conditions of the system by the Gdite
energy losses as a result of inertial forces, reduthe of the minimum energy consumption for gas
efficiency of the system. It should be noted thatrgy transportation. One of the options for regulatierthie
dissipation is global in nature for gas transmissioshut-down of individual compressor stations. Asvaho
systems of a large extent due to inertial forced @n in [9], depending on the number and serial numbérs
operating stations, it is possible to achieve #wuired
productivity of the gas transportation system. Ae t
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should be borne in mind that the shut-down ancarest oP
of the compressor requires additional energy costs. t=0, P(x0)=F, ox =0.
From a technological point of vievy, the shut-down Starting from the moment of time> 0, a constant
and restart of the compressor station leads to the . o -
emergence of an unsteady process, the duration %essureP(O,t)= P is maintained at the beginning of
which should be predicted in order to providéghe gas pipeline, and a constant presse(k,t) = P;,
consumers with gas. at the end.
Summarizing the above, it should be concluded To solve the mathematical model, integral
that it is necessary to predict non-stationary @sses in transforms were used, in particular: the sine Fsuri

complex gas transmission systems of a large extefiansform and the Laplace transform [2]
including a significant number of compressor statio

L o
Forecasting and analysing of these production P =EJ.P(x,t)sin(@jdx, R =J.Pf e¥dt. (4)
situations at the gas transportation system, alsasghe Lo L 0
assessment of energy losses, are possible onlj)eon t  The solution (3) in the area of picture has thenfor
basis of a mathematical model. Such a model is made
based on the equations of nonstationary gas flow in

pipes taking into account the increase in pressiire P =P, st2a > |t
compressor stations and the continuity of th2e flaiv S+ 2as+(7mcj
_a_P+ZAPc95(X_Xi) = 9w + Apw '
ax i=1 a/ 2d (1) chz m m
a_P =—c? 9(pw) + L2 Pit (1" Py, + ZAP cs COS [Tx) +
ot ox 2k (5)
whereP(x,t) is pressure in the gas pipeline as a function X, 1
of the linear coordinatex and timet; AP, is the +AP g CO{ ﬂ T
increase of pressure at the compressor station avith s(s’ +2as+(ﬂ|r_]cj )
coordinate x ; J(x—x) is the function of the Dirac ,
_s
source, simulating the increase in pressure at the2/MC AP cos[mxkj e
compressor stationy is the density of the gaw is the L o > 4 oas+ me )
linear velocity of the gag] is internal diameter of the S| S as L
gas pipeline; A is the coefficient of hydraulic Having applied the inverse Laplace transform to
resistance. :
. . . (5), we obtain
Note that in order to simulate wave dampin P —Ce®f(nt)+A — 6
processes in a gas pipeline, the equations of motio r =CeT TN +A, 6)
include inertial hydraulic losses and friction less 2 o TmX, at-t)
The system of differential equations (1) is reduced’%Zﬂ:AP cs CO{_L j [-e* ™ at-t)pt-t),
to the equation as follows 2k
2 2 m where:
=St B ar S x-x). @ )
X C t C t i=1 Cn:_l%[l_(_l)n]_A]’
where 5”(x—x) is a linear derivative of the Dirac m

function along a linear coordinate; is the speed of A, =£[Rmt ~(-1)"P,, + Y AP co{ mX H
sound in the gas2a is the coefficient of linearization m =) L
of the equation of motion [3]

2
2a=2W. f(n,t)=00{ (?j —aZJH
2d

Let the gas transportation system of lendth 2
containm intermediate compressor stations, which start 42 sin (@j -a? |t
to operate simultaneously at the titne 0, and let the meY L
station with the numbet be excluded from the work at (Lj

t, moment of time. For such a case, the equation (2)

will have the following form Having applied the inverse Fourier transform to (6)

in the following form

0°P _ 190°P 2a0P & -
== += "+ Y AP O (x—-x )+ _ . [ 7mx
x?  C2 ot ol ot ; s 0 (X=X) A3) P—pr sm(—j,
n=1
+APcg 8" (x = x)[o(t) —o(t-t)], and after simple transformations, we obtain the
where o(t) is the Heaviside step function. dependence of the pressure variation of the

We assume that the gas pipeline was stopped at fienstationary process in the length and time in the

initial point in time and a constant pressute was following form
maintained throughout it. Then the initial conditsoare
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P(X t) P ( init fln

[1-_j it x> x

[ ’L‘j it x<x
[1 j|f x> %
[‘Ij it
+Z ce®f(nt) sin[?] +

2 = an —a(t—tl) _ _
+”Achz co i jsw{ Lj fat-t y(-t)
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The first four summands of the solution (7)transmission

POGY) =R+ (R = Pyo) T+

[ j.f >
(1) v
ERESHES

Equation (9) makes it possible to predict the retur
the non-stationary process in extended gas
systems with a large number of

DYLE ©)

izk

0

DR Y,

n=1

2
+=

s

of

characterize the stationary operation mode of th® gcompressor stations, caused by the shut-down and re

transport system. The fifth summand describes

start of one of the stations.

nonstationary process caused by the simultaneous To estimate the duration of the nonstationary

activation of all compressor stations at point iimet
t
process caused by the shut-down ofkiik compressor
station, starting from the time poirtf. If we consider

t, >>0, that is, we consider the process in the gas

pipeline after a considerable time interval frone th

moment of switching of all the CSs, then the ititia

nonstationarity will not have any effect on the g@ss

due to the higher order of smallness of the fa&idt,
and the solution of the problem of shut-down of kith
compressor station can be represented in the form

P(x,t)=P,+(R ) +

init fln

(1—%) it x>x
[—%) if x<x

m —a(t—tl) _ _
LJSIF{LJ fFot-ty-t)

n 8)
+> AP

i=1
izk

2

+= AP, Zﬁ co:

n=1

Solution (8) describes the nonstationary process m(0,t)=-

caused by the shut-down of tkeéh compressor station
and does not take
nonstationarity of the initial process of startialy the
CSs. Therefore, the time countdown can be started f
the moment of stop of thkth compressor station. In
this case we obtain

24

0. The last summand models a non-stationanyf the mass flow of gas,

into account the effect of
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process, it is necessary to construct the time ripece
as the most inertial
characteristic, at the initial or final cross sentiof the
gas pipeline [3].
To this end, we use the equation of motion of the
gas from system (1). Obviously, for the init{@l= 0) or
a finite cross sectiorx€L), the Dirac delta function is
O(x—-x) =0, therefore
_orP _d(pw) + Apw
Ox 0/ 2d

To simplify the computational process, we neglect
inertial losses in the initial and final sectiotisat is, we

take 2(PW) _
o/

(10)

=0 [2]. This, of course, is connected with a

certain error in calculating the mass flow rategef,
however, in forecasting calculations, it is not the
absolute value of the flow rate of gas that is intgat,
but the dynamics of its change over time. In additi
we use the linearization of the equation of motiten
we get

3 3
rd” op , m(L,t)=—nd or .(11)
Aw Ox [x=0 Aw Ox [x=L
Using equation (9) after differentiation we get

eering. 2018, Vol. 5, Issue 1



Non-stationary processes in the gas transmission sy

stems at compressor stations shut-down

ISSN 2311—1399. Journal of Hydrocarbon Power Engin

700

680 +—

660 -

640 —(C5-2-0
© —(S-2-L
o 620 -
= -CS-5-0
L
g i —(CS-5-L
S —(5-9-0
v
a0 -CS-9-L
=

560 €5-11-0

CS-11-L

540 -

520 -

500

v

Time t-107, s

P
=1

i#k

L

3

- _m
mo.n= Aw

it ~ Pin _

P
L
AP 2n—12c0{%)e‘a‘ co{ (

+

me
L

2
+ a sin[ (ﬂ] —azjt ,
me L
Gl
L
(12)
iAPcs
ﬂd3 Pinit_F’fin :;:t]k
Lty=-"— -
MY /\W[ L L ¥
2pp Y o T V| b [(mO) e
+722APCS<nZ:1: = co{ LJe COE[LJ a |t+
2
+;zsin{ (@j —az]t

)

14 15

Figure 1 — The nature of the non-stationary process the pipeline at shut-down of various compressastations

total length of 1567.3 km (in Ukraine) with a diaere

of 1420 mm and a wall thickness of 20 mm, with 13
compressor stations equipped with GTK-1@as
pumping units. Predictive calculations of non-stadiry
processes caused by shut-down of the compressor
station will be carried out for the conditions dfet
design mode, according to which the capacity of the
pipeline is 26 billion M per year, with an initial
pressure (at the outlet of the compressor station)
7.5 MPa and final (at the inlet of the compressatien

5 MPa, the station differentiabR. = 2.5 MPa, which

will be considered the same for all CSs. The ihitia
station CS-11 Novopskov will be considered the main
station, and the remaining 12 — intermediate oiés.
task is to determine the nature of the pipelineaciyp
change over time at its beginning and in the end
according to (12) for de-phased shut-down of each o
the intermediate CSs.

The calculations, carried out according to the
described methodology, allowed us to obtain reshts
are presented in the form of graphs in Figure 1.

The analysis of the graphical dependences of the
mass flow rate at the beginning £ 0) and at the end
(x = L) of the gas transmission system made it possible
to determine the duration of the non-stationarycpss
caused by the phased shutdown of each of the

The dependences obtained allow us to predict tfR@MPressor stations. It should be noted that non-

To conduct researches on the effect of the numb

of a disabled compressor station on the duratiom of
non-stationary process, a computational experimest
conducted on the basis of the Soyuz gas pipelitle avi

eering. 2018, Vol. 5, Issue 1

nature of the mass flow rate fluctuations at th&t@tionary processes in gas pipelines are unphddita

beginning and at the end of the gas transmissistesy
of a large extent, which includem intermediate ! ' : ) i
compressor stations caused by the shutdown or fgértial forces in a continuous flow, the operatioh
activation of thek-th compressor statiok € 1,2, ... m)

from the point of view of energy consumption for
pipeline transport, since they cause the appearahce

which leads to a decrease in the overall efficienicthe
gystem. Therefore, the most advantageous mode r(unde
other identical conditions) should be considered th
mode for which the duration of the non-stationary
process is minimal.
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Figure 2 — Duration of the non-stationary processaused by the shut-down of compressor stations
for the initial (x=0) and final (x = L) cross section of the gas pipeline

As shown by calculations of

the abovepredicting the regulation of operating modes of glas

mathematical model, the longest non-stationary ggec transmission system by shut-down of individual @8s

is characteristic for the shut-down of CS-2 Borewvl
it is 12,252 s (3 h 24 min 12 s) at the beginnihghe

the uninterrupted supply of consumers with gas.
The results of studies based on mathematical

gas transmission system (at the Novopskov CS exit)odeling allowed to establish patterns of non-stetiy

and 13,316 s (3 h 42 min) at the end of the rdsite the
duration of the non-stationary process at the dnitheo

processes in long gas transmission systems winge |
number of compressor stations, in particular, itswa

system is 30.6 % longer than at the beginning, widc proved that the duration of non-stationary trarsien
explained by the significant distance from the C®node is influenced by the placement of a shut d&8n
stopped to the end of the route. With the shut-dofvn on the pipeline route, besides the duration ofrtbe-
the Borova CS, the performance of the new statijonastationary process and the magnitude of the pramuct
mode is less than the carrying capacity (for a# threduction are reduced with the increase of itsierge

operating CSs, it is 675 kg/s) by 22.5 %.

number in the system.

When the Khust compressor station is shut down

(the second compressor station from the end of the

route), the non-stationary process is the shogedtis
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HecTauioHapHi npouecu B ra3oTpaHCMOPTHMUX CUCTEMAX
NPU3yNnUHEHNX KOMMPECOPHMX CTaHLiN

B.A. I'pyos*, BA. I'pyo3 (mon.), B.b. 3anyxnak, 1.B. Kuzumuwun
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HaBeneHo pesysibraTv aHATITHYHUX JOCHIDKEHb XapakTepy MPOTIKaHHS 1 TPHUBAIOCTI HECTalliOHAPHUX
NPOLECIB Y CKJIQJAHUX Ta30TPAHCIIOPTHUX CUCTEMax, BHUKIMKAHUX BUKJIIOYEHHSM 3 PEKHMY POOOTH OKPEMHX
KOMITpecopHuX craHuiil. [ToOynoBaHO MareMaTHuHy MOAENb Ta30MPOBOAY 3 BpaxyBaHHSM BIUIMBY KOMIIPECOPHHUX
CTaHIIi Ha OCHOBI KJIACHYHMX PIBHSHb TA30BOTO IMOTOKY 1 HEPO3PMBHOCTI 3 BUKOPHCTaHHSAM (QYHKIIH pKepena
Hipaxa. Peanizaliiss cTBOpeHOiI MaTeMaTHYHOI MOJIEIN IIJITXOM 3aCTOCYBaHHS iHTETpalbHUX MepeTBopeHs Dyp’e i
Jlarutaca mo3BosiMiIa OTPUMATH B aHANTHYHIN (OpMi 3aleKHICTh, IO BimoOpakae xapakTep KOJWUBaHHS B daci
MacoBOi BUTpATH Ta3y B IOYATKOBOMY 1 KiHIIEBOMY Iepepizax razompoBonay. [loOymoBaHi rpadidHi 3ai1ekXHOCTI
TPEHIY MPOMYKTUBHOCTI Ta30TPAHCIOPTHOI CHUCTEMHM Ha il MOYAaTKy 1 B KiHII IOKa3aJd BIUIMB PO3MIIICHHS
KOMITPECOPHOI CTaHIi B Ta30TPAHCIOPTHIA CHUCTeMi, ii TOPSIAKOBOrO HOMEpPY Ha Tpaci Ha Xapakrep
HECTAI[IOHAPHOTO IIPOIECY, BUKJIMKAHOTO ii 3yNMHMHKOIO, 30KpeMa, Ha TPUBAJICTh HecTamioHapHOCTi. OTpumani
pe3yibratd OynyTh KOPHCHHMHU TPH IPOTHO3YBaHHI PEXUMIB POOOTH Ia30TPAaHCIIOPTHHUX CHUCTEM, OCOOJIHBO 3a
YMOBH 1X HETIOBHOT'O 3aBaHTaKCHHSI.

KirouoBi cnioBa: eazompancnopmua cucmema, KOMRpecopua CIManyis, HeCmayionapuui npoyec.
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