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Abstract. The problem of finding the parameters oflarge spatial and time dimensions, the weak prabiity
the gas transmission system in terms of its operati of input parameters, a significant influence ofeeral
under unsteady operating modes are consideredhaye s factors and insufficient metrological support gheat
mathematical models of gas flows in the basic itaeslin  complicate both the formulation and solution oftgemns
the system with a complicated piping diagram. Thef the analysis, optimization and finding control
solution is built to solve a system of partial difintial Parameters of gas flows. Not yet fully solved thefem
equations with the finite element method of larg®f creating modelling software for optimization of
dimension with boundary conditions, some of whica a Unsteady operating modes of gas transmission sgstem
designed in the process of solving the system dfhe effectiveness solving unsteady flows of gas
equations. This is due to the provision of technarad transmission will improve the operative dispatchntcol
technological constraints on the pressure of tmeroled  Of gas flows
points of the system. On the resistance to finding The work for finding solutions of the corresponding
solution significantly affects a step of the timmodinate. nonlinear systems of partial differential equatidhsit
The proposed a|gorithm in the edmng process ofvfl describes the processes that take place in thigigscof
diagrams provides an increase in stability of swvi the GTS used iterative approaches, which are based
systems of equations, and significantly reducestithe the linearization of the original system with a ther
for the simulation. refinement of the solution by calculating the retpe
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PUBLICATIONS
INTRODUCTION
In general, the simulation of the transmission a$ g
The calculation of the parameters of the gas pipeli through pipelines is reduced to the analysis of the
system is a complex mathematical problem. Main gg®mplete system of equations of gas dynamics, which
pipelines with compressor stations and other tasliare contains the equation of continuity, change of moiue,
a single facility, all parameters which are hydizally —€nergy, and the equation of gas state. The complete
interconnected. Changing the mode of operation rof $ystem of partial differential equations of gas aiyics is
individual object is to change the mode of the renti generally a non-linear, and its solution is conedatith
System_ The gas transmission System (GTS) be|(][ngs tconSiderable difficulties. At this time, thay buik
class of nonlinear systems with distributed paranset Significant number of ways to solve problems of ttyipe
which are characterized by a network layered sirecta [1-6]. All of them can be divided into several das:
large space and time dimension and distributiore trRnalytical, numerical, approximate and iterativaclt has

presence of continuous and discrete control agtians itS advantages and disadvantages. As practice slibas
high level of uncertainty of objectives, structurechoice of models and methods dictated mainly proble

properties and states, as well as influences from tthat need to be solved on the basis of the coristiuc
environment. mathematical model. The one of effective solution

Transmission system, in which objects are hydr@pproaches have linearization of the initial equregiwith
thermodynamic, filtration and other physical praess is the following refinement of solutions based on the
the subject of control. The physical nature of tyas building of iterative procedures. Most modelling
allows a wide range to change its parameters spres techniques that have practical use, lead to thesséty of
temperature and volume. In this regard, the gaswaym SOlving systems of differential or algebraic eqoiasi of
processes that take place in the facilities ofsystem are high dimensionality. This raises issues of resistaand
described by complex mathematical dependencies. THE minimum time for solving systems with guaradtee
nonlinearity of the dynamic processes that evolvero accuracy.
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Publications on the subject of the work carriedlmut where: z - compressibility factor that characterizes the
many groups [7-11]. Attention should be given otdy difference between a real gas from the ideal and is
those works that have been tested on real dataamtie determined on the basis of empirical relationstipst
used for the development of modern systems ¢1], R - gas constant.
dispatching management. Requirements for such works Gas compressibility factor is calculated for thelwe
are well-known - they have to work steadfastly e t known formula [12-13]:
entire range of gas-dynamic processes that proiscets
in the modeling of gas-dynamic processes in systeitis 1
complex piping diagram does not require simplifiwator z =ma 3)
equivalenting parts of the facilities, to be adajgao the

different characteristics of the actual operatidhgas . . o
transmission systems. At this time, the models a$ where: a and b - approximation coefficients calculated

flows for individual facilities are sufficiently areloped. Z for the known procedures - procedures for calmdat
The main problems associated with the developmént 8aS compressibility factor, such as Hall-Yamburg,
methods and algorithms for the implementation oflete Redlich-Kwong and others = (24— O.21“C) MO here

of individual and interrelated systems of faciktiel his
requires a minimum simplified models of systems, O
providing stability of simulation process in the ol When steady-state conditions of gas flow the
range of flow parameters and meet many of the feahn {€mperature depends only on the coordinates and
and technological limitations, to minimize the tinog¢ Cca@lculated by the formula:

obtaining results and maximizing the automated ggsc

of formulating and solving problems. A certain pairthe T(X =Ty + T,€%,

works that related to the development of commercial

products, they are type of advertising and adwendisly where:

p(X) - measured in atmospheres.

functional part of the developed systems, rathemth k7D
mathematical apparatus implementation. This appbes T =T = Too Tee= Tom T+ T A=
software systems: Astra (Russia), SIMONE (designer P
SIMONE Research Group sro) and developments, which 1 1 gAh
are operated by Schlumbergerhe most informative Ap=p =R Too=—| AP| D ——|+—|.
; . . aL c.0 C
conference proceedings are, in particular, confaen p/70 P

which are held in "Gazprom VNIIGAZ" [22-24].
The Reynolds number is calculated by the formula:
MAIN RESULTS

Unsteady non-isothermal model of gas flow. Re=
Unsteady, nonisothermal gas flow in pipelines is HRT 273+ C
described by the system of equations [5,6,9]:

Dvp T+C (273j%
T

where: M = p,Q, - the mass flow rateT, - temperature

Av [ ipelingf_ -
o(pv) +i( p+pv2) _ —p( |V| + gﬂ]} of the inflow gas to the pipelin€f, - temperature of the
ot ox 2D Tdx soil; D, - Joule—Thomson coefficien€, - heat transfer
a—p+i(pv)=0 1) coefficient from the gas to the soilAh - height
ot  ax ' ' difference between the end and the beginning of the
9 9 P) 4k(T -T) dh pipeline; p, - the value of the pressure at the beginning
—(pE)+—pv| E+— |=—2—"~pvg—. Lo o
ot X 0 D dx of the pipeline;p= p(X - the distribution of the pressure
along the pipeline;p, - the gas density under normal
where: p - the density of the gasp - gas pressurey - conditions; x - running coordinate. Gas constant and
gas velocity; A - coefficient of hydraulic resistancé; -  compressibility factor, usually taken constant. (3)
coefficient of heat transfer from the pipeline toet The linearized system by velocity occurs for

ground; T and T, - the gas temperature and the soifiorizontal pipelines in certain ranges of veloatange
o . along the pipeline. The large-diameter pipes with
temperature, respectivelyy - the depth of the pipeline; gignificant volumes of gas transmission must tak® i

E - total energy per unit of gas magy;- acceleration of account the change in its kinetic energy, to wHittte
gravity; D - the diameter of the pipeline, xD[O, |] - attention in publications for the subject. Lineatian
method, which allows you to specify the linearizaddel

the (_:oordmate of the pipeline, - the length of the and iterative process to build solutions of thetesysis as
pipeline. follows.

To close this system of equations using the equatio The curve f (v):v2 will replace the chord and

of gas state:
tangent. Since the transmission of gas velocityngha
p=pzRT, (2) from v, to v,, then the equation of the chord and the

tangent that passes through the point:
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(Vlv f(Vl))’ (Vz’ f(Vz))’

of view ¢ (v)=3g,v- 1,
where: i =1 are for chord, and =2 - a tangent. And
wherein:

2
a01 = a02 = V1+ V2’ bOl = V1V2 Ta b02 = 0'5(V1+ V2) )
Given the above, the system (1) in an isotherm
mode of flow can be written as:

o(pv),dp Aay Al _Apr,
st ax 0PV p P ZD[V2 % (V]
9(pv)_10p '
J X A
or
7 7 Ap
GWOP o w-bp=2P[-0
Segraomtoe LA
%Q-}d_a):o
¢ at X
where indicated:
__Ab, _
h'2DngT’ PV
_Aa,
T

To determine the hydraulic resistance of the gas fl
there is empirical formula:

a, ak \*
A =-a. _2+ 3w , 5
{Re D j (5)
where: a;, i=1,4 - are some known constantk, -
roughness of pipelinesk( and D in mm), 4, - the
dynamic viscosity under normal condition§, - the

Sutherland’s constant. Formula (5) gives the gstateor

under unsteady operating modes (laminar to turbule

flow and vice versa).

Present system (2) is a key system of equations
unsteady model of non-isothermal gas flow in th
pipeline, taking into account the profile of thegline.

Unsteady flow model of gas transmission networks

[19-21]. Mathematical model of the gas transmission

system is based on its piping diagram. Structur
properties of the piping diagram affect both thaefsion
of the system (system model) and the complexitytof
solutions. Conducted numerical experiments showatl t

some simplification of the piping diagram providesylfilled,

greater stability and reduce the time for solvirge t
corresponding systems. The basic graph operatiocis s
is the union of edges and contraction of the edigfesthe
vertex. Important is the sequence of operations.
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Building and editing piping diagrams. GTS piping
diagram presented as a graph= (V, E) , whereV - the

set of vertices (nodes)E - a set of edges. Edges
represented objects that have extension in spaci;es -

all other objects. In the case of mathematical riogef
processes that take place in the edges, each chvihi
divided into a certain amount (which depends on the
length of an edge) segments. The end result is the
calculation of unsteady flow, which take place het
Cfﬂ‘:TS, is reduced to solving the system of equatidms.
important performance criterion is the choosingtlod
minimum number of segments of edges, to receive the
smaller dimension of the system of equations, and
thereafter, it will be solved. On the other hardr-higher
accuracy simulation of unsteady processes need ofore
these segments. It should therefore be a balanced
approach to reduce the dimensionality of the systém
equations.

The obvious fact is that the graph must not contain
zero length edges or diameters, therefore thesesesig
identified with one of the vertices (this includepen
valves, bypass valves, and etc.). It is also apatEpto
consider a sequence of edges that have the sametdia
as one edge. That is, if certain adjacent edges

e =(v.Y)., €.=(V,V.,) have the same diameter

D, -D, 1‘ <é&,, Where &, - the tolerance value for the
, .

diameter of edge®, and g,; and assign a value to the

length of a new edge equal to the sum of the two
combined L. =L, +L,~and D.=D,. Another
j 41 g

parameter that allows you to simplify the system of
equations is to set a minimum length of edgeséngtfaph
L,,. If an edge is shorter thahn,, it is identified with a

vertex. This reduces the number of edges, and ftrere
the number of equations. By choosing the valug

necessary to take care, given that the volume ef th
geometric edges of the modified graph was not
significantly different from the original graph tife GTS,

as well as the topology was not chang€dnsidering it

is also contemplated not to conduct shrinkage efeiiige,
despite the fact thalt < L.

It should also be noted that certain parametetbef
vertex v of any incident to the joint edges (pressure or
[hflow or outflow of gas), which is absent in thedified
%r];aph, should be considered at the vertex of e gf

®r end of the resulting edgey,. The algorithm is

implemented choice of the vertex with regard to the
distance corresponding to the vertices, that is, if

L(\T)s L(m) then the change will occur to the

1 “nou

alertex v, .

Network model of unsteady flow [14-15]. Since
when unsteady gas flow Kirchhoff's second law i$ no
then the design of the corresponding
mathematical model should be carried out on other
principles - conservation equations.

For ease description, consider a system with desing
vertex that containdVl pipeline sections. Suppose that
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the system consists of th®l, input and M, output Simulation of compressor stations [16-18].The

sections that are indexed in the appropriate or@emote Model of a compressor station (CS) is based omtheel

X, the point of connection. Denote the length and th‘é‘c the structure and the models of its facilitiethe

; , structure model is represented as a graph in wtkieh
diameter of the k - section throughl, and §  gpjects that have extension represented as edgeslian

respectively and K=1,M). On Each site we choose aothers as vertices. The main object is the gas oesapr
unit (GCU), and consist of the engine and the deigtl
compressor (CC). It is known [16] that the paramsetd
the index depends on the direction of gas flowefor. the gas inflow and outflow of CC are associatechlset

point{x,.}, , which is fairly close tox, (the "+" or "-"in

k section system (1) takes the form: of empirical equations:
{awétt X) apéi X 4 Cotlt, )+ Gy H(1 x)} =0, £= ¢1[[q]n {1} ] n. = ([q] )
O T L "
op(tX) , 20t X)| _q o7 3
O 4(07-pfa)

k-1

Tz =T %ng%m'

where: ¢ - the speed of sound in the gasy= pv,

/]Vc g dh sux “oux 6x
©7 28 ¢ TRT 0 . -t ) p

25 ZRT d) Nep = Ne KNe 1_ Kt . 2 > A
v, - average speed, t, +273) 0,103

XD[O'{XJ-}J . when k< M, or Other operating parameters of the GCU folow the

xO[{x.},, L], when k>M,. equations:
_ Given the equality of pressures for a_ll sectiomahat q,, = o KO, 75ﬁ+ 0,25 L+273 p, .
point of connection and the Kirchhoff's first lane will e N/ t' +2730,1033"
have model of the gas flow in the vicinity of the 860N"
connection vertex: qr. = &, N, =N, :(n7,Ky).
pg /7:in03
Oaft,X) , op(t, ¥ _ ERY
{T*'T*'Caﬁ(t- N+GHIR =0, k=L M, where: n - speed of the CQg - the gas flow rate through
k
Op(t,X)+Cz deft, ) 0 the CC,7,, - polytropic efficiency,q,, - nominal flow
ot ox s @) rate of fuel gasg¢ - pressure rationN; - rated power of
(0} =pt%},  Oij4 M the the gas turbineK, - coefficient of technical state of
i ’ j "
My M the gas turbineK, - coefficient, which takes into account
- i~ the effect of air temperaturet; - temperature of the air at
st} = > {81 x} =0 he effect of : fth
i=L jTM,+L

the inlet of the gas turbind; - nominal temperature of

where: xD[O,{xJ_}k} ,whenk< M, or the air at the inlet of the gas turbing@, - the absolute
pressure of the air depending on the height abeee s

XD[{ X} Lk] » when.k > M;,. level H; Q, - the nominal lower heating valug! - rated

polytropic efficiency;7,, - mechanical efficiencyK,, -

System (7) will describe the gas flow in tid technical condition according to power.

sections which are connected at one pokjt This

approach can be easily generalized to the caseooé m  The developed algorithm of CS operation for a $et o

complex network structure (with lots of vertice$p do . ;

this F2/ve design a directed g(jraph whose edges?;nmd input data (p,.R, P, T, a{M7) (the density of gas at
to sections of the pipelines. Then, for every edge standard conditions, the gas pressure at the .iolﬁtgt
vertex (vertices degree which is greater than 1)case 92S pressure, gas flow rate, count of GCU in each
work out the set of equations (6) and (7) respebtiv workshop) calculates the operating mode of the CS

To find a numerical approximation of the solution(Tz,sjk, n.& ¢ N) (the outlet temperature; scheme of

(6), (T_) it iSf aﬁlvisabl(;e ltogerfom;w a spatial aamporzé P?CU connectionsi - stage numberj - number of GCU
sampling of the model. On each time step we take tk ) } i
number of iterations to solve the linearized systein in the stagek - the type of GCU; CC speed; pressure

equations with sufficient accuracy, and have sohgiof ratio; the amount of fuel %as and gas turbine ppwer
nonlinear equations (1). Indices (i,j)O{N/,N/} (N, - set of stages of CC;

K .
N; -setof CC ati - stage).
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To calculate operating mode parameters at time defined by the insulation coating pipelines; iminm
I+ I ]

_ the consistency of connection scheme with inlet and
equations for the unknowng (volume flow rate) and® g tlet pipelines.

(gas pressure). In this system of equations, anudiner

conditions are met pairing. If we consider the GSttee The numerical experiment. The numerical
edge of the GTS, it is necessary to set the comsiores experiment was conducted on a real gas transmission
ratio £, which reached by CC, working for a given powegkystem, which belongs to one of the depatmenthef t
W =(W,..,W'), wheren - the count of workshops of PJSC "Ukrtransgaz" (see Fig.1). The main objeotras

the CS, and this edge will provide the fulfill ohet © analyze the impact of topology changes on the

; _ ; dynamics of changes in the flow parameters, the
equation P, =R[£ . To calculates we have realized distribution over time. The change of topology e t

function that ‘palculates the operating mode of @G opening of three taps at a specified time. Befdre t
(T,.8.1n.§ . ¢, . N) using data(p,, B, B, T,, a.{M?}) . simulation was carried out to identify models o gaws

Transition of the CS to the non operating moddhn the facilities of the system. Opening taps lds89
occurs using compression ratian=1. Turning on CS is Mminutes. Step-by-time variable was eqil=10xs .
performed within N, steps of approching compression  After simulating parameters of the gas flows we got
ratio £ from £ to & Then there is the operatingvalues for each facility type vertex - pressure and

mi default temperature, and type of edge — volume flow rater av
mode of the CS in the situation that has occurete® simulation time. The simulation results, as an epam
fix the power of the CS. are shown for one of the valves in Fig. 2.

Changing power of the CS (increase or decrease) is The current system of finding of the boundary
proportional to all the operating workshops by @a8 conditions and simulation of unsteady modes with
percentagex . In this casex defined as the percentagevariable step provides simulation and control valve
deviation of the monitored parameters from theropth  pressure reducers and valve systems for hydraotitral
value functions and protection. (control valves MOKVELD).

The ratio of simulation time with a complex piping

The boundary conditions At the inputs and outputs diagram to the real-time transmission of gas dymsami
of the network of gas pipelines are set boundafyrocesses is in the range 1: 15 - 1: 20, which is
conditions on the pressure and flow rate. Some diyn completely acceptable for practical use. The maitdr
conditions are calculated during the simulationgak- of influence on the stability of the simulation hamge
dynamic processes. On calculation of the boundagtates of a few taps simultaneously. In this cashility
conditions have a significant impact technical angf the method is enshured by a speed of model gas
technological restrictions: the work points on thejynamic processes in the vicinity of taps, as slithe
characteristics of CC, surge area; CC maximum velunteduction of the time step in the numerical analysi
flow rate; CC shaft speed,,, <n<n,; maximum

power of the gas turbine; CC maximum initial pressu
which is determined by the strength of pipelineshat
inlet of CC; the maximum temperature at the ouife€C

n

.- i

Fig.1. Piping diagram of gas transmission system of pipebperator "Lvivtransgaz"
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