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Abstract. The significant volume of construction of various types of pipeline engineering networks in our country
makes the task of optimal management of their development one of the most pressing, which in the literature [1, 2.,3] is often
called the task of technical and economic calculation of networks at the design stagero Even a small (5-10%) reduction in the
amount of reduced costs for the construction and operation of heat, water and gas supply systems on a national scale can lead
to a major national economic effect. When designing utility networks, problems of structural and parametric optimization
arise [9,10]. The first of these comes down to determining a number of structural parameters - network routing, choosing the
location of booster pumping stations, throttles, compressors, etc., and when solving the second, for a given structure, it is
necessary to determine a multidimensional vector of parameters for each of the active and passive elements included in the
structure. In reality, by combining any sequence of selection of various structures and conducting parametric optimization,
for each of them it is possible to find an optimal engineering solution for the network, choosing one or several [10,17]
optimization criteria. It should be noted that in a number of cases, due to the inconsistency of the optimization criteria (for
example, the criterion of maximum reliability in principle contradicts the criterion of minimum capital investment), problems
of multi-criteria optimization arise, for the solution of which a number of methods have been proposed [8], but further research
and development are required, as well as their widespread implementation in the practice of designing and operating utility
networks.

Key words: design, mathematical models of engineering networks, distribution function, engineering networks,
network structure, optimization problems, the process of consuming the target product (PCTP), pipe diameters.

Introduction. Since the present work focuses on the issues of taking into account the stochastic
nature of PCTP (the process of consuming the target product) and their impact on flow distribution
models and algorithms for its calculation, only existing methods of parametric optimization are analyzed
below using the example of water supply system networks [11, 13, 14].

If the reduced costs of construction and operation of the utility network (W) are taken as the
optimality criterion for the estimated payback period of capital investments ( t ), then this criterion can
be written as

P K

w=(p+E)Z(a+b-Df)-|i+Zﬂ.[HO+Zhij-Qj, (1.2)
i=1 j=1 icR

where p - depreciation rate;

D, |, - diameter and length of each t-th section of the network calculation scheme;

1 N .. .
E= 0 capital investment efficiency ratio;

a+b-D” - empirical formula for specific (per unit length) construction cost for

pipeline sections;
H, - piezometric mark of the dictating point of the network at which the required free

pressure must be ensured;
Q; - design load j - oh pumping station;
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Zhi - total pressure loss in sections i € R networks, included in any path R, along the

ieR

network graph, connecting the source and the dictating point of the network;

S - coefficient depending on the specific conditions of the system [1] - the cost of electricity,
specific costs for the construction of pumping stations, etc.

Materials and methods of research If in (I.1), where the main variable is the vector of diameters
of network sections, a continuous differentiable dependence is adopted W = d(D), then we arrive at the
so-called exact methods of technical and economic calculation of water supply networks [14,18], if D
are discrete, then the problem of discrete nonlinear mathematical programming arises. In any case, the
search for the minimum value of the criterion occurs taking into account additional restrictions due to
the fact that the second term (I.1) can include only those values that satisfy Kirchhoff's laws for the
network. Thus, the solution to the parametric optimization problem is always closely related to the
problem of calculating the steady-state flow distribution.

One of the traditional ways of minimization in (I.1) is to go to the function:

F=W+A4-f+4-f,+...., (1.2)
where f,, f, - given constraints (Kirchhoff's equations);
A, A, -indefinite Lagrange multipliers.

Since in (1.2) a continuous dependence is adopted, then by differentiating (1.2) and equating the
derivatives to zero, it is possible to find the minimum F . In this case, the dimensionality of the problem
is reduced due to the known relationship between the magnitude of pressure losses in a section of the
network h, and its diameter D, [1].

The result of the solution (I.2) can be obtained in the form:
1

a+m

COu|" .
Di = 3qu— .qa+m, (13)

where g, - calculated value of flow along the i -th section of the network;

D, - pipeline diameter in the t-th section of the network;
m and S - exponent for diameter and flow in formula determination of pressure losses h, :
@

h=x-i.l, m=53 B=2;

a - exponent of the D, diameter in the formula (1.1);

ZQJ- - total design load of the system (sum of loads in nodes, the total number of which
j=1

is equal to K );
x - coefficient that takes into account the role of the i-th section of the network in energy costs

(required pressure at power sources) for transporting water;
D - economic factor [ 1] .

With the usual values of coefficients for water supply systems «, £, m the exponent at in (1.16) is
0.42, and at the term in square brackets - 0,14. If parametric optimization is carried out with a given flow
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distribution, that is, in (1.16) are known g, then the diameter is determined by the values 5 and y; . The

coefficients ; are called fictitious expenses [1.1] and their essence is that, being determined by the
method [13], they ensure compliance with the requirements of Kirchhoff's second law when found D

from (1.2). Method of determination y; is substantiated in sufficient detail in the works of L.F. Moshnin
[14, 15,19].

Let's look at the calculation method D in (1.3). According to [1,12,13,14] its value is calculated by
the formula
:24-365.103 o-k-m

e} : -,
102 a-n’-(p+E) 4

(1. 4)

where «, m - look (1.3); b, , p, E - look (1.1);
o - cost of electricity; 7 - efficiency of pumping stations;
y - coefficient of unevenness of expenditure energy for water transportation.
Thus, the economic factor (1.4) comprehensively takes into account a number of economic

parameters of the designed engineering network, the parameters of the hydraulic characteristics of the
system and, which is especially important in our case, to some extent takes into account the unevenness

of consumption of the target product over time. Considering that the definition J; it is often quite

K

difficult, A number of studies have noted that taking (ZQJ.) -7 =0, thatis, bringing (1.3) to the form
j=1
D, = 3014 QiOAZ’ (15)
it is possible to obtain a solution very close to the exact solution (1.2).

This is due to the need to select discrete values at the final stage of the solution D,, taking them
equal to the standard diameters of pipelines produced by industry. For use (1.5), tables of so-called
marginal economic costs have been compiled, and parametric optimization is reduced to choosing from
these tables D, with a known value 3.

Results and its discussion. It should be noted that the use of (I.5) essentially leads to the
consideration of each of the pipeline sections as operating in isolation from the rest of the network. It is
important that in (1.4) the value of the coefficient is taken Y, reflecting only the unevenness of
consumption of the target product, in general, throughout the entire water supply system. At the same

time, it is obvious that each section of the network operates with an unevenness that is different from the
unevenness of the system. Therefore, the problem of clarifying the values arises ) for each of the

sections when determining D, according to (1.3) or (1.5), that is, it is necessary to have an algorithm for
determining ) for each stage of network development and the entire estimated service life as a whole.

This algorithm will allow finding optimal control actions when considering problems of reconstruction
and expansion of networks.

What factors influence the value of the coefficient 7 and how can its value be related to the
stochastic PCTP indicators? Note that the introduction of the coefficient 7 is associated with the need
to carry out parametric optimization at one of the possible values of loads and, since these are loads that
have a low probability of occurrence, it is necessary to generalize the calculation data for one of the
unlikely particular modes of operation of the system and obtain such an integral indicator as the total
annual electricity costs at all pumping stations of the system. It is for this transition that the coefficients
are required and used. 7 [6, 20].
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Since the relationship between utility network loads and the required pressure of its power sources
is nonlinear, and proper integration of costs is currently impossible due to ignoring the stochastic nature
of PCTP, there are proposals [2,14] for a very approximate definition ) for water supply systems. In
principle, according to the definition [1,2,6] the coefficient } is the ratio of energy costs obtained with
load values in nodes equal to the calculated ones to the average annual energy costs. Then by simply
multiplying the energy costs at the calculated loads by the coefficient  and for the duration of the
system'’s operation, it is possible to obtain an estimate of the total energy costs. But real recommendations
on the values of the coefficient ) are based on the works of N.N. Abramov, who believed [l], that "the
actual energy consumed during the calculation period is equal to the energy determined based on the
average consumption during the calculation period, corresponding to the average water consumption
regime"”, that is, with loads in nodes equal to their mathematical expectation, At the same time,
understanding the low reliability of such a proposal, N.N. Abramov writes [l, page 57]: "... in general,
the coefficient of uneven energy consumption should be found as a result of... calculating the system
under various operating modes", which determines the need to develop such models of stochastic flow
distribution that will ensure the determination of the specified coefficients for each passive element of
the pipeline section of the utility network.

He big role of coefficients 7 was noted in the works of Verbitsky A.S. [6], which showed that the
values of this coefficient strongly depend on the non-uniformity of PCTP and gave a formula for an
insulated pipeline

1
3x—2

- ratio of the load with 98% probability of non-exceedance (0.98 probability of

y (1.6)

Q98%

where x =

non-exceedance) to the average annual load } - that consumer (network node). At the same time,

Verbitsky A.S. showed that the variation coefficient for PCTP in engineering networks with an error of
no more than 5-6% can be calculated using the formula

k-1
Vg =—F——— 1.7
9 J2k-1 a7)
that is, by connecting (1.19) and (1.20) we can obtain
y = (1.8)

where | - base of natural logarithms.
Formula (1.8) is only valid for the case when the target product is supplied through one pipeline to

a consumer whose PCTP is characterized by a certain value Vg, -

In accordance with existing recommendations ) - is taken to be equal to 0.4-0.7 and constant for
the entire engineering network as a whole. Also, tables of economic costs and flow rates [l, 2] are
compiled for ¥ = 0,7, which, according to (1.6), is true only if K = 1.12, that is, for large systems and
water pipelines. Sections of trunk networks and networks supplying the target product to consumption
nodes operate in modes with K = 2,0-2,5 and more [3, 6]. Taking all parameters constant (except ),
on which the economic factor depends D by (1.4), and using (1.5), we write
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RZ(EJ _| 017 a8

k-2

where E - the ratio of the diameters of a network section determined at a constant value
Y

(independent of X )and 7 by (I.6).

At K =2 calculation according to (1.9) shows that the accepted diameters are 15% higher than the
optimal ones. This indicates the possibility of significant savings in reduced costs and metal in the case,
if a method for determining is found ) for each section of the utility network*.

Conclusions. Taking into account (1.8), it can be stated that the solution to such a problem is
possible if the mathematical model of flow distribution can ensure finding the parameters of the
probability distribution functions of flows for all sections of the network. Having data on the
mathematical expectation of the flow along the line and its dispersion, it is easy to determine, coefficient

of variation Uq, by (1.21) find 7 and finally, by (1.18) - D;.

The above considerations on the need to take into account the stochastic nature of PCTP during
parametric optimization should be extended to the recommended methods of mathematical programming
[8,16,21], each of which also operates with constant values of coefficients for all passive elements of the
engineering network 7, It should be noted that the problem of determining ) for each section of the

network does not lead to the denial or revision of existing methods of parametric optimization, but can
ensure an increase in their efficiency, bringing them closer to the real conditions of operation of pipeline
engineering networks.

*Even taking into account the discreteness of pipeline diameters, which always reduces the effect
of parametric optimization, cost savings can be quite large. Especially considering the large proportion
of the length of pipelines of small (up to 300-400 mm) diameters. These pipelines operate under
conditions of highly uneven flow change modes, and it is here that the greatest effect is possible.
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KyHenepiH calyra jkoHe MaiianaHyra pecnyOInKanbIK KeleMIeri KhICKapThUIFaH MIBIFBIHIAP KelieMiH mamaisl (5-10%)
a3afTynbIH ©31 YJKeH YITTHIK SKOHOMHKAJBIK HOTIDKETe OoKelyl MYMKiH. VHKeHepiik »Kemiyepai jkobanay KesiHze
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KaHIIIbI KeJle/[i) KOl KpUTEpHUiiIi OHTalIaHABIpYy Macesesepi TybIHAaUThIHBIH aTall 6 TKeH JKOH, oJlapbl IIeNTy YIIiH Oipkarap
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AHHOTaUUsA. 3HAUUTEIBHBIN 00bEM CTPOUTENIBLCTBA PA3IMYHBIX BUAOB TPYOOIPOBOIHBIX HMH)KEHEPHBIX CeTell B HaIeH
CTpaHe JienaeT OJHON U3 HanboJee aKTyalbHbIX 3a/lady ONTUMAIBHOIO YIPaBISHHUS UX Pa3BUTHEM, KOTOPYIO B JIHTEpaType
[1, 2, 3] yacTo Ha3BIBAIOT 3a/1aUei TEXHUKO-3KOHOMHUYECKOTIO pacieTa ceTeil Ha CTaanu MpoeKTUpoBanus. Jlaxe HeOOmbImoe
(ma 5-10%) cHmwxeHHe pa3Mepa NPHUBEICHHBIX 3aTpaT HAa CTPOUTEIBCTBO M OKCIUIyaTallMI0 CHCTEM TeMJO-, BOJIO- U
ra3ocHa0eHuss B Maciitabax CTpaHbl MOXET TPHUBECTH K KpPYIHOMY HapoaHoxo3siictBeHHOMY 3ddekry. Ilpu
MIPOEKTUPOBAHNHI MH)KEHEPHBIX CeTeil BO3HUKAIOT 3aJjaul CTPYKTypHO-TlapaMeTpudeckor ontuMuzanuu [9, 10]. Ilepras u3
HUX CBOAMTCA K OIPEACNCHHIO psAfa CTPYKTYPHBIX IapaMeTpoB - TPacCUPOBKE CETH, BBIOOPY MECT pa3MeELICHUs
MIOBBICUTENBHBIX HACOCHBIX CTAHLUM, ApOcceeil, KOMIPECCOPOB U T. 1., @ IPYU PELICHUU BTOPOM JUIsl 3aJaHHOW CTPYKTYpbI
HEOOXOJMMO ONpENeNUTh MHOTOMEpPHBIH BEKTOp IapaMeTpOB Ui KaXKIOr0 M3 AKTHBHBIX W IIACCUBHBIX 3JIEMEHTOB,
BXOLIMX B CTPYKTYpY. B melicTBHTENEHOCTH, KOMOMHHPYS JIIOOYIO ITOCIIEA0BATENbHOCTh BBIOOPA Pa3IMYHBIX CTPYKTYpP H
MIPOBO/IS MAPAMETPUIECKYIO0 ONTUMM3ALIHUIO, AT KOKIOH M3 HUX MOXKHO HaWTH ONTHMaJIbHOE MHKCHEPHOE PEIICHUE CETH,
BbIOpaB oauH wnu Heckoibko [10, 17] kpurepueB ontumuzanmu. Crenyer OTMETHTh, YTO B psiie CIydaeB WU3-3a
MIPOTUBOPEUYMBOCTH KPUTEPUEB ONTUMH3ALUHU (HampUMep, KpUTEpUH MAaKCUMalbHOW HAJSKHOCTH B IPUHLUIIC
MIPOTUBOPEUYHUT KPUTEPUIO MHUHUMYMA KalWTAJIOBJIOKEHUH) BOZHUKAIOT 337a4d MHOTOKPUTEPUAIbHON ONTHMU3AIMH, AJIS
pemIeHnst KOTOPBIX MPEUIOXKEH P METOAOB [8], omHaKo TPeOYIOTCs MalbHEHIITNE UCCIIeOBAHIS U Pa3pabOTKH, a TakKe X
IIMPOKOE BHEAPEHUE B NPAKTHKY MPOEKTUPOBAHMS U SKCIUTyaTallul HHKCHEPHBIX CETEH.

KnroueBble cjI0Ba: TPOCKTHPOBAHUE, MAaTEMaTHYECKHE MOJEIHM HMH)XXEHEPHBIX ceTel, (QyHKUMs pacrmpeneicHus,
HWH)KEHEPHBIE CETH, CTPYKTYpa CETH, 3a/1a4ll ONITUMI3AIINY, TIpoliecc moTpednenus nenesoro npoxykra (IITILIT), nnamerpst

TpYyO.
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