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Abstract. The theoretical basis has been developed and the idea of practical production and
testing the semiconductor electric generator (thermobattery) of a new type acting on the basis of
a metal — semiconductor system has been offered. It is shown that the thermobattery will work on
the basis of the use of a bulk thermogradient effect. Such effect allows to gain a sufficient level
of generated power from one unit of the whole volume of a semiconductor material. When using
the semiconductor thermobattery together with solar and wind electric generators, it is possible to
simplify significantly constructional and technological features of these installations.
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IpU MCHOJNIB30BAHUU OOBEMHOr0 (IIPOCTPAHCTBEHHOI0) TepMorpaaueHTHoro 3ddekra. JlaHHbIH
3¢ GeKT Mo3BOIISIET MOJYYUTh JOCTATOYHBIN YPOBEHb T'€HEPUPYMOIl MOIIHOCTH C eIMHUIBI 00beMa
MOJIYTIPOBOJHMKOBOrO0 Marepuaia. [Ipu HCnonb3oBaHWM IOJNYHPOBOJAHUKOBOH TepMmodaTapen B
KOMIIJIEKCE C COJTHEYHBIMH M BETPOBBIMH JJIEKTPOI'€HEPATOPAMH MOYKHO CYIIECTBEHHO YIPOCTHUTH
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Introduction

It is a widely known fact in science that the contacts of metal and semiconductor generate thermo
electromotive force (e. m. f.) [1-12] (Fig. 1).

The interesting fact [1] is noted that during World War II between the USSR and fascist Germany
(1941-1945), the Soviet guerrillas used the thermo power generator as a current source which was
manufactured on the basis of a metal —semiconductor system. Thermal heating (hot section) was
carried out by a kerosene lamp and, thus, provided radio set power supply. At the same time, it was
noted that the total efficiency of such system is still low, at the level of 15% — 20%. It corresponds to
0.1 of V on At =100 °C.

We assume that such low value of efficiency of the semiconductor thermoelectric battery is
connected generally with what during creation of value semiconductors n or p of type impurity
remains at the level of N, = N, ~ 10'° + 10"® in 1 cm? [1-12]. It means that for each impurity atom,
for example Indy (In), it is necessary 10000 atoms of Basic Element, silicon or Germany, Fig. 2. In
percentage terms it will be J ~ 0,01%. The growth of concentration level of impurity elements, for
example, to values at least 6 ~ 10% is a difficult task technically. As popular and available methods
of receiving impurity, binary semiconductor mixes (a method of diffusion mixing, a method of
fusing of two originally firm layers, point pulse heatings and fusings and others) do not allow to
rise above the specified N, = N; ~ 10'° = 10'% in 1 cm? [13-17]. And also, they are limited to very
small volume (three-dimensional) space. It is possible to tell that all of them work in a narrow
flat — an interface.

The scheme of formation of a hole (p) when adding trivalent In in the Si silicon volume (where

valency is equal to 4) is shown in Fig. 2 [1-12].

No~ -

Fig. 1. Scheme of thermo e. m. f. generation in a system: metal — semiconductor: 1 — metal, 2 — semiconductor
[1-12]

_6_
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Fig. 2. Scheme of formation of “hole” [1-12]

As a result of theoretical consideration in this work, it is shown that it is possible to increase
significantly efficiency of the thermoelectric generator working in a system: metal — impurity
semiconductor. The necessary positive effect is reached as a result of accounting of a bulk thermo

gradient effect on emergence polarized e. m. f.

Theoretical solution

From the beginning we will consider the theoretical parties of a new approach to the solution
of an issue of efficiency increase of such thermo elements in terms of physics. Let elements 2
and 4 in Fig. 3 will be big, massive and bulk and they will be spatially divided. This situation is
presented in Fig. 3. In terms of physics this situation will be a model of the molecules motion in
two big vessels connected themselves by the reported channel, a vessel. The situation is shown in
Fig. 4.

Let’s describe this process in terms of molecules kinetic theory of gases. Thus it turns out, that the
first plates (2) have higher level of temperature than the second plates (4). All electrons in plate 2 will
have some total kinetic energy as a result of the thermal movement

2 2

k _ yN1 My _ Mmvep

Ef =¥2, 5= N - =2, (M)
where

2
mvg, 3
Tl = 2,

2 2

N, — is quantity of free electrons in a conductivity zone. Metal plates keep in a condition of heating,
d0T=const all the time. It occurs as a result 7} > 7.

All electrons in a plate 4 will have some total kinetic energy as a result of the thermal movement

2 2
k _ wN, mvi mvg,,
EZ _ijl 2 _NZ 2 (2)
where
2
MVp2 _ 3
—= =-kT,,
2 2

N, — total number of electrons in a plate 4 in a vessel 3. Which belong to a zone of conductivity, to a

free zone.

_7_
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Fig. 3. Spatially divided bulk, massive thermoelements: metal —semiconductor: T; > T, 2-metal plates,
4 — semiconductors, 1 and 3 — vessels

Ny, My, Nz, Mo T,
Ta,Vy A
(o]
O
o> —_—
¢]

| [a]

2

Fig. 4. The model of diffusive movement of free electrons on the basis of the scheme of communicating vessels

Some of these electrons cannot be in the zone of conductivity of plate 4. They can get deep into
it, down a ladder and to take vacant positions of the free holes which are in a valency zone. You see
Fig. 5-8. It occurs because of the reason that 7} > 75.

According to physics of process, any system aspires to an equilibrium state. In this case, it follows

from the principle of thermodynamic balance of a system that
Ek = Ek. ©)
As aresult, the plate 2 will accept an additional positive charge
Q; = AN -e, @

where e = 1.621 - 103! Q — electron charge, AN = (N; — N,) — quantity of the electrons which in
addition passed into volume 3 (2) of volume 2 (1) in Fig. 3, 4. It is the quantity of electrons which
counterbalances a difference of average kinetic energy of electrons in volumes 1 and 2. Respectively
the plate 4 will be loaded negatively.

Approximately the following results turn out

ég = 8000 Q from 1 cm? of coper, )
oU=19.0605794 - 103 V.

As for physics, it is known that the charge 1St = 1.054822:10° Q is defined by the size, as
F force = 1 N at distance of 1 m. It is to compare.
Formulas (4), (§) show high value for a charge of the arisen polarization. It resulted from the

temperature gradient. Let’s consider that for some unaccounted reasons of loss it will make 60%.

_8_
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And then 3q=3500 Q from 1 cm? of copper. And even it will represent a high rate. All calculations are
carried out at the difference of temperatures Az =70 °C. It shows a huge potential stock of energy which
can be received from bulk thermogradient effect.

As these data belong to 1 cm? of initial materials (copper and semiconductor from a silicon plate),
it follows that large volume of plates will be a basis of emergence of a significant polarization of charges
on two different plates which are in two different vessels. Let’s explain it. When volume V' that is rather
big, then there will also be rather big Ny and N, values. As a result, the general total average meanings
of kinetic energies E; u E, will be sufficient. From this rather high level of value of the polarized charge
dq follows, you watch formulas (1) — (3).

In Fig. 5-7 levels of excitation of electrons in semiconductor, arrangements of the acceptor and
donor levels in a forbidden band from different impurity elements are shown [1-12].

According to Fig. 7, the implementing of a large quantity of other impurity elements in
semiconductor is possible. There is a chance to achieve that between a conduction band and a valence
band the whole “ladder number” of energy bands which is schematically shown in Fig. 8 is formed.
These additional ladder levels of impurity atoms are necessary to facilitate transitions (jumps) of
electrons in direction 1. Direction 1 shows transition of electrons from copper 2 plate to semiconductor
4 plate in Fig. 3. It is the so-called “return transition” arising as a result 7} > 7,. That is there will be a
bulk thermo gradient effect, see also Fig. 4 and formulas (1) — (5). Ladder levels (steps) will facilitate
implementation of this transition in direction 1, from top to bottom. Whereas in lack of a bulk thermo
gradient effect, transitions of electrons in normal, classical understanding always happens in direction

2, shown in Fig. 5 and 8.

Guide zone

[ Donor zone } 1 3

Accept zone

[ Valence zone _\é

Fig. 5. Schemes of levels of excitation and direction of transition electrons in semiconductor [1-12]

Guide zone

200006
@_(9 @ ® @ifn Donor zone

Accept zone —é“@I 6 ® o
£

Valence zone
Fig. 6. Layout and polarization of levels acceptors and donors [1-12]
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Fig. 7. Arrangements of power levels impurity in Si in the forbidden zone [1-12]

Guide zone

Accept zone

Valence zone

Fig. 8. Ladder structure of power levels impurity atoms in the transitional (forbidden) zone

The situation can be compared to work on drag and drop of bricks by group of working builders.
When they got up in a long chain and just hand over bricks nearby to the standing person. And thus,
it is possible to drag at the minimum power expenses bricks from first floor of the building site to
upper floors. It makes the minimum work against gravitation forces. For example, each builder can
run separately from the first floor to an upper on (on a ladder) and drag at the same time only one
brick. In this case the maximum work, not useful will be spent. It will not be an effective algorithm. In
our case, when electrons pass in excess quantity from a copper plate into a semiconductor plate — the
thermo gradient effect makes work against forces of Coulomb pushing away the negatively charged
electrons from the zone of semiconductor plates 4 in Fig. 3. or from zone 2 in Fig. 4. A conduction
band electrons will pass into a valency zone (to jump) not in one step (at once in a single step), and
gradually many small jumps down a step, see Fig. 8. A set of different impurity atoms will provide
existence (emergence) of these steps. Their energy levels almost evenly fill all width of a forbidden
band.

Thus, theoretically it is possible to prove transition in direction 1 in Fig. 5 and 8 in terms of
physics. However, in our opinion, the fact that it is necessary to provide rather uniform distribution on
the volume of the semiconductor of the impurity elements N, = N; ~ 10 + 10?° in 1 ¢cm?® has certain
difficulties. The greatest possible concentration of atoms in 1 ¢cm? is limited to number 10?2,

See Fig. 2. It is necessary to be careful of process of an eutectic [18], when separate atoms and

molecules of impurity substance integrate and form small volume clusters. Therefore, it is not possible
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to receive uniform distribution on the volume of a strange impurity as a result of a simple hashing (and
further cooling) of two liquid fusions.

To receive the uniform of volume, a distribution of impurity substance in an initial crystal is used.
The method of an ion of a plasma sputtering in a vacuum the is most suitable. At an electrode cathode
there have to be all impurity elements and together with them the elements of the main crystal. It is
Si silicon. Then, at anode deposition they will intensively mix up and form rather evenly distributed
(mixed) structure. And next, it is possible to hope that each impurity atom will be surrounded on
average about 100 (and more) with atoms of the main crystal of silicon. In this case, it is possible
that theoretically proved "ladder structure" for transmission of energy "on top — bottom" will work
effectively.

It is possible to consider other alternative option. It is sedimentation on a crystal from a steam gas
phase [9-18].

The method of removal (transfer) of heat energy offered by us for creation thermo e. m. f. between
large volumes of materials. It has advantages in comparison, for example, with optical polarization of
charges which is used in solar power. The point is that a priori the physical nature is created in such a
way that quanta of solar energy of E = /iv are a little effective for removal of electrons from metals. It
is about the visible light range of solar energy. Therefore, the efficiency of solar panels will be always
low. It is put in principle. In comparison to it, transferring of heat energy will be more effective. The
thermal waves essence is a wave of phonons. In other words, the heat transition is a process which well
is controlled. Heat energy is easily transmitted from some macro volumes to others.

The equations for density of heat and mass fluxes
q = —Agrad(t), j = —pDgrad(m) ©)

allow to receive of the equation of heat and mass transition in a differential form in a final type [19]

2= v, 2= pVPm.

However, it (6) does not explain the physical reason of that in any way. Why do these heat and
mass fluxes arise [20]?

In the divided big macroscopic volumes average kinetic and heat energy of all particles should be
aligned. And only this physical principle (law) explains emergence of flows (6).

Due to successful implementation of the thermo battery of this new type both wind and solar
energy will be used. It is known that wind power generators become bulky. The design is technically
and schematically difficult. A small turn of the blade at the exit, nevertheless, requires a stable level of
220 V with a frequency of 50 Hz. Similar situation is with solar panels. It is required a stable level +12
or F24 V at different intensity of a flow of beam energy at the exit.

As interface (sharing) to a wind power generator and to a solar power unit, the new thermo power
generator is offered by us. The work of the first generator (the construction and the function level)
becomes considerably simpler. Namely: solar installation and the wind electric generator can work
in any (simplified) mode. Even very weak, high smoothing and stabilization of their parameters at
any level will not be required. It will be enough if it can heat some volume of liquid to temperature

of 80+90 °C. Is it is a progressive technological jump? During the soviet time there was a slogan:
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communism is the soviet power plus electrification of the whole country. Let’s discard the first, political
part of this slogan is aside. Let’s consider only the second part. According to it, if we are technologists,
engineers and scientists of the whole world we will be able to provide all submultiple corners of our
planet with a cheap and available type of electrical energy. Then all people will be able to raise the level

of the life and welfare. Is it so?

Conclusion

1. The theoretical basis has been developed and the idea to practical production and testing
the semiconductor electric generator (thermobattery) of a new type acting on the basis of
a metal — semiconductor system has been offered. It is shown that the thermobattery will work on the
basis of the use of a bulk thermogradient effect. Such effect allows to gain a sufficient level of generated
power from one unit of the whole volume of a semiconductor material.

2. When using the semiconductor thermobattery together with solar and wind electric generators

it is possible to simplify significantly constructional and technological features of these installations.

Discussion

1. We invite all different financial structures, owners of private, public or other capital to provide
financial support for this project.

2. We invite scientists and specialists from all countries to work together. In case of successful
realization you will become not only our assistants, but also co-authors and co-performers of our
works, patents and copyright certificates. Young researchers can expect to carry out their PhD projects
as part of these studies.

3. It is necessary to buy and catch new plants for vacuum ion plasma deposition of metals, to carry
out electric discharge arc process in discharged medium.

4. There are some necessary things: absolutely new (at smaller dimensions) installations for
cultivation of semiconductor crystals of high purity.

5. We need computer systems, computers for calculation and modeling of difficult physical and
chemical and technological processes.

6. The command structure will need young perspective physicists, solid-state materials
technologists, specialists of IT, programmers and other specialists.

7. Thank you for attention.
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IoBbimenne 3p(PeKTHBHOCTH KOMIIEHCALUH
PeaKTUBHOI MOIIHOCTH
Ha OCHOBe YCTPOHCTB no¢a3HOH KOMIIEHCALUU
C.B. Ky3bmuH, A.A. 3aBaJios,
P.C. Ky3bmuH, B.A. MeHbIUKOB

Cubupckutl ¢hedepanvbhblii yHUSepcumem
Poccuiickas @edepayus, Kpacnosapck

Annomayus. 1lenplo 1aHHON cTaThH SIBISETCS ycTaHOBJIEHUE () (EKTUBHOIO criocoda KOMIIEHCAIIMH
PCaKTUBHON MOIIHOCTH B YETBIPEXIPOBOAHBIX CETSAX C INIYyX03a3eMJICHHOW HEHTpaibio 00IIero
Ha3HayeHus HanpspkeHueM 1o 1000 B. TlpencraBieH METOI U yCTPOUCTBO MO(a3HOM HE3aBUCUMOMN
KOMIIEHCAllUM PEaKTUBHOM MOIMHOCTH. M3BecTHBIE YCTPOWCTBA M METOAUKH CUMMETPUUYHOMN
KOMIIEHCALlUM DPEAKTHBHOW MOIIHOCTH B TpPeX(a3HbIX YETHIPEXIPOBOJHBIX CETSX OKa3bIBAIOTCS
HeaddexTuBHbL [Ipu onpenenseHHBIX 0OCTOSATENBCTBAX BO3PACTACT BEPOSTHOCTH BOSHMKHOBEHHS
aBapUIHOIO PEXHMMa BCIEJACTBHE TOTO, YTO B TpeX(a3HbIX YETHIPEXITPOBOIHBIX CETSAX Ipeoliagaet
HECMMMETpHUYHAsl W/WIM HEpaBHOMEpHAs Harpyska 1o ¢aszaM CeTH, TOK B HEHTpaJbHOM IPOBOJE
BO3paCTaeT B pa3bl. DTO MOXKET IPUBECTU K TEPMHUUECKOMY Pa3pyLIEHHUIO HYJIEBOI0 IPOBO/IA U BBIXOLY
U3 CTpost cuitoBoro kabens. Meroz noda3Hoil He3aBUCUMOIN KOMIIEHCAIIMK PEAKTHBHONW MOIHOCTH
M103BOJISIET YMEHBIINTh TOK B HEUTPAJIN 32 CYET YMEHBIICHUSI HECUMMETPHH HAarpy3Ku B a3zax ceTH
W UCKJIIOUeHUS 3 PEKTOB HEJTOKOMIIEHCAMH U TIepeKomIeHcanuu. Meron nodasHoil He3aBUCUMOM
KOMIIEHCALIUU SIBJIsieTCsl OoJiee MPEANOYTUTENLHBIM IIPH HCIIOJI30BAaHUHM CPEACTB KOMIICHCAIIUU
PEaKTUBHOI MOLIHOCTH B TpeX(a3HbIX CETSIX C IIIyX03a3eMJICHHOH HEHTpajbi0 U TO3BOJSET
YBEJIMYUTH ITPOMYCKHYIO CIOCOOHOCTH, YMEHBIINUTH MIOTEPH, @ TAKIKE CHIXKAET PUCK BOSHUKHOBEHH S
aBapuiHOTO pexxuma. Pe3yabraThl BHEIPEHUS B OKCILIyaTalUI0 yCTPOHCTB 1MO(a3HOl KOMIICHCAIIH
PEaKTUBHOI MOLIHOCTH JO0Ka3bIBAIOT 3(P(PEKTUBHOCTH NPEIJIOKEHHOT'O METO/Ia.

Knrouesvie cnosa: peakTUBHasi MOIIHOCTb, KOI(Q(HUIMEHT MOIIHOCTH, HECHMMETpHUYHas U
HEepaBHOMEpHas HarpysKa, nmoda3Has KOMICHCAIHSI.

Huruposanue: Kyspmun, C.B. TloBbimenue 3pGpeKTUBHOCTH KOMIIEHCAIIMM PEAKTHBHON MOILIHOCTH Ha OCHOBE YCTPOMCTB
nodasznoit komnencauuu / C.B. Kyspmun, A.A. 3aBanos, P.C. Ky3spmun, B.A. Menbmukos / XKypu. Cub. denep. yH-ta.
Texuuka u Texnonoruu, 2020. 13(1). C. 14-24. DOI: 10.17516/1999-494X-0187

l'oponckue cetu nHanpsixenueMm a0 1000 B skcrnyaTupyrorces ¢ TilyX03a3eMIJIEHHBIM PEXu-
MOM He#iTpanu. Harpysku ropoackux TpexdasHbIX 3JCKTPHICCKUX CETEH COCTOSAT B OCHOBHOM
13 01HO(A3HBIX AJIEKTPONPUEMHHUKOB, IIOAKIIOYCHHBIX MEX Y (a30i U HEUTPAJIBHBIM IIPOBOIOM
CeTH.

Oco0eHHOCTBIO TpeX(a3HbBIX CeTeH ¢ TIyX03a3eMJICHHBIM PEXKMMOM HEHTpaIH SBIISCTCS HAJH-
YHe pa3HOro c/iBura (a3 Mex,1y TOKOM U HalpsDKEHUEM B Kax 10 (a3ze ceTn. 3HaueHHe MOJTHOI MOl
HOCTHU B Tpex(as3HbIX CeTAX 3aBHCUT OT yTJIa CBHTa (a3 MKy TOKOM M HalpsDKeHHeM. Bennanna

MOJIHOW MOIIHOCTH OIHO(a3HOM CETH ONPEeIIsIeTCSI HUKECIIEAYIOIIMM BbIPaKEHHEM:
S=U -], (D)

rae S — nojaHas MOIIHOCTb, BA; U — 3HaueHue HanpsKeHus ceTu, B; [ — 3HaueHue Toka cetu, A.
Ecnu B ceTr MpUCYTCTBYET TOJIBKO aKTUBHASI COCTABISIONIAS MOIIHOCTH, YIoJl CABUIa (a3 pa-

BCH HYJIIO U, COOTBECTCTBCHHO, TOK U HAIIPSAKECHUEC COBIIAAAIOT I1O (1)336. B stom ciry4dac
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S=P, Q)

rae P — akTUBHas COCTaBISIONIAs MOILIHOCTH, BT.

Ecnu xe B ceTu MOMUMO aKTUBHOW COCTaBIISIFOILEH MOUIHOCTHU TaK)Xe MPUCYTCTBYET €€ peak-
THBHAsI (MHIYKTHBHAS, EMKOCTHAsI) COCTABIISIONIAS, YTOJI CIBUATA (a3 MEKY TOKOM U HaIPSKCHHEM
OyAeT OTJIUYHBIM OT HYJIs. 3HAUCHHUE MTOJHON MOIIIHOCTH 15 Tpex(da3Hoii cetu coriacHo [1] onpene-

JIACTCA CICAYIOIHUM BbIPAKECHUCM!

s =,P?2+Q? 3)

rae O — peakTHBHAs COCTaBIAIONIAs MOIIHOCTH, Bap.

PeakTuBHasi cOCTaBISIONAsl yBEINYMBACT 3HAUCHHE OTPEOJICHHS TTOJTHONH MOITHOCTH B CETH,
YMEHBIIAET €€ MPOIMYCKHYI0 CIIOCOOHOCTh, YBEIMUMBACT MOTEPHU, a TAKXKe SIBIAETCS OECroye3HOH
Jutst moTpeduTesst. HekoTopast BennunHa peakTHBHOW COCTABIISIOICH MOITHOCTH, IIPUCY TCTBYOIIAs
B CETH, He3HAUUTENbHA, HO IIPH JOCTHIKCHUH ONPECIICHHBIX 3HAaUCHUH TpeOyeTcs ee KOMIICH A

PeakxTuBHas COCTaBIISIONIAs MOJTHOW MOITHOCTH B CBOIO OUEPE/Ib OIPEACIISICTCS CIEAYIOIINM BbI-

paKeHUEM:

Q=UU,—Ic)=0Q,—Qc, @

rie Q; — MHIyKTHBHAs COCTABIISIONIAS PEAKTUBHON MOIIHOCTH, Bap; Q¢ — eMKOCTHAsI COCTABIISIONIAS
peakTUBHOI MoulHOCTH, Bap.

Jis onipeneneHus MpoyKTHBHOCTH paObOTHI TpeX(a3HOW CETH MePEMEHHOTO TOKA HCIOIB3YIOT
k03¢ dunreHt morHoctu. [lonsTre «kodpduimreHT momnoctn» BBen k. Makcsemn B 1864 r. Ko-
3¢ HUIHEHT MOIIHOCTH YHCICHHO PaBEH KOCHHYCY yTJa CIBUTA (a3 W ONMPEACACTCS CICAYIONUM
BbIpa)KEHUEM:!

cos @ = g )

3HayeHme K03 (HUIIIECHTAa MOITHOCTH CTPEMSATCS CBECTH K CIUHHUIE C TIOMOIIBIO CIICIIHAIBHBIX

YCTPOUCTB M METOJIOB KOMIICHCALIMU PEaKTHBHOW MOIIHOCTH, TEM CaMbIM HUBEJIHPYs HEraTUBHOE

BO3JCHCTBHE CIBHTA (a3 MEKIY TOKOM M HANpsDKCHHEM. Viess KOMIIGHCAIIUu peaKTHBHON COCTaB-

JISIOIICH OYCHB CTapa: MEePBbI OAJIAHCUPYIOIIUI KOMIICHCATOp ObLI paspaboran Steinmetz u mpe-
craBieH [2] B 1917 r. Paznuunble yCTpOHCTBA I METOIBI OBLITH MPEIIOKEHBI B [3-8].

Jluist onipesiesieHust ypoBHs HOTPeOIeH s PeaKTHBHOW MOIITHOCTH MCIIOJIBb3YIOT KoaduiimeHt pe-

AKTHBHON MOIITHOCTH, OIIPEACIISFOIUICS CICTYIONINM BBIPaKCHUEM:
_Q
tgp = (©6)
B Tpex(asHbIX ceTsx ¢ IiyX03a3eMJICHHOH HEeWTpaliblo Ha 3HaY€HHUE TOJIHOW MOTpedisieMoit
MOIIHOCTH TIOMHUMO PEaKTHBHOH COCTaBIISIFOIICH Tak)Ke OKA3hIBAIOT BIHMSHUC HecOaTaHCHPOBAaH-
HBIC MOIITHOCTH O0paTHOW M HYJIEBO mociienoBaTebHocTel [9]. B TakoM cityuae ypaBHEHHE MOTHON

MOMIIHOCTH IpU CUHYCOUIAJIbHOM HAIIPSAXKCHUUN 6yI[€T HUMCTDb CHG,I[yIOH.[I/Iﬁ BU/I:

S =\/P2+(QF — Q&) + Dz + D2, @)

rae D, — HecOasaHCHPOBaHHAS COCTABIISIONIAS 0OpaTHOM MmocenoBaTebHOCTH, Bap; D, — HecOanaH-

CHPOBAHHAs COCTABJIAIOIIAA HyHeBOﬁ IOCJICA0OBATCIIBHOCTH, Bap
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[MosiBiieHne HecOaaHCMPOBAHHBIX COCTABIISIONIMX MOLIHOCTH O0YCIIOBJICHO crielin(rKoii 1aH-
HBIX CETEeH, 3aKJIFOYAIONIEHCS B TOM, UTO B JAHHBIX CETSAX PACHPEIeIICHUE HArPy3KHU IPOUCXOJUT He-
CUMMETPHYHO WJIM HEPaBHOMEPHO OTHOCUTENBHO (ha3. BenencTre 3Toro no ¢gazam cetn Ha4MHAIOT
MPOTEKaTh TOKM OOPAaTHOM M HYJIEBOH MOCIEA0BATEIBHOCTH, YTO MPUBOANT K JaIbHEHIIEMY pOCTY
TOKa B HEHTPaJILHOM IIPOBOJIC M YBEJIMYHBAET PUCK BOSHUKHOBEHHS MepeKoca pa3HbIX HAIPSIKEHUH,
yMEHbILIAs HAJEKHOCTh CETel TaHHOTO TUIA.

Heo0x0quMoCTh KOMIIEHCAIIMU PEAKTHBHOW COCTABIISIONICH MOJHOW MOLTHOCTH B TpeX(a3HbIX
CeTAX C IIyX03a3eMJIEHHON HEHTPaNIbIO 3a MOCIEIHUE 1BA ACCATHIIETUS 3HAYUTEIBHO BO3pOcia B
CBSI3HM C CYIIECTBEHHO M3MEHUBIIMMUCS 3a 3TO BpeMs MapaMeTpaMy Harpy3ku. Tak, cpeHeB3BELICH-
HBIA KOA(QPUINEHT MOITHOCTH MHOTOKBAPTHPHOTO I0OMA J[Ba ACCATHIICTHS HAa3a]l HE OITyCKaJICS HHXKE
3Hadenus 0,95, Torna Kak B HaCTOsAIIee BpeMs JaHHBIN IMOKa3aTelb MOXKET HAXOAUTHCS B AHANa30He
0,75 — 0,93. CoBpeMeHHBIE >KUJIIbIE IOMA OCHAIIECHBI OOJIBIINM KOJINYECTBOM MIEKTPOIPUEMHHUKOB. K
HUM OTHOCSTCSI Pa3jIMuHbIe OCBETHTEIbHbBIC M ObITOBBIE IPUOOPHI, cHUiIoBOe obopyaoBanue. [Torpe-
ONeHre PeakTUBHOM MOIIHOCTH KOMMYHAJIbHO-OBITOBBIX MOTPEOHUTENEH MOCTOSTHHO PACTET: JIAMITBI
HaKaJMBAHUS 3aMEHSAIOT OCBETUTEIBHBIMU YCTPOUCTBAMH ¢ HcTonb3oBaHueM L-C-mieneit, Bce 60ib-
e Tele- ¥ BUAeOaNnapaTypbl, IIUPOKO IPUMEHSIOTCS KoMIbioTepbl, CBU-neun, yBeanuuBaroTcs
MOITHOCTH MOTpeOuTEIeH C UCTIONH30BAHMEM dIIEKTPOJBUTATENCH: HHCTPYMEHT, CTUPAJIbHBIC Mallll-
HbI, XonoamwibHUKH [10].

[Ipn HEM3MEHHOM MOTPEOJEHUHN aKTHBHON MOITHOCTH M PACTyIIEM MOTPEOJICHUN pEeaKTUBHON
MOIITHOCTH OYyZIeT yBEJINYUBATHCS ITOTHBIN TOK, H3-32 YET0 OYAYT pacTh MOTEPH MOLTHOCTH U ITAJICHUE
HAIPSKEHUs] B CUCTEME dJIeKTpocHatkeHust. HanpsbkeHue Ha noTpedurese OyaeT yMEHbIIAThCs, U
eclin yMeHbIIeHne OyJeT KPUTHUECKUM, T.€. CBEpX MOITYCTHMOTO 3HAUEHHS, TO HOpMallbHast pabo-
Ta BBIMICYTIOMSHYTOW TEXHUKHW MOXET CTaTh HEBO3MOXKHOH. OIHOBPEMEHHO C YBEIWYCHHEM Maje-
HHUSI HaNPSKEHHUS PacTyT HOTEPH aKTUBHOW MOIIHOCTU B CAMHUX CETSX. YCTAaHOBIEHO, YTO MOTEPU
AKTHBHOW MOIIHOCTH B CHCTEMaXx JJIEKTPOCHAOKEHHS, KAK MUHUMYM, O0paTHO MPOIOPIHOHAIBHBI
KBajpaTy KodpduureHTa MOIIHOCTH. [Ipy comocTaBieHnU MEpHOJOB BpeMEHHU 10 U nocye 1995 r.
BUJTHO, YTO TIOTE€PH aKTUBHOW MOIITHOCTH B COBPEMEHHBIX CHCTEMaXx 3JIEKTPOCHAOKEHHUS BO3POCTH B
1,56 paza (Ha 56 %).

B Ta0ma. 1 yka3aHbl ycpenHeHHbIe KO((GUIUECHTHI MOIIHOCTH U KO3(P(PHUIIMEHTH PEaKTHBHOM
MOIITHOCTH IS PA3JINYHBIX OBITOBBIX MPHOOPOB, TOBCEMECTHO UCIIOIb3YEMBIX B OBITY.

B Tabu1. 2 npuBeneHoO KOIMUYECTBO NEKTPOIPHOOPOB, B CPEAHEM HCIIOIb3YEMbIX B OJIHOM KBapTHPE
MHOTOKBapTHUPHOTI'0 >KHUJIOT0 J0Ma, AJIsl CPaBHEHUS 3HAUEHUH neprofa 10 1995 r. u B HacTos1Eee BpeMsL.

W3 ananu3za naHHbIX Ta01. 1 1 2 BUHO, 4TO KOJMYECTBO JJIEKTPOIPUEMHUKOB, HCIIOIb3yEMbIX B
OBITY, C HU3KUM KO3((GHUIIMEHTOM MOIIHOCTH HEYKJIOHHO PACTET B IOCIEIHUE OB, B CBS3H C ATHM
CPEIHEB3BEUICHHBIH KOAPQUIUEHT MOLIHOCTH CTPEMHUTENbHO yMeHbliaercs. Koagduunent mour-
HOCTHU ecTh Mepa (P (PEeKTHUBHOTO MCIOIb30BAHNS YCTAHOBJICHHON MOIIHOCTH TpaHC(OpMaTopoB Ha
MOACTAHIIMAX U MAKCUMAJIbHON MPOIMYCKHOW CIIOCOOHOCTH IJIEKTPUUYCCKUX CeTeil. J{Jist MOBBIMICHHS
k03¢ duimenTa MOIHOCTH TpeOyeTCst IPaMOTHBIHM MOAX0/ K KOMIEHCAIIMHM PEaKTHBHONW MOIIHOCTH B
TOPOJICKUX CETSIX OOIEro Ha3HAuSHHsI, KOTOPBIN IOJKEH YYHUTHIBATH CIEAYIOUIHE PaKTOPbI:

1) 3HAYUTETBHBINA POCT UCIIOIB30BAHUS IEKTPOIPHOOPOB ¢ HU3KUM KOI(PPHUIIMEHTOM MOIIHO-
CTH BHE OOBEKTOB U 3/IaHUH, pa3MellaeMbIX CHApyXKH, B YACTHOCTH Ha UX (acaznax, HapruMep ocBe-

HIEHUC YJIMIL U PEKJIaMBbl € TIOMOLIbBIO I'a30pa3pAAHbIX U CBETOAUOAHBIX JIAMII;
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Tabnuua 1. Koadduuuen sl MOIHOCTH ¥ K03 GHUIIMEHTHI PEaKTHBHON MOIIIHOCTH OBITOBBIX TPHOOPOB

Table 1. Power factor and reactive power factor of household appliances

HaumeHoBaH#ue 31eKTpornpudopa cos ¢ tg o
MuKpoBOITHOBaS IeYb 0,75 0,882
Tenesusop 0,65 1,168
CrupanbpHas MalllHHA-aBTOMAT 0,8 0,75
Tenedpon (cmapTdoH) (Bo BpeMs 3apsiaKH) 0.45-0,7 1,98 — 1,02
AKKyMYJISITOp ITypyTIOBEepTa (BO BPEMs 3apsIAKH) 0,72 L1
DnexkTponpenb 0,65 1,168
Xoa0aUIIBHUK 0,7 1,02
HoyTt0yk 0,65 1,168
deH 111 BOJIOC 0,7 1,02
BrITsKKa KyXOHHASt 0,6-0,8 1,33 -0,75
ITemecoc 0,65 1,168
PoyTtep 0,65 1,168
Jlamma nuomHast 0,3-0,6 3,18-1,33
Konanunonep 0,75 0,882
ITocynomoeunas mammHa 0,8 0,75
JIroMUHECIICHTHBIE JTaMIIbI 0,5 1,732
DeKTpoInTa 0,85 0,62
JIudT mogpeMHBII 0,65 1,168

Tabnuua 2. KonnuecTBo 31eKTponpubopoB, HCHONb3yeMbIX B ObITY 10 1995 1. u B nepuon nociue 2015 r.

Table 2. The number of electrical appliances used in everyday life before 1995 and during the period after 2015

HanmeHoBaHue 3IeKTporprbopa

Koun-Bo mpubopos
HA OJIHY KBapTUDPY

10 1995 .

mocie 2015 r.

MuxkpoBoIHOBas MEeUb

0

1

Tenesusop

CTHpaJ’ILHa}I MalllhnHa-aBTOMaT

Tenedpon (cmapTdon)

Ilypynosept

DnexkTponpenb

XoI0aUIBHUK

HoyTt06yk

deH 1715 BOJIOC

BeiTsKKa KyXOHHAsI

IIemecoc

PoyTep

— === =] =W~

Jlamma nuomHast

Ju—
W

Konauunonep

—_—

ITocynomoeunas mamnHa

—_—

OnekTpomnTa

el k=l k=2 E=2 K= L K=} Rl Kl L R} Nl Kl Kl Fo

—_—
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2) ucrosib30BaHue JIN(TOB B MHOTOKBAPTUPHBIX JIOMax;

3) mosiBIeHHWE B TOpojax OOJBIIOr0 KOJMYECTBAa OQHCHBIX, aJMHHUCTPATUBHBIX, TOPrOBO-
pasBlieKaTe bHbBIX 3/1aHUH, B KOTOPBIX HCIOIb3YETCsl OPITEXHUKA, TUOJHOE OCBELICHUE, KOHIUIHUO-
HEpBI U IPYTHE IIEKTPOIPUOOPHI ¢ HU3KUM KOd()OUIIMEHTOM MOLIHOCTH.

[TpoaHanu3upyemM HHEPronoTpedIeHHe OCHOBHBIX 3JIEKTPOINPHUEMHHMKOB MYHHIIMIIAIbHBIX
00pa3oBaHMii, K KOTOPHIM OTHOCSTCS aIMUHUCTPATHBHO-OBITOBBIC 3laHUs, YUeOHbIC 3aBEICHHS,
JIETCKUE Calbl, TOPrOBO-pa3BiIeKaTEIbHbIE KOMILICKChI, CIIOPTUBHBIE COOPYIKEHUSI U MHOTOKBap-
TUpHBIE JoMa. s 9TOW 1Lenu ObLIM BBIIIOJIHEHBI UCCIEIOBAHUS YHEPronoTPeOICHUs BbILICyKa-
3aHHBIX JIEKTPONPUEMHHUKOB B I. JlynuHke. B Tabiu. 3 npuBeseHbl CpeIHEB3BEIICHHbIC 3HAYCHHU S
K03 (hULHEeHTa MOIIHOCTH JUIsl JAHHBIX COOPY)KCHHH M JIOMOB B 3aBUCHMOCTH OT BPEMCHH JHS U
BPEMEHH Tojia.

Kak noka3saJ eTajbHbIIH aHATU3 JaHHBIX Ta0Jl. 3, 3HAYCHHsI CPSIHEB3BEILICHHOT0 KO3 pHUIneHTa
MOIIIHOCTH B UCCIIEAYEMBIX CETSX ISl BCEX THUIIOB 3/IaHHI 1 COOPYIKEHUH 3aMETHO MEHbIIIE B OCEHHE-
3UMHHI NIEpHOJ] BPEMEHH T'0Oja 10 CPABHEHHIO C BECEHHE-JICTHUM NepuonoM. Kpome Toro, MoxHoO
IPOCIIEIUTh 33 TEM, YTO B JAHHBIX CETSIX 3HAUEHHS CPEIIHEB3BEIICHHOTO KOA(QPHUIIMEHTa MOLTHOCTH
JUTSL JKMJTBIX MHOTOKBAPTUPHBIX JOMOB, IIKOJ M TOPrOBO-Pa3BIICKATEIBHBIX LICHTPOB YMEHBLIAIOTCS
B BEUEpHEe BpeMs CyTOK HE3aBHCHUMO OT BpeMeHHU rona. [list JeTCKUX cajioB, aIMUHUCTPATHBHBIX
30aHWN HAWMEHBIIUE 3HAYCHUS CPEIHEB3BELICHHOr0 KO (GUIUEHTa MOIIIHOCTH MPUXOSATCS Ha T1e-
PHOl BpEMEHHU MEXY BOCHMBIO U LIECTHA/ALATHIO YacaMH BHE 3aBUCUMOCTH OT BpeMeHH rona. J{is
CIIOPTHBHBIX COOPY)KeHHH (OacceliH) MUHUMAIIbHBIC 3HAYCHHSI CPEHEB3BEIICHHOTO KO duireHTa

MOIITHOCTH Ha6J'IIO)IaIOTC$I MEXAY MOJTYHOYBIO U BOCBMbBIO YaCaMU. HH}I TEXHHUYCCKOI'O JTNLCA Haunbo-

Ta6J'II/IIIa 3. CpeﬂHCBSBeHIeHHLIe 3HAa4YCHUA KOS(I)(i)I/IIII/IeHTa MOIIIHOCTHU B 3aBHUCUMOCTHU OT BPEMCHU [HA U
BpEMCHU roja

Table 3. Weighted average values of power factor depending on time of the day and time of the year

Koa¢ppuumeHt MomHocTH
BECEHHE-JIETHUH NePHO OCEHHE-3UMHHI Nepruoj
Tun 3nanus
BpPEMEHHbIC HHTEPBAJIbI BpPEMEHHbIC HHTEPBAJIBI
0:00-8:00 | 8:00-16:00 | 16:00-24:00 | 0:00-8:00 | 8:00-16:00 | 16:00-24:00

CpenHsist 0011c00pa3oBaTebHas
1IKoJIa 0,87 0,89 0,83 0,75 0,76 0,71
Jetckuii can 0,92 0,81 0,87 0,85 0,68 0,77
Texuuueckuit munei 0,96 0,89 0,93 0,92 0,83 0,81
ToproBo-pa3BieKkaTeabHBINH IEHTP 0,93 0,94 0,91 0,78 0,78 0,78
Bacceiin 0,81 0,91 0,86 0,8 0,86 0,85
AJIMHHHCTPATUBHOE 3[[aHNE 0,96 0,91 0,98 0,93 0,76 0,82
JleBsiTHATAXHBIN
MHOT'OKBapTUPHBIA JOM 0,92 0,93 0,88 0,83 0,87 0,75
It TaXXKHBII
MHOTOKBapTHPHBIHA JOM 0,9 0,92 0,91 0,8 0,83 0,81
CryzneHdecKkoe OOIIEeKUTHE 0,81 0,7 0,87 0,84 0,78 0,72
31aHne TOCTUHUIIBI 0,87 0,84 0,83 0,82 0,8 0,8
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JIee HU3KHUE 3HAUYCHHUSI CPEIHEB3BEIICHHOTO KOA(P(PHUITUEHTA MOIITHOCTH HMEIOT MECTO OBITh B THCBHOE
U BEYEpHEE BPEMSI CYTOK.

KommeHcanusi peakTUBHONW MOIITHOCTH OCYIIECTBISETCS] C TMOMOIIBIO CIEIHATbHBIX KOMIICH-
CHUPYIOUIUX YCTPOUCTB, MOAKIIOYCHHBIX B OMPEICIICHHBIX TOYKAX CHCTEMBI 3JICKTPOCHAOKEHUS, U
C TTOMOIIBIO0 OPTaHU3AMOHHBIX MEPOIPUATHI M0 CHUXKEHUIO TOTPeOIeHUs peaKTHBHON MOIIIHOCTH,
KOTOpBIE CBSI3aHbI C €CTECTBEHHBIM YMEHBIIEHHEM PEAKTUBHON MolHoCTH [11].

PaccMoTpuM HEKOTOpbIE KOMIICHCHPYIOLIHE YCTPOHCTBA, HanOOJEe YacTO HCIOJIb3yeMble Ha
MpaKTUKe. DTU YCTPOMCTBA MOKHO Pa3[esIUTh Ha JIBE IPYIIIbL BpallatolIMecss CAHXPOHHbIE Malllu-
HBI U CTaTHYeCKue KoMIeHcaTophl. K cTaTuyeckuM KoMIIeHcaTopaM OTHOCSITCSl yCTPOWCTBa Ha 0ase
KOHJCHCATOPHBIX OaTapei, KOTOpBIE SBISIOTCS HanOOJee MEePCIeKTUBHBIMY IS UCTIOTh30BaHUS B
TpexdaszHbix ceTsax HanpspkeHuem 1o 1000 B. BriepBbie KoHa€HCATOPBI [1J1si KOMIICHCAIIMH PEaKTHB-
HOM MomHocTH ycTaHoBui B 1898 r. I1. Bymepo.

OCHOBHBIE IPEUMYIIECTBA YCTPOMCTB Ha Oa3e KOHIEHCATOPHBIX OaTapeii:

HEeOOJIbINNE, MPAKTHIECKH ITOCTOSHHEIC B 30HE HOMUHAJIBHOH TeMIIepaTyphl OKPY KaIoMIeH cpe-
JIbI, YJeJbHBIC MOTEPH aKTUBHOW MOIIHOCTU KOHJEHCATOpOB, He mpeBbimaromue 0,5 BT Ha 1 kBap
KOMITEHCAIIHOHHOM MOIIHOCTH, T.¢. He Oonee 0,5 %;

OTCYTCTBHE MEXAHUYECKHU MEPEMEIIAEMbIX YaCTeH B MPOIECCE IKCILTYaTallH;

MPOCTOTA MOHTAKa U DKCIUTyaTalluu;

OTHOCHUTEJIbHO HEBBICOKHE KAaITUTAJIOBIOKEHUS,

0O0JIBIION AMama30H moadopa TpedyeMoii MOIIHOCTH;

OTHOCHUTEJIbHASI TPOCTOTA CXEMbI PETYITUPOBAHUS PEAKTUBHON MOIITHOCTH;

BO3MOKHOCTH YCTAHOBKH B JIFOOBIX TOYKAX JICKTPHICCKON CETH, OSCITYMHOCTH PaOOTHL.

B HacTosimee BpeMs B CBSI3U C CYIIECTBEHHO M3MEHSIONIMMCS BO BPEMEHU MOTPEOICHUEM pe-
AKTMBHON MOIIHOCTH HCIOJIb3YIOT aBTOMAaTHUUYECKUE KOHJIEHCATOPHbIE YCTAHOBKHU C CUMMETPUYHOMN
KomreHcarueil mo ¢azam cetu. OmgHako B Tpexdasupix cersx g0 1000 B ¢ rimyxo3a3eMieHHBIM pe-
JKAMOM HEUTpau NOTpeOICHIe peaKTHBHON MOITHOCTH ISl Pa3TMYHBIX (a3 3HAYUTEITHHO OTINYa-
ercs. [I[puMeHeHne KOHIEHCATOPHBIX YCTAHOBOK ¢ CUMMETPUYHON KOMITEHCAIUEeH MOXET NMPUBECTHU
K PeKHMaM «IEPEKOMIIEHCAL[UU» UM «HEJOKOMIIEHCALIMM» PEAKTUBHON MOIIHOCTH IO OTIAEIbHBIM
(dazam ceru. TakuM 00pa3oM, [JIs MCIIOJAB30BaHUsSI B TPEeX(Pa3HbIX CETSIX C INIyX03a3eMIICHHOW HEli-
Tpaisio TpeOyercs pazpaboTka 6onee 3pPEeKTUBHOTO METO/IA U YCTPOUCTBA KOMIICHCAIINH PEaKTHB-
HOM MOIIHOCTH.

B onpeneneHHOM cMBICTE «(pa3HOCTH» KOMIIGHCAIIUU MOXKHO CUYHTATh CIIe OIMHHUM KPHUTEPHEM
KJ1acCU(HUKALUK CIIOCOOOB KOMIICHCAIMH: TTO(a3Hast MPOTUBOMOCTABIISACTCS CUMMETPUIHOM.

[IpennaraeMbrii MeTox HE3aBUCHMON MMO(Ma3HOH KOMIICHCAIMH PEAKTUBHOW MOITHOCTH 3aKJIFO-
YaeTCs B IICJICHANIPABICHHON HE3aBUCHMOIN KOMIICHCAI[MH PEAKTHBHOW MOIIHOCTH B KaXXIOW (asze
CeTH. DTO MO3BOJISAET UCKIIIOUUTDH PEKUM «HETOKOMIIEHCAILIMN» UIIH «IIEPEKOMIIEHCALIMI) PEaKTHB-
HOW MOII[HOCTH B OTACIBHBIX (Da3ax CeTH M CHU3HMTh TOKH B Kaxxa0i (haze ceTu. CHIYKEHUE MOTHBIX
TOKOB B (pa3ax CeTH yMCHbBIIACT TOK B HEUTPAIHLHOM IPOBOAC M HecOaTaHCHPOBAHHBIC COCTABIISIO-
IIME€ TIOJTHON MOIIHOCTH OOPATHOM U HYJIEBOH MTOCICIOBATEILHOCTH, MTOBBIIIAS IPOITYCKHYIO CIIOCO0-
HOCTB CETH.

YerpoiicTBo nodazHoit He3aBUCMMOI KOMIICHCAIIMH PEaKTHBHOM MOITHOCTH OBLIIO YCIIEITHO BHE-

APCHO B T I[y,Z[I/IHKe. yCTpOﬁCTBa ObLITH YCTAHOBJICHBI HaA JJICKTPUYCCKHUX BBOJAAX ACTCKUX Cal0B,
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IIKOJI, CIIOPTUBHO-PA3BICKATEIBHBIX KOMIIJICKCOB, 03J0POBUTEIBHBIX HEHTPOB U aJIMUHHUCTPATUB-
HBIX 3JaHUMN.

[TockopKy KOMIIEHCATOPHI C COGAMHEHHEM B TPEYTOJBHUK HE MOTYT BO3JEHCTBOBATH HAa TOK B
HeWTpanu, pyu nopaszHoi He3aBUCHMOIT KOMIIEHCALIMN PEaKTUBHOM MOITHOCTH KOHJICHCAaTOpHbIE Oara-
peu coOMparoT 1o CXeMe 3Be3/ia C HyJIeBbIM IPOBOJOM. 115 321U ThI KOHAEHCATOPHBIX OaTapei oT BbiC-
IIMX TapMOHMK IPU HEOOXOTMMOCTH HCIOJB3YIOT AHTHPE30HAHCHBIE JPOCCENH, OT ITYCKOBBIX TOKOB
KOHJIGHCATOPHBIE OaTaper 3alUILIA0T C HOMOIIbIO KOHTAKTOPOB C IeMII(UPYOUIMMU PEaKTOPaAMH.

Ha ocHoBe m3mepenuii noTpedieHus >nekTprudeckoid sHeprun B mkose Ne 1 1. Jlynuukn Obutn
MOCTPOCHBI TPU BEKTOPHBIE JUATPAMMBI TOKOB, Ha KOTOPBIX OTOOPaXXEHBI TOKH JI0 KOMIIEHCAI[UH pe-
AKTHBHON MOIIHOCTH, IIOCJIE HUCIIOJIB30BAHUS KOH/ICHCATOPHBIX YCTAHOBOK C CHMMETPHYHON KOMIICH-
calMei U Noclie UCIOJIb30BaHMS KOHJCHCATOPHBIX YCTAHOBOK C 1Mo(a3Hoi He3aBUCHMMOM KOMIIEHCa-

nuel peakTHBHON MoIHOCTH (pHc. 1).

——

UA
U Uy
]B

a 0

UA
Ue Up
JrB
B
Puc. 1. BekTopHBIC quarpaMMbl: a — 10 KOMIICHCAIlMU; O — KOMIICHCAIMS C HCIOJBb30BAHUEM CPEICTB

CHMMETPHYHONW KOMIICHCAIIMH; B — KOMIICHCAIIHS C UCIOJIb30BAHUEM CPEACTB MOpa3HOM KOMIICHCAIIHH

Fig. 1. Vector diagrams: a — before compensation; 6 — symmetrical compensation; B — individual phase compensa-
tion
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BekTopHble AuarpaMMbl MOKa3bIBalOT, YTO YCTPOHCTBO MO(pa3HOW KOMIIEHCALMU PEaKTHBHOM
MOIITHOCTH SIBJIsICTCS Hanbouee 3(h(heKTHBHBIM B CBSI3U C TEM, YTO KOA(PPHUITUCHTH MOIITHOCTH B (hazax
ceTH OJIM3KH K €JMHHIIE, TOKU B (pa3zax CETH 3aMETHO YMEHBIIMIIUCh, & TOK B HEHTPaJIbHOM IIPOBOJIC
yMeHbIuics B 2,7 pasza. Toraa kak nocie UCIOJIb30BaHUS YCTPOIUCTB ¢ CAMMETPUYHON KOMITEHCAIIU-
eil B pazax ceTu BOZHMKAIOT PEXKUMBI IIEPEKOMIICHCAIIMH U HelokoMIieHcannu. Tok B HeHTpajibHOM
MIPOBOJIC U3MEHMJICS HE3HAYUTEIBHO, a €T0 BeIMUNHA OJIN3Ka TOKaM B (pa3ax ceTu.

3a cyeT 3HAUYWTEIBHOTO CHIKEHUS TOKAa B HEHTPaJIbHOM IIPOBOJE IIOCIIE HCIOJIB30BAHUS
yCTpOHCTB Noa3HON KOMIIEHCAINN PEaKTHBHOW MOILTHOCTH TIOBBIIIAETCS HAJIS)KHOCTD Tpex(a3zHoi
CETH C INIYX03a3EMJICHHON HEUTpabto. ECiiu HeHTpaibHbIN IPOBOJ BBIIIOJIHEH ¢ MEHBIIUM CEYEHUEM
B CpaBHEHHU ¢ (Pa3HBIMHU IPOBOAAMH, TO 3HAYMTEIBHBIN TOK B HEWTPaJILHOM MPOBOJE, OIU3KHIA 110
3Ha4YEHUIO TOKaM B (ha3ax CEeTH WMJIM MPEBBIMIAIONIMNA UX, B 3aBUCUMOCTH OT JUIMTEIBHOCTH MaKCH-
MaJIBHOTO PEKMMa JIEKTPOIOTPEOICHHSI MOKET MIPUBECTH K €0 TEPMUYECKOMY pa3pylieHuo. Pas-
pylLIeHHEe HEHTPaJIbHOTO IPOBOJA B CBOI OYepe/b MPHUBEIET K Mepekocy (a3HbIX HANpsIKEHUH, B
pe3ynbpTraTe KOTOporo B oJHOM (pa3e HanpspKEHHE MOXKET CYIIECTBEHHO BO3PAcTH, a B ABYX APYTHUX
YMEHBUIUTHCS, YTO HETaTHBHO CKAXKETCSl HA MCIOJIb3yeMOM O00OPYAIOBaHHH, IIOCKOJIIBKY OHO MOXKET
BBIMTH U3 CTPOS M3-3a MOBBIIICHHOTO HAMPSKEHUSI TNO0 OTKIIIOYUTHCS P YMEHBIICHUH HAIPsKe-
Husi. Takum 00pa3om, METOJ ¥ YCTPOMCTBO MO(a3HOH KOMIIEHCAIIMH PEaKTUBHON MOIIHOCTHU CYIIe-
CTBEHHO yBEIMYHMBAECT HAJC)KHOCTh HCIOIb30BaHUsI JAHHOIO THIA CETEH.

Ha puc. 2 npezacrasieHa ructorpaMmma, ocTpOSHHAsi HA OCHOBE U3MEPEHHIT IOTPEOJICHHS AJIeK-
Tpudeckoil sHeprun B mkoie Ne 1 r. JlynuHKH, Ha KOTOPOH MOXHO YBHAETh, KAK U3MEHSIETCS TOK
B (basax ceTH W HEHTPAJbHOM IMPOBOJAC IPH HUCIOIb30BAaHUU MO(A3HONH KOMIICHCAIIMH PEaKTHBHON
MOII{HOCTH.

YMeHblieHne TOKOB B (pa3ax ceTH NMPUBOAMUT K BBHICBOOOKJCHHMIO 3HAYMTEIbHOW JIOJIM MOTEH-

LMAJIBHON IPOIYCKHOM CIOCOOHOCTH KaOeNbHBIX JIMHUH, KOTOpasi paHee Obljla 3aHATA peaKTUBHOMN

LA 250
200
150 +— -
m Before compensation
100 u After compensation
50 I -
B =
Phase "A" Phase "B" Phase "C" "Neutral wire"

Puc. 2. 'mcTorpamma TOKoB B (hazax CeTH M HEHTPaJIbHOM IPOBOJE (10 U mocie noda3Hoi KOMIIeHCAI )

Fig. 2. Histogram of currents in phases of network and neutral wire (before compensation and after individual
phase compensation)
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COCTABIISIIOIIEH TOKA, K CHIDKEHUIO TTOTEPh JIEKTPOIHEPTHH B CETH U TOAJIEPKAHUIO B paMKaX HOP-

MUPYEMBbIX 3HAYCHUU HAIIPpsS’KCHUS Ha HOTp€6I/ITGH€.

BoiBoabl

1. Jly1st ceBepHBIX TEPPUTOPHIA BhISIBIIEHA XapaKTepHasi 3aBUCHMOCTh KO PHUIIMEHTa MOIIIHOCTH
OT BPEMEHH T0Jla: B OCEHHE-3UMHUI Nepro/ rofa Kod(GQHUIUEHT MOIIHOCTH BECbMa Mall H3-3a WH-
TEHCHBHOT'O HCIIOJIb30BaHMsI COBPEMEHHOTO OCBEILEHHSI M ObITOBBIX NMPHUOOPOB, B BECEHHE-JIIETHUI
nepro] Ko3hHHUIUHUEHT MOIHOCTH BO3PACTACT U3-3a CHHIKCHUS HCIIOIb30BaHMs OBITOBBIX PUOOPOB,
CBSI3aHHOT'O C OTITYCKHBIM IE€PUOIOM.

2. Ucnonb30BaHUe COBPEMEHHBIX 3JIEKTPOIPHOOPOB M OPITEXHUKU MPUBOAUT K CYLIECTBEHHO-
MY CHIKEHHIO KO3()(DUIIMEHTA MOLITHOCTH.

3. Huzkas a3 pexTHBHOCTH CHMMETPHYHOI KOMIIEHCAIIMH 00YCIIOBIICHa HEPABHOMEPHOW HAarpy3-
KOU 110 OTJeJIbHBIM (pa3aM CETH YeThIPEXIIPOBOIHON CUCTEMBI AIIEKTPOCHAOKEHHUSI C Iy X03a3EMJICH-
HO HelTpanbto. [y qaHHOro Kiacca ceteid Haubosee 3QPEKTHBHBIM SIBIISICTCS YCTPOHCTBO Modas-

HOM KOMIICHCAIIU U, YTO NOATBEPIKACHO MOJIOKUTECIIbHBIM OIIBITOM JKCILTyaTalluu B TI. IIy}II/IHKC.
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Abstract. All-in-interworking technology, based on IEEE 802.3 standard, was mainly developed
for the separable media cabling and data transmission speed increase. Although the high-speed
networking is already provided by a fiber optic cable, coaxial guides are in demand for similar
applications. Time-domain analysis is undertaken to estimate electrodynamic states of inner and
outer guiding conductors at periodic bipolar pulses propagation on a coaxial cable. An electric
current density distribution on the cross-section of the inner conductor is obtained from a solution
of Maxwell equations under periodic boundary conditions that are prescribed by a product of two
functions. The first one is introduced implicitly for a profile of surface current density in the axial
direction, while the other determines this profile transient states. As for shielding braid, which
is the cable outer conductor, its current density distribution is derived from an analysis of field
harmonics that penetrate into conductive subsurface layers under similar boundary conditions. It
is also shown that prescribed implicative boundary conditions for both conductors allow to obtain,
at least under auxiliary assumption, some completed formulae useful to the estimation of the
pulses duration admissible decrease at their transmission on the coaxial cable. The paper contains
some comparative and numerical results as well.
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3J1€KTpOIlI’IHaMI/I‘IeCKI/Ie nmapaMeTpbl KOAKCHAJIBbHOI'0 KadeJa
MPH PACPOCTPAHEHUH OUIOJIAPHBIX UMITYJIHCOB
S.A. byabouk, @.I. 3orpad

Cubupckuil hedepanvrblil yHugepcumem
Poccuiickaa ®@eodepayus, Kpacnospck

Annomayus. TeXHOIOTHUS MHOTOIONB30BATEIECKOTO CETEBOr0 B3amMmopeicTBus cranmapta IEEE
802.3 paspaboTaHa B OCHOBHOM IJIs pa3feisieMOod KaOenbHOH Cpeasl W TMOBBIIMIEHUS CKOPOCTH
nepeaayn JaHHBIX. XOTS BBICOKOCKOPOCTHOE CETEBOE B3aMMOJECHCTBHE yXe M 00ecleunBaeTcs
OIITUKO-BOJIOKOHHBIM ~ KaOeneM, KOaKCHAJIbHBIC HANpPABIISIIOIIAE BOCTPEOOBAaHBI B  CXOXKHX
MPUMEHEHNAX. AHAIU3UPYeTCs OLEHKA 3JIEKTPOJUHAMHUYECKOTO COCTOSHHS BHYTPEHHEIO U
BHEIITHET'O HAIPABJIIONINX IIPOBOJHUKOB IIPU PACIPOCTPAHCHUH MEPHOJUIECKUX OWIOISPHBIX
HMMITYJIBCOB 110 KOaKCHAJIbHOMY Kabeinto. PacnpeneneHne MIOTHOCTH TOKA B MONEPETHOM CEUEHUHU
BHYTPEHHETO IPOBOJAHMKA IIOJIy4EHO pELICHHEM YypaBHEHHM MakcBeniaa MpH NEePUOAMYECKUX
TPAaHUYHBIX YCIIOBUAX, 3aJaHHBIX MPOU3BEICHUEM ABYX (YHKIMH, IepBas U3 KOTOPHIX BBEAEHA B
HESIBHOM (opme u1st TpoIIIsi HOBEPXHOCTHOM TUIOTHOCTH TOKA OCEBOT'O HAINpaBJIEHUS, a Ipyrast —
OIIpefeNIieT MEePEeXOAHbIE COCTOSHHUS 3TOro mpodmis. YTo KacaeTcsi 3KpaHUPYIOIIEH OIIeTKH,
KOTOPpas SIBISETCS BHEIIHUM IIPOBOJHUKOM Ka0eJis, TO COOTBETCTBYIOIIEE PACTIPEICIICHHE IIIOTHOCTH
TOKa BBIBEJICHO M3 aHAJIN3a T'APMOHMK II0JIs, MPOHUKAIOUINX B MPOBOASIINE IOIMOBEPXHOCTHBIC
CJIOM 3TOT'O MPOBOJHHUKA MPU aHAJIOTUYHBIX TPAHUYHBIX yclIoBHAX. [Ioka3aHo, YTO HMIUTMKAaTHUBHOE
3a/laHie TPAHUYHBIX YCJIOBHI Ha 00OMX IMPOBOIHUKAX MO3BOJISAET HOIYUIHUTb, 110 KPaHEH Mepe pu
BCIIOMOTATEJIEHOM YCJIOBHH, 3aBEPIICHHBIC (DOPMYJIBI, OJE3HBIC I OLEHKU MPUEMIIEMOIl CTEIICHH
YMEHBIICHUSI UINTEIBHOCTH HMMITYJIBCOB IIPU WX Ieperade Mo KoaKcHalbHOMY KaOemro. CTaThbs
COZAEPIKUT TAK)KE HEKOTOPBIE CPABHUTEIBHBIC 1 YHCICHHBIE PE3yIbTaTHI.

Kntouesvie cnosa: MOBEpXHOCTHAs IUIOTHOCTb TOKA, INIyOMHA NMPOHMKHOBEHUS IOJIS, KaKyILascs
9JIEKTPOIIPOBOAHOCTD, Ha4aJIbHble U I'PaHUYHbIE yCioBHs, QyHKunU beccens, psg @ypbe u rapmo-
HUKU IOJIA.

Iurtuposanue: bynsouk, S.U. DnekrpopmHamMu4ecKue IapaMeTpbl KOAKCHAIBHOIO Kabels IIPH pacIpOCTpaHEHUU
ounonspusix umnyiascos / SL.U. Bynsouk, O.I. 3orpad / XKypn. Cub. penep. yu-ta. Texuuka u trexnonoruu, 2020. 13(1).
C. 25-37. DOI: 10.17516/1999-494X-0203

BBenenne

[Nepenaua OUTIONSIPHBIX UMITYJILCHBIX CUTHAJIOB 110 KOAKCHAJIBHOMY KaOelto sSBISETCS OJJHO 13
XapaKTepHBIX ocobenHocTei TexHonornu 10MouT Ethernet u ee Mmonpndukamnuii, rakux kak 10BASES
n 10BASE2 [1, 2], noctato4Ho elie pacnpoCTpaHEHHBIX B TEIEKOMMYHHUKAIIMOHHBIX JIOKAJTbHBIX BbI-
yucauTenbHbIX ceTsix (JIBC) cranmapra IEEE 802.3. B 3Tux TeXHOJMOTHAX Hepenada UMITYJIbCHBIX
CHUTHAJIOB IT0 KOAKCHAJIBHOMY MOHOKAHAJIy MHOTOIOJIb30BaTEIbCKOTO CETEBOTO B3aWMOJCHCTBHS
OCYIIECTBJISIETCA MAHYECTEPCKUM KOJIOM IPH HOMHHAJIBHOM JUIMTENBHOCTH ¢, TAKTOBOIO MHTEPBa-
na, paBHoro 0,1 MKC, a MHOTOCTaHIITMOHHOCTh JOCTYyIa K Cpelie MaKeTHOH mepenadn — MPOTOKOJIOM
CSMA/CD!. B kauectBe MoHOKaHaa Juid Moauukanuu 10BASES MCIONb3yIOT Tak Ha3biBaeMbIi
toncthiil kabenp Tuna RG-8/U, 0,375 nroiimoBbIii (9,5 MM) ¢ TIOPUCTHIM HANOJIHUTEIEM M MaJbIMU

JUBJIEKTPUYECKUMH ITOTepsiMU JIn00 Kadbens RG11, B KOTOPOM OTEPH AIIEKTPOMArHUTHON MOIITHOCTH

I CSMA/CD (Carrier Sense Multiple Access with Collision Detection) — oTcnexuBaHue akTHBHOCTH HeCy e
B MOHOKaHaJIe ¢ 00HaPYKCHUEM KOJUIN3HH.
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CUTHAJIOB TaK)KE MOT'YT ObITh OTHECEHBI TOJIBKO K 3JIEKTPUYECKUM ITOTEPSIM Ha MPOBOJSIIMX ITOBEPX-
HOCTSIX CEerMeHTa Kaleis mpu ero JurnHe, He mpesbimatomieid 500 m. [Ipu Toif ke TEXHOJIOTUU Ta-
KETHOMH Iepe/iaun albTepHATHBHBIM MOHOKAHAJIOM SIBJISIETCSl K TOHKHI» KOaKcuabHbII kKabenb RG58
mbo nmaxe xkadenas PK-50, HO mpu 3TOM MakCHMMaJIbHO AOIYCTHMAas UIMHA CETMEHTA OKa3bIBACTCS
orpaHn4eHHON 3HadeHnsAMHU 185-200 M M3-3a MOBBIIIEHHOTO 3aTyXaHH ¥ BHOCHMBIX CETMEHTOM HC-
Ka)KEHUH B IepelaBaeMbIX UMITYJIbCHBIX CUTHAIAX.

KOHCTpYKTHBHOE UCIIOJHEHUE TOJICTOI0 KOAKCHAIBHOI'O Ka0ellsi OTHOCSAT K KaTerOpHUHU KeCTKO-
ro MOHOKaHajla C OIpaHHYEHHUSIMU Ha €ro M3rud IpH MOHTa)Ke B MOMENICHMIX. BBINOIHEHHE Tex
e paboT ¢ TOHKMM KOaKCHAJIbHBIM Ka0eJeM 3HAaYUTENIbHO IMPOIIe, YTO SIBISETCS MPEUMYILECTBOM
10BASE2 nio cpaBHeHuto ¢ nHbIMU MoHOKaHanamu JIBC [3, 4]. IIpu aipyrux HCHOTHEHUAX KaOEIbHOH
Cpebl OrpaHUYEHUS 10 JUTMHE CETMEHTOB TaKKe 3aBHCAT OT T€OMETPUH UX IMONEPEYHOT0 CeUeHUs,
EKTPOYUZNIECKUX CBOUCTB JUJIEKTPUKA U TITyOMHBI TPOHMKHOBEHUS JIEKTPOMArHUTHOTO T10JIS B
MPUIIOBEPXHOCTHBIE CIIOM HATIPABIISIOMINX MPOBOASIINX MIOBEPXHOCTEH MOHOKAHAJIa, YTO BEIPAKaeT-
Csl 3aBUCHMOCTSIMU KO3()(DUIIMEHTOB MPOCTPAHCTBEHHOT'O (L. U BPEMEHHOTO 3aTyXaHUs 3, UMITyJIbC-
HBIX CUTHAJIOB OT UX JUTUTEIBHOCTEH. YCTAaHOBJICHUE TAKMX 3aBUCUMOCTEH BO BPEMEHHOM 00J1aCTH UX
OIPEAETIEHHS] MOXKHO OTHECTH K KaTETOPUHU CIOXKHOHU [5], HO pa3pemuMoil Ha COBPEMEHHOM yPOBHE
Pa3BUTHSI MATEMAaTHYECKOT0 00ECIIeYEeHHUsI U BBIYHCIUTEIBLHOTO MOJICIUPOBAHMSI 381441 DIIEKTPOJIU-
HaMUKH, KOTOPasi MOXKET JJONYCKaTh U €€ HECTPOroe PELIEHHE IIPU BCIIOMOTaTENBHBIX JOMYIICHHUSX,

MpEeACTaBJICHHBIX B HaCTOHHleﬁ CTaThC.

XapakTepHble 0CO0¢HHOCTH Mpolecca PACPOCTPAHEHUS MMITYJIbCHBIX CUTHAJIOB

M0 KOAKCHAJIBHOMY Ka0eIio

B ¢opmare kiaccuueckoil MOJIENIN ATOTO Mpolecca IPOCTPAHCTBEHHO-BPEMEHHBIE paciipeiesie-
Hus E(z, t)-, H(z, {)-COCTaBIISIIOINX HANPSHKEHHOCTEH 3JIEKTPOMArHUTHOTO TOJISl U MJIOTHOCTEH TI0-
BEPXHOCTHBIX TOKOB 0,(z, f) Ha HANPABJISIOMIMX TPOBOASIIUX TIOBEPXHOCTSAX OMPEACTICHBI UX CTPYK-
TYpPOH, CXeMaTHYECKH MPEICTaBICHHOM U1l GPUKCHPOBAHHOI'O MOMEHTA BPEMEHH # Ha puc. 1.

CoryiacHO MOJIEIH 3TOTO Ipollecca BHYTPEHHHUH MPOBOAHUK PAAMYCOM 7| XapaKTepU3yeTCs
€ro 3HaKOIIEPEeMEHHBIMH ITOTCHIIHAIAMU OTHOCHTEIBHO HYJIEBOIO MOTEHI[Mala BHEIIHETO IIPOBO-
JHUKA PaguycoM 7, 0OyCIOBICHHBIMH IPOX0KJACHUEM HMITYJIbCHOI'O CHTHAJNa, KOTOPBIM CO3/a-
€TCsl IPOCTPAHCTBEHHO-BPEMEHHOE paclpe/ie]IeHHe MIIOTHOCTH JIEKTPUUYECKOro 3apsija (Ha puc. |
HE [T0OKa3aHO0) U pacHpeiesieHUue MIOTHOCTH 89) MOBEPXHOCTHOrO Toka. [Ipu mocrarouHo ObicTpoM
M3MEHEHHUH JIEKTPUUYECKOTO IOl B AUAJIEKTPUKE KaOesh TOKaMH yTe4eK MOKHO IMpeHeOpedb 1Mo
CPaBHEHUIO C IMUIOTHOCTBHIO TOKA CMEIICHHS, YTO IT03BOJISET UCIOIB30BaTh YPaBHEHNE HETIPEPhIB-
HOCTH B OIIPEACICHUH 3HAUCHNH O(z, f) KaK MPOJODKEHUH BEKTOPHOI'O MOJIsl INIOTHOCTH TOKA CMe-
IICHHS Ha TpaHUIle pa3aena cpel. B otnmune oT npoiecca pacnpoCcTpaHeHHU S OAUHOYHBIX UMITYJIb-
COB MJI CHUTHAJIOB, TIEPEIaBAEMbIX ITOCPEACTBOM HECYIIETO TapMOHMYECKOTO 3JIEKTPOMArHUTHOT'O
KoJieOaHusl, IpU Iepenadye OUMOJSPHBIX HUMITYJIBCOB IIOTHOCTH Oz, f) MOBEPXHOCTHBIX TOKOB
MIPOBOMMOCTH MOUYTH CIEAYIOT NMEPEXOAHBIM COCTOSIHUSAM IUIOTHOCTH TOKA CMEIEHUS, a JJIs TIPH-
MOBEPXHOCTHBIX CIIOEB MPOBOJSIIEH Cpe/ibl XapakTepHa ropas3ao OOJblIasi HHEPIHOHHOCTh, 00Y-
CJIOBJICHHAS [TPOLIECCOM ITPOHUKHOBEHUS AJIEKTPOMArHUTHOTO TIOJIS B 3TH CJIOH. J{pyTruMu clIoBaMH,
HadaJIbHBIC M TPAHUYHBIE YCIOBUS NMPHU KaXKJIOM pEBEpCce 3JIEKTPOMArHUTHOTO MOJS JOJKHBI BBI-

NOJHATBCA 34€Ch JI1 ABYX IMPOLECCOB, HepBLIﬁ N3 KOTOPBIX XapaKTCPU3yeTCA PAaCIPOCTPAHCHUCM
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Puc. 1. [IpocTpaHCTBEHHO-BPEMEHHBIE PACIPEIEIIEHHIS COCTABISAIOIIMX HAIPSKEHHOCTEH DJIEKTPOMATHUTHOIO
II0JIAA U HOBerHOCTHle HHOTHOCTeﬁ TOKOB Ha l'[pOBOL[S[LL[I/IX HaHpaBHﬂ}OLLlI/IX HOBerHOCTS{X KOAaKCHaJIBHOT' O
Kabens

Fig. 1. Spatial-time distributions of electromagnetic field components and surface current densities on the con-
ductive guide surfaces of the coaxial cable
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Puc. 2. BpemeHHble auarpaMMbl HMITYJIbCHBIX CHTHAJIOB: a — JJIsi (parMeHTa HCXOAHOH JIBOMYHON

IOCJICA0BATCIIBHOCTH, 0 — s COOTBETCTBYOLIUX 6I/ll'lOJ'alHl>lX UMITYJIBCOB Ha BXOA€ KOAKCUAJIbHOI'O Kabess

Fig. 2. Waveform diagrams of pulse signals: a — for the reference binary sequence fragment; 6 — for the corre-
sponding bipolar pulses at the coaxial cable input

OUIIOJISIPHBIX UMITYJIBCOB MO JUAJIEKTPUKY KaOeJsi, a BTOPOil — MPOHUKHOBEHUEM 3JIEKTPOMarHHT-
HOT'0 110JIsI B €ro NpoBoAsiIKe nopepxHocTu. [Ipu 3ToM Havyano kaxJoro nepeiaBaeMoro makeTa co-
JIepxkUT 64-0MTHOE T0JIe, MHUIIUUPYEMOE NCXOJHON JIBOMYHOM MOCIEJ0BATEIBHOCTHIO, ()ParMeHT
KOTOPO IpeCTaBIeH Ha BpEMEHHOM [uarpaMme (puc. 2a) HacaTu3upOBaHHBIMHU MPAMOYTOIBHBI-
MH UMITYJIBCAMH U(f), @ COOTBETCTBYIOIINE 3TOMY (PparMeHTy OUIIOJISIPHBIC UMITYJIbCHBIE CUT'HAJIBI
U«(f) HA BXOZIe KOAKCHAJIBHOTO Kabenst — AByMs BPEMEHHBIMH AuarpaMmamu (puc. 26), nepsas u3
KOTOPBIX BBIJICJICHA ITYHKTUPHBIMU JIMHUSAMHY, B UJI€aTU3ALMN CUTHAJIOB MaHUYECTEPCKOTO KO/, a
BTOpAs — CIUIOUIHBIMU JIHHUSMH, C Y4eTOM HEHYIIEBBIX JIUTENbHOCTEH ¢ GPOHTOB 3TUX OUMIONAP-

HBbIX CUT'HAJIOB.
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[IpuHrMas BO BHUMaHUE MEPUOAMYHOCTD Uy (f) B MpeneIax MaKeTHOrO MOJs CHHXPOHU3AINH,

NpEACTaBUM 3TY 3aBUCHUMOCTD €€ PA3JIOKCHUCM B PAJ dDpre

sin(3 gt/
qu(t)=4—U sin((ootf)sincoot+ ( Oj)sin3coot+
(DothC ’
‘ M
sin{ 5wyt sin| k wyt
+Msin5m0t+...+M5inkw0t+... ,
25 k?

e 0g=m/t,, 0<t<2t,=T,

Bp160p mMakeTHOrO MOt CHHXPOHHU3AIMH IS OLIEHOK JIOITYCTUMBIX 3HAUCHHH JIEKTPOANHAMHU-
YEeCKHX IIapamMeTpoB 00YCIIOBIICH TEM, YTO HAMOOJIbIIAS IUPHUHA CIIEKTPa, MUHUMAaJIbHO HE0OX0uMast
JUTSL TIepeaaqy MUPPOBBIX JAHHBIX 110 KOAKCHAJIBHOMY Ka0elto, OTHOCUTCSI IMEHHO K 3TOMY PEKUMY
IpU NPOYMX PaBHBIX YCIOBUSX. B mepuopnyeckoil mocienoBareabHOCTH OUIIONSPHBIX HMITYJILCOB
JUIUTENIEHOCTH X (DPOHTOB MOT'YT OTHOCHThCS K MHTepBany 0 < f,<1f,/ 2, U €ClId 3TH JUINTEIBHO-
CTH 3a/1aTh LIEJbIMU JI0NAMHU niepuona 1. = 2¢,, To cTpyKTypa psja (1) ocranercs perynsapHoi. Ito
YCIIOBHE HE SIBJISCTCS IPUHIUITHAIBHBIM, HO MO3BOJISIET YIPOCTHTH HEOOXOAMMBIE B TIOCIIENYOIIEM

aHanm3e pacueTsl. B wactHoCTH, Tipn ¢,= ¢,/ 2 pax (1) 3anmchIBaeTCA B BUIC

1 1. 1 .
{smon sm3(00t—2551n5(00t—551n70)0t+..}, @)

16
u Bx(t) 2 \/_
JUISI KOTOPOT'O XapaKTEePHO MOMApHOE YePEI0BaHHE 3HAKOB TAPMOHUYECKMX COCTABJISIONIMX B UX OJIOKaxX
I10 YeThIPE craraeMbiX (Juist 1-ro GJ10Ka 3/1€Ch MONMOKHUTENBHBI 1-51 ¥ 3-s rapMOHUKH, a Jist 2-r0 O11oKka 9-s1
u 11-9 rapmonukw, npuueM 5, 7, 13 u 15-9 rapMOHUKH psiia OTPULIATEIBHBI).
[ToBEpXHOCTHBIE MIIOTHOCTH TOKOB IPOBOIUMOCTH 3/1€Ch TOXKE MEPUOAUYHBI U (HOPMAITILHO OITpe-
JIEJICHBI CKOPOCTBIO M3MEHEHHsI HOPMaJIBHOH cocTaBisoweit miotHoctu D, (z,t)=¢¢,.E,(z,t) noro-

Ka 3JICKTPUYCCKOTO TOJIA Ha MMPOBOAAIINX IMOBEPXHOCTAX KOAKCUAJIBHOT'O Kabens B BUJIC

3, (1) = [ £(t=3/0) D (2:0)] = ~Z Dy (2t 2 A(1=2fo) - F(t=2/0) S Du(20) =y
~ [P (1=2/v)- f5(1),

rae /11? — neaxkael mupdepennupyeMele HesiBHbIE GyHKIMU mpoduiei 851, yaoBIeTBOPSIONHX
IPaHUYHBIM YCIOBUAM JUIS TIOCIIENOBATENBHBIX (PMKCUPOBAHHBIX MOMEHTOB BpeMeHH; f5(f) — QyHK-
1M MTHOBEHHBIX 3HaueHui 4%, onpeneneHHas HOpMUPOBaHKHEM psja (2) K YPOBHIO OHIIONSAPHOTO

HUMITyJIbCa JUIsl PUKCUPOBAHHBIX 3HAYCHUH Z,

16w 1 1 1
fr(1)= 2\/_[0050301% cos3(o0t—50055wot—7c057m0t+ }

[Tpn nomymennu (3) OTHOCUTENBHO CTPYKTYPBI IPOCTPAHCTBEHHO-BPEMEHHOT'O PACIpEeICHU S
3HAYEHUU SS(I’Z)(z,t) Jlajee JUist YIpoIIeHHs 3allUCH B KaueCTBE HE3aBUCHMOW MepeMeHHOW (yHK-
uit f1? OyseT yKaseiBaThCsl TOMBKO (2/V) — apryMEHT: Ha MOBEPXHOCTH BHYTPEHHETO [TPOBOJHHU-
ka kaKk QpyHkuus npoduis f1V(z/v), a Ha TOBEPXHOCTH BHEIIHETO MPOBOAHKKA — f,P)(z/V), KOTOpBIE

OTJIIMYAIOTCS 110 YPOBHIO MX MHTCHCUBHOCTH NPH €AMHOH f5(f). B 3T0# Monenum ommcanus ocoOeH-
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HOCTEH IMporecca pacIpOCTPAHEHUSI UMITYJIbCHBIX CHUTHAJIOB 3HAUEHUSIMHU SS(I’Z)(z,t) MPeCTaBICHBI
HX IPOCTPAHCTBEHHO-BPEMEHHBIE XapaKTEPUCTUKH, KOTOPBIE ONPEETICHBI TOJIBKO Ha B3aHMOCBSI3aH-
HBIX II0CJIE/IOBATENILHOCTSX (Z,z/V) — apryMeHTOB npou3BeneHnemM GpyHKuui (3), IPUMEHUTENBHO K
TPAHUYHBIM YCIOBHAM 3JIEKTPOJANHAMHYECKUX COCTOSHUI BHYTPEHHETO W BHEIIHETO IPOBOJHUKOB

KOAKCHAJIbHOTO Kabers.

Ananus SJIEKTPOAUHAMHUYCCKOTO COCTOAHUA BHYTPCHHET 0 ITPOBOTHUKA

KO0aKCHAJIbHOI0 KadeJs

MaremaTnyeckoun MOJCJIBIO ITpOonecCa MPOHUKHOBEHUS SJICKTPOMATrHUTHOI'O ITOJIA 6I/IHOJ'I$[pHI>IX

HUMITYJIBCOB B IIPUTTOBEPXHOCTHBIC CJIOU 3TOTO IPOBOAHUKA SABJISAIOTCA YPAaBHCHUSA Makcseinia

cH

rotH=c_ E ; rotE:—uoa—,
t

“)
KOTOpBIE MOXKHO IIEPENNCcaTh OTHOCHTENBHO IIoTHOCTH 8 =e,0,(r,t)=e,C £, (7,t) Toka mIpoBOIH-

MOCTH B BUJAC

rot H=9; rot8:—cdu0%—lj. ®)

[Ipumensis x cuctemMe ypaBHeHUH (5) cTaHZapTHOE NMpeoOpa3oBaHKE, MMOTydaeM MPHBEICHHOE
ypaBHEHHE JEKTPOMArHUTHOTO COCTOSHHS MPOBOASINIEH Cpebl BHYTPEHHET0 TIPOBOJHUKA BO Bpe-

MEHHOU 00JIaCTH B BHJIE

0%, 180,
ort r or

peUICHUEC KOTOPOI0 MOKET OBITH IMOJYYCHO METOAOM pa3ACICHUA NIEPEMCHHBIX, TO €CTh ITYTEM IIPCA-

106 05
+——== —=, 6
Oc1to ot ©)

CTaBIICHUS HCKOMOTO PEeIIeHHUs ITpou3BeaeHueM AByX GyHkuuil R(r)- 3(¢) =98, (r,?).
TaxkuM, 94TO €ro MoACTaHOBKa B ypaBHenue (6) u nocienyromee aenenne Ha R(7) - 3(¢) # 0 npu-

BOJUT K A depeHnanbHOMy COOTHOICHHIO

1 d°R L1 dR_ 1 d3 o
—_—— —_— T —————— G “ —

c1H0 ’
2 yR dr S(t) ot
JUIsL KOTOPOT'O PABEHCTBO JIEBOM M MPAaBOM YacTel MOXKET BBIMOJHATHCS TOIBKO TOI/IA, KOTJa 3T Ya-
CTH IIPEACTABJIAIOT COOOM HEKOTOPYHO NOCTOAHHYIO pasieseHus (—m?), CIe0BaTelbHO, 3TO COOTHO-

[IEHUE CTAHOBHUTCS SKBUBAJICHTHBIM IBYM AU (epeHInanbHbIM ypaBHEHUSIM BUA

LR 1 dR_ 1 dS ®
R 4 R dr (1) M

d3(t
cclu0#+m25=0. ©)

JlenieHueM craraeMbix ypaBHeHus (8) Ha MOCTOSHHYIO /m” 0JIy4aeM BEUIECTBEHHOE YPaBHEHHE
Beccensi, B koTopoM BBeleHa Oe3pa3MepHas epeMeHHasi mr, a ero 4acTHOE pPellieHHEe ONpPEeeIeHO

nByMs GyHKIUsMU beccens myneBoro mopsiaka (n = 0)
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R(r)=AJy(mr)+BNy(mr), (10)

rne A, B — MOCTOSHHBIE HHTEIPUPOBAHUS, HO Tak Kak mpu 7 — 0 Ny — —o0, TO HOCTOSIHHAs B MOXKeT
MIPUHUMATHCS HYJIEBOM.

YacTHBIM perieHneM ypaBHeHU (9) ABIseTCS 3aBUCHMOCTH BHIA

3(r)=C-exp| - t. 11

Oc1Mo

Wrak, nist BHyTPEHHEro MPOBOJHUKA KOAKCHAJIBHOIO Kalessi B KaueCTBE YaCTHOI'O PELICHUs
ypaBHEHHS (6) MOXKET MpUHUMATKCS pousBencHune Gyrkumit (10) u (11), KoTopoe TOIKHO YAOBIET-
BOPSITh HAYaJIbHBIM M T'PAaHMYHBIM YCJIOBHUSM C YYETOM OCOOEHHOCTEH Ipolecca MPOHUKHOBEHUS
9JIEKTPOMArHUTHOTO TTOJISl B ATOT ITPOBOJHHK, N3JI0)KEHHBIX B IIPEIBIYIIEM pa3/ieie CTaThH, a UMEH-
HO TOTI/Ia, KOI/Ia MpOoLecC IPOHUKHOBEHHUS TI0Jis OyJeT MpejcTaBieH B opMe OECKOHEUHOM CYyMMBI
YaCTHBIX pemieHui Buna R(r)- 3(¢), JOMOTHSAIOMIECH 3aBUCHMOCTE s(z, f) TIPA COOTBETCTBYOIIUX 3HA-
JeHusx (nt, + f). Kpome sToro, npuHIMas BO BHUMaHNE YCIOBUE HEUETHOCTH MTHOBEHHBIX 3HAUCHU
MJIOTHOCTEH TOKA MPOBOJMMOCTH, YCTAHABJIMBAEM, UTO 3/1€Ch NIPU MaNbIX ¢/ (fy — 0) JOIKHO BHINOJ-

HATBCA paBEHCTBO

2

—ZA,JO (m;r)exp —cml tp =8S(O+)+ZA,JO (myr), 12)
I=1 1Mo =1

rie A; — koaddunuenTs paznoxenus d.(r, f) B psage Oypbe-beccens, COOTBETCTBYIOIIUE TTOCIIEI0BA-
TEJIFHOCTHU MMOCTOSHHBIX pa3eICHUs ;.

ITocTostHHBIC /11; HAXOMST U3 YCIOBUS 00palieHus ciaaraeMbix psiga @ypoe-beccens k ux Hyse-
BBIM 3HAUCHUSIM IPH 7 = 1| K&KIbII pa3, Korga apryMeHT GyHKOuH Jo(m,7) CTAHOBUTCS PaBHBIM e¢
KOPHIO %(; C HOMEPOM /, 4TO 103BOJIs€eT 3anucars (12) B Buje
< r t = r
=3 A, Jg| oy — |exp| =L |=80(04 )+ ATy | ng— | (13)
I=1 n T I=1 n
rae T)— mOCTOsIHHASI BpeMeHH 3aTyXxaHus [-cnaraemoro psiaa (7 = r12 G, uo/%gl).

Jis Haxox eHus ko3 duureHToB A; B paBeHcTBe (13) HCIONB3yeM CBOHCTBO OPTOrOHAJIBHOCTH
GecceneBbix QyHKuMiA, 10 KoTOpomy st pymkumit Jo (%o, #/r) n Jo(%g; #/7;) oHO BBIpaxkaeTcs B
TOM, 9TO TIPH JIFOOBIX MOJOKUTEIBHBIX NENbIX [ # k

n

II’JO MOkL JO %011 dr:(), (14)
0 n n

HOTIpH [ =k
T 2 r i 2
IFJO %01— di"zl—Jl (%01), (15)
0 7"1 2

rae J;(g;) — GyHkuus Beccenst mepBoro poaa nepsoro nopsiika T apryMeHTa % ;.
YMHOXKEHHEM JIeBOii 1 IpaBoii yacteii pasenctsa (13) Ha dynxumio #Jo (%o /1) ¢ mocnemyio-

UM UHTCTPUPOBAHUEM OT 0 A0 r; Ipu 1=k noxy4aceM COOTHOIICHUC
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2 ‘) 2
-4, Jl (MOI)eXp( Tj 5(])(O+)_J1(%01)+A1—J1(%01)
1 No; (16)

N3 KOTOPOro CJICAYET, YTO

(M)
A;=- 25,(0+) . (17)

nord1 (%o )[1 + exp(—tp /T )]

Takum 06p330M, pacrnpeacjacHne MmiIOTHOCTU TOKAa MPOBOAUMOCTH B CCUCHUN BHYTPECHHET'O ITPO-

BOJIHMKA KOAKCHAJILHOTO KaOest OMnpeacJICHO 3aBUCUMOCTBIO

2 N
i()=] defsﬂ) (rut)rdr=2n"L 5(1)() 4nd{(0 )
0
0 — 1
) exp(-1/T;) ,IJO{%OILJMH (18)
=1 %oljl(%01)|:1+exp(_tP/Tl>:| 0 i

> T
. 89)( 8(1) Z exp(~/T;)

1:1%1[1+6XP( /Tl):l ’

18010 = A1) 0 800, =15 (e,

3HauCHHE 89)(04,) OIPEAEICHO 31eCh TeM, 4TO 1pu ¢ = 0, CyMMa TOJBKO JABYX IEPBBIX OJIOKOB

ClTaraeMbIX YCEUeHHOTO psifa f>(f) paBHsercs 0,9836, HO Ho0OaBICHHE €IIe OHOTO OJIOKA CIaraeMBIX
yBEITUYHBAET 3T0 3HaueHue 10 0,9997.

IMepexonnas nposoguMocTh g)(f) BHYTpEHHEr0 MPOBOAHUKA Kabels, Kak Kod(DPUIHMEHT Mpo-
MOPIMOHATBHOCTH MEKY TOKOM #(f) ¥ IEPEXOIHBIM HANpsDKEHUEM ug(f) Ha ydyacTKe NJIUHON Az, BbI-

paxaercst popmyoi

M) i(1) _ i(1) _ 6.1i(?) _
£ u(t)  Az-E_ (r.t)  az30(r) (19)

_ T”’12061 1_46.(v1)(0+) S exp(~#/T;)

Az |00 o [1vexn(—t, /1)

B KOTOPOIl MHOXKHUTEIIEM TCI" AZ npeacTaBJICHO 3HAYCHUC KOHG‘IHOI/I IPOBOAUMOCTH LIUJIHUHIPH-
10

YEeCKOro MPOBOJHUKA C IUJIOIIAAbI0 €r0 MOMEPEYHOro ceYeHus S =Tcr1 , JUIMHOU Az TpH yIeIbHOM
AIIEKTPOIPOBOIHOCTHU O, OTIIMYAIOMIEUCS OT yAEIBHON 3JEKTPONPOBOJHOCTH G, BHELIHETO MTPOBO-
JHUKA.

3HayeHue MHOXKUTEN 59)(0+)/6§l)(t) 3/1eChb MOXET MPUHUMAThCA OMU3KUM eAMHHUIE. DTO
00yCIIOBJICHO TEM, YTO MPU PA3IOKESHUU SEI)U) = fl(l)(z/o) f>(¢) B psij IO CTENEHAM £, C YIETOM
CTPYKTYPBI 3TOH (DYHKIMH, €€ TmepBas MPOU3BOAHAs NPpH ¢ = 0, MOKET MIPUHUMATHCS HYJIEBOM.
U3 popmyinsl (19) cieqyeT Takke, 4TO OTHOUICHUE MEPEXOJHOTO COMPOTUBICHHUS Rfl)(t) 9TOro
MPOBOJHHUKA €IUHUIHON JJIMHBI K €70 HaYaJbHOMY 3HAYEHHUIO Rfl)(0+) OTpeeIeHO 3aBUCHMO-

CTbhIO
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S -1
1-4 Y ug? | 1+exp(—t, /T,
RO() _g"(0-) _ 2 o [1rexe(~1, /1)

R0) gy > it [1+exp(=t, /1) | -exp(~1/7) |
=1

(20)

[IpumenutensHo Kk hopmyne (20) 3HaYeHH MEPBBIX AECATH KOPHEH X ; GyHKIMHU Jy(X) U COOT-
BETCTBYIOIIUX [TOCTOSHHBIX BpeMeHU 7/, OrpaHMYEHHBIX ABYMsI IU(paMu MOCTE 3asTON, IPEICTaB-
JieHbl B Ta0. 1 11t MegHOro mpoBogHMKa ripu #; = 0,6 MM.

OTHOCHUTENFHBIE W3MEHEHUS IEPEXOJHOTO COIPOTUBJIICHHUS BHYTPCHHETO IIPOBOJHUKA
(r1 = 0,6 MM) KOaKCHANBPHOTO Kaberns, MoACYUTaHHbIE 0 3aBucuMocTH (20) npu 7, = 0,1 MKc, moka3a-
HbI Ha puc. 3.

Oco0eHHOCTH PEe3yIbTaTOB YUCICHHOTO aHanu3a 3aBucumoctH (20), n3o0pakeHHbIe Ha puC. 3,
B TOM, YTO M3MEHEHUS TIEPEXOHOTO CONMPOTHBIICHUS 3aKII0UYeHHI B Auama3one 10 % oT HadalbHO-
ro ero 3HadeHus. Bmecre ¢ Tem pacuer no ¢opmysie (20) 1okas3bBaeT, 4TO MEPEXOHasi POBOIU-
MOCTB ATOT'0 XK€ y94acTKa IMPOBOAHUKA IpH ¢ = 0, paBHA TOJHKO MOJIOBHHE €€ KOHCYHOTO 3HAYCHUS
( ggl)(0+) ~ 0,489Ttr12cscl) [pY PaBHOMEPHOM pacIpeIesieHHH MJIOTHOCTH TOKA. YCPEIHEHHOE 3Ha-
YCHHE MEPEXOTHON MPOBOJUMOCTH (g%l)(t»(tp) BHYTPEHHETO MPOBOAHUKA KaOesi, OmpeneieHHOe
Ha nHTepBane 0 < ¢ < t,, IpU OrpaHUIEHUU CyMMBbI OECKOHEUHOTO Yncia caaraeMbix B hopmyme (19)

CYMMOM MX KOHEUHOT0 yHucia /Ny, onpeaeneHo (yHKIHOHAIOM

Tabnuna 1
Table 1
1 1 2 3 4 5 6 7 8 9 10
Kor 2,41 5,52 8,65 11,79 14,93 18,07 | 21,21 2435 | 2749 | 30,63
T}, MKC 4,37 0,83 0,34 0,18 0,11 0,07 0,05 0,04 0,03 0,02

A
N GROEQY
"‘\____ ‘\\
0,9} — I~ ~
0,1
i/t
- /1

02 04 06 08 10 1,2 14 1,6 L8 20

Puc. 3. OrHOCHTEIBHBIC U3MEHCHU S NEPEXOAHOro COMPOTUBIICHU S BHYTPEHHETO IIPOBOAHHUKA KOAKCHUAJIBHOT'O
kabens. [TosicHeHHs B TEKCTE

Fig. 3. Relative change in transient resistance of the coaxial cable internal conductor. Explanation in the text
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gl(l)(t)dt:nrlzccl 1—i M Tl[l—exp(—tp /Tl)]

tp 131 % |:1+exp(_tp /T )]

(eP0)(t,) = , @)

< | -
S —_y

KOTOPBIY O3BOJISET BBIYUCIUTD H3MEHEHHS YCPEIHECHHBIX 3HAUCHH T COIIPOTUBIICHH S (Rfl)(t)> (tp)
BHYTPEHHEI0 MPOBOJHMKA Kabessi Ipu BO3MOXKHBIX Mepexojax K 0ojiee KOPOTKUM JJIUTEIbHO-
CTSIM OUIIONSPHBIX UMITYJIbCOB. B 4aCTHOCTH, ¢ YMEHBLICHUEM IJTUTEIBHOCTH UMITYJIHCOB BIBOE
OTHOILICHHE <gl(l)(t)>(tp)/<g1(1)(t)>(tp/2), BbIYHCIEHHOE 110 (popmyie (21), moKka3bIBaET, YTO YBEJIH-
YEHHE CPEIIHero 3HAYCHUs (R%l)(t)>(tp/2) OTHOCHTEIBHO IPEKHET0 COCTaBIsET TONBKO 2,6 Y.
DTO BIIOJIHE COTJIACYETCSl C Pe3yJIbTaTaMH BBIUYMCIUTEIbHOTO MOACIHPOBAHUS OTHOCHUTEIbHBIX
W3MEHEHH IEPEXOIHOr0 COMPOTHBIICHUS ATOTO K€ IIPOBOAHMKA, IPEACTABICHHBIMHU Ha PHUC. 3, a
TaKXe C TeM, YTO MPU UCXOJHOM 3HAYCHHUU f,, paBHOM 0,1 MKC, 3TH 3HAUCHHS yXKE U TaK OTU3KH
K UX MAaKCUMYMY BCJICACTBHE OIPAHUYCHUS [NIYyOHHBI IPOHUKHOBEHHS 3JICKTPOMArHUTHOT'O MOJIS
ee MpeaesioM.

[MosrydeHre 3TUX YHCICHHBIX PE3YJIBTATOB BBINONHSJIOCH C MCIOJIB30BAHUEM JAHHBIX TaOl. 1
TaK, 4TO 37€Ch Obllla YCTAHOBJICHA MPUEMJIEMOCTh 3Ha4YEHHUs V|, OIPaHUYEHHOI'O TOJIBKO TEPBBIMHU
BOCEMBIO ClIaraeéMbIMH, IIPU KOTOPOM pa3indue cocTaBisuio MeHee 0,5 % 10 CpaBHEHHUIO C TEMH XKe

pacyeTraMmu MpH JiecaTu ciaraeMbix B popmynax (20) u (21).

Anaan3 IJEKTPOAUHAMHUYICCKOI0 COCTOAHU S BHCIITHEI0 MPOBOJIHUKA

KOaKCHAJbHOI0 KadeJs

J17s1 BHELITHETO MPOBOJIHUKA KOAKCHANIBHOTO Kabens 3aTyxanue (E,, Hy) — COCTaBISIONNX DJIEeK-
TPOMAarHUTHOTO MOJIS TOXKE XapaKTePU3yeTcsl NX YMEHBIICHHEM OT MaKCUMaJIbHBIX 3HAYCHN I Ha BHY-
TpEHHEH MOBEPXHOCTH 3TOr0 IMPOBOJHMKA, HO MaTeMaTHYECKask MOJEINb 3/IeCh YK€ HE MOXKET IMpH-
HUMAaTbhCs aHAJIOTHYHON MOJIENN 3JIEKTPOJUHAMHYECKIX COCTOSHUN BHYTPEHHETO ITPOBOIHHKA. JTO
00YCIIOBJICHO TE€M, 4TO MIOCTOSIHHBIE HHTErpupoBaHusi B nipu GyHKIH Ny(77) He MOT'YT IPUHUMAThCS
HYJICBBIMHU B 4aCTHBIX pemeHusx Buaa (10), B popme HEKOTOpOH UX CyMMBI, YAOBJIETBOPSIOIICH Ha-
YaJIbHBIM U TPAHUYHBIM YCIOBUSIM. BHYTpEHHsIsI IPOBO/sIIAsl TOBEPXHOCTh BHELIHErO POBOJAHUKA
37IeCh PKPAHUPYET NPH HYJIEBOM €€ MOTEHIMAJe, 3 UCTOYHUKOM IIEPBUYHOTO 3JIEKTPOMArHUTHOTO
TOJIS SIBJISIETCS. BHY TPEHHU M TPOBOAHHK KaOeJisl, YTO BJIeUeT HEOOXOAMMOCTb yueTa KodppuunueHTa n
OTPa’kEHUS STOTO MOJISI B POIIECCEe PAcIpOCTPAHEHHS STUX UMITYJILCOB T10 KOAKCHAJIBHOMY KaOelto.
Ha puc. 4 cxemaTtndecku oka3asl (£, Hy) — COCTaBIISIONINE 3JICKTPOMArHUTHOT'O TIOJISI COBMECTHO C
paananbHOii I1, — cocTaBsIoNmeH IIOTHOCTH ITOTOKA ITOTO MOJISl B IPOM3BOJIBHON TOUKe M BHYTpEH-
HEHl MOBEpXHOCTH BHEUITHETO MPOBOAHHUKA KaOens.

®yukius f19(z/v) MTHOBEHHOTO NPOQUIIS TPOCTPAHCTBEHHOTO PACTIPEIEICHHUS TIOBEPXHOCTHOM
IUIOTHOCTH TOKA MPOBOAMMOCTH OTIHYAETCs 0T GyHKImH f1(z/0) TOMBKO YMEHBIIEHHEM €€ YPOBHS
MHTEHCUBHOCTH B (1-1)ri/ry pa3 mpu TOM ke IPOCTPAHCTBEHHOM IONYIEPUOAE Z,—Z, = (L1C)) V1,
I'pannunble 3HaueHU E.(7,f) IpH JOCTATOYHO BBICOKMX YaCTOTaX CHEKTPa U PEKUME COTTIAaCOBAHUS
BOJIHOBOT'O CONIPOTHBIICHHSI C HATPY30YHBIM ITOYTH 00YCIIOBJICHBI BEKTOPHBIM I10JIEM IJIOTHOCTH TO-
KOB CMEIICHUSI TaK, YTO NMPOCTPAHCTBEHHO-BPEMEHHOE pacmpenenenue E.(r,,f) MOXKHO ONpPEAeTIUTh
Cynepro3uIiel rapMOHUK MoJist. KOMIJIeKCHas aMILUTMTY1a ToKa [, A-rapMOHMKM MOKET TPMHHUMATh-
Cs1 3aBUCSILIEH OT OCTOSIHHON (jookuo%)”z pacupoCTpaHeHUs dJEKTPOMArHUTHOTO 110JISL B IIPOBOJSI-

H.[eﬁ CpeAc BHCUIHECTO IPOBOJAHHUKA Kabens u BBIPAXKATHCA HHTCTPAJIBHBIM CJIara€MbIM BHU 1A
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Puc. 4. COCTaBJ’I}IIOHII/IC DJICKTPOMArHUTHOI'O IIOJIS Ha BHyTpCHHCﬁ MOBEPXHOCTHU BHEIIHCTO MNPOBOJAHHUKA
KOAaKCHAaJILHOI'O Ka0eJIsi CXeMaTUYECKHU: a — B MmaJaroIieii BOJIHE Ha MIPOBOASANLLY IO IIOBEPXHOCTD, 0-B OTpa)KeHHOﬁ
oT HpOBOH}IHICﬁ TIOBEPXHOCTH. TlosicHeHHs B TEKCTE

Fig. 4. The electromagnetic field components on the inner surface of the outer conductor of a coaxial cable are
schematically: a — in an incident wave on a conducting surface; 6 — in a reflected from a conducting surface.
Explanations in the text

2n Ar
Ik = J- d@j GczEZ (k)|l"2 'eXp[_(ak +jBk)7'5](r2 +V5)dr6 N (22)
0 0

rje Ar — TONIINHA BHEIIHET0 IPOBOIHUKA Ka0eJIst; oy, By — koaduimeHT 3aryxanus u (hazoBast IOCTOSH-

Hast k-rapMOHHMKH TIOJIs B TPOBOASIIEH cpene (0, = /0 L o, *Cos /4, By = Jop ko o, -sinm/4).
[Tpu ycnoBuM 2IEKTPOMArHUTHONW HENPO3PAYHOCTH BHEUIHErO IPOBOJIHUKA KadeJs, KOorjia ero

TOJIIMHA TPEBBINIACT INyOHMHY IPOHUKHOBEHHS IIOJII HA OCHOBHOM rapMOHHKE, OHA MOXKET CUUTATh-

cs1 0eCKOHEYHO 00J1bII0H (A7 — o) ¥ BbIUUCIeHHEM 110 (hopmyie (22) HaX0oUM

23, (k)), g . 0
Lp=———21| —nexp(~oyrs—jByrs ) | —|| r5+————|exp(~ors—iBuss) | =
ak + ]Bk 0 a’k + ]Bk 0
(23)
2m Sz(k)|r2 i, nSZ(k)|r2 i 21, SZ(k)|r2 i,
=—F—=¢ t——F e r—=e¢ .
(Xk\/i Oy (lk\/i
®dopwma pesynbrara (23) JOmycKaeT U APYTYIO €ro 3aluch B BHJIC
. — 7T
iy =2mrd,3.(k) ;e A, 24)
rie dp — TiayOMHa TPOHMKHOBEHUS TONsA  K-TQpMOHUKU B  MPOBOAAIIYIO  Cpely

(dk =1/oy = (2/(03,(”0(502))1/ 2); 8.(k)y — neiictBytouiee (3 peKTUBHOE) 3HAYEHHME TUIOTHOCTH TOKA

k-rapMoHuKM (SZ(k)eff= ?SZ(k)|r2 /\/5) .

dusnueckas MHTEpHpeTanus pedyiabrata (24) B TOM, 4TO 3HAUYCHHE TOKA [; 3/IeCh paccMaTpu-
BACTCs KaK CIEACTBUE PAaBHOMEPHO PACIpe/eCHHON MIOTHOCTH TOKa O.(k).y MO CEYCHHIO ITMIIHH-
JIPUYECKOTO CIIOSl TOJIIMHON dj Ha TOBEPXHOCTH PAJNyca F, BHEIIHErO MPOBOJAHUKA Kabess Manoi
JUtHHBL. VTak, MrHOBEHHOE 3HaY€HHE TOKA BO BHELIHEM IPOBOJHHUKE Kabels ONpelesieH0 CyMMOil

k-TapMOHUK:
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N
i(k)=>1(1); k=2n-1; n=1273,..., (25)
k
. 2mry SZ(k)|r2
rue lk(l) = Tcos ((x)kt - n/ 4), 3HAKU KOTOPBIX OMPEISIICHBI 3HAKAMHU CIaraeMbIX (QYHKIIUU
k

12(0).
Hepexo;[Hy}o OpOBOAUMOCTD y4aCTKa Az BHEIITHETO IMPpOBOAHHKA Kabes TCIICPb HAXOAUM aHa-

soruvHo Gopmyie (19) B Buae 3aBUCHMOCTH

2) =ﬁ=2n1’2662 Nz, M2
g(1) ) A Zk:zk(t) Zk:ész(k,t), (26)

1o KoTopoit npu N, = 12 u enunnuHoii niuuHe (Az = 1) kabenst OnpeaessaoTCs 3HAUCHU ST gl(z)(0+) u

<g1(2)(t)>(tp) Ha HHTepBane —,/2 <t<t,/2 Gopmynamu

dy ds d d
D0, )=nno,,|d+2-2-"T4 428 27
g (0+) 02| W37 23 | (27)
| /2 /2
2 .
(g20))(t,)= . I i(t)dt j ug(t)dt |=
Pty /2 ~tp /2
dy ds d, d d
=2nn0, [d ——3——5+—7+—9—...+A]1,145z (28)
e 2 2 g T 32
~ dy _ds dy dy dys
R L el

[Tpu nonyuenun 3tux GopMyI1 Ha OCHOBE 3aBUCUMOCTH (26) BXOJSIIHE B €€ YHCIUTEIb U 3HAMe-
HaTellb MHOKHUTENb 16 / (n2 \/5) u ¢yukuus f1P(z/v) onyuiensl. CyMMUPOBAHUE BEIHYUH, OOpaT-
HBIX K YCPE/JIHEHHBIM 3HAUSHHSIM [IEPEXOIHBIX IPOBOIUMOCTEH BHY TPEHHETO U BHEIITHETO MPOBO/IHH-
KOB Ka0eJIsi, ONpeIeICHHBIX TPUOIMKEHHBIMU aHATUTHICCKIME Gopmynamu (21) u (28), mo3Bouser
OTIPEAETUTH HE TOJIBKO YCPEAHEHHOE 3HAUYECHUE (Rl(t )> (tp) COIIPOTHUBJICHUSI KOAKCHAIILHOTO Kadest

Ha ¢AUHULIY €ro AJIWHbI, HO 1 K03(1)(1)I/ILII/ICHTLI

IPOCTPAaHCTBEHHOTO 3aTyXaHus o, = 0,5 <R1(t )> NG /L, (29)
u BpemenHoro saryxanns B, = (R (1))(t,) / (2L,), (30)

B KOTOPBIX 3HaueHUS L 1 C| OnaraiTcs He 3aBUCSIIUMHU OT MapaMeTPOB UMITYJIbCHBIX CUTHAJIOB, a
roriepeyHas HpoBoaAUMOocTh G Kalelst Ha eAMHUILY €r0 JUTMHBI IOCTATOYHO MaJIoOH.

Ecnu pesynpTupylomiee SKCIOHEHITHATBHOE 3aTyXaHNe, BHOCHMOE TIOBEPXHOCTSIMHU BHYTPEHHE-
I'0 1 BHEUTHET0 NPOBOAHUKOB KOAKCHAJILHOTO KaOessl, IPUHIUMAETCS 31e€Ch IPOIOPIIHOHAIBHBIM €T0
JUITMHE, TO KOA(Q(QHUIIMEHT BPEMEHHOT0 3aTyXaHUsl MOXKET PacCMaTpUBaThCsl TOJIIBKO KaK MOKa3aTelb
CTETIeH! BHOCHMBIX CPEIOH mepeadn UCKa>kKeHUH (pOPMBI IPUHUMAaEMbIX CUTHAJIOB B CPABHEHHH C

HN3BCCTHBIMU UX 3HAYCHUAMU IJIA ﬂpyFOﬁ KOAKCHAJIbHOMU Cpe€abl Iepeaavymn TOM ke JJIUHBI.
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3akJaueHue

Ha ocHoBe ananu3a Mozpenu pacnpoCTpaHEHUs] UMIYJIbCHBIX CUTHAJIOB MO KOAKCHAJIbHOMY
monokaHay JIBC mosyueHbsl npuOIMKEHHBIC aHATUTUYCCKUE 3aBUCUMOCTH ITEPEXOHBIX MTPOBOIH-
MOCTEH U MX YCPEIHEHHbIX 3HAYEHUU JJI MPOBOASILIMX MOBEPXHOCTEH BHYTPEHHErO M BHEIIHETO
MPOBOIHUKOB Kabeis. Mccenyemas MOZIEIb COACPKHUT YUCT HEHYJIEBBIX ITUTCIBHOCTEH (PPOHTOB
repeaBaeMbIX UMITYJILCHBIX CHTHAJIOB Ha BXOJ/Ie KOAKCHAIBHOTO KaOellst, KOTOPBIC B IIEIAX KOHKpE-
TU3AI[MU PE3YJIbTATOB aHAJIN3a OIPE/ICIICHbl YETBEPTHIO AJIUTEIIBHOCTH TAKTOBBIX MHTEPBAJIOB, a TaK-
K€ JIBE pa3zielibHble MaTEMaTUUYECKUE MOJIEJIH IPOLEcca MPOHUKHOBEHUS 3JIEKTPOMArHUTHOIO MOJIS
HUMITYJIBCOB B IIPOBOISIINE MOBEPXHOCTH KaOEJIsl, pa3aeCHHbBIC CPEIOH C MaIBIMU AUAJICKTPHUCCKH-
MM TOTepsiMU. Pe3ylibraThl aHaliv3a NPEACTaBICHbl PA3JIOKEHUSIMU 110 TaApMOHUKAM I0JIsI Iepeia-
BAEMbIX UMITYJIbCHBIX CUTHAJIOB MAHYECTEPCKOI0 KOJUPOBAHHUS IIPU UCIIOJIb30BAHUM KOAKCHAJIbHBIX

Kabenei Ppa3aIuvIHOro TUIia.
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Specific Features of Harmonic Conditions
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Abstract. The paper presents the results of the analysis on measured parameters of harmonics at
the node of the high-voltage network. The measurements were made at the node connecting the
pulp-and-paper mill to the 220 kV supply network. This load is nonlinear and has a large capacity.
Particular attention is paid to the distributions of the current and voltage harmonics. The paper
clearly shows probabilistic properties of the measured parameters of harmonics.
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Annomayus. B crarbe mpencTaBiIeHbl pe3yabTaThl aHAINM3a U3MEPEHHBIX IapaMeTPOB FapMOHUK B
y3JIe CeTU BBICOKOTO HaIpsiKeHUsl. MI3MepeHust cienansl B y3je IPUCOSIMHEHUs K MUTAIOEH ceTn
220 kB MomiHo# HeIMHEHHON Harpy3Ku — LEJUTI0I03HO-0yMakHOro komOrHara. Ocoboe BHMMaHUE
YAEJIEHO 3aKOHaM pAacHpe/eleHUs] BeIMYMH TapMOHMK TOKa M HampsbkeHus. CTaTbsl HariIsiHO
MOKa3bIBAaET BEPOSTHOCTHBIE CBOICTBA MapaMeTPOB FrapMOHHUK.

Knwoueesvie cnosa: KadecTBO SHCKTquCCKOﬁ OHEPTUHU, TAPMOHHUKHU, CETH BBICOKOTO HANPSIXKCHUS,
n3MEpEeHUs, CTAaTHUCTHYCCKHUI aHAJIN3.

LlutupoBanne: KoBepuukosa, JI.U. OcoOeHHOCTH ITApaMeTpOB PEKMMOB FAPMOHUK B Y3JI€ MPUCOCANHEHUS LEIUTIONO3HO-
OymakHoro komOuHara k nutaromeii cetu / JI.W. Koepuukosa, BY. JIsionr, B.K. Hro // Kypu. Cub. penep. yn-ta. Texuuka
u texnonorun, 2020. 13(1). C. 38-51. DOI: 10.17516/1999-494X-0204

Introduction

It is well known that nonlinear loads cause non-sinusoidal conditions in electrical networks.
Non-sinusoidal current and voltage containing sinusoidal components of other frequencies, that
are multiples of the fundamental frequency of 50 Hz (harmonics), cause damage to both electrical
energy consumers and electricity suppliers, which is reflected in a large number of publications.
In [1] the focus is made on the additional losses of harmonic active power in electrical networks
and equipment. The harmonic active power does not perform useful work, consequently, electricity
is wasted, which contradicts the aim of energy saving in Federal Law of the Russian Federation
No. 261-FZ of November 23, 2009 “On Saving Energy and Increasing Energy Efficiency and on
Amendments to Certain Legislative Acts of the Russian Federation”. In [2] the authors raise issues of
financial losses related to payment of bills for consumers and electricity suppliers because electricity
meters measure not only the active power of the 1-st harmonic but also of other harmonics including
the active power of harmonics they do not produce. The results of measurements in the low- and
medium-voltage networks are presented in the substantial number of publications [3-7]. Their authors
present the results of research into the harmonic conditions in the network with different types of
loads. In the last decade intensive measurements of harmonics parameters have been continued,
which is explained by the emergence and widespread use of new nonlinear electric equipment and
increase in the values of current and voltage harmonics in the networks. For example, the results of

measurements at the network node supplying the nonlinear loads of the retransmission TV stations
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are presented in [8]; the results of measured parameters of the harmonics generated by energy saving
lamps are presented in [9]; the harmonics measured in the medical center and their impact on the
work of the medical equipment are indicated in [10]; the results of large-scale measurements of
power quality indices in the 110 kV networks of Siberia, which cover 23% of Russia’s territory, are
demonstrated in [11]; the results of the studies on parameters of harmonics for the complex loads
connected to the nodes of the 110-220 kV networks are presented in [12]; the results of an analysis
of harmonic active power of high-power nonlinear loads connected to the 110-220 kV networks are
given in [13]. The measurements confirmed the presence of harmonics in the electrical networks. In
many cases the voltage harmonic levels exceed the limits established in State standard 32144-2013
“Power quality limits in public power supply systems”. In [14] the authors indicate that 5.4% of the
cost of losses due to the poor quality of electrical energy falls on the losses caused by current and
voltage harmonics.

Although the parameters of harmonic conditions in electrical networks have been studied for
many years, the interest to this problem does not decrease due to the growing number of nonlinear
loads in the networks of different voltages and specific features of their operating conditions. The
main feature is the probabilistic nature of operating parameters.

This paper presents the results of an analysis of the current, voltage and active power
harmonics at the node connecting the 220 kV supply network to the large capacity nonlinear
load, i.e. the pulp-and-paper mill. The operating parameters were measured in phases A, B, C
of the network over 24 hours with a time interval of 1 minute. After processing the measured
information, we obtained series of voltages, currents and their phase angles for harmonics 1-40
each having 1440 elements.

The current harmonics generated by the pulp-and-paper mill flow to the supply network and
cause voltage distortion at its nodes. The mill is located in the region where the large number of
other large capacity enterprises generating harmonics, i.e. traction substations, aluminum smelters,
etc., are connected to the 220 kV network. Their current harmonics are also distributed throughout
the 220 kV network and contribute to the formation of the parameters of the harmonic conditions.
Consequently, the voltages at the nodes of the electrical network result from the influence of many
nonlinear loads. At each node the non-sinusoidal voltage is unique since it is determined by the
current harmonics flowing to the node from all nonlinear loads in the network and by the impedance

of the network node.

Characteristics of the pulp-and-paper mill

The mill receives electricity from the 220 kV network. The mill uses direct-current electric
motors with an automatic speed control system that drive the main process equipment. The power of
the motors reaches 300 kW. Thyristor converters that have nonlinear volt-ampere characteristics are
used to supply the motors with direct current.

Fig. 1 shows the graphs of the fundamental frequency currents of the load for three phases. The
mill has a shift schedule. In the daytime the load conditions are the maximum and at night the loads
are the minimum as can be clearly seen from the graphs.

Fig. 2 presents the graphs of variation in the phase voltages at the node connecting the mill to the

supply network. The voltage values lie within acceptable limits.
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Fig. 1. Phase currents at the mill connection node
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Fig. 2. Phase voltages at the mill connection node

An analysis of voltage at the node connecting

the pulp-and-paper mill to the supply network

Fig. 3 shows the oscillograms of three-phase voltages for the maximum and minimum load
conditions. The voltage waveforms in both conditions slightly differ from sinusoidal, which is
confirmed by the values of the total harmonic distortion K. In the maximum load conditions in phases
A, B and C they are equal to 1.76%, 1.31% and 2.13% respectively for 95% of the measurement time;
in the minimum load conditions — to 1.23%, 1.10% and 1.25%. The limit of 2% established in State
standard 32144-2013 is exceeded in phase C in the maximum load conditions. There is also phase
voltage unbalance. The maximum value of the negative sequence voltage unbalance factor recorded
during the measurement was equal to 1.3% at the limit of 2%.

The analysis of the voltage harmonic values shows that some of them reach large values. Fig. 4
presents a diagram of the effective values of voltage harmonic that have the largest values in the
conditions of the maximum (Umax) and minimum (Umin) loads.

An analysis of measured information involved an analysis of phase angles for ten voltage
harmonics. It was found that the phase angles range from 0 to 27w but are unevenly distributed.
Phase angles of the 5-th and 11-th voltage harmonics have special distributions (Fig. 5). The
notations used in the diagrams are: Ua — an active voltage harmonic, Ur — a reactive voltage
harmonic. The overwhelming number of phase angles of the 5-th voltage harmonic range from
/2 to 3m/2.

The analysis of the series of measured values of voltage harmonics involved the calculation of
the following statistical parameters [15]: maximum value (max), minimum value (min), mathematical

mean (aver) and standard deviation (sd). Table 1 presents the results of a statistical analysis for ten odd
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Fig. 3. Oscillograms of voltage in the conditions of a) maximum loads, b) minimum loads
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Fig. 5. Diagrams of phase angles of a) 5-th and b) 11-th voltage harmonics

harmonics of one phase voltage at which the limits established in State standard 32144-2013 are most

often exceeded at the network nodes. The voltage harmonic values vary in the range from several volts

to several kilovolts.

Histograms were constructed for the values of ten voltage harmonics given in Table 1. Then, using

the Pearson criterion, they were checked for compliance with the laws of the Gaussian and Rayleigh

distribution. The purpose of the check was to confirm or refute the statements made by the authors of

[6] that the parameters of the harmonic conditions are in most cases distributed in accordance with
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Table 1. Statistical assessment of voltage harmonics of phase A, kV

Harmonic
Parameter
3 5 7 9 11 13 17 19 23 25
max 1.18 2.18 1.61 1.94 2.73 1.08 0.45 0.48 0.50 0.57
min 0.02 0.03 0.03 0.03 0.06 0.00 0.00 0.00 0.00 0.01
aver 0.49 0.79 0.68 0.79 1.09 0.39 0.14 0.17 0.14 0.23
sd 0.24 0.38 0.25 0.37 0.38 0.18 0.08 0.09 0.07 0.09
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Fig. 6. a) Gaussian distribution of the 11-th voltage harmonic, b) Rayleigh distribution of the 19-th voltage har-
monic

the laws of Gauss or Rayleigh. The check showed that out of ten harmonics the 11 and 25-th voltage
harmonics have the Gaussian distribution. The voltage of the 19-th harmonic obeys the Rayleigh
distribution. The histograms of the remaining seven harmonics have forms representing mixtures of
known distributions [15-18]. Fig. 6 shows the histograms and theoretical distribution curves of the
11-th voltage harmonic according to the Gauss law and the 19-th voltage harmonic according to the

Rayleigh law.

An analysis of currents at the node connecting
the pulp-and-paper mill to the supply network

Fig. 7 presents oscillograms of currents for the maximum and minimum load conditions. In the

minimum load conditions the current waveforms are severely distorted.

40
Changes in the magnitudes of the total harmonic distortion of current K; = z I 3 /1;-100% are

n=2
presented in Fig. 8. Values K; under the minimum loads at night reach several hundreds of percentage
points. During the daytime in the maximum load conditions, when the main process equipment is in

operation, the value K; does not exceed 6%.
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Fig. 7. Oscillograms of currents in the a) maximum load conditions, b) minimum load conditions

The diagram clearly shows a group of coefficients which is much higher in value than the others.
These are the so-called outliers or abnormal elements [15, 16] that violate the stationarity of the series.
Not always and not all abnormal elements can be determined visually. Special tests and methods are
used to search for them in a series of measured parameters. These methods are the Irwin method [19],
the Von Neumann test [20], the Darling test [21] and others.

Testing of the 3-rd current harmonic using the Irwin method showed that there are 4 elements
in the array of the 3-rd current harmonic, namely 862, 865, 867 and 881. One of them, namely 865, is
significantly larger than the other elements. Fig. 9 shows a scatter diagram of the 3-rd current harmonic
on which the abnormal elements can be seen.

The other harmonics also have abnormal currents. The analysis shows that the current of the 1-st
harmonic with abnormal elements had values of less than 6.5 A. At the time point corresponding to

measurement 865 the value of the 1-st current harmonic was 5.2 A.
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Fig. 9. Abnormal elements of the 3-rd current harmonic
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The abnormal elements distort the real picture of operation therefore they should be excluded in
many cases. The analysis involved a statistical assessment of harmonics for the current of phase A of
ten odd harmonics whose voltage values exceed the limits established in State standard 32144-2013
most often. The results of the calculations are given in Table 2. As can be seen from the Table, the
current harmonic values vary over a wide range. Comparison of the maximum and minimum values
and standard deviations indicates their wide variation.

To analyze the phase angles of the current harmonics in the complex plane the scatter diagrams
were constructed (Fig. 10). Active and reactive components of current harmonics were calculated using
the expressions 1, = I, cos ¢y, 1., = I, sin @;, for all 1440 measurements, where n — harmonic order.
The analysis of the diagrams enables us to conclude that the phase nodes lie in the range from 0 to 2,
but are unevenly distributed across the quadrants of the complex plane, for example, in diagrams 10b)
and 10c).

Histograms showing distribution of the values of the active and reactive components of the current
harmonics were constructed and checked according to the Pearson criterion for the correspondence
of the distributions to the Gauss and Rayleigh laws. It appeared, that the active component of the 3-rd
current harmonic is distributed according to the Gauss law (Fig. 11a) and the correspondence of reactive
component to the Gauss law was not confirmed by checking with the Pearson criterion (Fig. 11b).

Table 3 presents the results of the analysis of the distribution laws for ten odd harmonics: current
magnitude, active and reactive components. The notations used in the Table are: G is the Gaussian

distribution law, M is a mixture of several distribution laws. All three values of the analyzed currents

Table 2. Statistical assessment of current harmonics of phase A, A

Harmonic
Parameter
3 5 7 9 11 13 17 19 23 25
max 15.12 3.11 4.65 1.94 6.01 4.37 2.34 1.75 2.14 4.68
min 0.07 0.02 0.07 0.01 0.04 0.01 0.02 0.01 0.03 0.01
aver 2.56 1.00 1.17 0.73 2.13 1.18 0.36 0.39 0.70 1.06
sd 2.51 0.78 0.95 0.43 1.17 0.67 0.27 0.35 0.40 0.63
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Fig. 10. Diagrams of the phase shift angles for the current harmonics: a) 3-rd, b) 7-th, c) 25-th
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Fig. 11. Distribution of values of the 3-rd current harmonic: a) active, b) reactive

are distributed according to the Gauss law only at the 7 and 13-th harmonics. At the 5, 17-th and 23-rd
harmonics all three currents have mixtures of different distribution laws. At the 3-rd, 9, 11, 19 and
25-th harmonics one or two of the three values are distributed according to the Gauss law and the rest
have mixtures of the known distribution laws.

To assess the effect of current harmonics on voltage harmonics, linear correlation coefficients
(runrm) were calculated for phase A [15]. They are presented in Table 4.

The Chedoke scale was used to estimate the strength of a linear relationship between the current
and voltage harmonics [22]. The analysis established the following degrees of correlation: no correlation
@f rynm = 0-0.1) at the 7-th harmonic; weak correlation (if 7y, = 0.1-0.3) at the 3-rd, 17 and 19-th
harmonics; moderate correlation (if 7y, = 0.3—0.5) — at 5, 11, 13 and 25-th harmonics; noticeable
correlation (if 7y, = 0.5-0.7) at 9-th and 23-rd harmonics. There is no strong relationship.

We can conclude that nonlinear loads connected to other nodes of the network also make a large

contribution to the formation of voltage harmonics at the node to which the mill is connected.

Table 3. Distribution law harmonics current

Current Harmonic
3 5 7 9 11 13 17 19 23 25
1, M M G M G G M M M G
Lo G M G G M G M G M M
I, M M G G M G M M M M
Table 4. Coefficients 7y, for phase A
Correlation Harmonic
coefficient 3 5 7 9 11 13 17 19 23 25
PUnin 0.29 0.34 | -0.07 0.51 0.43 0.43 0.16 0.22 0.55 0.31
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An analysis of active power harmonics at the node connecting

the pulp-and-paper mill to the supply network

Active powers at any harmonic were calculated as follows
Pnt = Unt [nt Cos ¢nta (1)

where U, I, — effective values of voltage and current of the n-th harmonic measured on the interval
of 1 minute, ¢t — the number of a measurement interval, ¢,; — phase angle between the vectors of
voltage and current of the n-th harmonic on the measurement interval ¢, which is calculated as
Pnt = Punt — Pine-

Fig. 12 presents a plot of the active power of the 1-st harmonic. The maximum value of power
reached 42.91 MW, the minimum — 0.2 MW. The magnitudes of angles ¢,, enable the conclusion on
the direction of active power flows with respect to the node at which the measurements were made. In
the event that angles ¢,, lie within the ranges from 0 to /2 or from 37n/2 to 2z then the active power of
harmonics flow from the network to the load and the node for the n-th harmonic is a load node. If the
angles ¢,, lie within the range from m/2 to 37/2 active power is directed from the load to the network
and the node for the n-th harmonic is generating. The angles ¢,, most often lie in the range from 0 to
27, but for some harmonics. They are distributed in a complex plane very unevenly.

Fig. 13 presents an example of a diagram of the angle distribution ¢,, of the 3-rd harmonic. For
some part of the measurement time the active power of the 3-rd harmonic is directed from the network
to the load and for the other part of the time from load to the network.

The measured currents, voltages and phase angles between them were used to calculate the

active power of harmonics 2-40. It was established that the directions of the active power flows for
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Fig. 12. A plot of the active power of the 1-st harmonic of the mill
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Fig. 13. Angle distribution ¢,, of the 3-rd harmonic



Journal of Siberian Federal University. Engineering & Technologies 2020 13(1): 38-51

100
80
60
40
£ 20
ngll AC BRI .‘..‘............‘...Pn(+)
5'20'" * IREEEEFEEEE EL 5E B EEEEEE G 39 EPn(-)
-40 L | | I I I I
-60
-80
-100
Harmonic
Fig. 14. Diagram of directions for the harmonic active powers
Table 5. Statistical estimates of P, and P, kW
N Py Py
max min aver sd max min aver sd
3 11.5 0.0 0.8 0.7 1.7 0.0 0.2 0.2
5 1.0 0.0 0.2 0.1 17.3 0.0 0.4 0.7
7 1.9 0.0 0.4 0.4 1.8 0.0 0.6 0.3
9 1.0 0.0 0.2 0.1 2.2 0.0 0.3 0.2
11 0.2 0.0 0.1 0.1 25.2 0.0 22.0 1.5
23 0.2 0.0 0.0 0.0 8.7 0.0 0.5 0.4

all harmonics change during the measurement time. For some harmonics however the predominant
direction, i.e. for more than 50% of the measurement time, is the direction from the load to the network,
for the others — from the network to the load.

Fig. 14 demonstrates a diagram showing the amount of time during which the harmonic active
power flows through the node connecting the mill to the supply network from the network to the load
and vice versa. In the diagram the harmonic active power with the minus sign (£, is directed from
the mill load to the network and with the plus sign (P,)) — from the network to the load. As can be seen
from the diagram, the directions of power from the network to the load prevail.

The magnitudes of active power of the even harmonics in both directions are very small and
do not exceed 0.1 kW. Significant flows of active power in both directions are observed at some
odd harmonics. The statistical characteristics of the harmonics active power are given in Table 5.
At the mill connection node the active power of the 3-rd harmonic directed to the network has a
larger value, while in the direction from the network to the load the 11-th harmonic active power is
larger. The magnitudes of powers of odd harmonics, which are not listed in Table 5, do not exceed
0.2 kW.

When power is supplied from a source with sinusoidal voltage, the load receives the active
power of the 1-st harmonic P,u). Most of this power is consumed by electrical equipment to
perform useful work Py. The remaining part is converted by nonlinear equipment to active powers
of harmonics of orders n >1. Let us denote this power as P,.,. Active power of the 1-st harmonic

can be represented as
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Table 6. Statistical estimates of P,

Parameter Py, kW Py, % Py,
max 17.25 6.59
aver 4.92 0.08
Py =Py + Py, @

Together with the active power of the 1-st harmonic the load of the mill receives active powers
of orders n >1 — P, from the network, which are created by nonlinear loads connected to other
nodes in the network. Numbers of harmonics P, and P, can be different. Thus, the active powers
P = Py + P, flow to the load of the mill through the node connecting it to the network.

The total active power of the n-th harmonic for # >1, i.e. detrimental power as it is called in [2], is

determined as follows
Py;=P,y+ Py 3)

Based on the expression obtained, we calculated the total values P,, for harmonics 2-40 for all
1440 elements. Table 6 presents the statistical estimates of P, in the measurement units of active
power and in the percentage of useful power Py;. As seen from the Table, the maximum magnitudes
differ greatly from the average values. An analysis of arrays P, consisting of 1440 elements shows
that some of the abnormal elements are several times larger in magnitude than the other elements
of the array. They give the maximum power values. The abnormal elements were not excluded as
they are taken into account by meters when measuring electrical energy. It also follows from the
Table that the share of detrimental active power flowing through the node of the mill connection to
the network is not large compared to the effective active power. However, it is worth noting that the
Table demonstrates the results of calculations only for 24 hours of one phase of the mill electrical

network.

Conclusions

1. The phase voltages at the mill connection node during the measurement time are within
acceptable limits. The phase voltages are slightly unbalanced and their waveforms are distorted. The
total harmonic distortion of voltage Ky exceeds the limit only in phase C. The values of the voltage
harmonics are in the range from several volts to several kilovolts. For most harmonics they have
distributions that are mixtures of different distribution laws. Only the voltages of the 11 and 25-th
harmonics are distributed according to the Gauss law and the 19-th harmonic is distributed according
to the Rayleigh law. The phase angles of the voltage and current harmonics are in the range from 0 to
27, however, their distribution across the quadrants of the complex plane is uneven.

2. Phase currents of the load during the measurement time change. They have the highest values
during the daytime and the lowest —at night. At night the phase current waveforms are highly distorted.
The total harmonic distortion of current K; during operation of the main process equipment does not
exceed 6%. There are abnormal elements in the arrays of current harmonics. They are much larger

than the rest of the elements. A small number of magnitudes of the effective current harmonics and
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their active and reactive components are distributed according to the Gauss law. The overwhelming
majority of the distributions represent mixtures of different distribution laws.

3. The values of the coefficients 7y, indicate that nonlinear loads connected to other network
nodes influence the formation of voltage harmonics.

4. Harmonic active powers change the flow direction during the measurement time. For
some part of the time they flow from the load to the supply network and for the other part —
from the network to the load. Their values range from several watts to several tens of kilowatts.
Harmonic active powers that are the canonical harmonics of nonlinear equipment have the

highest values.
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BBenenue

JKenezHomopoXKHBIN TPAHCIIOPT MPEACTABISET COOOH CIOKHYIO TEXHHUYECKYIO crucTeMy. OHUM
U3 nokasaresel 3pPeKTUBHOCTH (DyHKIIMOHHUPOBAHHUS TAKOW CHCTEMBbI SIBJSCTCS HAJIC)KHOCTb.

CornacHo «CTpaTeruu pa3BUTHUS KEIE3HOLOPOKHOIrO TpaHcnopTa B Pocculickoit @enepanuu
10 2030 roma» [1] mpenycMmaTrpuBaeTcss BBOA HOBBIX U PEKOHCTPYKIUS CYIIECTBYIOIUX TATOBBIX
MOJICTaHIIN I, CTPOUTENBCTBO HOBBIX JINHUH KOHTAaKTHOM ceT. Ha sTane mpoeKkTHpoBaHUS pacyeT
nokasaTenel HaJeKHOCTH TATOBON MOACTAHIIUU OCYIIECTBIISIETCSI B OCHOBHOM KJIACCHYECKUMH Me-
ToxaMu [2-4] Ha OCHOBE COCTAaBJICHHS CTPYKTYPHBIX CXEM M HCIOJIb30BaHMUS CTATUCTHYECKHUX 3HA-
YeHMI MoKa3arelieil HaJle)KHOCTH OTIEJbHBIX AJIeMeHTOB. KpaeyroibHbiM KaMHEM OOJIBIIMHCTBA
METO/IOB OIIEHOK HAJIeKHOCTH CIYXKHT €IIe M TOT (PaKT, YTO 3a4acTYIO 3a MCXOJHBIC 1TOKa3aTeIn
HaJIOKHOCTH MPUHUMAIOT 3HAYCHHM I NIOKa3aTeleld HaJJe)KHOCTH HOBOTO 000pY/IOBaHHMS, YTO HE SIB-
JsieTCsl 0O0CHOBAHHBIM B MTPOLIECCE HKCIUTYATA[UU U TUTAHUPOBAHUY PEKOHCTPYKIIUH TATOBOH MO
CTaHIIUH.

B cucremax Tsarosoro snextpocHadxkenust (CTI) ecTh 1Ba THIIA HEONPEACICHHOCTH: CIydaii-
HOCTb U HEYETKOCTH [5]. BepoaTHOCTHBIE MOEIN MOTYT MCHOIB30BATHCS JJIs CIy4alfHOCTH, HO HE
JUTSL He4eTKOCTH. Ha mpakTHKe Mpy aHaIM3e HAAEKHOCTH BAPHAHTOB PEKOHCTPYKIMH TATOBBIX ITOJI-
CTaHIMH U3-3a HETOYHOCTHU U HETIOJIHOTHI HCXOIHBIX JaHHBIX OLIEHKA TOYHBIX 3HAYCHUH TIOKa3aTeneit
HaJeKHOCTH CTAaHOBHUTCS 3aTPyIHUTENbHON. JInna, npuanMatomue pemenne (JITIP), B rakux ciyda-
X pacCMaTPUBAIOT MPUOIMIKEHHBIC 3HAYCHHS [TOKa3aTeNei, a JOBepUTEIbHbIC ITPAHHUIIB TAKUX MOKa-
3aresei Ha/le)KHOCTH MOT'Y T OTJIMYATHCS OT pealibHbIX 3HaYeHn . [I[pyHIMas Bo BHUMaHUe Heolpee-
JICHHOCTb M HETIOJIHOTY CBE/ICHUIT 00 YCIOBUSIX SKCIUTyaTallud KOHKPETHOTO 3JIEKTPO0OOPY/J0BAHUS,
MIPECTABISACTCSI OOOCHOBAHHBIM HCIIOJIB30BaTh MOJAEIHM HaJAEKHOCTH C HEUETKMMHM HapamMeTpamMu
[5, 6]. HeueTkue Momeau CTAHOBSITCS HEOOXOUMBIM JOMOJHCHHEM K BEPOSITHOCTHBIM MOJIEIISIM, YTO-
061 ydecTh 00a BHJIa HEONPEAEICHHOCTH UCXOAHBIX JAHHBIX IIPH BEPOSITHOCTHOM IIJIAHWPOBAHUH pe-
KOHCTPYKLHHU M MOJIEPHU3ALIMHU TATOBOM MOACTAHIIMH.

BeimeckazanHoe JienaeT akTyaJbHBIM pa3paboTKy U COBEPIICHCTBOBAHME METOIOB aHAIM3a Ha-
JISKHOCTH TATOBOM TMOACTAHLIUH IPU PEKOHCTPYKIIMH B YCIOBUSX HEOMPEACICHHOCTH.

OnuH U3 METOJO0B, KOTOPHII MO3BOJISET BBIUNCINTE MOKA3aTENIN Ha/JACKHOCTH B YCIOBHSIX He-
OTIPE/ICTICHHOCTH, OCHOBAH HAa MPUMEHEHUHU Teopuu HedeTkux MHOXecTB (THM) [5, 7]. B paborax
[8-11] Ob1TM pa3paboTaHbl METOABI C TPUMEHEHNEM TaK Ha3bIBAEMBIX TPEYTOJIbHBIX HEUSTKUX YUCET
(THY), npeacrapisiromux co0o# HeyeTKue yucia ¢ GyHKuued npuHaaiekHocTu (DI1) B Tpeyroib-
HoM Buze. THM — maremarnyeckuii anmapar ais padoThl ¢ 00BEKTaMH, HE UMEIOLIIMMHU KECTKHX,
OJTHO3HAYHO 3a/1aBaeMbIX rpanuil. OH 103BOJsIET HOPMaIbHO OMUCHIBATH HECTPOTHUE, HEUETKHE, pac-
TIIBIBYATHIC TIOHSTHS U IIPOU3BOIUTE C HUMH Pa3JIMYHBIC ONIEPaIIHH.

Ha ocnose THY npensiaraercst onpeaenuTh 10Ka3aTean HaJedKHOCTH IEMEHTOB TSAIOBOM MOJI-

CTaHIIMH, YTO ITIO3BOJIMT HA OCHOBE 3THUX IoKa3aTejed B COYeTaHUU C METOAOM MHHHUMAJIBHBIX CC-
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YeHUW OTKa30B [12] BBIMIOJHUTE aHAJN3 HAJAEKHOCTH CXEMbI JIEKTPUUYECKUX COCTUHEHHH TITOBON

NOACTAaHIIMU B YCIIOBUAX HEOMPEACICHHOCTH.

IloHsiTHE HEYETKOIr0 YUCJIa U MPABHJIA ONlepaluid

[ycth U — TpaJulIMOHHOE MHOXKECTBO U €ro 4JieH 0003HavaeTcs Kak x. HeueTkoe MHOXKECTBO A

no U OIIPEACIICHO KaK PAJA YIIOPAAOYCHHBIX ITap U BbIpAXXaeTCd B BUAC

A={(p,(x)[xeUj, O

rre pa(x) — I anemeHTa K MHOXXECTBY 4, n3meHstomasica ot 0 1o 1.

PaBeHCTBO [a(X) = | 0O3HAYaeT, YTO X TOYHO MPUHAIICIKUT MHOKECTBY A; PaBEHCTBO [ 4(x) = 0
TOBOPUT O TOM, YTO X TOYHO HE IMPUHATIJICIKHUT MHOKECTBY A. HeueTkne MHOKECTBA OTINYAIOTCSA OT
OOBIYHBIX MHOXECTB TEM, YTO JOITYCKAIOT IIPOMEKYTOUHBIC 3HAUCHUST (DYHKIIUU IMPUHAIICKHOCTH,
HanpuMmep, [y(x) =0,5.

B wacTHOCTH, A — BEpOSITHOCTHOE HEUYETKOE MHOKECTBO, €CIIH [L4(X) IBISCTCS CIydaifHOH mepe-
MEHHOM, ONpeIeICHHOI Ha BEpPOSTHOCTHOM IPOCTPAHCTRBE.

Aa, Ha3bIBA€MO€ Ol CCHCHUEM A, OMpeACIdCTCA KaK
A, ={(xeU|p,(x)=2a,0<a<l,}. )

HeueTkoe umciio — crneuuanbHbI THII HEYETKOro MHOXecTBa. HedeTkoe uucio onpene-
JSeTCS KaK BBIMTYKJIOE, HOPMaJIHU30BAHHOE HEYETKOE MHOXKECTBO ¢ KyCOUHO-HenpepbiBHONH DIT
[13]. CormacHo 3TOMY ONmpeaeNeHUI0 OUYEBUIHO, UTO O CeUeHUE A, HEUETKOTro uucia A sBIs-
eTCsl MHTEPBAJIOM C HWJKHEH W BepxHed rpanunei npu a,o) < a,(o). OgeBugHo, 9T0 @/(00) U
a,(0) — MOHOTOHHO yObIBatomasi GyHKIUs o. M HUKHSIS, 1 BEPXHSIS TPAHUIBI COOTBETCTBEHHO.
IMosTOMY Omepanuu HEeYeTKUX YUCE]l MOTYT ObITh BBIIIOJIHEHBI MO MPABUIAM BBIUYHCICHUS HH-
TepBaJoB.

Jlns nByX 3aJJaHHBIX HEUETKHUX ducel A, = [a/a), a, ()] u B, = [b/(a), b,(0)] MOTYT IPUMEHSATHCS

cleAyIolKe MpaBuiia onepanui.

CymMupoBanue

(4+B), = [a,(0) + b, (0),a, (@) +b,(@)] ©
Brruutanue

(4-B), =[a,(0) =, (0),a, (@) - b, (@)} @)
VMHOXEHHE

(45), [ M@ @b (@.0,@)-b@.a@ b @.a@-b@)]

max(q, (o) - b,(a),a, (o) b(a),a,(a)-b,(a),a,(a) b, (a))
ECJ'II/I A 58 B onpe;[eneHbl Ha MOJIOKUTCIBHOM MOHOTOHHOM HpOCTpaHCTBe BCIICCTBECHHbBIX YU-

cen, To (5) cTaHOBUTCSA

(4B), =[a,(®)-b,(0),a,(a) b, (0)]. ©)
B HYaCTHOCTH, €CJIN H— IIOJIOKHUTECIBHOC IMTOCTOAHHOC YUCJIO0, TO
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(HA), = [Ha, (), Ha, ()} (7)
Jlenenue

A 1 1

5), "le@ @l oot ®

rae b(o) # 0 u b,(0) # 0. Have, oquH uiin 00a KOHIIA HHTEPBaJia PACIIHPSIIOTCS 0 .

JI71s IpaKTUYECKUX BBIYMCIICHUN yI00HO paboTaTh C HEYSTKUMH YUCIIAMHE CIICI[HATBHOTO BUIA
[5, 10].

TpeyronbHOE HEYETKOE YHUCIIO, KOTOPOE YacTo 0003HavaeTcs kak 4=(a;,a,,a3), ONpeaeneHo cie-

nytomer OIT (puc. 1):

(x—a)/(a,—a,) ecmn a, <x<a,
W, (x)=1(ay,—x)/(ay—a,) eciu a, <x<a, )
0 eclu X< a,WIH X > a,.

Brruucnenue o ceueHus Aa TPEYTOJbHOTO HEYCTKOI'O YrcJia

A, =[a, +a(a, —a,),a, —o(a, —a,)]. (10)

1.0

0.0
aj a, a,
Puc. 1. ®II TpeyroabHOro HEYETKOIO YUCIA

Fig. 1. Membership functions of a triangular fuzzy number

OmnpeaeJieHue HeYeTKUX MOKa3aTe el HAAeKHOCTH

DOnemenThl CTD KIIacCUPHUITMPYIOTCS HA ABE KATETOPHUH: C BOCCTAHOBIICHUEM 1 O€3 BOCCTaHOBJIC-
HUS1. DJIIEMEHT CUCTEMBI DJIEKTPOCHA0KEHH S SIBIISICTCSI BOCCTAHABJIMBAEMbIM B TEYEHHE HOPMAJIBHOTO
MIEPHUO/Ia SKCILTYyaTallM U MOKET BBIMTH U3 CTPOSI B KOHIIC CPOKaA AKCIUTyaTaruu. [loTHOTa HCXOTHON
uH(pOpPMAITUHU 3aBUCUT OT HECKOJIbKUX (pakTopoB [13]. [To psay mokasateneld akTyasibHas HHGOpMa-
LS MOXET OTCYTCTBOBATH [6, 14, 15].

CpenHee BEIOOPKH BPEMEHH BOCCTAHOBIICHHSI MOXKET OBITH JIETKO BBIYHMCIICHO KaK cpenHeapud-

MCETHUYCCKOC BPEMCHH BOCCTAHOBJICHU S ITPU PAZJIIMYIHbBIX COOBITUSIX OTKJIFOUCHUM
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— 1 n
T=—>1,, (11)

_ n=
rae T — TOYeyHas OIIEHKAa BPEeMEHU BOCCTAaHOBJICHHS (B Hacax); T; — BPeMs i-TO BOCCTAHOBJICHHUS; 1 —
YHCIIO BOCCTAHOBJICHUH B CTATUCTHYECKUX OTUYETAX.

JloBepuTeNnbHBI HHTEPBAJ 0XKHIAEMOT0 BPEMEHU BOCCTAHOBJICHHU I MOXKET OBITh OLIEHEH M0 KPH-
TEpUSIM f-pacripeiesieHus WM HOpMaJIbHOTO pacnpenenenus |5, 10].

Merton oneHku ciaenywoimuii. [Ipeamnonaraercs, 4to  nmpeacTaBisieT peajbHO 0KHUIAEMOE
BpEMsI BOCCTAHOBJICHHS, & § — CPEJHEKBAJPAaTHYHOE BPEMEHH BOCCTAHOBJICHHUS IO BBIOOPKE.
Ecnu ucnonp3yercs KpUTEPUH f-paciipefeeHusi, TO MOKHO MOATBEPAUTh, YTO IS JAHHOTO Cy-
IIECTBOBAHMS yPOBHS 0 ClydaliHasi IepeMeHHas (:E—B)\/;/s pacriosioxxeHa Mexny —t,(n—1) u
ty(n—1) ¢ BepoaTHOCTBIO 1—a, rae f,(n—1) — Takoe 3HaueHue, 4YTO MHTerpai GyHKIUU MIOTHO-
CTH t-pacrpesesneHus ¢ (n —1) creneHsMu cBOOOABI OT f,(n —1) 10 © paBHseTCs o. [loaTOMY MBI
uMeeM

—tu(n—l)S@Stu(n—l). (12)
s

/In

Cpez[H;m MHTCHCUBHOCTH OTKAa30B OTJACIBHBIX KOMIIOHCHTOB HC MOXKCT OBITH IMOJIy4YeHa Kak
CpeaHee BBI60pKI/I M3 OTYCTOB I10 OTKa3aM. IHTEHCHBHOCTH OTKa30B OLICHMUBACTCA KaK CpeAHEC YHUCIIO

OTKa30B 3a o/l B TCUCHUE pacCMaTpuBacMoro rnepuoja BpeMEeHU T

r=2, (13)
T

rae A — Toueunas OLICHKAa MHTEHCHBHOCTH OTKa30B (OTKAa30B/TO[); 7 — YUCIO OTKA30B JIEMEHTa 3a
paccMaTpuBaemoe Bpems 7 (B rofax), KOTOPOE IPEACTaBISIET BCE IPOLIEIIee BpEeMsI MUHYC ITOJTHOE
BpeMs OTKJIIOUEHHUH H3-3a 0TKa30B. B GOJBIIMHCTBE CIydaeB MOITHOE BPEMs OTKJIIOYCHHH — OUeHb
MaJjast 4acTh U 7 MOXeT OBITh alllIPOKCUMHUPOBAHO BCEM ITPOLIEAIINM BPEMEHEM, B TEUCHHE KOTOPOTO
paccMaTpUBaOTCA COOBITHS OTKa30B. JTO MOAPAa3yMeBaeT, YTO HHTEHCHBHOCTh OTKA30B alIIpPOKCH-

MHPOBaHA YaCTOTOH OTKA30B.
JloBepuTeNnbHBIA HHTEPBAJ 0’KUIaeMONH MHTEHCHBHOCTH OTKA30B MOXET OBITh OLICHEH CIIEYI0-
muM MeToAoM. COracHoO TEOPUH CTATUCTUKH CYLIECTBYIOT CIEAYIOIINE COOTHOIIEHHS MEXKY pac-

npeneneHneM y> (Xu-KBaapar) u pacnpenenenuem Ilyaccona:
2°(2N) =2AT. (14)

3nech A — oXHaeMasi MHTEHCUBHOCTD OTKa30B, / — BECh PacCMaTpPUBAEMBbIH IIEPHOJ BPEMEHH,
N —4ucio oTka3os 3a Bpems 7.

VYpasuenue (14) yka3plBaeT, 4TO ABYKpaTHas BEIMYMHA OTKA30B B TEUCHUE BPEMEHHU [ CIEAyeT
pacripeesieHlIo Xu-KkBaapar ¢ 2N cTeneHsMu cBo0oabl. [10aToMy /iist 3aJaHHOTO YPOBHSI 3HAUEHH S
0. MOXKHO yTBEPXK/aTh, YTO HHTCHCUBHOCTh OTKA30B A OTHOCHTCS K CIIEIyIOIIEMY clydaifHOMY J0-

BEPHUTEIBHOMY HHTEPBAILY C BEPOSITHOCTHIO 1—at:

2 2
)\,'= ;{l—a(zN) < 7\. < //{a(zN) — }\‘n.
2T 2T

(15)
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BblunciieHusl HEYETKUX YHCEll, 110 CYLIECTBY, CBSI3aHbl C OOHApY)KEHHEM TOYHBIX BEpXHEU U
HIDKHEH TpaHul HeueTkol QyHkuu [10]. [Tpr HeoOX0qUMOCTH ¢ TTIOMOIIBIO SKCIIEPTOB MOXKET OBITh
nosyueHa Oosiee KOHCEpBaTHUBHAs (Oosee MUpoKas) MHTEpBabHas OlleHKa [§].

Koa¢ppummenT npoctos At BOCCTAaHABINBAEMOTO j-TO JJIEMEHTA paBeH
A (),

1 1
)+ — -
T

a

q;(t), = =), (1)), = [7‘;"11';7‘_;" 1;7‘1"'71"1 (16)

JJq Tj o
rae (A, — HeUeTKOEe YHCII0 HHTEHCUBHOCTH OTKa30B, 3aMHMCcaHHOE B BUJE (M), = (A, XT., A;”), ¢ HIXK-
Hell rpaHunel A;°, CpeIHMM 3HaYeHHEM Z u Be[EHeﬁ rpanunei A,;”; (1), — HEYETKOE YHCIIO BPEMEHH
BOCCTAHOBIICHHS, 3aIIUCAHHOE B BUJE (T)y = (T, T;, T;”), C HHKHEH IPaHULCH T;’, CPEHUM 3HAYCHUEM
Ij. U BEPXHEHN rPaHULEH T;”.

MunumaibeHOe ceueHre oTka3oB (MCO) onpenensieTcss Kak Habop AJIEMEHTOB, 0TKa3 KOTOPBIX
MIPUBOJIAT K OTKa3y CHCTEMBI, HO €CJIH JII0OOH 3JIeMEHT CeUeHHsI ocTaeTcss paboTocrocodeH, 0TKa3a
CHCTEMBI HET.

B GonbmmHCTBE METOZOB ¢ Hcnoiab3oBanneM MCO 4YacTo NMPUHUMAIOT JBA BUAA NPHOIMIKe-
HUIL:

1) HeT HeoOXoauMocTH niepeunciiaTh Bce MCO, Tak Kak BEpOITHOCTH OTKAa30B JIEMEHTOB B Iie-
JIOM Majbl U, TAKUM 00pa3oM, BEpOSITHOCTDH MOSABICHUS CEYCHHUH 0ojiee BHICOKOTO MOPSAKA MOXKET
ObITh OueHb HM3KOH, T.e. MCO 0Oosiee BBICOKOrO MOpsiika MOTYT OBITH MPOMTHOPHPOBAHBI B IIEpe-
YUCIICHUH;

2) BEpOSTHOCTH NepecedeHnit 1ByX U 6oee MCO BO MHOTHX ciaydasiXx OOBIYHO Upe3BBIYAHHO
HU3KH, U TIOATOMY BIHMSHUSA HEB3aUMHOT0 HCKiItoueHus cpea MCO He3HaYUTENbHEIL.

Kaxxnoe MCO cocTaBieHo U3 apaJiIelbHBIX 2JIEMEHTOB, €CITH JIJIs1 0TKa3a Habopa JI0JKHBI OT-
Ka3aTh Bce 3JIeMeHTHI B Habope. CoBokymHOCTs MCO coennHeHa ocie10BaTebHO, €CITH Al 0TKa3a
CHCTEMBI JIOCTATOYHO OTKa3a TOJIKO OJHOTO M3 HUX. [103TOMY A1 MOZIENIN CHCTEMBI MOXKET HCIONb-
30Barbcst kKomOuHatusi MCO nocienoBaTebHO U 2JIEMEHTOB KaXK0T0 CeUeHUS! apaiiebHo.

@I1 mHO)ecTBa nokazarenelt st kaxaoro MCO BBIYHMCIISIOT, NCTIONB3YS (POPMYIIBI HaJIeKHO-
CTH ISl TApaJIIETLHONM 1 TTOCIEA0BATEIbHON CETH | MpaBHIIa onepanuii 1st HedeTkux uncen [10].

MCO B pacdeTHOH cXeMe peau3yeTcsl, €CJIM BCE HCXOAHbIE COOBITHS (OTKa3bl JIEMEHTOB) 4. ..
A, poucxonsT B HeM. BepossTHOCTh Bo3HUKHOBeHUs -0 MCO B MOMEHT BpeMeHH £, (¢;*(f)), monyya-

€M IIpH IepeceueHUH (KOHBIOHKIIMH) OTKa30B JIeMeHTOB [12]:

(q; (D), = P((4), - (4)),), a7

rne (A4;), — i-¢ MUHIMaJIbHOE CEeUeHHUE, BRIPAKCHHOE HEUETKUM YHCIIOM.
[Noxkazarens w;*(f) — oxugaemMoe 9ucIio mosiieHui i-ro MCO B eIUHAIY BPEMEHU B MOMCHT f —

OMpeaAcIACTCA BRIPAXKCHUEM

n R n J—
(@ (1), =D (@500, (4,599, (18)
= 1%
rae (w,(f)), — He4eTKoe YHCIIO, TapaMeTp MOTOKA j-Iro HCXOAHOTo coObITHA B i-M MCO, 1 — uncio ume-
HoB MCO.
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IMoka3zatens (A*(f)), — MHTEHCHBHOCTH mosiBICHUS i-r0o MCO — omnpenienisieTcst uepes mokas3aresn

(@4 O)a 1 (@0)e
PACRTREA) | (A

* @ @, E

MO, =1 = y ‘ Y
A [1-P((4), - (4),)] "

KoadduumeHt mpocTost TAroBoit moAcTaHIHU (g.(f))q — BEPOITHOCTH TOTO, YTO KOHEYHOE CO-

ObITHE OTKa3a MOJCTAHIMM CYIIECTBYET B MOMEHT f, T.€. BEpOATHOCTh OTKa3a TSATOBOM INOACTaHIITUHU

OMpeAcaACTCA 1O BEIPAXKCHUTO

Nyco

(q.()), = Z(‘m)“)’ (20)

rae Ny~ obmee uucio MCO.
WHTEHCUBHOCTH 0TKa3a TAT0BOM noacTaniuu (Ay(f)),, UK BEPOITHOCTH TOTO, YTO KOHEYHOE CO-
6I)ITI/IC HpOHSOﬁ}ICT B C[[HHI/H_[y BpeMCHI/I B MOMCHT BpeMeHI/I t HpI/I yCJ'[OBI/II/I, YTO OHO HE CyI_[IeCTByeT

B MOMEHT /,

(A ), = X050, @1

@I1 MHTEeHCUBHOCTH OTKA30B M BPEMEHU BOCCTAHOBJICHHUS JIEMEHTOB MOT'YT OBITH CO3JIaHBI 110
TOYCYHBIM M MHTEPBAJIBHBIM OI[CHKAM MHTCHCHBHOCTH OTKAa30B U BPEMEHM BOCCTAHOBJICHMS COOT-
BercTBeHHO. PII K0ahhuIeHTa MpocTos IEeMEeHTa MOXKET OBITh MONMYy4YeHA M0 (PyHKIUAM NTPHHA-
JEKHOCTU A U T.

Ipumep. PaccMoTpuM cxemMy OTKpPBITOrO pacnpenenuTenabHoro ycrpoiicrsa 110 kB tsarosoit
MOJICTAHIINH, TIOKAa3aHHYI0 Ha puc. 2. B mporecce pekoOHCTPYKIIUK MOICTAaHIIUHY ITpeIaraeTcs B3aMeH

YCTapeBIIUX MACJIISAHBIX BBIKJIIOYATEIICH YCTAaHOBUTHb COBPCMCHHBLIC 1 Oonee HaACKHBIC 3JICTa30BbIC

Wi w2
Ql Q2
Q3 Q4
Tl T2

Puc. 2. Cxema OPY 110 kB TsAr0oBOi# noactaHinu

HE

Fig. 2. 110 kV open switchgear circuit of a traction substation
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anmapatsl. CpeH1e 3HaueHUs U T0OBepUTEIbHBIC TPAHUIIBI HHTEHCHBHOCTH OTKA30B U BPEMEHH BOC-
CTAHOBJICHHS JIEKTPOOOOPYIOBAHUS TATOBOW MOJCTAHIIMY IIPEICTaBICHBI B Ta0I. 1.

3HaueHus! HUXKHEW U BepXHel rpanui koaduimenTa npocTos ¥ MHTEHCUBHOCTH OTKa30B TSTO-
BOM MMOJICTAHIINH, COOTBETCTBYIONINE MATH TOYKaM (YHKIIMH TPHUHAICKHOCTH, JaHbl B Ta0I. 2 n 3
COOTBETCTBEHHO. B pesynbrarax ucnosp3opanu mar 0,25. [llar moket ObITh BEIOpaH B 3aBUCHMOCTH
oT TpebOBaHUU TOYHOCTH IpH BeruucieHun OI1.

Jl1s AByX BapHMaHTOB CXEM TATOBOM MOACTAHLIMM C MACISHBIMH H 3JI€Ta30BBIMHU BBIKITIOYATE -
MU (QyHKINY IPUHAJICKHOCTH ITOKa3aHbl Ha puc. 3 u 4.

Ananu3 QyHKUMH NpUHAJICKHOCTH [OKa3aTenel HalexxHocTu (puc. 3, 4) mokaszaj, 4TO MpH-
MEHEHHE JJIEra30BbIX BBIKJIIOYATENEH MPH PEKOHCTPYKIIUU CXEMBI TSATOBOW IMOJICTAHIHWU IPUBOIUT
K TOBBILICHHUIO HAJIS)KHOCTH €€ B YaCTH YMEHbBUICHUS KOA(PPHUIIMEHTa TPOCTOSI 1 HHTEHCUBHOCTH OT-

Ka30B.

Tabnuna 1. CpeaHue 3HAYCHUS U JOBEPUTEIbHBIC TPAHUIBI HHTCHCHBHOCTH OTKAa30B U BPEMEHU BOCCTAHOBJIC-
HUS 3JICKTPOOOOPYIOBAHKS TATOBOM MOJCTAHIIHH

Table 1. Mean values and confidence limits of failure rate and recovery time of electrical equipment of traction
substation

WHTEHCUBHOCTH OTKA30B
DJIeMEHT CXEMBbI BykBenHoe 0003Ha4UEHNE A 1/ron A8, 1/ron Z, 1/ron
Jlunus (5 xm) W1, W2 0,072 0,1 0,08
Tpancdopmarop T1, T2 0,012 0,02 0,014
MacnsHbIi BBIKIIOYATEIb Q1,Q2,Q3,04,Q5 0,014 0,02 0,016
DI1era3oBbIil BHIKIIOYATEIb Q1,Q2,Q3,04,Q5 0,0045 0,00625 0,005
BpeMst BOCCTaHOBIICHUST
DJeMeHT CXeMBI BykBennoe o603HaueHme o r ®r ;, r
JTunust (5 xm) W1, W2 0,00153 0,00212 0,0017
Tpanchopmatop T1, T2 0,00679 0,011 0,00799
MacisiHbI# BBIKJIIOYATENb Q1,Q2,Q3,04,Q5 0,00414 0,00575 0,0046
Dnera3oBbI BEIKIIOUYATEIb Q1,Q2,Q3,04,Q5 0,00205 0,00285 0,00228

Tabnuma 2. DI kosdduireHTa MPOCTOS CUCTEMBI

Table 2. The membership functions of the ratio of system downtime

Touka TII ¢ MacIIHBIMHU BBIKJIIOUATEIAMHI TII ¢ 51era30BBIMH BEIKJIIOYATENAMHA
HTPUHAUICKHOCTH | Hypgusist rpandia | Bepxusis rpanuna | HukHss rpanuna | BepxHss rpaHuia
1 7,89-10°8 7,89-10°¢ 378108 3,78:108
0,75 7,15-10°8 1,14-107 3,40-10°8 5,64:10°8
0,5 6,35-10°8 1,48-107 3,02:10°8 7,51-10°®
0,25 5,60-10° 1,84-107 2,64-10°® 9,39-10°®
0 4,76:10°® 1,05-107 2,26:10°® 1,13-107
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Ta6nuna 3. @I UHTEHCUBHOCTH OTKA30B CUCTEMBI

Table 3. The membership function of the failure rate of the system

Touka TII ¢ MacIIAHBIMHU BBIKIIIOUATEIAMHI TII ¢ 51€era30BBIMH BEIKJIIOYATENAMHU
HPUHAICKHOCTH | Hypgusist rpandiia | BepxHsis rpanuna | HukHss rpanuna | BepxHsist rpanuia
1 5,150-10° 5,150-10° 3,060-10 3,060-10°
0,75 4,770-10° 6,480-10° 2,810°10 3,820-10°
0,5 4,400:105 7,820:10° 2,593-10° 4,618-10°
0,25 4,033-10° 9,155:10° 2,376:10° 5,433-10°
0 3,668:10° 1,053-104 2,14810° 6,233:10°
Ha(9), na(g)y 1o
1,00157,,7189,'],(),{ ,,,,,,,,,,,,,,,,,,, 1,00 P 378100
0,75 F——47,15-10"\,14-107 0,75 |~ 1£3,40-10™3,64:10°
108
0,50 | -16,35-10° 1,48:107 0,50 - $5.02-10°% 7,51-10
- 108
0,25 -{5,60-10* 1,84107 0,25 {2,64:10° 3910
0,00 [4.76:10" 105107, 0,00 {226:107 INKRTEANG
q q
a) 6)

Puc. 3. @I k03 HUIHEHTOB MTPOCTOSI IS TATOBOM MOACTAHIIUU C MACISIHBIMU (@) U 2J1era30BbIMHU (0) BBIKITIO-

qaTeIsaMu

Fig. 3. The function of the ratio of downtime for traction substation with a) oilbreakers switchgear and 6) SF6

breakers switchgear

Ba(A) Ba(A)
y 10 \ 107
1,00 [ slsdon 1,00 ,,,,%’96 1,0 ,,,,,,,,,,,,,,,,,,,,
-5 -5
0.75 F—=4 77.10N6:48 10 075 -t g1-10° 38210
10 105
0,50 -4 40-10° 8210 0,50 | -~£2,59-10° &62:10
. -5 . -5
0.25 | £4,03-10° 16:10 025 [-/2,38-10° 4310
0,00 3.67:10°% 105-10™ ) 0,00 {2.15:10° 623 10N\
A A
a) 0)

Puc. 4. Ol THTEHCHBHOCTH OTKA30B JIJISl TATOBOM MOACTAHIIUU C MACIISTHBIMH (2) M AJIEra30BbIMU (0) BBIKITIOUA-

TCISIMHA

Fig. 4. The membership function of the failure rate for traction substations from a) oil breakers switchgear and
6) SF6 breakers switchgear
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3akJ/JaueHue

[Tpennoxena MeTOAMKA aHANIM3a HAACKHOCTH IPU PEKOHCTPYKIUH TATOBOW IOJICTAHIHMH Ha
OCHOBE TEOPHUHU HEYETKHUX MHOYKECTB, ITO3BOJIAIONIAs OLECHUTH MMOKA3aTeIN HAJS)KHOCTH B YCIOBHUAX
HeueTKOH MH(OPMALINN UCXOIHBIX JAHHBIX U IIPUHATH 0OOCHOBAHHBIM BapuaHT PEKOHCTpyKuuu. Ta-
KOM MOAXO SIBJISCTCS aKTYaJIbHBIM P PEKOHCTPYKIIUU TATOBBIX MOJCTAHIINH jKeJIe3HBIX JOPOT, KOT-
Jla 00beMa UCXOIHBIX JJaHHBIX, UCTIOJIb3YEeMBbIX JUJISl OLIEHKH HAJEKHOCTH, HerocTaTouHo. [Tokasarenun
Ha/ie)kHOCTH 3ieMeHTOB CTD MOryT OBITh ONUCAHBI TPEYTOJIBHBIMHA HEYETKUMH YHCIAMH.

Hcnionb3yeMblit MeTo/1 TocTpoeHUs (PyHKINH MPHHAICKHOCTH OBBIIIACT 3(h(HEKTHUBHOCTH pe-
HICHUS 3aJ1au OIICHKH HaJIe)KHOCTH TSATOBOW MOJCTAHILIMHU JUIsl PA3HOTO COCTaBa AIEKTPOOOOpyI0Ba-

HUS TIPU BEIOOPE BapHaHTa PEKOHCTPYKIIUH TATOBOW TOJICTAHIINH.
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Abstract. Now-a-days, increasing no. of incidents of vehicle theft have become a major problem in
society. To prevent vehicle theft we can install an embedded system in the vehicle which takes care
of this thing. In this paper, we deal with design of an embedded system to prevent vehicle theft.
The pro-posed system makes use of AVR (Advanced Virtual RISC) microcontroller interfaced
with a GSM module. After installing the system in the vehicle, if the vehicle is being stolen then
the owner can control the ignition, say it to lock the vehicle or stop the engine by communicating
with the GSM module from a mobile phone. The owner can bring back the vehicle to normal
condition after enter-ing a secured password. Tracking of the vehicle is also possible due to the
presence of SIM card in the GSM module. The system is designed in a single chip & the cost is
very less.
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Jn3aiin Hu3koii croumoctu GSM
HA OCHOBE BCTPOCHHBIX CUCTEM
JJIA IPEeAOTBPALIEHUS KPAaKU TPAHCIIOPTHBIX CPEACTB
€ HCIOJIb30BAHUEM MHKPOKOHTPOLJIepoB AVR
Yanuaa Pagx, Cantom Moxan Paxkkymap

Hayuonanvnoiti mexunonocuueckuu uncmumym
Hnous, Cunuap

Annomayua. Cirydan XUMICHUS TPAHCIOPTHOTO CPENICTBA CTATH CEPhE3HOM MPOoOIeMOii B 00IIeCTBE.
JUis mpenoTBpameHns yroHa Mbl MOXKEM YCTaHOBHTH BCTPOSHHYIO CHCTEMYy B aBToMoOuie. B
9TOH CTaTbe MBI HMEEM JeJI0 ¢ KOHCTPYKIHE BCTPOCHHON CHCTEMBI [l IPEOTBPAICHHS YTOHA
aBromoomis. [Ipenmoxennas cucreMancrnonb3dyeTAVR (Advanced Virtual RISC)MukpokoHTpOsiepa,
conpspkeHHOro ¢ MogyieM GSM. [ocie ycTaHOBKH CHCTEMBI Ha TPAaHCIIOPTHOM CPEJICTBE BiIaleliel]
MOXET KOHTPOJHMPOBATH 3aKUT'aHHE, (GUKCUPOBATH aBTOMOOWIIb MJIM OCTaHABJINBAThH JABHTATENb,
cBa3bpIBasch ¢ MonyineM GSM ¢ moGmiapHOTO TenedoHa. Bramenmery MokeT BEpHYTh aBTOMOOHIB
B HOPMaJIbHOE COCTOSHHUE I0CJe BBOJA 3aLIMIIEHHOro Hapois. OTClIeXHBaHHE TPAHCIOPTHOTO
CpencTBa BO3MOXKHO Takke m3-3a Hammaus SIM-kapTer B Monyine GSM. Cucrema pa3paboTaHa B
OJHOM YHIIE, U CTOMMOCTb €€ 3HAaYUTEIBHO MEHBIIIE IPYTUX CHCTEM.

Kniouegvie cnosa: GSM, AVR, cnexeHue 3a aBTOTPAHCHOPTHBIMHM CPEACTBAMH, BCTPOEHHBIE
CHCTEMBI.

Hutuposanue: Pajk, Yanuan. J{uzaitn Huskoi croumocté GSM Ha OCHOBE BCTPOCHHBIX CHUCTEM JUIsl IIPEJOTBpPALICHUS
Kpa)kKH TPAHCIIOPTHBIX CPEACTB C HCIOIb30BAaHHEM MUKPOKOHTposIepoB AVR / Yanuan Pamxk, Cantom Moxan Paxkywmap //
Kypu. Cub. denep. yn-ta. Texuuxa u rexaonornu, 2020. 13(1). C. 63-68. DOI: 10.17516/1999-494X-0036

1. Introduction

In recent years, vehicle thefts are increasing at an alarming rate around the world. According to
National Crime Information Center (NCIC), in 2006, 1,192,809 motor vehicles were reported stolen,
the losses were 7.9$ billion [1]. People have started to use the theft preventing systems installed in their
vehicles. The commercially available anti-theft vehicular systems are very expensive. Therefore in this
paper we propose a simple low cost embedded system to serve this purpose. The embedded system
block consist of an AVR microcontroller, GSM module, LCD, keypad, relay circuitry, power supply
unit.

GSM (Global System for Mobile Communications, originally Groupe Spécial Mobile), is a stan-
dard developed by the European Telecommunications Standards Institute (ETSI) to describe the pro-
tocols for second-generation (2G) digital cellular networks used by mobile phones, first deployed in
Finland in July 1991. As of 2014 it has become the default global standard for mobile communica-
tions — with over 90% market share, operating in over 219 countries and territories. The network struc-
ture of GSM is divided into a number of discrete sections as follows [7]:

» Base Station Subsystems (the base stations & their controllers).

* Network and Switching Subsystem (the part of the network most similar to a fixed network,

sometimes just called the “core network”.

* GPRS Core Network (the optional part which allows packet-based Internet connections).
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» Operations support system (OSS) (network maintenance).

2. The designed embedded system

The block diagram of the proposed embedded system is shown in Fig 1. The power supply unit
draws power from car’s battery & supplies 5V to AVR microcontroller & 12V to relay connected to
ignition & fuel supply system of the car. When the vehicle is stolen, the owner can send an SMS typ-
ing “STOP” followed by a password from his mobile phone to the secret mobile number of the GSM
module. Microcontroller takes SMS signal from the GSM module, reads the instruction it & compares
the password with the value set by the owner. If the password matches then the microcontroller dis-
connects relay from the circuit & the vehicle will stop. The vehicle can be brought back to normal
position in two ways: either the owner can send a message typing “RESET” followed by the password
or by directly entering the password through the keyboard on spot. The LCD is there to show relevant
information. The owner can anytime change the password by using the keyboard after providing the

current password.

A. The AVR microcontroller

The heart of the system lies in the AVR microcontroller, which handles all signals. It is an 8-bit
microcontroller which works on 16 MHz crystal frequency. The version of AVR we are using here is
ATmega32 by atmel. The key features of ATmega32 are:

* High-performance, Low-power consumption.

» Advanced RISC architecture.

» High endurance non-volatile memory segments.

ainpo WSS

-

LCD Keypad

16X2 AVR Microcontroller

Relay
{lgnition and Fuel
Controller)

.

Fig. 1. Block Diagram of the embedded system
— 65—
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* JTAG (IEEE std. 1149.1 Compliant) interface.
The pin configuration of ATmega32 is shown below in Fig. 2.

B. The keypad

The keypad that has been used here is in the form of (4 x 4) matrix form to give input data (i.e.
password, during validation process). The keypad is connected with AVR microcontroller row-wise
from PB4 to PB7 & column-wise from PBO0 to PB3. The rows are connected to an output port and the
columns are connected to an input port. If no key has been pressed, reading the input port will yield
I’s for all columns since they are all connected to high (Vcce). If all the rows are grounded and a key is
pressed, one of the columns will have 0 since the key pressed provides the path to ground. It is the func-
tion of the microcontroller to scan the keyboard continuously to detect and identify the key pressed.

The circuit diagram of the designed keyboard is shown in Fig. 3.

C. The display unit

The display unit used to display messages here is a 16x2 LCD. The data ports of LCD are con-
nected from PAO to PA7 of microcontroller & control pins RS, RW, E are connected to PCO, PC1, PC2
of microcontroller respectively. A variable resistor RV1 is connected to VEE port of LCD which is
used to adjust contrast of LCD. The LCD used here is LM016L which is capable of displaying alpha-

numerics in 16x2 dot matrix.

D. The relay unit

The relay we are using here is driven by Power MOSFET (IRF830) and we apply the output of
AVR microcontroller to the gate of MOSFET. The MOSFET is biased by 12V supply from the battery.

PDIP
\_/
(XCK/T0) PBO ] 1 40 [ PAO (ADCO)
(T1) PB1 O 2 39 O PA1 (ADC1)
(INT2/AINO) PB2 ] 3 38 O PA2 (ADC2)
(OCO/AINT) PB3 ] 4 37 [0 PA3 (ADC3)
(5S) PB4 ] 5 36 [O PA4 (ADC4)
(MOSI) PB5 ] 6 35 [ PA5 (ADCS5)
(MISQ) PB6 [] 7 34 [ pAG (ADCS)
(SCK) PB7 ] 8 33 [ PA7 (ADCT)
RESET ] 9 32 [0 AREF
vce O 10 31 [0 GND
GND ] 11 30 [0 AVCC
XTAL2 ] 12 29 [0 PC7 (TOSC2)
XTAL1 ] 13 28 [ PC6 (TOSC1)
(RXD) PDO ] 14 27 [ PC5 (TDI)
(TXD) PD1 ] 15 26 [0 PC4 (TDO)
(INTO) PD2 ] 16 25 [ PC3 (TMS)
(INT1) PD3 ] 17 24 |1 PC2 (TCK)
(OC1B) PD4 ] 18 23 [0 PC1 (SDA)
(OC1A) PD5 ] 19 22 [ PCO (SCL)
(ICP1) PD6 (] 20 21 [0 PD7 (OC2)

Fig. 2. Pin configuration of ATmega32 (DIP)
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Fig. 3. The Designed Keypad

The relay completes the ignition circuit & also the circuit of a choke coil in the fuel injection system
of the vehicle. Whenever the relay changes its state it disconnects the ignition circuit & the choke coil
will come into action discontinuing the fuel supply to engine. Thus vehicle stops. The vehicle comes

into normal position when microcontroller brings back the relay to the original state.

E. The gsm module
We are using SIM900A GSM module with GSM/GPRS which works on frequency 900/1800

MHz. The receiver (Rx) pin of GSM module is connected to Tx (pin 15) of microcontroller & transmit
(Tx) pin of GSM module is connected to Rx (pin 14) of microcontroller. The default baud rate of both
module & microcontroller is 9600. The GSM module communicates with the microcontroller serially
as per UART (Universal Asynchronous Receive Transmit) protocol. The signal of module contains
Data Bits: 8, Parity: none, Stop Bit: 1. The frequency & baud rate can be modified using AT com-

mand.

3. The schematic simulated hardware design

The schematic hardware simulation circuit for the embedded system to prevent vehicle theft is
shown in Fig. 4. In this simulation circuit we are showing two lamps showing the state of ignition and

choke coil connected to NC & NO state pins of relay respectively.

4. Conclusion

With the designed embedded system installed in vehicle, vehicle theft can be prevented, also with
SIM tracking feature location can be found out. The system components are very much cheap & hence
the cost of the system is very less. The implementation of the system is very simple & hence vehicle

owners can easily avail the benefit of it.
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Fig. 4. Simulation Schematic of the embedded system
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Abstract. This article is devoted to the features of the formation of nitrogen oxides in boilers with
cyclone-vortex pre-furnaces and the possibility of using technological measures to reduce them.
According to existing notion, combustion devices with high thermal voltages are characterized by
high emission of nitrogen oxides. The influence of the design of the gas inlets into the combustion
chamber of the cyclone-vortex pre-furnace on the emission of nitrogen oxides was defined by
experimental methods.

Additionally, a study was conducted under various modes of operation of the boiler of the furnace
process inside the combustion chamber of a cyclone-vortex pre-furnace. It is necessary to point
that the optimal nozzle design and water-fuel ratio were selected by means of water injection.
Based on these studies, the factors affecting the formation of nitrogen oxides are identified. As
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MeTOI[bI CHUKCHUSA BblﬁpOCOB OKCHI0B a30Ta
B KOTJ/IaX C BO3YX00XJIaKIa€MbIMM
MUKJIOHHO-BUXPEBLIMHU NPEATONKAMHA
A.B. Jlecubix, K.A. llITeiM, M.B. Ynckuii

Hanvreeocmounwiii pedepanvruvlil yHugepcumem
Poccuiickas @edepayus, Braousocmok

Annomayus. B NaHHOW CTaThe pPacCMaTPUBAIOTCS OCOOCHHOCTH OOpa30BaHUs OKCHUIOB a30Ta B
KOTJIaX C LMKJIOHHO-BUXPEBBIMU MPEATONKAMU U BO3MOXKHOCTH MPUMEHEHHUs TEXHOJOTHMUYECKUX
MEPONPUITUN AT UX CHUKeHUs. [lo cyliecTBYIOUIMM MpPEACTaBICHUSM TOINOYHBIE YCTPOWUCTBA
C BBICOKMMH TEIJIOBBIMHU HAIPSIKEHUSIMU XapaKTEPHU3YIOTCS BBICOKOM SMHCCHEH OKCHUJIOB a30Ta.
DKCIIEPUMEHTAIBHBIMU METOJaMH OBLIO OIPEICIICHO BIUSHHE KOHCTPYKIIMH Ta30BbIX BBOJIOB
B KaMepy CropaHus ITUKJIOHHO-BHXPEBOIO MPEATONKA HAa BEIMYUHY BBHIOPOCA OKCHUIIOB a30Ta.
IIpoBeneHo ucciieoBaHUE TOMOYHOTO MPOLECCa BHYTPU KaMepbl CrOpaHUs LHUKIOHHO-BUXPEBOTO
MPEITONKA MMPU PA3IMYHBIX PEeKUMax paboThl kKoTia. [Ipu ocymiecTBIICHUU BIpPBICKA BOIBI ObLIa
BbIOpaHa ONTHUMAalIbHAs KOHCTPYKIHMS (DOPCYHKH M BOJOTOIUITMBHOIO COOTHOINCHUs. B pesyribrare
orpeenacHbl (paKTOPsI, BIUSIOIINE Ha 00pa30BaHUE OKCHJIOB a30Ta, a TaKxke Hanbouee 3¢ (heKTHBHBIC
TEXHOJIOTMYECKUE METOJbI JJIsl HU3KOIMHUCCUOHHOM skciutyatanuu kotia KBI'M-100 ¢ uukiaonHo-
BUXPEBBIMU MPEATOMKAMH.

Kniouegvle ciosa: INKIIOHHO-BUXPEBBIE MTPEATONKH, TOMIOYHBIN IIPOLECC, OKCUABI 30T, KOTEJIbHBIE
YCTaHOBKH, MEXaHHYECKHE (POPCYHKH, CHUKEHHUE BPEIHBIX BEIOPOCOB, KOHTPOIMPYEMBIH X HUMHUECKU I
HEJI0KOT, BIPBHICK BOZBI.

LurupoBanue: JlecHsix, A.B. MeTozbl CHHKEHHSI BEIOPOCOB OKCHJIOB a30Ta B KOTJIAX C BO3/YyXO0XJIaK1aeMbIMH [IUKIOHHO-
BuxpesbiMu npearonkamu / A.B. Jlecurix, K.A. lIteiv, M.B. Yrckuii // XKypu. Cub. penep. yH-ta. TexHUKa U TEXHOJIOTUH,
2020. 13(1). C. 69-83. DOI: 10.17516/1999-494X-0206

C 30-x rT. mporuroro Beka B CoBeTckoM Coro3e U 3a pyOeKOM HadajJoCh aKTHBHOE OCBOCHIE
[IUKIJIOHHO-BUXPEBOUW TEXHOJOTHUH CKUTAHUSI TOTUTUB. [IepBOHAYaIbHO MPEATIoaarajoch MpuMeHeHHE
JIAHHOM TEXHOJIOT MU JUTSI CAKUTAHUS TBEpIOro ToruBa. LLInpokomMy pacripocTpaHeHuIo €€, CKopee Bee-
r0, TOMEMIAIN CJI0XKHOCTh a9POJMHAMHUKH IIUKJIOHHOTO MPOIECCa U YKIIOH B CTOPOHY UCCIIETOBAHUS
KaMep ¢ BoJlooXJIaxkgaeMoit koHcTpykiuei. Kadenpoii rermosnepreruxu IBOY B navane 1970-x rr.
ObLj1a MPEIJIOKEeHA BO31YX00XJIaKIaeMasi KOHCTPYKIUS KaMep CropaHus ¢ 00JerdYeHHOH 00MypOB-
KO ¥ KOMOMHUPOBAaHHOW TeHEpaIiel BUXPs 32 CYST aKCHATFHOTO M TAHTCHITNAIBHOTO ITOIBOJIA BO3-
nyxa. [lepBble IMKIOHHO-BUXPEBBIC MTPEATONKHU ObLIIM yCcTaHOBJIEHBI HA KoTiiax lllyxoBa-bepnuna, u
HX dKcIuTyaranus npommminack 25 set [1]. C 1986 1., 6marogapst omoopennoit [IKTH, DHUH BHUITU
DHepromnpoma u Apyrux opraHu3anuii paboTe Mo MOACPHHU3AIUHU TAPOBBIX U BOIOTPEHHBIX KOTJIOB C
MEepPEBOIOM Ha HUKJIOHHO-BUXPEBOE CKUTAHHUE HAYAJIOCh aKTUBHOE BHEIPEHUE JAHHOW TEXHOJIOI' MU B
Oonpiryto 1 Manyto sHepreTuky. Ha JlansHem BocToke 0komo 60 KOTIOB OCHAIIIEHBI MAa3y THBIMU U T'a-
30Ma3yTHEIMU [IUKJIOHHO-BUXPEBEIMU Iipenromnkamu (ganee [[BIT), exmHIYHOI MonTHOCTEIO OT 17 10
65 MBT. [Ipexe Bcero akTHBHOE BHEAPEHHUE ITUKIOHHO-BUXPEBON TEXHOJIOTHH CKUTAHUS BBI3BAHO
BO3MOXXHOCTBIO YBEJIMUEHUS POU3BOAUTEIBHOCTH KOTJIOB IIPH COXPAHEHUHU IONYCTUMBIX YIEIbHBIX
TETJIOBBIX HAMPSHKEHUH TONMKU. Tak)ke OJHOBPEMEHHO C TOBBLIIIEHHEM MOITHOCTH KOTJIOB yAAaeTCs

IIOBBICUTH S9KOHOMHWYHOCTbH UX pa6OTH 3a CYECT BO3MOKHOCTH pa6OTBI IIpU SKCTPEMAJIBHO HU3KUX U3-
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ObITKaxX BO31yXa, 0€3 MPUMEHEHHs] TPETUYHOTO IyThsl U MHBIX MeTOA0B. OJHUMHU U3 MEPBBIX Ia-
POBBIX KOTJIOB OBIIIM MOJEPHU3UPOBaHBI KOTIIbI «babkok-Bunbkoke» Brnaamsoctokckoit TOLI-1, Ha
(hpOHTOBBIC CTEHBI KX I0r0 U3 HUX ObLIO ycTaHoBeHO 1Mo ogHomy L[BII. C ux ycTaHOBKOU yIa10Ch
YBEJIIMYUTH NAPONPON3BOAUTENBHOCTE Ha 15 % (¢ 30 mo 35 1/4), KIT1/] KOTIOB IpH 3TOM MOBBICHIICS C
80 10 90 % npu paboTe Ha Ma3yTe.

[TepBBIMU BOJOTPEHHBIMU KOTIAMH, NEPEBEICHHBIMHI HA INKJIOHHO-BUXPEBOE COKMTAaHHE Ma3y-
Ta, cTanu Tpu kotiaa DUM-25/35 remnonpousBoaurenbHocThio 30 ['kan/4. Beuin MoJepHU3HPOBaHbI
TOIOYHBIC KAMEPBI C YCTAHOBKOW IIMPMOBBIX IIOBEPXHOCTEH, TP 3TOM YJaJIOCh IOCTHYb HArPY3KH B
50 I'kasi/u. KI1/1 koTioB B cpeqHem Takxke coctasisier 90 % [1].

B nanpHeiiem ObUIM MOJICPHU3UPOBAHBI U JIPYTHE BUBI IPOMBIIIJICHHBIX W SHEPIeTHUECKUX
koti0B. KomnextuBom kadenpst TOUTT npu 0060011eHHOM aHan3e JaHHbIX B padore [1] oTmeuaeTcs
CHIJKEHHE BaJIOBBIX BEIOPOCOB BPEAHBIX BEIIECTB, HEKIACCHUYECKNE 3aBUCUMOCTH Y/ICIbHBIX BBIOPO-
coB OKCcHJIOB a30Ta NO, OT KOMIIOHOBKH IIPEITONKOB HAa CTEHAX TOIIKH, HATPY3KH M KOA(pPHUIIHEHTA
n30BITKA BO3TyXa.

B 1993 r. 611 nipunsit [OCT «KoTtesnpHble yCTaHOBKIY, I'lle BBEJICHBI IKOJIOIMYECKUE TpeOoBa-
HUA K KoTiaM. [IpuMepHO B 3TO e BpeMs IMOSIBUIINCH NE€PBbIE AJIEKTPOHHBIC Ta30BbIE aHAJIN3ATOPBHI,
KOTOPBIE TTO3BOJIHIIN IIPOBOJIUTH IKCIPECC-aHATIHN3 YIEIbHBIX BHIOPOCOB BPEAHBIX BEIECTB OT KOTJIA.
Pe3ko BcTanm Bompoc 00 OYMCTKE W YTHIIM3AIMH BOM, 3aTPsA3HEHHBIX HedTenpoxykTamu. B 1997 1.
OJHOBPEMEHHO ¢ MomepHm3aiueil korra KBI'M-20 Ha HUKJIOHHO-BUXPEBOE CXKUT'AHHE pa3padoTaH
1 BHEAPEH MUJIOTHBIN MPOEKT HUKIOHHOTO TepMoobe3BpexxuBanus (LITO) crounsix Box. Ouncrka
HO/ITOBAPHBIX BOJI CO CPeAHEH KOHIeHTpanueil Hedrenpo ykToB 820 MI/JI IPOM3BOAMIIACH BEIKUTA-
HueM ux B kamepe cropanus LIBII Bmecte ¢ Masytom. [Ipunnunuansaas cxema L{TO npencrasnena
Ha puc. 1.

Jlst 6onee ynoOHOI SKCIUTyaTallMK JaHHOW TEXHOJIOTMH Oblia pa3paboTaHa crieluaibHast KOH-
CTPYKLHUS HEHTPOOEKHOU (POPCYHKH C pa3/elibHOM mojayell Ma3zyTa u 3arpsi3HeHHo# Bojbl. [1o 1eH-
TpaJILHOMY KaHaJTy ()OPCYHKH I10/1aBajIach 3aMa3ydeHHas BOJA, a [0 BHELIHEMY — Ma3yT.

[lepBBle MCTIBITAHUS JAHHOM CHUCTEMBI ObUIH MpoBeneHbl Ha kotiae KBI'M-20. 3aBucuMocTh
OTHOCHTEJIbHOW KOHLEHTPAIMH 3arpsi3HSIONINX BEIIECTB OT JIOJIW BIPBICKA BOABI MPEACTABICHA
Ha puc. 2. CnenyeT OTMETHTh, YTO BBICOKHME TEIJIOBBIC HAMpPsKeHHUS KaMmepsl cropanus L[BII mo-
3BOJISIIOT YBEJIMYMTH JIOJIO BIIPBICKA BOJKI 110 45 % 0e3 cpbiBa ¢akena. VcpITaHUS IPOBOAMIIN Ha
Harpyske 8,5 I'kan/u. HaganbHas KOHOEHTpauus okcuaoB a3ota NO, cocrasnsna 237 mr/m>. C yBe-
JUYEHNEM JIOJH BIPBICKA HAOIIONAETCs MIABHOE CHI)KEHHE KOHIICHTPALMN OKCHIOB a30Ta B Jbl-
MOBBIX Ta3ax, IpuOan3uTeNnsHO 5 Mr Ha 10 % BrpeickuBaemMoit Bobl. HanMeHbIast KOHIEHTPALHs
CYIECTBYET TIpH josie BIpbicka 42 % u coctaisieT 217 mr/m>. TloBbIlIEHNE HOTH BIPHICKA CBBILIE
25 % npuBOAUT K NOBBIIIEHHUIO KOHIIEHTpauu CO, 3a c4eT 3HAYUTENBHOTO CHIDKCHHS TeMIEepaTyp
B TOTIOYHOW Kamepe.

[Tono6usie cuctembr LITO Obutn mpuMeHeHbI Takxke Ha kKoTiaax KBI'M-100-150MII u BK3-75-
16MLI1, rae 6buIM MOy YeHBI XOPOIINE Pe3yIbTaThl 10 CHUKEHUIO BEHIOPOCOB OKCHJIOB a30Ta.

C navasiom razudukanuu JlansHero Boctoka Ha npuMeHeHHE LIUKJIOHHO-BUXPEBOM TEXHOJIOT U
ObLIM TIEpeBEICHbI 1 HEKOTOPBIE KOTIIBI TEIUIOBBIX AJIEKTpUUecKuX cTannnii. Hanbomnpiee gucio Ba-
pHAHTOB BBOJA ra3a B kamepy cropanus LIBIT 6s110 onpoboBano Ha komiie BK3-120-100I'M OxwuH-
ckoit TOLL [1].
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Fig. 1. Schematic diagram of CHT (cyclone heat treatment): 1 — boiler; 2 — CVP; 3 — multi-nozzle two-channel
centrifugal nozzle; 4 — water heat exchanger; 5 — coarse filter; 6 — overflow pipe; 7 — control valves; 8, 9, 10, 11,
17, 18 — ball valve; 12, 13 — manometers; 14 — the main pump; 15 — the pump of the first rise; 16 — flow meter;
19 — Float level indicator
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JIJisl OUEHKH TEeXHUKO-IKOHOMHYECKUX TOKa3zaresiedl padoThl KOTIIA 10 PEKOHCTPYKIHMH ObLIH
MIPOBEICHBI OaIAHCOBEIC OIBITHI HA Harpy3kax 65, 80, 95, 113 1/4. [Ipu paboTe KOTia ¢ ONTHMAaJIEHEI-
MU M30BITKAMH BO3JlyXa IIOTEPH TEIJIa C XUMUYECKUM HEZ0KOroM ((3) BO BCEM J[MAla30He HArPy30K
oTcyTcTBYIOT. [loTepu Tema ¢ yXoAsSmuMu ra3aMy B HCCIIEYEMOM JHAINa30He Harpy30K COCTaBIIS-
10T ¢ = 7,35-6,89 % (qpacy. = 2-4,8 %). bonbliye noTepy Tenia ¢ yXoAAIUMU I'a3aMy B HCCIIEyEMOM
JMara3oHe Harpy30K OOBSICHSIOTCS IOBBIIICHHBIMU MPUCOCAMH BO3/1yXa B TOIKY H KOHBEKTHBHYIO

"—

maxty (Ao, = 13 %, Ao, = 20 %, B TO BpeMs Kak MacnopTHBIE 3HAYeHUsI COCTaBISIOT Ao, = 5 %,
Ady, = 10 %), 9TO B MTOTE MPUBOAUT K YPE3MEPHO BHICOKMM M30BITKaM BO3yXa B yXOMIINX ra3ax.
KIIJ] xoTna “OpyTT0” B yKa3aHHOM JMana3oHe Harpy3ok usmensercs ot 91,54 no 92,35 % u umeer
SIBHO BBIPAXKEHHBIH MakcuMyM B auamnasone 85-115 1/4. C pocrom Harpysku 1o 113 1/4 motepu Ha
TATY U AyThe yMeHbmuiauch 10 1,1 %. KII/] xotna “HeTT0” moxcumuThIiBasics 0e3 ydyeTa pacxona dJeK-
TPORHEPrUU Ha MUTATEIbHBIE HACOCHI U B HCCIIEAYEMOM Jnana3zoHe uamensiercs ot 90,25 no 91,22 %.
YaenbHbIE pacXo/Ibl AIEKTPOIHEPTUU HA TATY U IYThE B UCCIEAYEMOM JTHAIIa30HE HArPy30K HAXOAUT-
csi Ha ypoBHe 3,76-3,08 kBT*u/T mapa. [lepBUIHOI 11e716F0 MOJICPHHU3AIIH KOTIIA SBJSIIOCH TOBHITIICHNE
€ro MPOU3BOJUTEIILHOCTH, a TAKKE HAJIS)KHOCTh PadOThI HA PE3EPBHOM JKHJIKOM TOILIMBE. B 00beme
MIpOeKTa pa3paboTaHbl TEXHUYECKNE PEIICHHN S, BHEAPEHHE KOTOPBIX MTO3BOJIMIIO OBl IOCTHYB HATPY3-
k1 140-150 1/4, a TakKe BBIIIOIHEH PACYET HJIEMEHTOB KOTJIA JJIs TOBBIILICHHOW TPOU3BOIUTEILHOCTH.
TexHnveckoe pemieHre BKIIIOYAET B ce0sl 3aMEHY MMEIOLINXCSI Ha KOTJIE BOCBMH BHXPEBBIX TOPEIIOK
Ha JIBa IUKJIOHHBIX IPEITOINKA, 3aMEHA TOJIBKO TPEThel CTyNeHH TPyO4aToro Bo31yXONoAorpeBare-
JIsl Ha JIOTIOJHUTEIBHYIO CTYIIeHb SKOHOMal3epa 1o ycJIoBUsIM TeruioBoi cxembl TOLI. OOmue BuabI
MOJICPHU3UPOBAHHOTO KOTJIA MpUBEACHBI Ha puc. 3. [Ipn MoxepHHU3anuu KOTia paccMaTpyUBalIn ABa

BapHaHTa KOHCTPYKIIMH IIPEATONKOB (pHC. 4).
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Fig. 3. Upgraded boiler BKZ-120-100MC of the Okhinskaya CHPP
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Puc. 4. BapI/IaHTLI KOHCTPYKIUHN TaHTCHIUAJIbHBIX I'a30BbIX BBOAOB

Fig. 4. Design options for tangential gas inlets

[Ipu onpeneneHny ONTUMAIBHOIO pacHpeneneHus raza B kamepy cropanus L[BII kotia BK3-
120-100MI] ObLTH pacCMOTPEHBI CICIY OIS BAPHAHTHI:

1. IenTpanpHBIli BBOI Ta3a. [Ipum 3TOM BBOJE YyAAIOCH NOCTHYH MapOIpPON3BOIUTEIHLHOCTH
147 1/u npu u30bITKE Bo3ayXxa aibda 1,21, HO BEIOPOCH OKCHIOB a30Ta, MpUBEACHHBIE K o = 1,4, co-
crauu 170 mr/m3,

2. OceBoii u ToprueBoit BBox rasa. [Ipu Harpyske 137 /4 u o = 1,17 BBIOPOCHI OKCHIOB a30Ta,
HpUBENEHHBIE K 0. = 1,4, cocraBuiau 140 Mr/M?, HO IpK TakOM pacupeieaeHry HabI0aaIach CHIbHAS
Bubpanus [[BII.

3. Topuesoii, 0ceBOif M OMHOCTOPOHHUN TaHTCHIIMAJBHEIH MonBox Ta3a. [lpu Harpyske 132 1/4
u o = 1,13 BEIGPOCHI OKCHIOB a30Ta, IPUBEJEHHEIE K o = 1,4, cocTaBunu 127 Mr/m>, mpu JaHHOM pac-
npeneracHun (akes JOKUICS Ha CTEHY TOIIOYHOW KaMephl, 9TO MOTJIO BBI3BATh MEPEKOT IKPAHHBIX
[IOBEPXHOCTEH Harpesa.

4. YeTBIpeXCTOPOHHHI TaHTCHITMATBHBIN ITOIBOJ Ta3a C IMOIHBIM IIPEABAPUTEIBHBIM CMEIIe-
HHEM TI03BOJIHII TOCTUTHYTh Harpy3ku 149 1/4 mpu o = 1,02. [Ipu 1aHHOW KOMITIOHOBKE ITUKJIOHHBIN
MIPEATONOK IKCILTYaTHPOBAJICS HAa HOMHHAIIBHOW HaTPy3Ke ¢ TAHT€HIIHAIEHBIM COOTHOIICHHUEM o = 1,
6e3 cinenos CO u konuenTpanuit NOx 30-40 Mr/M?, 3a c4eT IPEIBAPUTENLHOIO CMEILEHHUS ObLIO J0-
CTUTHYTO MPAaKTHYECCKH MONHOE cropaHue B kamepe L[I1 (MeTon c:kuraHus ¢ HU3KHUMH W30BITKAMU
BO3/yxa). HecMOTpsi Ha BBICOKHE SKOHOMHYECKHE M DKOJIOTHUYECKHE MOKA3aTEIH, TeIJIOBbIC HAIpPsI-
JKCHHST KAMEPBI CrOpaHUs OBUTH HACTOJIBKO BEITUKH, YTO BCTAJ BOIIPOC O HAZCKHOCTH IKCILTYaTaI[UH

TaHI'CHOWAJbHBIX BO3AYIIHBIX BBOIOB.

IIpoBenenne ucciie0BaHUIl BHYTPU KaMephbl CTOPAHUS

uknonnsrii npearonok koria KBI'M-100-150M11 Bnagusocrokckoit TOLI-1 6611 pekoHCTpYH-
POBaH C BO3MOYKHOCTBIO BBO/Ia M3MEPUTEIBHOTO 30H/a JJIs U3MEPEHUN MapaMeTpoB BHYTPU Kamep
cropanusi. OTBepcTHs pa3MmenieHsl Ha paccTostHUM 0,51 M 3a NepBBIM TaHTCHIHMAJILHBIM T'a30BBIM
BBOZIoM 1 0,99 M B paifoHe MOCIeIHEro ra3o0Boro BBOAA COOTBETCTBEHHO (puc. 5). Cxema n3MepeHus

TO3BOJIACT MMPOBOAUTH ra30BBII aHAIU3 HU3MEPCHUEM OCHOBHBIX KOMIIOHEHTOB IMPOAYKTOB CrOpaHUuAd
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Puc. 5. PekoHCTpyHpOBaHHBINA TPEATONOK MOITHOCTBIO 65 MBT

Fig. 5. Reconstructed pre-heating with a capacity of 65 MW

(O,, CO, CO,, NO, NO,, CHy), TemIiepaTypsl ra30B METOIOM OTCACBIBAIOIIETO MUPOMETPA, a TAKIKE
CTaTUYECKH ¥ NOJIHBII HATIOPBI M HAaNlpaBJieHUe JABMKeHUs ToToka [2]. [TogpoOHOe onncanue cxemsl
n3MepeHui mpuBeaeHo B padote [3]. s ynobersa pazodbeM Kamepy cropanus Ha 30HHI [| — III; (ot
TOpIIa J0 ePEKNMa) 10 JJIMHE KaMepbl cropanus U [r — [V (0T ocu 10 CTEHKH) 10 €€ pagnycy cOOT-
BETCTBEHHO (pHC. 5).

JlanHOe pa30reHue Ha 30HBI ObLIO MPUBEACHO MCXOIs U3 HIDKECIeayoero. [1o minHe kamepbl
cropanus: I = 0,41 M — 30Ha pa3BuTHs (akena, cO3JaBAEMOr0 TOPIEBBIMH M OCEBBIMH BBOJAMHU;
I, = 0,6 M — 30Ha popMHUPOBaHHUsT KOMOMHUPOBAHHOTO (haKena 3a cYeT B3aMMOJICHCTBUS TaHT CHI[U-
aJTBHBIX U TOpreBoro BBomos; I} = 0,455 M — 30Ha B3amMMOAEHCTBUS KOMOWHHPOBAHHOTO (hakena
U 00paTHBIX TOKOB M3 TONKH KoTjia. [lo pamuycy Kamepsl CropaHus MPUMEHEHO CIIEAyIoIlee pas-
Ouenue Ha 30HBL g = 0,25 M — 30Ha OKOHYATEIHFHOTO (POPMUPOBAHUSI KOMOMHHUPOBAHHOTO (haKena;
IIg = 0,15 M — 30Ha Hauasa GopMuUpoBaHKs KOMOMHUPOBAHHOTO (hakena (adPOJUHAMHUYECKH 30HBI I
u I hopMupyIOT Sap0 30HBI KBa3UTBepaoro BpameHus); [11x = 0,4 M — 30Ha pa3BuTHs (haKeIOB TaH-
TeHITHATBHBIX BBOAOB; [ VR — mpUCTEHHAs 001aCTh.

HccrenoBaHus MPOLIECCOB TOPSHIS IIPOBOIMIIH B TUATIa30HE HAT'Py30K KoTia oT 48 1o 100 I'kan/a
C KOHTPOJIEM IMapaMeTPOB pabOThI M BLIOPOCOB 3arpsI3HSIONINX BEIISCTB B YXOASIINX ra3ax, IJIs 4ero
MPUBJICKATAach CePTHGHUIIIPOBAHHAS IKOIOTHUECKas TabopaTtopus. Huxke N3II0KEHBI pe3yIIBTaThI FC-
ClIeZIOBaHUM, HaK0OJIee YSTKO OIMCHIBAOIIUE SKOJOTHYCCKUE [TOKa3aTeIu PaOdOThl KOTJIOB C I[UKJIOH-
HBIMU MPEATONKAME U METOIBI CHI)KEHUS BELIOPOCOB OKCHJIOB a30Ta B HUX.

Bce u3mepeHus ocymecTBIsIN MPH MOJOKUTEIBHBIX TeMIIepaTypax HapyXHoro Bozayxa. Ha
rpadukax MpUBEACHEI Pe3yJIETaThl U3MEPEHHUS 10 paanycy kKamepsl cropanus L[BIT ot crenkn kame-
pBI K ocu cooTBeTcTBEHHO (0 — och KaMepsl cropanus). [Ipuy MuHMManbpHON Harpyske kotia 56 MBT
HaOIF0aeTCsl MPAKTHYECKH MTHOBCHHBIA POCT TeMIIEpaTyphl MPOIYKTOB CropaHus y cTeHKH 430-
450 °C. MakcumanbHbie TemmnepaTypbl 1420-1450 °C B mocnenneM nepes NepeKuMOM CEYeHHUH Ha-
omronarorcs Ha paguyce 0,45 M (koHeuHast 9acTh 30HHI [11R). 30HA aKTHBHOTO 00pa30BaHUS OKCHJIOB
azota coctaBnsget 0,4 M u mpoctupaercs Ha paguycax 0,5-0,15 M (3onsl I} u IlR), mpu nanpHEHIIEM

HpI/I6J'II/I)KGHI/II/I K OCH IIUKJIOB Ha6J'IIOI[aeTC$[ CHHIKCHHC KOHI.[eHTpaI_[I/Iﬁ 3a CUCT p336aBHGHI/IH npuoce-
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BBIM [TOTOKOM ITPOIYKTOB Cropanus. MakcuMalibHas KOHIEHTpanus Gukcupyercs Ha paguyce 0,15 m
u coctasiser 670-685 mr/m? (puc. 6). Tlpu 3ToM KOIPPUIMEHT U30BITKA BO3AYXa B yXOAAIIMX ra3ax
cocrasui 1,49, a KOHLEHTPALMs OKCUIOB a30Ta, NPUBEAEHHA K H30bITKY 1,4, — 218 Mr/m>.

VYpoBeHb TeMIieparyp, a Tak’ke OTHOCHTEIIBHO HU3KHE CKOPOCTH IIOTOKA M MX pacIpe/ielIieHHe 110
paanycy KaMepbl CrOpaHusi CBUJETEIBCTBYIOT O TOM, YTO OCHOBHAS 0151 ToruBa nopsiaka 80 % npu
HU3KHMX Harpy3kax cropaeT MMEHHO B KaMmepe cropanus. O0 3TOM Tak)Ke CBUIETEIbCTBYET BEICOKHI
YPOBEHb ([JIsI IPUPOJHOTO ra3a) OKCUIOB a30Ta B yXOAALIUX Ta3aX, XapaKTEPHBIN JJIsl yCTPOUCTB ¢
BBICOKMMHU TEIUIOBBIMH HAIPSKEHUSIMU.

IIpu BeicOKMX Harpyskax 80—116 MBT kapTuHa KapauHaJIbHO MEHSETCS. XapaKTECPUCTHKH
TOIIOYHOI O Mpouecca Ajsd KaMepbl Cropanus npu Harpyske kotia 105 MBT npuBeneHns! Ha puc. 7.
C pocToM Harpy3Ku NpOUCXOAUT HMHTEHCU(UKALIKSI POLIECCOB cMeceo0pa3oBaHus U yaeTcsl 3Ha-
YUTEIBHO CHU3UTH M30BITOK BO3AYXa, [10JJaBAEMOr0 Ha TOpeHue. B oTiinune 0T HU3KUX HArpy30K
B npucTeHHOU 30He (IVR) HabmogaroTes ropasao Oonee Huzkue Temmeparypsl, 100-150 °C. 3ona
AKTUBHOTO TOPEHHUS B IPEATOIKE pacupocTpanseTcs Ha paauycax 0,7-0 m (30HEI I — I1IR), ypoBeHB

TeMIepaTyp 3HAYUTENbHO MajaeT, MaKCHMalbHble TemmnepaTypbl He mpeBbimaioT 1200 °C. 3oHa
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Puc. 6. ITapaMeTpsl TONOYHOTO IpoIecca B KaMepe CropaHMs NMpH Harpyske koriaa 56 MBT: a — u3menenue

TEMIIepaTyPHI [0 PAJUYCy KaMephl CrOpaHusI; b — I3AMEHCHNE KOHIICHTPAINU OKCHJIOB A30Ta [0 PaINyCy KaMepbI
CTOpaHUs

Fig. 6. Parameters of the combustion process in the combustion chamber at a boiler load of 56 MW: a — tempera-
ture variation along the radius of the combustion chamber; b — concentration of nitrogen oxides variation along
the radius of the combustion chamber
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Puc. 7. [TapameTps! TOIIOYHOIO Ipolecca B KaMepe cropaHus npu Harpyske koria 105 MBt: a — usmenenue

TEMIIEPATYPhI 10 PAINYCY KAMEPbI CrOPaHHsT; b — N3MEHEHHE KOHIICHTPAIIMH OKCHIOB a30Ta 0 PaInyCy KaMephbl
cropaHus

Fig. 7. The parameters of the combustion process in the combustion chamber at a boiler load of 105 MW: a —
temperature variation along the radius of the combustion chamber; b — concentration of nitrogen oxides variation
along the radius of the combustion chamber

0YaroB T€HEPATOPOB OKCHJOB a30Ta yMeHbmaeTcs 1o paaumycoB 0,1-0 m (3oHa IR). Makcumans-
HO M3MEPEHHAs KOHIIEHTPAIMS OKCHIOB a30Ta B MPEATONKE HE MpeBbImaeT 50 Mr/mM>, mpu 3ToM
3HAYUTENbHAS WX YAaCTh BHOCHTCS IMPHUOCEBBIMH MOTOKaMHU. M30BITOK BO3yXa B YXOISIIHX Ta3ax
1,117. KoHneHTpamus OKCUIOB a30Ta B YXOJISIIUX ra3ax, MpUBeJAeHHAs K M30BITKY Bo3ayxa 1,4,
coctaBaser 79 mr/m3. Tlo 00lIeMY YPOBHIO TEMIEPATyp B KAMEPE CrOPaHHs, KOHLEHTPALMH OK-
CHJIOB a30Ta B MPEATONKE U YXOASAIINX Ta3ax MOKHO CAENATh MPEATOI0KEHUE O HAIMYUHN BTOPOI
30HBI aKTHBHOTO TOPCHHUS, PACIIOJIOKEHHON B TOMKE KOTia. [Ipu 3TO IO TOTUIMBA, croparomas B
MPEATOINKE Ha BBICOKUX Harpyskax, paBHa 20-40 %. O4ueBHIHO, YTO MHOTOJCTHUE HAOIIOACHUS
aBTOpoB 3a kotinamu ¢ LIBII u uX 3K0IOrHYecKMH MMOKa3aTeIIMH MOATBEepkIatoTes. M ¢ poctom
HArpy3KH yJeidbHas KOHIICHTPAIUs OKCHAOB a30Ta B YXOASAILIMX ra3ax CHHXKAeTCs CO CHHIYKEHUEM
JIOJIA TOTUTMBA, CTOPAOIIEH B IIEPBOI 30HE aKTUBHOTO FOPEHUs, ¥ TAACHUEM YICIBHBIX TEIIOBBIX
HaIpsKEHUH KaMepbl CTOPaHMUsL.

OmHIM U3 METOIOB CHIKEHHSI BEIOPOcoB NOX SIBISICTCS BBOJI BJIard B 30HY aKTHUBHOT'O TOPCHHSL.
Ha narpyskax 70—79 MBT Ha xotine KBI'M-100-150MII npouzBoamiu Bupsick Boasl B KC IIBII ¢

TIOMOIIBIO pa3HbIX HCHTpO6€)KHBIX MEXAHHUYCCKHUX (1)OpcyHOK C Pa3HbIM BOAOTOILNIMBHBIM COOTHOLIC-
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HUECM, Ka)KI[BIﬁ OIIBIT COITPOBOXKIAJIICA UBMEPECHUAMMN BHYTPHU KaMCPbI CTOPaHUA U KOHTPOJIA ITapaMe-
TPOB pabOTHI KOTJIa B yXOASIINX ra3ax.
Ha narpyske 79 MBT 0bu1 Ipou3BeieH BIIPBICK € TIOMOIbI0 19-COIIOBOM 1IEHTPOOEKHOH (Pop-

CYHKH € BOAOTOIUIMBHBIM cooTHommenueM 0,15 (puc. 8). [lo Bupsicka npu ko3 dunuente u30bTka
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Puc. 8. [110THOCTH OpOILIEHUS W TapaMeTpbl TOMOYHOI'O MpoLEcca J0 M MOCJE BIPBICKA BOABI C MOMOIIBIO
19-comioBoii popCyHKH: a— IIIOTHOCTH OpoLIeHus 19-corioBoii hopcyHKH; b — M3MeHeHHe TeMIIepaTyphl Gakena
0 paJinyCcy KaMepbl CrOPAaHUs; C — U3MEHEHHE KOHIIEHTPAL[MH OKCHJIOB a30Ta 110 PaNyCy KaMepbl CrOpaHHsI

Fig. 8. Irrigation density and combustion process parameters before and after water injection by means of a
19 nozzles atomizer: a — irrigation density of a 19 nozzles atomizer; b — variation a flame temperature along the
radius of the combustion chamber; ¢ — concentration of nitrogen oxides variation along the radius of the combus-
tion chamber
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BO3yxa 1,4 BEIOPOCH! OKCUJIOB a30Ta cocTaBuiu 175 Mr/m>. Tlociie BIpbICKa BOIBI HAOMIOAAETCS POCT
TeMIeparypbl 07113 IPUCTEHHON oOmacTh Ha paaunycax 0,8-0,75 M. DTo CBSI3aHO ¢ €ro 3aMe/JIEHUEM 3a
CYeT B3aUMOJCHCTBUS YaCTH TAaHT'€HIIMAJIBHOTO Ta30BOT0 MOTOKA C PACHPOCTPAHAIONIUMCS TTOTOKOM
BOJISIHBIX T1APOB M OCJIEAYIOMIMM O0Jiee pAaHHUM CTOpPaHHMEM B ATOI o0iacTy.

[Tpu MIOTHOCTH OpOILEHHMsI, CO3/1aBaeMOil JaHHON (OPCYHKOM, HAOIIOJAeTCs JUIIb HE3HAYH-
TEJIBHOE CHIIKCHHE TEMIIepaTyp B KaMepe CrOpPaHMs M CMEIICHHE 30Hbl 09aroB I'eHepaTopoB OKCH-
JIOB a30Ta OJIMKe K 0cH. MakcumalbHas KOHIEHTPAIHs OKCHJIOB a30Ta, 3a()MKCUPOBaHHAsl B Kamepe
cropanus, cHu3miIack ¢ 350 10 335 mMr/m>. He3HauMTenbHBINA BIPLICK BOIbI HE OB HA TEXHUKO-
SKOHOMHMYECKHE MOKa3aTeIu paboThl KOTJA, a CHUKEHHUE KOHIIEHTPAIINH OKCHIOB a30Ta B YXOISIIUX
rasax coctaBuio 6 Mmr/m® npu ko3 uiuente n30biTKa BO3ayXxa 1,4.

MaxkcuMasbHOro cHHKeHHsI BbIOpocoB NOX yaanoch JOCTHYb NpU paboTe KOTiIa Ha Harpyske
70 MBT u BIIpbICKE BOIBI Yepe3 OAHOCOILIOBYIO IEHTPOOEKHYI0 MeXaHHUeCKyro (hopcyHKy. Bomo-
TorIMBHOE cooTHoeHue coctapuiio 0,08. [T10THOCTH OpoleHus, co3naBaemast JaHHOU (OpCyHKOH,
TAKOBa, YTO BOASHOM (hakes1, co31aBaeMBblii €10, MIOMa1aeT HEMIOCPEICTBEHHO B 30HBI C MAKCUMAJIbHOH
CKOPOCTBIO 00pa30BaHMsI OKCHJIOB a30Ta, pacioyioxkeHHbIe Ha paaunycax 0,45-0,3 m (3ousI [Ig — I1IR) ot
ocu (puc. 9). /o BBoa BOABI B 3Ty 00J1aCTh MaKCUMaJIbHAsi KOHLICHTPAIMS OKCHJIOB a30Ta JOCTHTaJIa
3HageHmi 332 mMr/m>, a temnepatypa 6bu1a 1210-1250 °C. Tlocne BIpbIcKa, COOTBETCTBEHHO, B 30HAX,
TIOZIBEPKEHHBIX HETIOCPEICTBEHHOMY KOHTAaKTy C BOJIOW M OTBO/Y OT HUX TEIUIOTHI HA €€ HCIapeHHe,
TeMIeparypsl ObuH cHIDKEHBI 10 980-1020 °C, a MakCMMaIbHO M3MEpPEHHAsi KOHIICHTPALHS COCTa-
Bua 101 mr/m>. TIpu TekyeM BOAOTOILTMBHOM COOTHOIIEHUH BIMSHHIE Ha TEXHUKO-3)KOHOMHYECKHE
noKasareiad padoThl KOTJa He BbIsiBICHO. [Ipu koadduunenTe n30bITKa BO3yXa B yXOJSIIUX ra3ax
1,35 KOHUEHTpaLUs OKCH/I0B a30Ta CHUKeHa ¢ 189 1o 132 mr/m?.

OMBITH MO BIPBICKY BOABI MOKA3BIBAIOT BO3MOXXHOCTh CHIUIKEHHS BEIOPOCOB OKCHIIOB a30Ta ye-
pe3 WITaTHBINA pazbeM sl (OPCYHKH HAa HU3KHMX Harpyskax. DddexrnBaocts cHkeHns NOX B 3a-
BUCHMOCTH OT Harpy3KH U BOJOTOILUIMBHOTO COOTHOIIEHUS COCTaBIsIeT 25-35 %.

3a c4eT MHTEHCHBHOTO cMeceo0pa3oBaHus Ha Harpy3ke 95 I'kaj/4 yiaaoch OCyIIEeCTBUTh CHU-
JKEHHE BBIOPOCOB OKCHOB a30Ta C MOMOIIBI0O KOHTPOIUPYEMOT0 XUMHIecKoro Hepoxora [4, 5]. Ko-
a¢hdunueHT N30BITKA BO3AYyXa B YXOIAIIUX Ta3ax u3MeHsics B auama3one 1,35—1,01 (puc. 10). Tem-

neparypa yXoIAIIuX ra30B CO CHIKEHHEM 0 TakyKe CHHkaeTcs co 125 mo 117 °C.

Onpenesenne BIUSIHAS PeKUMHBIX (pakTOpOB

HAa SMUCCHOHHBIC NMOKa3aTeJan

[ToTeps TENIOTHI ¢ yXOAALUTUMU ra3aMu cHikaetcs ¢ 6,5 no 4,8 %. Konneatpanus CO B yxons-
LIKX ra3ax u3MeHsercs B quanasone ot 0 10 539 mr/m® npu gonycrumom 3Hadenun 300 Mr/m?, morepst
TEIJIOTHI C XUMHUYECKUM HenokoroM ysennuuaercs ¢ 0 1o 0,197 %. KIIJ[ xotna yBenuuuBaercs ¢
92,15 10 93,77 %.

KOHIEHTpaIus OKCHUIOB a30Ta yBENUUUBACTCS OT 45 Mr/M? 1pu ko3 duunente n36bITKa BO3 Y-
xa 1,1 go 121 mr/m® npu kodddunnente n3bbITKa Bo3ayxa 1,2, 370 CBA3aHO ¢ yBEIMYEHUEM CBOOOI-
HOT'0 KMCJIOpOJia B IEPBOW M BTOPOI 30HaX aKTHBHOTO ropeHus. Jlanee ciienyer CHU)KeHHe BEIOPOCOB
OKCHJIOB a30Ta, ¥ pu Kod(hduuuente u3dbiTka Bo3ayxa 1,34 koHuenTpanus coctapiser 90 mr/m>.
CHuxeHue OOBSICHSIETCS yBeJIMYeHueM 00BEMOB BO3JlyXa, 3aTpaT TEILIOThl HA €ro IporpeB U Obl-

CTpOe TOKHIAaHWEe MEepBOH 30HBI AKTHBHOI'O I'OpPEeHUs B Kamepe cropanwus. st marpysku 95 I'kan
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Puc. 9. [In0THOCTH OpOIICHHS M MapaMeTphl TOMOYHOTO IIPOIecca IO M IOCIE BIIPHICKA BOABI C ITOMOIIBIO
OJHOCOIJIOBOH (POPCYHKH: @ — INIOTHOCTH OPOIICHHS OJHOCOILIOBOM (hOPCYHKH; b — M3MEHEHHE TeMIepaTyp Ho
paanycy KaMepbl CTOPaHHUS; C — N3MEHEHNE KOHIICHTPAIlMK OKCHJIOB a30Ta 110 PaJNyCy KaMephl CrOpaHHs

Fig. 9. Irrigation density and combustion process parameters before and after water injection using a single nozzle
atomizer: a — irrigation density of a single nozzle atomizer; b — variation a flame temperature along the radius
of the combustion chamber; ¢ — concentration of nitrogen oxides variation along the radius of the combustion
chamber

koa(ddument n3osITKa Bozayxa 1,06, mpu aToM koHmeHTpanus CO B yXOASIIMX Ira3ax COCTABISAET
180-195 mMr/m3, uto He npeBbimaeT gomyctuMele 300 Mr/m3, VaenbHbIE BHIGPOCH! OKCUJIOB a30Ta IPH
sTOoM OyayT paBubl 78 Mr/m3, a KITJ[ kotia — 93,58 %.
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Fig. 10. The influence of the coefficient of excess air ratio in the exhaust gases on the nitrogen oxides emissions
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Puc. 11. 3aBUCHMOCTB KOHIICHTPAIIUU OKCHJIOB 230Ta B YXOASIIMNX razax rnpu o = 1,4 ot Harpy3ku kotiaa KBI'M-
100-150M1]

Fig. 11. The dependence of nitrogen oxides concentration in the exhaust gases at a = 1.4 on the load of the boiler
KVGM-100-150MC

B mporecce ucnsitanuif, mpopoauMsix Ha kotie KBI'M-100-150MI] ctNe 5, 6b11a coctaBieHa
PSKHMMHAs KapTa MAJIOIMHUCCHOHHBIX PEXKMMOB paOOTHI KOT/IA. 3aBUCHMOCTh KOHIIEHTPALMU OKCHIIOB
a30Ta OT HAarpy3KH KoTJa npuBeaeHa Ha puc. 11. [Tpu Harpyskax 38-75 MBT ObL1 ocyIIeCTBIIEH BITPHICK
BOJIBI B KaMepy cropaHus. Bo BceM BBIIEITPUBEICHHOM IHAIA30HE paOOTHI KOTJIa BOJOTOILTHBHOE
cootHomrenue cocrapusano 0,08. [IpuBeneHHas KOHIEHTPAU OKCHIOB a30Ta paBHa 140-76 mMr/m>.
[TomMuMoO BHIpBICKa BOABI B TAHHOM JHAaria3oHe pa0OTHI KOTJIA MPOBOMMIN CKHTAHUE C MAJBIMH H3-
OpiTkaMu Bo3ayxa. Ha Harpyskax 80-116 MBT koTen skcniyaTupoBaiy Ha IEPEBEPHYTON ITUPKYIIs-
WU KOTa (PU3NIECKUI IPOTHBOTOK), PACCMOTPEHHOM B [6]. B maHHOM quamna3zoHe Harpy30K BIPBICK
BO/IbI OBLII MPEKPAIIEH, & B KAUeCTBE MEPOIPHUSTHUS JIsl OoJiee rIyOOKOro CHHXeHHsI BIOpocoB NO,
HCTIOTH30BATH KOHTPOIHPYEMBIH XUMUYEeCKIH Hemokor. KOHIIEHTpaIust OKCHIO0B a30Ta CHIYKACTCS C
POCTOM HArpysku ¢ 75 10 47 Mr/m?, KOHIIEHTpaLUs OKCHIA yIJIEPOA B yXOAAIIUX Ia3ax MPH 3TOM He

HNPpEeBLIIIACT 300 mr/™m3. Cne/:[yeT TAKKE€ OTMCTHUTD, YTO NPUMCHCHHBIC MCPONIPUATUSA TO3BOJIAIOT CO-
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xpauuth KI1J] kotia B nuanaszone 92,6—94,3 %, nanbossinuii KI1J] HaOaromaeTcs npu paboTe KoTia
C peBEPCOM U PKYJIISIIHH.

JIJ1s1 COOTBETCTBHSI 3KOJIOTMUSCKUM TPEOOBAHUSIM K KOTCJIIBHBIM YCTAHOBKAM B COOTBETCTBHH
¢ 'OCT P 55173-2012 «YcTtanoBku KoTeibHble. OOmMe TeXHNYeCKHe TpeOOBaHUS» IIPU AKCIIITyaTa-
uu ko108 KBI'M-100-150M11 Ha Harpy3kax 45-70 ['ka/4 pekoMeH1yeTCs BBOAUTh BOJY B IIEPBYIO
30Hy aKTHBHOTO TOPEHHsI, PACIOIOKEHHYIO B KaMepe cropaHus. Ha Harpyskax cserme 70 ['kan/a
MOSIBIISIETCSI BO3MOYKHOCTh MPUMEHEHHUsSI KOHTPOJIUPYEMOTO XMMHUUYECKOTO HEI0KOra, 4TO MO3BOJIUT
HE TOJIBKO JIOCTHYb BHIOPOCOB OKCHIOB a30Ta HMYKE HOPMATUBHBIX B 125 Mr/M>, HO 1 noBbicuTh KIT]T

kotna Ha 0,5-1,2 %.

3akJrouenne

B pesynbrare nposenaHHoi paboThI 110 CHIUKEHHIO BEIOPOCOB OKCHJIOB 230Ta B KOTJIAaX C BO3/Y-
XOOXJIAXK/1aeMbIMHU [IUKJIOHHO-BUXPEBBIMU MPEITOINKAMU MOXKHO CJIEJIATh CIEAYIOLINE BbIBOJIBI:

1. Tlpenmaraemasi TEXHOJIOTHS IO CXKMTAHUIO IPUPOIHOTO T'a3a B KAMEPAX CrOPaHUs C BO3IYII-
HBIM OXJIXKJICHHU s 00J1a/1aeT BCEMHU MTPU3HAKaMU MHOT'OCTaIMHHOCTH, 4TO JIEJIAET €€ KOHKYPEHTOCIIO-
COOHOM C TOPEIOYHON TEXHOIOTHEH.

2. KomOuHHpOBaHHBII BBOJ BO3/lyXa B OTPAHMUYEHHOE IPOCTPAHCTBO KaMepbl CrOPAHUs JIaeT
BO3MOKHOCTB ITOBBICUTH 3P (PEKTUBHOCTH cMeceoOpa30BaHus 1 MAaKCUMAJIbHO CHU3UTH KO PUIINEHT
U30bITKA BO3/lyXa, [101aBaeMOI'0 Ha TOPEHHE, YTO Ha BHICOKUX HArpy3Kax IO3BOJISIET JOMOJIHUTEIBHO
MOJTYYUTh IKOJOTHUECKUI 3 PEKT 10 CHUKEHHIO BBIOPOCOB OKCHJIOB a30Ta.

3. KoMOMHMpOBaHHBIN BBOJ TOIUIMBA C BO3MOXKHOCTBIO IepepaciipeiesieHust BO BpeMsi padoThl
MI03BOJISIET TIOJIYYHUTh JOTIOJIHUTEIBHBINA 3 (PeKT 110 CHUKEHUIO BEIOPOCOB OKCHJIOB a30Ta.

4. Ha ocHoBaHMM NPOJEIAaHHOHN PabOThI OATBEPKIACTCSI CHUIKEHUE BEIOPOCOB OKCHJIOB a30Ta
C POCTOM Harpy3KH Ha paccMaTpHBaeMbIX KOTIAX.

5. Ha HM3KHX Harpyskax IpejaraeMas KOHCTPYKIHs LUKJIOHHO-BUXPEBOI'O IPEATOINKA I10-
3BOJISIET MIPOU3BOIUTH BIIPBICK BOJIBI C HCIIOJIB30BAHUEM IITATHBIX (DOPCYHOK.

6. Ha xoriax ¢ BO31yX0OXJIaX/IaeMbIMU KaMepaMH CrOpPaHMsI BO3MOXKHO IMPUMEHEHHE KJIac-
CHYECKUX METOJIOB CHMKEHHSI BBIOPOCOB OKCHJIOB a30Ta, TAKMX KaK BBOJ BJIAarM B 30HY aKTHBHOI'O
TOPEHUsI, CKUTAHHUE C HU3KMMH U30BITKAMHU BO3lyXa, KOHTPOJUPYEMbI XUMHUECKUI Hepoxkor. [Ipu
9TOM BO3JEHCTBUE OCYIIECTBIISIETCS HEMOCPEICTBEHHO Ha 30HY aKTUBHOTO FOPEHNU S, O'PAaHUYECHHYIO
00BEMOM KaMephbl CropaHusi. DKOJIOTHYeCKUH P HEKT OT MPUMEHEHHBIX MEPOIIPUSITHIA 1a€T BO3MOXK-
HOCTH CHMD)KEHHSI BBIOpPOCOB OKCHAOB a3oTa Ha 30-80 % 0e3 M3MEHEHMsI KOHCTPYKIUHU KOTIAa MIIN

HUKJIIOHHO-BUXPEBOI'O IMPEATOIKA.
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PacueTHnoe HCCJICI0BAaHUEC BJUAHUSA IEPerpesa
AJIOMMHHEBOI'0 paciijiaBa
Ha JMHAMMKY IPOLECCa IPaAaHYIHMPOBAHUSA
A.IlL. Ckypartos, A.B. UBaeB, A.A. IIbsiHbIX

Cubupckuii pedepanvHulil yHuepcumem
Poccuiickas @edepayus, Kpacnosapck

Annomayus. PaccMoTpeHa TpexMepHas MaTeMaTHdecKas MOJeNb Ipolecca 3aTBepleBaHUs
JKUJKOTO METaJlla, yUYUThIBAIOIIAs MOABHIKHOCTh I'PAaHUI], HA KOTOPBIX OCYIECTBIISIETCS (ha30BbIi
nepexoy (kpaesas 3ajgada CredaHa). YCOBEpIICHCTBOBAH alTOPUTM pacueTa, MO3BOJISIOIINN IIPU
ucrionb3oBanus O-pyHkuuu upaka npu onpeneineHun 3(G(EKTUBHON TEMIOEMKOCTH, YYUTHIBATh
HEJINHEHHOCTh YpPaBHEHUS! HECTALlMOHAPHOM TEIIONPOBOAHOCTH M TEIUIOTY (pa3oBoro mepexona.
[IpoBeneHO uMCIIEHHOE HCCIIEAOBAHME TEIIOOOMEHA IIPH 3aTBEpIEBaHMM Kaledb COJEpIKAILero
CBUHEII aJIIOMMHMEBOT0 pacIjlaBa B BO3IyIIHOMN U BOISIHOM cpesie. 3yueH xapakTep BIUSHUS pa3Mepa
Karfesb U Neperpesa pacivlaBa Ha AMHAMUKY 3aTBepAeBaHUs I'paHyil. IIpeanokeHo OCHOBaHHOE Ha
3aKOHE KBaJpaTHOTO KOpHS NpPUOIMIKEHHOE COOTHOILICHHE, YYUTHIBAIOIIEE BEIMUMHY Ieperpena
YKUAKOH (ha3bl U CBSI3BIBAOIIEE TONIUHY 00pa3sytoleiics TBepoi (asbl ¢ IITUTEIbHOCTHIO IIpoliecca
IpaHyJIMPOBAHUSI.

Kniouesvie ciosa: uncieHHoe U IPUOIMIKEHHOE PELIEHUE, aTIOMUHNEBBI pacIlyiaB, IPaHyJInpPOBaHHUE,
JUHAMMKa 3aTBEPICBAHNS, pa3Mep U MIEPErpeB Kareib.

LutupoBanne: Ckyparos, A.Il. PacyeTHoe ucciesoBaHHE BIUSHUS IEperpeBa aJlOMHHHEBOrO paciuiaBa Ha JHHAMUKY
npouecca rpanynuposanus / A.I1. Ckyparos, A.B. snes, A.A. [Ibsubix // XKypn. Cub. ¢penep. yH-Ta. TeXHHKA U TEXHOJIOTUH,
2020. 13(1). C. 84-93. DOI: 10.17516/1999-494X-0207

Introduction

Traditional automatic aluminum alloys of the Al-Cu-Mg and Al-Mg-Si systems use ligatures
containing fusible elements-lead or lead together with bismuth. Obtaining such ligatures with
immiscible components in the liquid state (Al and Pb) is associated with a number of technological
difficulties. In particular, due to the significant difference in the density and melting temperature of
these metals, it is not possible to obtain a uniform distribution of lead in the aluminum melt by simply
cooling it. Therefore, it is most preferable to obtain ligatures in the form of granules obtained by
rapidly cooling the melt.

In the project [1] the recommended ligature production of aluminium alloys consisted with 15%
of plumbum in the granules with diameters no more than 4...6 mm, enabling to get its attachments’
dimensions in the ligature, which don’t exceed 30 mkm. It’s considered that if highly concentrated
melts with determined structure are needed it is necessary to overheat the melt to 100...150 K above the
critical point on the curve of delamination of elements. This particular regime provides full dissolving
and upcoming fast speeding crystallisation of the plumbum.

Structurally-oriented design and determination of the operating mode of an industrial plant for the
production of ligature in granulators with an equilibrium distribution of lead requires a detailed study
of the process of droplet crystallization of the melt using mathematical models implemented on the

basis of modern software systems. However, there is a need to develop simplified engineering models
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of the crystallization process. In this case, when solving a specific granulation task, the designer or
production Manager can give an approximate rapid assessment of the process dynamics, which will
significantly reduce labor costs and time.

Mathematical solidification process simulation of a melted drip linked with the analysis of
thermal conductivity objectives with consideration of moving borders where the phase transfer occurs.
Mathematical models of specified processes represent nonlinear boundary-value thermal conductivity
problem with the abruption of the temperature gradient of the phases failure front. All these tasks can
be determined as “Stefan’s problems”. The difficulty in the solution of Stefan’s problems lies in the
fact that thermal calculations of heating and cooling metal must consider the value of thermophysical
characteristics of liquid and solid phases, also their complex heat exchange with the environment.
Boundary value problem nonlinear structure connected with the processes of heat-and-mass transfer
focused in both equations (internal nonlinearity) and boundary conditions equations (external
nonlinearity).

For the first time, the definition of the Stefan problem and its solution were investigated in the
classical paper on liquid freezing [2, 3]. When the solution was obtained from a task by authors the
principle of self-similarity was implemented, i.e. data of differential equations in partial derivatives to
ordinary differential equations were used. The main property of self-similar decisions is that the front
of phase changes moves under the law of a square root from time. Later this approach was applied to
more complicated tasks by Stefan, domestic and foreign mathematicians. The range of the tasks solved
by using this principle is very narrow, but in the theoretical plan, they are of great value as precise
solutions to Stephan’s problems.

The most common solution for Stefan’s problems was received by F. Neumann which is
considered as standard. The solution is received here for a semi-restricted area which at the initial
moment is filled with a liquid phase with the fixed temperature. For the linear heat flux, the
solution is found in the form of a tabulated function of mistakes, often appearing in problems of
heat conductivity.

In a number of works, the variation method of Biot is used, it based on the introduction of a
thermodynamic equivalent of a Lagrange function in mechanics related to a concept of a thermal layer
where the profile of temperature is approximated by a power function is applied to the solution of
Stefan’s problem. The solving methods which are used: method of serial change of stationary phases;
the methods based on representation of the final decision in the form of power series; methods based
on the system of ordinary differential equations; reductions by means of a potential theory to integral
equations; integral method; method of small parameter; quadrature decisions [4-6]. It should be noted
that a big contribution from domestic scientists to development of methods of approximate calculation
of hardening of mould pieces was done whose detailed analysis is provided in [2].

Of particular interest is the method developed in recent years “thermal quasi-stationary
approximation” to the study of heat transfer processes with relative frame boundaries of phase
transformations [7]. This method is based on the construction of asymptotics. Therefore, the nature
of the exact composite solution of the problem can be judged by its asymptotic expansion, taking into
account some extreme parameters of the process.

For the heat conductivity problems with the relative frame front of phase changes, one of the most

efficient methods is the numerical method realized on the (electronic) computers. Various researchers
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propose solutions with the application of both apparent, and implicit schemes, “bound” to the relative
frame front. “Binding” is made with a use of a method of rhythmic steps and “catching” of the front
in a knot of a grid [8]. However, most of the numerical solution of Stefan’s problem the method of
grids was widely adopted [5, 6, 8]. Along with questions about the creation of the solution of Stefan’s
problems, its resolvability issues are important. The decision problem of a quasistationary task of the
Stefan is substantially studied in works [8, 9]. Along with method of grids, big distribution in solvers
of potent software products (for example, Star-CD, Ansys, Procast) was received by finite element
methods and control volume.

In the finite element method, the domain in which the solution of differential equations is sought
is divided into a finite number of subzones (elements). Coefficients of approximating functions are
usually searched from the condition of equality of values of neighboring functions on the boundaries
between elements (in clusters). From the point of view of computational mathematics, the idea of this
method is that the minimization of the function of the variational problem is carried out on a set of
functions, each of which is defined on a subdomain.

The method of control volume is successfully applied to an integration of the generalized equation
of a mass heat transfer, including calculation of a gradient of size, sampling of a diffusion term, a
sampling of a convective member, creation of a system of the algebraic equations. The method of
control volumes has clear physical interpretation. The calculated area is divided into a finite number of
control volumes in which barycentres nodal points have. Differential equations of conservation laws of
weight, energy, a momentum integrate on each volume. Calculate integrals, being set by patch profiles
of change of weight, energy, a momentum between nodal points.The method of control volumes allows,
on the one hand, to solve parabolic, hyperbolic and elliptic problems, and with another — to use adaptive
grids.

Earlier we developed the mathematical model of heat exchange in a twodimensional axisymmetric
statement with the use of a numerical method of control volume on the basis of the Star-CD software
product. The description of the mathematical formulation of the problem, which is a system of differential
equations of continuity, conservation of momentum and conservation of energy, is presented in detail
in [10]. As a result of carrying out a series of the numerical experiments necessary cooling rate of
drops was determined by a research of a thermal condition of drops of a lead-bearing aluminum melt
of various size in the course of their cooling in an aqueous medium at the fixed reference temperature
of a melt.

In this paper, the algorithm for accounting for nonlinearity in the equations of transient thermal
conductivity is refined, which allows for a numerical analysis of the influence of overheating of lead-
containing aluminum melt droplets on their granulation process and to make the necessary adjustments

to the approximate solution of the Stefan problem.

Mathematical model of the process

In general case Stephan’s problems can be considered as a problem of interfacing several
temperature fields with special conditions on movable boundaries S; between them with defined
boundary conditions. The temperature field of each i phase is defined by three dimensional differential
equation of conductivity, where boundary coordinates satisfy the condition: Si.; < (x, y, z) < §;, i —

1,2,..., m.
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If consider the task for two phases, the equation of Stephan’s problems on the boundary with

thermal balance looks like this (indexes 1 and 2 refer to solid and liquid phase):

oT, oT, d§
G | L =rpfs, 1
Pox T ax P M

A _
=t dt

Here A; and A, are the thermal-conductivity coefficients of solid and liquid phase, (W/(m'K); L —
hardening heat, kJ/kg; p — phase density, kg/m?; & — moving boundary (m) to the equivalent of 1, sec.

Thus, heat balance realisation requires heat Lpdg to be equal to the difference to a quantity of
heat which passed through borders § —x; and § — x,. Also, heat spreading problem with the existence
of phase transition and knowledge of the boundary phase speed comes down to solving a set of

equations.
o,  o'T,
=4
ot ox

Here a; and a, are the thermal diffusivity coefficients for solid and liquid phases, respectively,

o, o°T,

OSXSE,, E:CIZ?, 0<x<o0. (2)

m?/sec.

In classical Stephan’s problems, model crystallisation process with a constant temperature of the
phase transition is considered 7, — const. Fluid mass x > — 0 is restricted from one side with the plane
x — 0. At the initial moment, t — 0 liquid possesses constant temperature 7. On the surface of x — 0
the temperature remains unchanged (7(0, t) — 75 — const.). If 7; < T, then the boundary condition of
crystallisation x — & gets into a depth of liquid. The equations (2) are supplemented with boundary
conditions: 7} < Ty at x — 0; 75 — Tj at T — 0. Furthermore, condition (1) is applied on the crystallisation
border (at 71=T, — T, and x — &).

The given crystallisation solution values as limited nonlinear boundary problem, thermal
characteristics and density are piecewise constant within each phase. And thermal capacity at 7 — T
adopts infinitely big value, and phase changes occur instantly.

In Fig. 1 the accepted scheme of calculated area of hardening of drops of a melt at their driving is
provided in an air and aqueous medium according to which the mathematical model of heat exchange
of process of granulation is constructed. In a mathematical model process of crystallization at the
fixed transition temperature of heat transfer is considered 7; — const. Therefore Stefan’s condition on a

demarcation of two phases (1) concerning the radius of a drop of R will be written as:

pL% = Ka—T when r=¢&; T(§,7) =T, =const. 3)
ot or

Thus, in the accepted two-phase calculated area Q, divided into two subareas (fluid Q- and solid
Q7), on the border of S(t) between them according to a condition (3) there is a rupture of a heat flux
at the crystallization temperature of 7; (see Fig. 1). At the same time, the position of the displacement
boundary S(t) during hardening is clearly absent in the mathematical model, but is determined by the
accepted condition 7' — T;. According to [9] it the condition in the equation of energy is implemented
with use by a §-delta-function of Dirac when determining the size of efficient thermal capacity ceg
(7). Then in case of Ty, — Ty — T; the shopping malls of the equation considering the warmth of phase
change concentrated on the border by S(t) take the following form [10, 11]:
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¢y (T)=c,(T)+LS(T-T,). @)

Here 6-function receives values

(0, T>T,
8‘&,T<n' ©)

It is visible that in the mathematical model the quasistationary Stephan’s problem characterized
by the fact that in each separate subarea Q- and Q the thermal field is described by a differential
equation of a transient heat conduction with internal sources of warmth is accepted. At the same
time, the border of phase change is not mobile and unknown. In an axisymmetric frame, this equation
takes a form

or 10 oTr. oT .oT
— = (A=) +— A=)+ ], 6
P ot ror r 6r) Oz ( 62) / ©

where c is the specific heat, kJ/kg; fis the power of internal thermal emission, W/m?.

The equation (6) is a quasilinear parabolic second-kind equation as all coefficients in this equation
are dependent on temperature. The environment of a particle was accepted by the homogeneous, i.e.,
coefficients in the equation (6) are functions only of temperatures.

Fig. 1. Scheme of calculated area of hardening of drops of a melt when driving in an air and aqueous medium:
R — drop radius; Q and Q" — subareas respectively fluid (melt) and solid (crust); & — thickness of the hardened
crust; S(t) — border of phase change; v(t) — travelingspeed of a drop; T, Ty, T, T; and T(t) — the temperature of air,
water, melt, crystallization and at a given time, respectively
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An important result of the solution of the simplified version of Stefan’s problems is receiving the
simple ratio between the thickness of a solid crust and a cooling-off period which received the name

“law of a square root” [2]:

E=K ., )

where & is the thickness of a solid crust of metal; 1 is the time; Kj is the coefficient of a speed of a
crystallization (solidification constant), mm/t%>.

In engineering practice, the ratio (7) allows making a quick approximate assessment of thickness
of a solid crust of metal in the course of its hardening. However, determination of the coefficient
of K; is very difficult task. For some well-studied hardening processes, it is received empirically.
Specification of the law of a square root is possible on the basis of the composite mathematical models.
At the same time using possibilities of numerical methods and the modern software products, it is
possible to consider and analyse influence practically of all factors accompanying metal hardening

process.

Results and discussion

The main factor influencing the dynamics of solidification of melt droplets in an aqueous
medium in the production of granules of a fixed size is its initial heating. In the theory of
solidification of castings in order to approximate the model of solidification to real conditions,
various modifications of the square root law (7) associated with the correction of the value of Kg on
the basis of empirical material have been widely used. However, from the point of view of practical
use, they are not universal because of the significant, often insurmountable difficulties associated
with determining the correction factors in the law of promotion of hard crust for each specific
casting case. At the same time, the construction of an adequate approximate method for calculating
the kinetics of crust growth taking into account the degree of overheating is associated with two
key factors: the dynamics of heat exchange (changes in the heat transfer coefficient) in the system
and the nature of the heat dissipation of the liquid phase overheating.

A calculated study of heat transfer in the process of granulation in an aqueous medium of melt
droplets of composition Al-15% Pb (by weight) with a diameter of 4.5 was carried out...7.5 mm. The
rate of solidification of the granules was estimated by the value of the initial overheating of the 7,, melt
up to 1473 K. The temperature of the cooling water is 7, — 288 K. Note that the high value of the melt
overheating adopted in the calculations is associated with a wide range of immiscibility temperatures
of the liquid phase of the Al-Pb system [11].

The nature of the influence of the initial overheating of the melt on the solidification process
of aluminum melt droplets is established. It was found that with increasing melt overheating, the
rate of solidification decreases and practically does not depend on the size of the studied droplets
(Fig. 2). The rate of formation of the solid phase in the initial stage is linear, and in the other-close
to the parabola (Fig. 3).

In Fig. 4 the obtained dependence of the solidification constants of melt droplets with a diameter
of 6 mm on the value of their overheating 7}, is given. As can be seen, the nature of the dependence is
close to linear and, according to calculations, the AK; for the studied temperature range is on average
0.005 mm/sec.”’ on the 1 K to AT,
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Fig. 2. Dependence of the relative thickness of the hardened crust &R of the melt droplet of different sizes on the
time of movement in water t: 1, 2 and 3 — droplet diameter 4.5; 6.0 and 7.5 mm
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Fig. 3. Dependence of the relative thickness of the hardened crust &/R on the overheating temperature of the melt
droplet 7}, with a diameter of 6 mm: 1, 2 and 3 — 1373, 1423 and 1473 K
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Fig. 4. Dependence of the coefficient of the rate of crystallization of a drop of melt K with a diameter of 6 mm on
the temperature of its overheating 7},

Thus, an approximate engineering assessment of the solidification dynamics of lead-containing
aluminum granules, taking into account their overheating, can be made on the basis of the following
ratio:
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£ =[5.9—(0.005AT W . @®)

Here & is the thickness of the hard crust of a metal drop with radius R (provided that & < R), mm,;
7 is the duration of the solidification process, sec.; ATy, is the temperature overheating (provided that
T >1.0157), K.

Conclusions

1. In the numerical model developed earlier the algorithm of calculation of process of solidification
of liquid metal is improved, allowing to consider mobility of borders and heat of phase transition,
nonlinearity of the equation of unsteady thermal conductivity.

2. As a result of numerical studies, the character of the influence of droplet size and overheating
of lead-containing aluminum melt on the dynamics of solidification of granules in air and water is
established.

3. The coefficient of crystallization rate (solidification) during granulation of melt droplets in a
wide range of their overheating is determined.

4. An approximate ratio is proposed that takes into account the amount of overheating of the
liquid phase and connects the thickness of the formed solid phase with the duration of the granulation

process.
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Abstract. The working fluid temperature in the hydrostatic support system of the metal working
machine plate is determined as a function of the drive operation time under different operating
conditions. Temperature deformations of parts, units and assemblies of metal cutting machines
are greatly influenced by the temperature of hydraulic drive working fluid, so the issues of
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OmnpeesneHbl 3aBUCMMOCTH TeMIepaTypbl padoueil )KUKOCTH B CHCTEME HAPOCTATHYECKUX OIOp
MJIAHIAKOBI MeTaI000padaThIBAIOMIETO CTaHKA OT BPEMEHH pPabOThl MPHBOAA B PA3IUYHBIX
IKCILTyaTAlMOHHBIX YCIOBUsIX. PaccMOTpeHbl BO3HMKaWIIME Jedopmaiiiu y3J0B U arperatros
CTAaHKOB OT TEIUIOBBIX BO3JEHCTBUU paboueil KHUIKOCTH THIPONPUBOA. IKCIEPUMEHTAIBHO
HCCIIEIOBAHBI TEMIIEPaTypbl paboueil KHUJIKOCTH B T'MAPOCTATHYECKUX OINOpax IJIAHIIAHObl mpu
obpaboTtke 3arotToBok ot 0,5 10 3,5 T.

Karouesvie cnrosa: METamIopexxyIinii CTaHOK, ONOpa IJIaHIIAH0BI, TeMIiepaTypa paboueil KU IKoCTH
TUJPONPUBOAA.

IutupoBanme: Moxammazn, A.A. OneHka TeMIEPaTypHOIO pPeXHMa T'HIPOCTATHUECKHX ONOp IIAHMAHOBI cTaHka /
A.A. Moxammag, E.A. Copokun, M.B. Bpynrapar / Kypu. Cub. pexnep. yu-ra. Texuuxa u rexnonoruu, 2020. 13(1). C. 94-99.
DOI: 10.17516/1999-494X-0188

Ha temmeparypubie medopManuu metaneii, y3JI0B M arperaToB METaJUIOPEKYIIMX CTaHKOB
00JIBIIIOE BIMSIHUE OKa3bIBACT TEMIIEPATypa pabovel KUIKOCTH TUAPOIPHUBOA, TIOITOMY BOIIPOCAM
ONTHMHU3AIUU TEMIIepaTyphl paboueii )KUIKOCTH YACIAIOT O0IbIIoe BHUMaHuE [1].

DKCIEePUMECHTAJIBHBIC HCCIICAOBAHUS TeMIIEpaTypbl paboueil KUIAKOCTH CHCTEMBI T'HIPOCTa-
THYECKUX OIOp IUTAHIIANOBI U MapaMeTpPOB, BIUSIONINX HAa €€ U3MCHEHUs, POBOIIIINA B YCIOBHSIX,
OJIM3KHUX K IKCIUTyaTalluoHHBIM. [IpousBoamin 00padboTky netaneii pazandHoi maccel (0,5-3,8 1) Ha
Pa3HBIX CKOPOCTSX BpAIICHHUS IIJIaHIIAH0BI.

Jluist u3amMepeHuit BO3IEHCTBYIOIMX [TApAaMETPOB M IapaMeTpoB PYHKIUN OTKIUKA TPUMEHSIH
KaK mTaTHbIe (YCTaHOBIICHHBIC HA CTAHKE), TAK U IOTIOIHUTEIFHBIC CPEICTBA H3MepeHus. V3MepeHus
npoBonMiIK B TeueHue 12 4. B Hayase usmepeHui (B Hauaje pabouell CMEHBI) TeMIepaTypa padboueit
JKUJIKOCTH paBHsUIACh TEMIIEPAType OKpyKatoLero Bo3ayxa. [lokazanus MAaHOMETPUUYECKOT O TEPMO-
METpa PEeruCTPUPOBAIH BH3yaJIbHO. BBIHOCHOM MaT4MK TepMOMETpa, UMEOIIHi 1iauHy 500 MM, ObLI
OIYIICH B THIpaBIWYECKUi Oak (puc. 1) yepes 3aIMBHYIO TOPJIOBHHY W HAXOIMJICS MPUMEPHO Ha
OJIMHAKOBOM PAcCTOSIHMM OT BEPXHEH M HIKHEH CTEeHOK Oaka.

B nauaze mccnenoBanmii B 0ake BMECTUMOCTHIO 250 11 B KadecTBe pabodell KUIKOCTH HaXOIHu-

Jock Maciio uHayctpuanbaoe M-20 B 06beme 200 1. Bsskocts Macia coctasisiia 22 ¢Ct npu 50 °C,

I |

Puc. 1. Cxema usmepenus remneparypbl: 1 — 0ak; 2 — HacOCHasi yCTaHOBKA; 3 — MAHOMETPHUYECKHI TEPMOMETD;
4 — BBIHOCHOM JIaTYMK; 5 — rubKas COeAMHUTEIbHAS TPYOKa

Fig. 1. Scheme of measurement of temperature: 1 — tank; 2 — pumping plant; 3 — manometric thermometer; 4 —
portable sensor; 5 — flexible connecting tube



Journal of Siberian Federal University. Engineering & Technologies 2020 13(1): 94-99

WI0THOCTH — 885 k1/M>. o mpoBeneHno Bcex HEOOX0JUMBIX 3aMEPOB YaCTh Macia 13 6aka Obliia 0To-
Opana u nodasneno macno M-40 s yBeauueHus Bsi3kocTu padboueit xxuakoctu. [locine nobasnenns
BsI3KOCTh Maciia coctaBuia 28 cCr npu 50 °C, IiIoTHOCTB ocTajiack npexHeit — 885 + 1 kr/m.

Temneparypa NOBEpPXHOCTH IUIAHIIAWOBI PETUCTPUPOBAIACH OJHOBPEMEHHO C TEMIIEPaTypOH
paboueit )KUAKOCTH st 0osiee TOYHOTO ONpEAeICHUs Pa3HUIIBl TEMIepaTyp HUKHEH 4acTH IJIaH-
1aiiObI, OMBIBa€MOH paboyei KHUAKOCTHIO, U BEPXHEH YacThI0, PACCENBAIOILECH TEIIIIO B OKpYIKarolee
npoctpancTBO. [Ipu yepHOBO# 00pabOTKE AeTaIM U HU3KOW CKOPOCTH BPAIICHHS IJIAHIIAWOBI TEM-
MepaTypy MOBEPXHOCTH 3aMepsIu KOHTAaKTHBIM TepMomeTpom HD8464H “Borletti” HemmocpeacTBeH-
HO IIPU BPALICHHH, a IPH YHUCTOBOH 00pabOTKE M, COOTBETCTBCHHO, OOJIbIIICH CKOPOCTH BpAIlCHUS,
IUTAHIIAWO0Y MPUXOAMIOCH OCTAHABINBATH U CHOBA 3aIyCKATh I10CIIE IIPOBEICHUS 3aMEPOB.

Bennuuny ruapocTaTHuecKo MOAYIIKH (BCIUTBITHE MJIAHIIANOBI) 3aMepsUI HHANKATOPOM Ya-
COBOTO THIIA.

CKOpOCTh BpalIeHUs IUIAHIIAROBI KOHTPOIMPOBAIH IO HHIAWKAIIUH YUCIOBOTO MIPOTPAMMHOI0O
ycrpoiicTBa “Bosch Alfa-2”.

W3MeHeHnIo TeMnepaTyphl pabodeit 5KUIKOCTH CUCTEMbI THAPOCTATUYECKUX OIIOp CIIOCOOCTBYET
M3MEHEHHE HEeCKOJIBKUX (akTopoB. K Takum hakTopam oTHOCSTCS: pabouee JaBJICHNE B CUCTEME, BSI3-
KOCTh paboueii ) HAKOCTH, Macca 00pabaThIBaeMOM JIeTaaIu, CKOPOCTh BPAILICHHUSI IIJIaHIIARObI [2-5].

[To pe3ynbraTam 3aMepoB ITapaMeTPOB IPH NPOBEACHUH IKCIICPUMEHTAIBHBIX HCCICAOBAHUH
ObUIM MOCTPOCHBI TPAaUKU 3aBUCUMOCTEN TeMIepaTypbl paboyeil )KUKOCTH OT BbILICTIEPEUHCIICH-
HBIX ()aKTOPOB.

3aBUCUMOCTH, IOKa3aHHbIE Ha PHC. 2, [TOJYUSHBI IPH CKOPOCTH BpaIIEHU MIaHIIANH0bI 6 00/MUH,
BSA3KOCTH paboueii xuakoct — 22 cCt u Macce obpadateiBaemoit getanu 3800 KT.

3aBUCUMOCTH Ha PHC. 3 OIYYEHbI IpU paboueM AaBlieHHH B cucTeMe 19 Kr/cM?, BI3KOCTh pado-
yeit ugkoct 22 cCT, CKOPOCTh BpallleHUs IIaHIIARObI 6 00/MUH.

3aBUCUMOCTH Ha puUC. 4 MoJyueHbl Py pabodeM JaBjeHnHU B cucteme 19 Kr/cM?, cKOpoCTh Bpa-

[ICHU IUIAHIaosr 6 006/MuH, Macca oOpabaTeiBaemoii netanu 3800 Kr.
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Puc. 2. I'paduk 3aBHCHUMOCTH TeMIepaTypbl paboucit KHIKOCTH OT BPEMCHH MPH Pa3IHYHBIX 3HAUCHHUAX
nasienust: 1 — 19 kr/cm?; 2 — 24 kr/em?; 3 — 28 kr/cm?

Fig. 2. The schedule of dependence of temperature of a hydraulic medium from time at various values of pressure:
1 —19 kg/cm?; 2 — 24 kg/cm?; 3 — 28 kg/cm?
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Puc. 3. Tpaduk 3aBUCHMOCTH TeMIIEpaTypbl paboUei )HUIKOCTH OT BPEMEHH MIPU Pa3IMYHBIX 3HAYCHUSX MACChI
nmeraneit: 1 —0e3 geranu; 2 — 500 kr; 3 — 2000 kr; 4 — 3800 kr

Fig. 3. The schedule of dependence of temperature of a hydraulic medium from time at various values of mass of
details: 1 — the detail is absent; 2 — 500 kg; 3 — 2000 kg; 4 — 3800 kg
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Puc. 4. I'paduk 3aBUCHUMOCTH TeMIEpaTypbl pabodueil JKUIKOCTH OT BPEMCHU IPU PA3NUYHBIX 3HAYCHUSIX
Bsi3kocTH: 1 — 6e3 meranu; 2 — 500 xr; 3 — 2000 kr; 4 — 3800 k1

Fig. 4. The schedule of dependence of temperature of a hydraulic medium from time at various values of viscos-
ity: 1 — the detail is absent; 2 — 500 kg; 3 — 2000 kg; 4 — 3800 kg
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Puc. 5. Tpaduk 3aBUCHMOCTH TeMIIEPaTypbl paboUeil JKUAKOCTH OT BPEMEHH [IPU Pa3IHdHBIX YHCIaX 000POTOB
mra”manosr: 1 —4 06/mMun; 2 — 6 06/mus; 3 — 11 06/MuH; 4 — 20 06/MuH

Fig. 5. The schedule of dependence oaf temperature of a hydraulic medium from time at various ranges of speeds
of the faceplate: 1 —4 rpm; 2 — 6 rpm; 3 — 11 rpm; 4 — 20 rpm
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Puc. 6. Tpaduk 3aBUCUMOCTH TTaJIeHU s pabOUYero JaBICHUS OT TEMIIEPATYPbl paboUeil )KUIKOCTH MPH Pa3InIHBIX
3HA4YCHUSIX Macchl geraneii: 1 — P =20 kr/cm?; 2 — P =25 kr/ecm?; 3 — P = 30 kr/cm

Fig. 6. The schedule of dependence of falling of working pressure on temperature of a hydraulic medium at vari-
ous values of mass of details: 1 — P =20 kg/cm?; 2 — P = 25 kg/cm?; 3 — P = 30 kg/cm?
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Puc. 7. T'paduk 3aBHCHMOCTH BCIUTBITHS IUTAHIIAHOBI OT TeMIepaTypbl paboueil xunkoctu: 1 — 6e3 neranu; 2 —
500 kr; 3 —2000 kr; 4 — 3800 kr

Fig. 7. Schedule of dependence of emersion of the faceplate on temperature of a hydraulic medium: 1 — without
detail; 2 — 500 kg; 3 —2000 kg; 4 — 3800 kg

Bo Bpems uepHOBOI 00pabOTKH IeTaju 4acTOTa BpalleHus cocTasiisiia 4 u 6 06/MuH, a
BO BpeMs YHCTOBOW 00pabotku — 11 u 20 06/MuH cooTBeTCTBeHHO (pHuc. 5). Macca oOpabatsi-
Baemoii neranu 3800 kr, pabouee naBieHue B cucteme 19 Kr/cM?, BA3KOCTh paboueil )KUIKOCTH
22 cCr.

3aBUCUMOCTH, TIOKa3aHHbBIE Ha PUC. 6, MOTYyYEHBbI IPU TPeX 3HAueHUAX aaBieHui — 20, 25 u
30 xr/cm?. BsiskocTh paboueii sxuakoctu coctapmia 22 cCt, macca obpabdateiBaemoit netanu 3800 xr/
CM2, CKOPOCTh BpAIICHHUSI [IJIAHIIAW0bI 6 00/MUH.

3aBUCUMOCTH, IOKAa3aHHbIC Ha PHC. 7, TOJyUYeHBI IpH paboyeM AaBiIeHHH B cucteme 19 kr/cm? u
BA3KOCTH paboueil xugkoctu 22 cCrT.

AHanu3 3aBUCHMOCTEH, TPEAOCTABICHHBIX Ha PHC. 2-5, TOKA3bIBACT, UTO TEMIIeparypa padoueit
JKUJKOCTH CYIECTBEHHO 3aBHUCHT OT JABIICHHSI B CUCTEME U BSI3KOCTH M B MEHbIICH CTENECHH — OT

MaccChbl U CKOPOCTH BpalICHU [LIAHIIANAOBI.
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[Tapenue paboyero naBiieHHs] HE3HAUYNTENBHO, IIPOUCXOAMT B IIEPBOHAYAIBHBIH MOMEHT BpeMe-
HH pabOTHI CHCTEMBI THAPOCTATHYCCKUX OIOpP M BIUSHHS HAa XapaKTep M3MEHCHHS TEMIICPATypPhI
pabouell )KUKOCTH He OKa3bIBaeT. TemriepaTypa padoueii )KHUIKOCTH TaKkKe IPAKTUYECKH HE BIUSET

Ha BCJIIMYUHY BCIIBITUSA [IAHIIAHOBI.
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Abstract. The article describes the features of design and calculation of ribbed slabs on wooden
frame with trapezoidal plan, where the cover is included in the general work of the structure on
operational loads. The field of possible application of the investigated elements is shown. The
features of trapezoidal slab design are described. The main provisions of the proposed method of
the considered structures class calculation are reflected. The formula dependencies of trapezoidal
slabs calculation on deformations have been determined due to the use of the calculation method
of structures that consist of different module materials; the outcomes of previous numerical
studies carried out by the authors of the paper as well as the algorithms of a numerical functions
determination based on a particular integral method. The location of a weak slab section when
calculating on a normal stress has been defined with the regard to a part of an operating cover, which
varies along the span length. It is shown that the proposed method allows to assess adequately the
stress-deformed state of trapezoidal slabs and to calculate them on strength and rigidity according
to the suggested algorithm.
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Oco0eHHocTH pacyeTa
TpaneuHeBUAHBIX COBMEIEHHBIX PeOPUCTHIX MJIUT

Ha J€PEeBAHHOM KapKace

B.U. Kananos?, U.C. Un:kyToB®, /I.A. YkpanHyeHKo?
“Openbypeckutl 20Cy0apcmeeHHblll YHUgepcumem
Poccuiickas @edepayus, Opendype

*Cubupcruil hedepanvhblii ynueepcumem

Poccuiickas @edepayus, Kpacnosapck

Annomayus. B crarbe paccMOTpeHbI OCOOCHHOCTH KOHCTPYMPOBAHHUS U pacueTa peOpUCTHIX IUIHT
Ha JIEpeBSIHHOM KapKace C TpalelUeBHUIHBIM IJIAHOM, Y KOTOPBIX OOIIMBKA BKIIOYEHA B OOLIYIO
paboTy KOHCTPYKIIMH Ha BOCIIPHATHE IKCILTyaTallMOHHBIX Harpy3ok. [Tokazana 00s1acTh BO3MOKHOT'O
MIPUMEHEHHUS HMCCIIEAYEMbIX dJeMeHTOB. OmnucaHbl 0COOCHHOCTH KOHCTPYKIMH TpPAarerreBUIHBIX
mauT. OTpakeHbl OCHOBHBIE IOJIOXKEHMS MpeJaraeMoil METOAMKU pacueTa paccMaTpHUBaeMOro
Kkinacca KOHCTpykuuil. C IpUMEHEHHEM MeTOAa pacueTa KOHCTPYKLUH, COCTOSIIMX U3
Pa3HOMOAYJIBHBIX MAaTEpPHAJIOB, PE3YyJbTATOB paHEEe MPOBEJCHHBIX aBTOPAMH CTAaThbU UYUCIEHHBIX
HCCIIEIOBAHUHM, a TaK)Ke aJTOPUTMOB YHCJIEHHOTO OIpeJesieHus] (GYHKIMH Ha OCHOBE METOAMKH
OIIPEJICJICHHOT0 MHTErpaja, YCTaHOBIEHBI (POPMYJIbHBIE 3aBHCUMOCTH pacueTa TpanelHeBUIHBIX
IJTUT 110 JiepopManusiM. MecToIoI0KEeHNE OIIaCHOT0 CEYSHHMSI IITUTHI IPU pacdyeTe 0 HOPMaIbHBIM
HaIPSDOKEHUSIM BBIYUCIICHO C YYETOM JOJIM paboTaromieil oOMINBKY, KOTOpas U3MEHSETCs 0 JJINHE
nposeta. I[TokazaHo, 4TO MpenIoAKEHHAss METOJUKA TO3BOJISAET aIeKBATHO OLIEHUBATH HAIPSYKEHHO-
neGopMUpOBaHHOE COCTOSIHHE TPAICIIMEBUAHBIX IITUT U IPOU3BOAUTE UX PacdyeT Ha MPOYHOCTH U
JKECTKOCTb M0 MPEIJIOKEHHOMY aJIrOPUTMY.

Kawuegvie cnosa: TpaneuueBHIHbIE PEOPUCTBIE IUIMTHI, COBMEIICHHAs KOHCTPYKLHUS, 00JacTh
MpUMEHEHHUs, pedpo, oOmMBKa, quadparmMa, METOJUKA pacdeTa, HaNpsHKEHHO-Ie(pOpMHpOBAaHHOE
COCTOSIHHE, KOO (OUILIMEHT IIPUBEICHHUS, ONIACHOE CEYCHHUE, allTOPUTM pacyera, alllPOKCHMALIHSL.

Huruposanue: Xananos, B.M. OcobenHocTr pacyera TpanenueBUIHBIX COBMEIICHHBIX PEOPUCTHIX IUIUT HA JCPEBIHHOM
kapkace / B.W. XKananos, N.C. UnxyToB, [I.A. Ykpaunuenko // XKypu. Cub. penep. yu-ta. Texuuka u Texnonoruu, 2020.
13(1). C. 100-110. DOI: 10.17516/1999-494X-0208

Introduction

The construction volume growth with the use of wood and the development of the glued
wooden structures base have resulted in a wide application of ribbed slabs on the wooden frame
with the largest overall dimensions that are possible according to technological parameters and
transportability conditions in buildings of various purposes. Such structures allow to increase the
degree of factory elements readiness that are supplied to the construction site; to reduce the objects
construction time and, at the same time, to improve the quality of installation and construction
works. The highest degree of efficiency is provided by slabs, where the combination principle of
bearing and enclosing functions is realized. This principle suggests that the main longitudinal ribs
act as beams and covers together with auxiliary elements are fences of buildings [1-3]. In the slabs
on the wooden frame, such combination is achieved by gluing the cover to the ribs, and due to that
they are included into the overall operation of the structure. It significantly increases the geometric

characteristics of the cross sections.
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The stress-strain state features of the combined slabs on the wooden frame with a
rectangular plan as well as the method of their calculation have been studied by Russian and
foreign researchers. In Russia the studies were carried out by V.N. Bykowsky, A.B. Gubenko,
P.A. Dmitriev, V.A. Ivanov, Y.M. Ivanov, L.M. Kowalchuk, S.V. Kolpakov, S.G. Lyakhnitsky,
I.M. Linkov, D.V. Martinez, R.B. Orlovich, G.G. Rostovtsev, E.I. Svetozarova, E.N. Serov,
B.S. Sokolovsky, Y.D. Strizhakov. Modern Russian normative documents on rectangular slabs
calculation on wooden frame with the regard to joint work of ribs and plywood covers are based
on the results of experimental and theoretical studies of A.B. Gubenko [4]. The calculation is
carried out according to the method of transformed section. In this case, wood is brought to the
cover material by means of the coefficient n = E,/E, which considers different modularity of
materials in the calculated sections. In addition, the cover area in the calculation is introduced
in terms of the reduction factor k,;, which considers the cover inclusion degree in the general
operation of the structure [5-7].

In this respect, regarding the high architectural and aesthetic qualities of raised objects,
the cover configurations in plan often differ from rectangular. It is predetermined by the use of
trapezoidal elements. A perfect example of it is a building with polygonal, circular, ellipse plans in
dome structures, etc. When using trapezoidal slabs in roof or floors in buildings, a designer deals
with the problem that the width of their cross-section and the magnitude of the real load change
linearly along the whole length of the span, and the height of the main ribs can also change, for
example, in order to create the necessary roof slope. When changing the width of the cross section,
the degree of cover involvement in the overall operation of the slab also changes. Such degree
generally depends on the space between ribs, and it varies linearly, as well as the width along the
length of the span. However, these features are considered neither in available methods or normative
and technical sources. There are no clear methods for calculating combined rib slabs on a wooden
frame with a trapezoidal plan. In this regard, the development of such methods is an urgent task,
which will increase the competitiveness of wooden panel structures and contribute to the expansion

of their implementation in construction practice.

Research Object

The object of the research is a trapezoidal ribbed slab on a wooden frame with a cover that is

glued to the main ribs and involved in the overall operation of the structure.

Research Objective

The objective of the research is to investigate theoretically the features of the stress-de-
formed state of trapezoidal combined rib slabs on the wooden frame with the calculation sug-

gestions.

Research Methodology

When studying and experimenting, some tested and widely used methods of calculation of
structures that consist of different module materials; outcomes of previous numerical studies; algo-
rithms of numerical functions determination based on the methodology of a particular integral were

used.
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Results of Research

The features of the plan regarding the structural technological requirements determine a few
issues that are necessary to be considered when developing the trapezoidal slabs. The issues are as
follows:

— minimum width of the slab should be no less than 500 mm (the condition of structural connec-

tions with underlying constructions);

— maximum width of the slab is limited to 3000 mm (transportation condition);

— the cross section is generally U-shaped (condition of minimum distance between major ribs);

— orientation of auxiliary ribs is taken across the slab span (conditions for stability of compressed

cover and manufacturing).

The example of design solution of trapezoidal slab and its parameters are given in Fig. 1.

In addition, when determining the overall dimensions of slabs with trapezoidal plan, it is neces-
sary to consider the specified design data of the building or structure.

For example, let us consider a circular building in plan, where R, r — the dimensions of the outer

and inner support contours, /, — the slab span (Fig. 2). The tolerances for values by, b;, [, are given:

b0min < bO < bOmax

b] min < bl = bl max (1)
ly-6,0...18,0 m.

'

b max <3000

6000...18000 ' 1

| <6000 |\4 <6000 L o0 |
6000...18000

22

==
=
=
£
=
==
=
£

HEE

bx

Fig. 1. The main parameters of trapezoidal slabs: 1 — main ribs; 2 — auxiliary ribs; 3 — cover; 4 — diaphragms
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b) y

\}&
h\

i

¢
AP

Jupix)

& ————x
O max In 4[

Fig. 2. The trapezoidal slabs calculation: a — designation of building parameters with a circular plan; b — designa-
tion of slab parameters; ¢ — design diagram

X

As a rule, the values b, and b; are in the range of 1,5 <by<3,0 m; 0,5 <b; < 1,0 m for trapezoidal
slabs.
The outer radius R is the main initial parameter.

Then, the number of overlapping slabs “n” will be in the range:

Nmin S n S Ninaxs (2)

_ 27R

where n,_. =-—— —rounded to an integer up; n

i max = — rounded to an integer down.

0max 0 min

€9
r

Accordingly, the required radius of the inner support contour with the selected number of

slabs is in the range:

n.blmi}’l S’,.Sn'blmax. (3)
2r 2r

[3%1]

The total tolerance interval for “r” is:

n

min ’blml'n <r< Pnax 'blmax ) @)
2z 2z
When the radius of the inner support contour is set, it must be checked for validity according
to (4).
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The choice of the slabs size in the plan depends to a large extent on the conditions. When it is
necessary to maximize the part of the plan area covered by the slabs (for example, for tower structures),

the following should be accepted:

F:rmin:%’ (5)
ln:lmax:R_rmin' (6)

For example, let the outer radius of the tower-type structure be R=18,0 m. Then, according to the

above suggestions:

iy = 238 576825 =38,
Fonin = 3805 _ 3 025m.
2-314

i.e., in the structure either an additional row of columns located along the inner radius or a central
column with 3.025 m cantilevers is required to provide the inner support contour.

According to the design diagram (Fig. 2c), the location of weak section and calculation of slabs on
deformations are the features of trapezoidal slabs calculation. The following methodology is proposed
to consider such features.

When determining the location of the weak section in trapezoidal plan slabs, it is necessary to
note that the step of major ribs is linearly variable along the length of the slabs. In this case, the
reduction factor of plywood cover depends on the coordinate of the section x and can be determined

according to the formula:

kos(X)=ky(x)-55 +ky(x)- 8y +ky(x), s

where, k»(x), k;(x), ko(x) — functions that can be found from quadratic approximation:

ko(x)=ky(b,(x))=az -b,f(x)+ ay;-by(x)+ay,
ki(x) = ky(by(x))=ap by (x)+ay;-by(x) +ay, 8)
ko(x) = ko by(x)) = agy -b; (X)+ag; -by(x)+ gy,
04— plywood cover thickness, cm.
The dependencies for the coefficients of quadratic approximations in formulas (8) are easily found
in terms of the quadratic approximations that are given [8] with respect to rectangular plan ribbed

slabs. For example, the values of the coefficients of the quadratic approximation k»(b,(x)) can be found

by solving a system of linear equations:

ayy 0757 +ay,-075+a,) =—0,042
ay 157 +ay - 15+ay =-0029 - ©)

ay 307 +ay,-3.0+a,=—0014

The approximation coefficients for k;(b,(x)) and ky(b,(x)) can similarly be defined.
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The function b,(x) is linear, that is, it can be defined according to the symbols of Fig. 2 from the
expression:
b,(x)=b, +bfl;b0x, (10)
If we substitute (10) for (8), the final dependencies for the approximation coefficients (7) are
obtained.
Then, the algorithm of the weak section location, like the slabs of constant width, is as
follows.

1. Define the design width of plywood cover:

b,(x)=k,,(x):(b,(x)=b-m, )+b-m, . (11)
2. Calculate the area of the transformed section of the slab:

A, =4, +n-A,(x)y=m, bh, +i-x)+n-5,(x). (12)

3. Calculate the reduced static moment of arbitrary section:

o
S, (x)= %ml b-(h, +i-x)+n- A,,,(x)(hnn +i-x +;]- (13)

4. Determine the position of neutral axis of arbitrary section:

Sup(x)
=2t
N ) (14)
5. Find the moment of inertia of an arbitrary cross section:
T, 0 =m, b, W)(y ()wﬂ
’ ’ 12 2
(15)

. 5[}) ’
+n-0,-b,(x):| h, +i-x—y,+ U

Make the expression (or algorithm) for determining normal stresses at the points of slab

arbitrary section:
M(x)-(yo(x)=y),

o(x,y)=
[np(x) (16)

where M(x) — bending moment in arbitrary section of slab 0 <x </,

Define the maximum:

M (x)-(vo(x)=y)| (17)
Jp(x) |

0<x< l,,v 0 SyS(hon+ [ 'X)+5d),

max, ,

When only normal stresses are considered while determining the weak section which is quite true
for combined slabs where the ratio of the maximum height of the main ribs cross section to the span is
small and is about 1/15... 1/24, it is possible to check only the extreme (bottom and top) points of the

section by normal stresses, that is
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0,

I oy +i-X+6,

The determination of max o,,,(x,y) can be calculated by any strength theory. The normal, tangent
and main stresses must be determined at the points of the cross section.

The maximum values of the main stresses max., |0,,(X.,y)| Or max, , 0,.(x,y) can be determined by
means of a search algorithm of an absolutely extreme problem solution, including by scanning over a
selected grid x, y.

To determine trapezoidal slab deformations, it is advisable to use differential equation of beams

bending:
M(x)

v'(x) = R 70 :

(18)

Using the methodology of a particular integral, let us build an epure v.
The numerical determination algorithm of v (x) based on the methodology of a particular

integral is:
M(x)
E-J,,(x)

1. Choose a step of numerical integration A and build the epure . It approximately
coincides with the epure v"(x) (Fig. 3, a) where n is the number of splitting sites of a slab, 0 <x <n - A,
X =Ac ).

For design scheme with hinged support M(0) = M(1) = 0.

M@ o
E-J () Onv"(x) (19)
a  yi\
A LA

b)
YA V')

S
S
[

V(0)=D,

Fig. 3. Nature of epure M,
E

. X

] ~ 9n v"(x) at distributed load of intensity g(x) (a) and epure v'(x) (b)
np
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2. Build epure v'(x) by using dependence (18) and performing step-by-step numerical integration
(Fig. 3b).
3. Obtain the expression for the first derivatives by averaging the values of the second derivative

in the split step:

O'(0)+0"(x;) !
U’(xj)=l);;+[()2(/)+ ZU”(xk)J'A’ (20)
k=1
where j=I,...n; v, — initial angle of rotation; A — splitting step;
M(x;
u”(xj):(ij)- Q1)
E-1,,(x;)
Introduce the following symbols. Let it be as follows:
, V'(0)+V"(x;) T,
AV] :(2 / +ZU (xk) A, (22)
k=1
where j=1,...,n.
Then formula (20) will be as follows:
V'(x;)=vy+ A4V, (23)
where j=1,...,n.
4. Similarly to (20), calculate values v(x;)).
As v(xg)= v(0)=vy=0, then:
vy +U(x;) =L
U(x_j)z{()(])+20’(xk)J~A. (24)
2 k=1
Using the dependency (23), obtain:
AV, il
u(x;)= U(',-j+7j+ZAVk' -A. (25)
k=1
If x=1,:
;oA
u(x,)=u(l,)=|v)-n+ 5 + Y AV |- 4=0. (26)
k=1
Therefore:
r on=1
[A;/” + ZAV,C]
vp=——tL 2L 27)
n
Using dependencies (24 — 27), build y3rky v, and
max‘u‘ = max‘u(xj) , (28)
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Apart from this, the algorithm of trapezoidal slabs calculation is completely like the algorithm of

combined slabs calculation on a wooden frame with a rectangular plan.

Conclusion

The proposed method of combined slabs calculation on a wooden frame with a trapezoidal plan
allows to assess their stressed-deformed state adequately, to carry out practical calculations for strength
and rigidity. It makes possible to use full-board trapezoidal elements in construction practice for roofs

and floors of buildings and structures of different purposes successfully.
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Annomayus. Pa3paboTaHa maTeMaTH4ecKash MOJCIb COMPSIKCHHOTO TEIIO00OMEHa CKBaXKHUHBI C
y4eToM (pa30BBIX MEPEXOA0B U IUPKYJISIHE OypOBOro pacTBopa B mpoiecce Oypenus. [IpoBencHbl
pacyeTHbIE UCCIENOBaHUS MPOLECCa PACTEINIEHUSI MHOTOJIETHEMEP3JI0H OPO/Ibl BOKPYT CKBa>KUHbBI
B IIpolecce e¢ OypeHUs pacTBOPaMH C Pa3IMYHBIM COJCPKAHUEM DTHJICHIIIUKONS. YCTaHOBJICHBI
OCHOBHBIC 3aKOHOMCPHOCTH CONPSDKCHHBIX TCILIOTUPABIMYECKUX IPOIECCOB MpH OypeHUU
MHOTOJIETHEMEP3JIOW MOPOJBI C YYETOM LMPKYISIUUA pacTBopa W pacteruienus. IlokazaHo, 4To
J00aBKa STUJICHIIIMKOJIS TPUBOAUT K CHIDKCHUIO KO3(D(HUIIMEHTa TEIIOOTAaYd ¥ KOJIMYECTBA TEIIa,
MOCTYHAIOLIETO B CKBAXUHY, UTO, B CBOIO OYEPE/lb, BEIET K 3HAUUTEIHHOMY 3aMEIJICHUI0 CKOPOCTH
npoliiecca pacTeryieHusi MHOTOJIETHEMEP3IIbIX TOPOI.

Knrouesvie cnosa: 6ypoBbIe pacTBOPBI, PAIIYC PACTEIUICHHU S, MHOT 0JIETHEMEP3JIbIE TIOPO/IbI, PEOJIOT U,
STHUJICHTINKOIb, MOJICIINPOBAHHE.

IutupoBanue: MunakoB, A.B. PacyeTHoe wuccienoBaHue NPUMEHEHHS MNOJIMMEPHBIX PACTBOPOB Ha OCHOBE CMECH
STUJICHTIIMKOJIb-BOAA JUIsl OypeHuss MHOroieTHemep3ibix nopox / A.B. MwunakoB, M.U. Ilpsxuukos, A.JI. Hesepos,
J1.B. I'yzeii, B.I. Bonkos, B.B. JlykbsHoB // XKypn. Cub. denep. yH-ta. Texuuka u texnosoruu, 2020. 13(1). C. 111-127.
DOI: 10.17516/1999-494X-0154

BBenenne

['maBHBIM (paKTOPOM, KOTOPBIH OMpPEENSeT YCIOBHS OypEeHHsI HE)TSHBIX U Ta30BBIX CKBAXKHH B Ce-
BEPHBIX MIMPOTaX, CYNTACTCS HAIMYME B 3TUX IIHPOTAX MHOTOJETHEMEP3IBIX TOpHBIX nopon (MMI).
MHoroneTHeMep3IIble TOPHBIE TOPOABI — ITO MOPOJBI, KOTOPbIE IIOCTOSHHO HAXOJSATCA B YCIOBHSX OTpPU-
LaTeJIbHBIX TeMieparyp. OrpoMHOE KOJINYECTBO POOJIeM BO3HUKAET IPH OCBOSHUHU He(TEra30KOH IeH-
CaTHBIX MECTOPOXKICHHUHI B 30HE BEUHOH Mep37I0Thl. CTPOUTENBCTBO U SKCILTyaTalusi HeyTera3oHOCHBIX
0OBEKTOB B YCIIOBHSIX BEYHOI MEP3JIOTHI OCIOKHSETCSI TPOOJIEMO# YaCTHYHOTO HIIH MTOJIHOTO OTTaMBaHH S
T'PYHTOB BOJIN3H O0BEKTOB, SBIISFOLIMXCSI HICTOYHUKOM Teruta. [Ipy cTponTenbeTBe M SKCIITyaTaluy CKBa-
JKMH ITPOUCXOANT aKTHBHOE OTTAMBaHHE OKPYIKAFOLIMX ITOPOJI, B PE3yJIbTaTe 4ero 00pa3yoTcs MpoCcaiKy,
00BaJIbl, MYCTOTHI, KOTOPBIE MOTYT CIIOCOOCTBOBATh PSIY HEraTUBHBIX (h)AKTOPOB U Jla’Ke aBapuil B IIPo-
1ecce OypeHus M AKCILTyaTalliK CKBOKUH. DTO IPUBOIMT K JOJATOCPOYHBIM PEMOHTAM, IPOCTAUBAHHIO
CKBaKHHBI ¥ 3HAUUMBIM ITOTEPSIM OYPOBBIX KHUKOCTEH.

MHoroJieTHsIs IpakTHKa BeJeHUs OypoBbIX pabot B ycioBusix MMII no3Bosnia BeipaboTarh

HEKOTOpbIE MPAKTHUECKUE COOOPaKEHUS 10 OpraHu3anuy OypeHus u BHIOOPY OypOBBIX PacTBOPOB
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[1-7]: ymeHbILIeHHE TeMIIEpaTypbl OypOBOI'O PacTBOpa B pe3yJIbTaTe ero OXJIAXACHUSI HEOOXOIMMbIM
00BEeMOM paHee 3aroTOBICHHOHN JKUIKOCTH; YMCHBIICHUE JUIUTEIFHOCTH TEILIOBOTO BO3ICHCTBUS B
pe3yibTaTe MOBBIIIEHUSI CKOPOCTH MPOXOAKH U YBEIMUEHUS BBIHOCHON CIIOCOOHOCTH MPOMBIBOUHOMN
JKUJKOCTH, YMEHBIICHHE KOA((UIIHEHTA TEIUIOOTaYN OT MIPOMBIBOYHON JKHIKOCTH K CTCHKE CKBa-
JKUHBI B PE3yJIbTaTe CO3/IaHUs JAMHUHAPHOTO PEKUMA TEUEHU S KUIKOCTH B KOJBIIEBOM MPOCTPaH-
CTBE; YBEIUYCHHE BI3KOCTH U TMHAMHAYECKOT'O HAIPSDKEHUS CIBUTA TPOMBIBOYHOMN JKHUIKOCTH, a TaK-
JKe TTpeypexIeHne 00pa30BaHus BUXPEBOTO JIBHYKCHHS B BRIEMKAX Ha CTEHKAX CTBOJIA CKBAXKUHBI;
YMEHBIIICHUE BOAOOTIAUH, TaK KaK YBEIIMUYCHUE KOTMYECTBA OTQMIBTPOBAHHON JKHIKOCTH B CTCHKY
CKBa)XHMHBI CYIIECTBEHHO MOBBIINAET UHTEHCUBHOCTH Pa3pyIIeHUsI JIb/a.

TaxuMm o0Opa3om, Ui CHIDKEHUs cKopocTH pacteruieHns MMII B mporecce OypeHus HeoOxo-
nrMa pazpaboTka OypoBBIX PACTBOPOB C HU3KOM TEMIEpaTypoil 3aMep3aHus, TeIIIOEMKOCThIO, Te-
ILIONIPOBOTHOCTBIO U HAOyXaromel COoCOOHOCTHIO MPH COXPAHCHHH BBICOKHUX PEOJIOTHUCCKUX Xa-
pPaKkTepHUCTHK. AHAlM3 JUTEpPaTyphl NOKA3bIBAET, YTO TAKUM TPEOOBAHHUSM MOTYT YJOBJIETBOPATH
MOJIMMEPHBIE PACTBOPHI HA OCHOBE CMECH BOJIbI M ATHJIEH- HJIM NponuieHrnukosuei [8-10].

B nanHO# paboTe BIepBbIC IPOBEICHO PACUCTHOE UCCIICAOBAHHUE 10 U3YUCHHIO BIMSHUS 100aB-
KU JTUJICHIJIMKOJS B IMMOIMMEPHBIH OypoBOW pacTBOp Ha CKOpocTh pacreruieHuss MMII B mpomecce

OypeHwusi.

JlabopaTopHble ucc/ie10BaHUS

CHagana OBLITH TIPOBEACHEI JJAOOPATOPHEIC MCCICIOBAHUS CBOHCTB OypoBOTO pacTtBopa. B ka-
4yecTBe OypOBOro pacTBOpa pacCMOTPEHA BOJIHASI CMECh STUJICHTIIMKOJIS C JOOABICHHEM Kpaxmala 1
ramMmMmakcaHa. [Ipu mpUTOTOBICHUH PaCTBOPOB HCIOIB30BAJIach TUCTHILIMPOBAHHAS BOJA, KOTOPYIO
MoJIy4yalid OYMINEHUEM TTPOTOYHON BOJABI MpH momoiyd Mononuctmuisitopa GFL-2004, stunenrnu-
ko11b (AO «9KOC-1», Poccnst) uncterit s ananuza (TOCT 10164-75), kpaxmai KapToeabHbIi COPT
«OKCTPA» (I'OCT P53876-2010), a Takxke kcanTaHoBbii onononumep rammakcat (I'K «Muppukoy,
Poccus).

MaccoBast KOHIIEHTpaIKsl STUISHTIIUKOIS W B BOAHON cMecu BapbupoBasiack ot 0 1o 80 %. Mac-
COBOE COZIEp’)KaHKE B pacTBOpe Kpaxmaia coctasisuio 2.0 mac. %, a rammaxcana 0.5 mac. %.

[170THOCTB PaCTBOPOB PACCUUTHIBANIACH KAK CyMMa IIPOU3BEACHUH IUIOTHOCTH M KOHI[CHTPAIIUK
Ka)KJIOTO KOMIIOHEHTA, BXOJSIINX B pACTBOP (BOIA, STHICHTIUKOIb, KpaXMall 1 TaMMaKCaH).

Koa¢hduipeHT TenaonpoBogHOCTH PACTBOPOB U3MEPSIICS C UCIIOIB30BAHUEM METO/Ia HArpeTon
HuTH. [logpoOHOE omrcaHne METOIUKH M3MEPeHUs KOd(D(UIIMEHTA TETUIONPOBOJHOCTH MPEICTAaB-
JieHo B pabore [11]. 3naueHue ko3¢ GuIMeHTa TeIIONPOBOIHOCTH ObLIO OMPEICICHO KaK CpEIHEe U3
s TH u3MepeHuit. [lorpemrHocTs n3MepeHns Ko3pUIUSHTa TEIIONPOBOIHOCTH He Ooree 3 %.

VienpHas TEMIOEMKOCTh PACTBOPOB HA OCHOBE CMECH JTHIIEHINIMKOIb-BOAA C,\ MOXKET OBITH

oIpejiesieHa ¢ y4eTOM 00 BEMHOM 0N STHICHTITUKOIS ¢ U BOIHI (1-¢) ciiemyronumM oopasom:
pMCp,M = PPrg Cp,EG + (1 - (P) Pw Cp,w > 1)
Pwm :(PIOEG"'(I_(/’)IOW’ 2

rine Cpec, Copws PEG, Pw — YA€IbHAS TEIIOEMKOCTb M INIOTHOCTh 3THJIEHTVIMKOINS M BOJIbI COOTBET-

CTBCHHO.
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HccnenoBanue peosoruu Co3IaHHbIX OyPOBBIX PACTBOPOB MPOBEIEHO MPU MOMOIIHM POTAIMOH-
Horo Buckosumerpa OFITE 900. {uanason ckopoctu casura y ot 0.01 no 1022 ¢”'. Tounocts mo-
nepxkanus ckopoctu BpaineHus 0.001 06/mMuH. [Ipu ©3MepeHnH PEOIOr K HCII0JIb30BaIaCh METOUKA,
onucanHas B padote [12]. [TorpenrHocTs n3mepenus kodpduunenta Bsizkoctu 2 %.

Bce usMepeHHbIe 1 pacCYUTaHHBIC CBOWCTBA IIPEACTABJICHBI B Ta0I. 1.

3aBUCHUMOCTb BSI3KOCTH IOJIYYEHHBIX PACTBOPOB OT CKOPOCTH CABUTA U KOHUEHTPALUU 3THU-
JIGHTIHMKOJS puBeneHa Ha puc. 1. Kak BuaHO, ¢ yBeTHUEHHEM CKOPOCTH CIABUTA BI3KOCTh YMEHbB-
aeTcs JUIS BCeX KOHIICHTPAMH dTUIICHTITUKONA. TakuM 00pa3oM, JTaHHBIE PACTBOPHI SBISIOTCS
MICEBAOIJIACTHYCCKUMHU JKUIAKOCTIMHU. 3aBUCUMOCTh 3(P(HEKTUBHONU BA3KOCTH OT KOHIICHTPAIHUU
STUJICHTJIMKOJSL OKa3bIBAET, YTO MPHU HU3KUX 3HAYEHUSIX CKOPOCTH CABHIA BSI3KOCThH pacTBOpa
MMeeT MUHUMYM TIPU KOHIIEHTpanuu, paBHo 35 mac. %. [Ipu 3TOM CHUXKeHHE BA3KOCTH B MU-
HUMYME HE OYEHb 3HAUUTENILHOE U cocTaBisieT okoJo 15 %. [lpu ganbpHeilieM yBeIMYEeHU N KOH-
nenTpanuu DI BSI3KOCTH pacTBOpa yBenuduBaeTcs. [Ipy BRICOKMX 3HAYEHUSX CKOPOCTHU CABUTA
C yBeJHYEeHUEM KOHLEeHTpanuu DI BA3KOCTbL MOHOTOHHO Bo3pacTaeT. OQHAKO C NPaKTUYECKOM
TOYKH 3PCHHUS OBLJIO YCTAHOBJICHO, YTO BIUSHUE 3TUJCHIIIUKOJS (32 MCKIIOYCHUEM OYCHBb BBI-
cokoit korneHTpanuu 80 Mac. %) Ha YQPEKTUBHYIO BA3KOCTH MOJTMMEPHOTO pacTBOpa SABISICTCS
HE3HAYUTEIbHBIM.

Peomnorust paccMaTprBaeMBIX PacTBOPOB ObIJIa OIUCAaHA C TOMOIIBI0 HauboIee pacpoCcTpaHeH-
HbIX cTerneHHol (Power-law) u Ounramosckoii (Bingham) moneneii. [TonyueHHbIe peosiornueckue na-
paMeTpBl 3THX MOJEICH IMPeCTaBICHEI B Tabn. 1. AHaIN3 MOBEJACHHS PEOJOTHYESCKIX MapaMeTPOB
OypOBBIX PACTBOPOB JIEMOHCTPUPYET, YTO MOKa3aTelb KOHCUCTEHIMH K ci1ab0 3aBUCHT OT KOHIICH-
Tparuu >tuieHnmKoNs (317). [lokasarens cTeneHHONH MOJENH 1 C YBEIHYEHUEM KOHIEHTparuu DI
HE3HAYUTEJbHO yBenuuuBaercs. [Inactuueckas BaskocTs PV 1 npenenbHble HanpsikeHus casura YP
npu KoHmeHTpamusax O Hike 35 mac. % HE3HAUYUTEIBHO CHUIKAIOTCS IO CPABHEHUIO C 0Aa30BBIM
pactBopom. [Ipu nanpHeIeM NOBBIIEHNH KOHLIEHTpauy D" 9TH XapaKTePUCTUKH MOHOTOHHO BO3-

pacTaroT. O,I[HaKO B a0COJIIOTHOM BbIPAKCHUH 34 UCKIIFOUCHUEM KOHIICHTpAalun 80 % 3T H3MEHEHUSI

2000 g 350 rle sis' ® 170s'@ Slis'® 85is
F Fle 102s'e 34ls'e 68Is'e 1021s!
: 300 rd
» I
& 0
200 H— 0%
g H— 20%
= [l== 35%
M= 50%
[l— 65%
M= 80%
20 1 L L L1l L L L L LLLLL L ALy 0
1 10 100 1000 0 20 40 60 80
v, 87! w, %
a) 0)

Puc. 1. 3aBHCHMOCTB BSI3KOCTH Oy POBBIX PACTBOPOB OT CKOPOCTH C/ABUTA IPH Pa3IMuHbIX KOHIeHTpauusix DI (a)
U OT KOoHIeHTpauuu DI py pa3anyHbIX 3HAYCHUSIX CKOPOCTHU caBura (0)

Fig. 1. Dependence of drilling fluids viscosity on shear rate at different concentrations of EG (a) and on concentra-
tion of EC at different values of shear rate (0)
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Tabnuua 1. [InoTHOCTB, peoornyeckue 1 Teriopu3ndeckue CBOMCTBa OypPOBBIX PACTBOPOB

Table 1. Density, rheological and thermophysical properties of drilling fluids

C,, kJ/

w, % p, kg/m?3 PV, mPa's YP, Pa K, Pa's" n k, W/(m-K) (lfg-K)
0 1006 30.26 11.71 4.94 0.279 0.624 4.18
20 1028 29.35 10.94 4.59 0.283 0.550 3.80
35 1045 24.23 10.98 5.29 0.242 0.495 3.52
50 1061 30.37 11.64 5.17 0.270 0.430 3.25
65 1078 37.03 11.90 4.90 0.298 0.371 2.99
80 1095 61.18 13.71 495 0.354 0.324 2.74

SIBIISIFOTCSL HECYIIECTBEHHBIMU. TakuM 00pa3oM, MOXKHO yTBEPKAaTh, YTO JOOABKA ATHIICHTIIMKOJISI
BILJIOTH JI0 BBICOKHMX KOHIIEHTpanui (65 mac. %) He yXy/IaeT peoJIOrH4eCKUX CBOWCTB IMOJIUMEPHBIX
pacTBOpPOB.

Hsmepenuns xkoddpuiyenTta TenaonpoBoJHOCTH k U OLEHKH ylelbHOH Termnoemkoctu C, Oypo-
BBIX PACTBOPOB C 3TUJICHIIIMKOJIEM [TOKa3aJIM 3HAYUTEIbHOE CHI)KEHHE ITHX XapaKTepUCTHK (Tadir. 1).
Tak npu koHuentpanuu I B pacTBope 65 Mac. % KOdPPUINEHT TEIIONPOBOJHOCTH CHHUXKAETCS Ha
70 %, a renmoeMKkocThb — Ha 40 %.

[Tony4yenHsle B pe3yibTaTe J1a00OPAaTOPHBIX HUCCIIEIOBAHUN JIaHHBIE 110 CBOWCTBaM OypPOBBIX
PacTBOPOB C ATHJICHTJIMKOJIEM HCIIONIB30BAJIUCh B JAJbHEHIIEM IPH YHUCICHHOM MOJEIHNPOBa-

HHU.

MaremaTnyeckasi MoJeJib HHPKYJISIMU OYPOBOI0 PACTBOPA B CKBAaKUHE

¢ yuetoM pacrernienus MMII

PacueTHOMY HCCIEIOBaHHIO TIPOIECCa PACTEIUICHHUS IIOPOJ BOKPYT CKBAXKUH MOCBAIICHO 0OJb-
1roe KoJIM4ecTBo pabot [2, 3, 13-16]. Ilpu 3ToM OONBIIMHCTBO PACYCTHBIX UCCIICAOBAHUN B TaHHON
00JTacTH MOCBSIIIEHO MPOLECCY PACTEILICHUS CKBAKHH IMPH UX KCILTyaTalllH. TeOpeTHYSCKUX HC-
ciefoBaHuii mporecca pacremieHuss MMII B mporiecce OypeHUs CKBa)XKHHBI B HACTOSIIMA MOMEHT
HemocTaTo9HO. KpoMe Toro, Hy>)KHO 3aMETUTh, YTO B IEPEUUCICHHBIX Pa00TaxX UCIIOIB3YIOTCS MaTe-
MAaTUYCCKUEC MOAECTIN, OCHOBAHHBIC, I10 CYTHU, HA PECHICHUHN YPaBHECHUSA TCIJIOIIPOBOAHOCTH, B KOTOPBIX
B Ka4eCTBE TPAaHWYHBIX YCIIOBHI Ha CTCHKAX CKBaJKHHBI 33/IaeTCs TeMIeparypa (Giaouna (B peaKoM
ciydae ¢ K03(h(QUIIMEHTOM TEIIOO0TIauu, KOTOPBIH 1Jis1 Oy POBBIX PACTBOPOB HEM3BECTEH). DTH MOJX0-
JIbl HE MOT'YT Y4€CTh CBOMCTBA U PEKUMBI TEUEHU S LIUPKYIUPYIOLIEr0 B CKBaXKMHE pacTBopa. B otnu-
4He OT paHee MPOBE/ICHHBIX B ATON 00J1aCTH UCCIIEIOBAHUHN B IAHHON paboTe pacCMOTPEH COMPSIIKEH-
HBIH TEII00OMEH C YYeTOM IpoIecca pacTeIUICHUS U IUPKYJIAIHE OYpOBOTO PacTBOPa B CKBaXKUHE.
JlaHHBII TOIX0/] O3BOJISIET YYECTh BIMSHUE PEalbHbIX (DU3NUYECKUX CBOMCTB OypPOBBIX JKUIKOCTEH
(BSI3KOCTB, PEOJIOTHSI, TEIIO(DU3NICCKUE XaPAKTEPUCTHKHN) U PEXKUMOB UX TCUCHHS HAa BEITUINHY KO-
s punmeHTa Tersonepenadn ot 6yposoro pactBopa Kk MMII u ckopocTh pacnpocTpaHeHU sl TPaHHILIbI
30HbI PACTEIJIEHUS] BOKPYT CKBaKHUHBI.

B o0miem ciyuae TedeHue BA3KOM JKUAKOCTH ONMKUCHIBAETCS CUCTeMOM ypaBHeHnit HaBbe—CToKCa,

COCTOS[H.[Gﬁ M3 YpaBHCHUA COXPAaHCHUS MACCHI:
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op

—+V(pv)=0 3

5 TV(ev) (3)
1 YpaBHCHUS IBUIKCHUSA UM 3aKOHA COXPAaHCHU A UMITYJIbCa:

0

%+V(pv-v):—Vp+V(r)+F, @)

rJie V — BEeKTOP CKOPOCTH HJIKOCTH, T — TEH30p BS3KUX HampspkeHui, F — BEKTOp MacCOBBIX CHII,
P — cTaTHYecKoe MaBJCHHE, p — INIOTHOCTH XKUAKOCTH. [T0CKOIBKY B OOJIBIIMHCTBE Clly4acB OypoBOi
pacTBOp MpeacTaBIsieT cO00M HEHbIOTOHOBCKYIO JKUJIKOCTD, JJIS MOJCITUPOBAHMSI HEHBIOTOHOBCKUX
TEUEHUN MBI UCIIOJIB30BAIN XOPOIIO U3BECTHRIN Toaxoa [17-18], B KOTOpoM cpena paccMaTpuBaeTCs
KaK HEeJIMHEHHAasl B3Kas )KHUJKOCTh C BBeIcHHEM 3(D()EKTUBHON BSI3KOCTU KHUIKOCTH (), KOTOpast
3aBUCUT OT CKOPOCTH CABUTA. HpI/I OTOM TCH30D BA3KHUX HaHpH)KCHI/Iﬁ T ONPECACIACTCA CICAYOIUM

obpazom:
T=uD, ®)

rae i — b exTUBHAs BI3KOCTh, D — TEH30p cKOpocTeil aedopmariuu.

KommonenTs! TeH30pa ckopocteil nepopmannu D nmeroT Bu:

. Ou,
p=24, ©)
ox; 0x
CKOpOCTD C/IBUTA ¥ SIBJISIETCS] BTOPBIM HHBAPUAHTOM TEH30pa CKOPOCTH Ae(opMariuu:
= [ip.D )
/4 ) :

Hccnenyemas cpeia MOXKET SIBISTHCS KaK BSI3KOW HBIOTOHOBCKOHN KHJIKOCTBIO, TAK U HEHBIOTO-
HOBCKOM BSI3KOIJIACTHYECKON KHUJIKOCTHIO, OBEJACHUE KOTOPOU OMUCHIBAETCS OJHON U3 TpeX Hanbo-
Jiee paclpoCTPaHEHHBIX PEOJIOTHYECKUX MOAEJEH: CTENeHHas KUAKOCTh, ONHIaMOBCKasl KHIKOCTb
(xuaxocTs bunrama) u xxuakocTs ['epmens-bankim.

B 3aBucumoctu ot peosorun OypoBoro pactsopa, 3pGeKTUBHAS BA3KOCTh HMEET BUI:

() = K— st HBIOTOHOBCKHX JKHJKOCTEH, 311ech K — MOJIeKyJIsipHast BSI3KOCTh PacTBOPa;

(7)) = k7" — nna monenu crenennoii cpensi (Power-law);

wy)= (kvj? +7, )/77 JUISL MOZIETTH OMHTaMOBCKOM KHUIKOCTH;

wy)= (kV}'/” +1, ) / ¥ — s Mojienu skuakoctu [epiiens-bankiu,
rae k, — mokasarenb KOHCUCTEHTHOCTH; 7 — ITOKa3aTelb CTEIEeHH KUIKOCTH, 7o — IPEIeIbHOE HaIps-
JKCHUE CABHTA.

[Tpu pacreruieHuu (mpoMep3aHU) BEYHOMEP3JIBIX TPYHTOB IPOUCXOAHUT IPOLECC IIIABICHUS
(kpuctamum3anun). B naHHO# paboTe A1 MOJIEIMPOBAHUS STUX IPOLIECCOB UCTIONB3YyeTCs (hopMyTu-
POBKa DHTAJIBIH-IOPUCTOCT. B 3TOM MeTo/ie rpaHtIia paciiaBa He OTCICKUBACTCS B IBHOM BHJIE.
BMmecTo 3TOr0 BBOOUTCS BEIMYMHA, Ha3bIBaeMasi 00bEeMHON JI0JIel KHUAKOH (pakunuu, KoTopas yka-
3bIBAET Ha JIOJII0 00beMa siueeK, HaXOSIIUXCS B )KUAKOM cOCTOsIHUH. JKuikast ppakiiusi BEIUYUCIISET-
Csl Ha KaKJIOM UTepaliii Ha OCHOBE OajiaHca SHTAJIBINU. B 1ByX(a3Hoii 30He )xukast Gppakuus nMeeT
3Hagenne oT 0 1o 1. OHa MomenupyeTCs Kak ICEeBIOIIOPUCTAs Cpeaa, B KOTOPOH MOPHCTOCTh YMEHb-

maercs ot 1 0 O, YTO CBUACTCILCTBYCT O 3aTBCPACBAHNU MaTCpHaa. Korz[a MaTtepuall OJHOCTbIO
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3aTBepAeBaeT B SUCHKe, TOPUCTOCTh CTAHOBUTCA PABHOM HYJIIO H, CIEIOBATEIBHO, CKOPOCTH TAKKE
majgaeT 1o Hyns. [IByxdasHas 30Ha )KUIAKOCTH-TBEPIOE TEIO PacCMaTPHBACTCS KaK MOPHUCTas 30HA
C IIOPUCTOCTHIO, PAaBHON 00BEeMHOIl Jose xuakoil (pakiuu. COOTBETCTBYIOIME UCTOYHUKH CTOKA
(pUTOKA) SHEPTUHU U UMITYIIbCA JOOABIISIOTCS K COXPAaHCHHIO SHEPTUU M COXPAHEHUIO UMITYIIbCA.

Jluist 3aau 3aTBepAeBaHUS/TUIABIICHHSI yPABHEHHE SHEPTI MU 3aIIUChIBACTCS B BHJIE

0
5(pH)+V(va):V(kVT)+S, ®)
rae H — surtanenus; k — k03 OUIUEHT TEIJIONPOBOIHOCTH;, I — TeMIepaTypa; S — CTOK UMITyJIbCa.

DHTaJbIHA B CBOIO o4depeb ONPCACIIACTCS KaK:
H=h+AH, ©)
T
h=h+[ CdT, (10)

rne AH — ckpbiTast TernoTa (pa3oBoro nepexona; fr — CTaHapTHas SHTAIbINS 00pa30BaHusl Bellle-
cTBa; Tier— CTaHAApTHAS TeMnepaTypa; C, — yaelbHas TENJI0EMKOCTb IPH MOCTOSHHOM JIaBJIEHHH.
OO0BEMHYIO JI0JII0 HKHUJKOH (ha3bl S MOKHO ONPENENUTh KakK:
ﬂ = 07 €ClIn T< Tﬂolidus;
ﬁ = 1a ecmn T'< Tliquidus;
T-—

— solidus
ﬂ - T , €CIIN Tsolidus <T< Tliquidus-

liquidus ~ *solidus

CKpBITOC TEIIJIOCOACPIKAHUC TCIIEPh MOKHO 3aIIMCaTh B TCPMHUHAX TCIJIOTHI (1)330B01"0 nepexoaa

AH =p-L. 1n

[Moxxox PHTANBIUSA-IIOPUCTOCTh MOACIUPYET AByX(Da3Hyt 001acTh (YaCTUYHO 3aTBEpCBIIAs
00J1acTh) KaK MOPUCTYIO cpeny. [lopucTocTh B Kax 101 s4uelike ycTaHaBIMBAETCS PABHOM JIOJH JKN -
Koii (ha3bl B ATOM siuelike. B MOJHOCTBIO 3aTBEpICBAIOIINX PETMOHAX MOPUCTOCTh paBHa HYIH0. CTOK
HMITyJIbCA B CBSI3U C YMEHBIICHUEM MTOPUCTOCTHU B IBYX(a3HOI 30HE UMEET CIIeTyIOINI BHI:

1 _ 2
§= %AM (v), (12)
rrae [ — o0beM KuIKoit dassl, ¢ — yncneHasid mapametp (0.001), 9TOOB MPETOTBPATUTH JEICHHUE HA
HOJIb, Apnysh — IOCTOSIHHAS 1By X(Da3HOT'O PErvoHa.

OTMETHM OCHOBHBIE MOMEHTBHI YHCJIEHHOH METOIMKH. Pa3HOCTHBIN aHaJIOr KOHBEKTHBHO-
T Qy3MOHHBIX yPaBHEHHI HAXOIUTCS C MOMOIIBIO METO/Ia KOHEYHOTO 00beMa JIJIsi HECTPYKTY pH-
POBaHHBIX CETOK. B 3TOM ciyuae nmoiydyeHHas cxeMa aBTOMaTHYECKH OKa3bIBaeTCs KOHCEPBAaTHBHOM.
CyTb MeTo/Ia 3aKJII0YaeTcsl B pa30MeHNH pacueTHOM 00JIacTH Ha KOHTPOJIbHbIE 00bEMbI U MHTEI PH-
POBaHNU MCXOJHBIX YPaBHEHUI COXPAHEHMS 110 KaKIOMY KOHTPOJIBHOMY OOBEMY ISl MTOJyUCHHS
KOHEYHO-Pa3HOCTHBIX COOTHOLICHNH. ATIIIPOKCHMAIMsi KOHBEKTHBHBIX UJICHOB YpaBHEHHUI iepeHoca

OCYILECTBIISIETCS COOTBETCTBEHHO C IMMOMOLIBIO IPOTUBOIIOTOYHOM cxembl BToporo nopsiaka QUICK.
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Juddy3uoHHbIE TOTOKU U MCTOYHUKOBBIE YICHBI AlIIPOKCUMHUPYIOTCSI KOHEYHO-00bEMHBIMHU aHAJIO-
raMu LEHTPAJIBHO-PA3HOCTHBIX COOTHOIIEHUH CO BTOPBIM HNOPSIAKOM TOYHOCTH. CBA3b MEXKY MOJISI-
MU CKOPOCTHU M JaBJICHHUS, 0OeclednBarolias BEIIOTHEHNE YPAaBHEHUS HEPa3phIBHOCTH, Pealn3yeT-
cst npu oMo SIMPLEC — npouenypsl Ha COBMEHIEHHBIX ceTKax. [l ycTpaHeHUs: OCHUIISAIUN
MOJISL AABJICHUS HCHONb3yeTcd moaxon Pxu-Yoy, 3akmrogaromuiicss BO BBEJJCHHE MOHOTOHM3ATOpa B
yYpaBHEHHMS IS TIONPABKH JaBieHus. [loimydyeHHbIe B pe3ysbTaTe JUCKPETH3alnN HCXOIHOH cHucTe-
MbI TU(epeHIInaIbHbIX YPaBHEHUIT PAa3HOCTHBIC YPABHEHHSI PEIIAIOTCS UTEPAIIHOHHBIM CIIOCOOOM
C IPUMEHEHHEM aJIre0pandeckoro MHOIOCETOUHOT O peraTess.

Pe3ynbraThl TECTHPOBAHUS ONKMCAHHON BBIIIE YHCICHHON METOAUKH MPEICTaBICHBI B paboTax
[19, 20]. BeO TOTY4YEeHO XOPOIIee COrIACHE PACUYETOB C IKCIIEPUMEHTOM 0 (popme TTpoduis CKopo-

cTH OypOBOrO pacTBOpa B CKBAXKHHE, a TAKXKE I10 ANHAMUKE (pPOHTA NpoIrecca pacTEIICHHS.

Pe3yabrarsl ncclie10BaHUs U UX 00CY:K/IeHUEe

Ha ocHoBe pa3paboTaHHON METOAMKH IPOBEAEHBI PACUETHI MPOIEcca pacTeIlJICHNus MOPOIbI B
nporiecce OypeHu st CKBaKMHbI C TOMOIIBI0 Oy pOBOT0 pacTBOpa HA OCHOBE CMECH BOJIAa-d TUIICHTJTUKOJIb.
[Ipn 3TOM HCHONB30BANKCH TEIUIO(PU3NYECKHIE MapaMeTpbl MEep3J0il Opobl (INIOTHOCTE p, JIbJIN-
CTOCTb i, KOO(QOUINUEHT TEIIONPOBOAHOCTHU K M yZeNbHAS TENI0eMKOCTh C,,), KOTOpBIE TIPHBEJICHBI B
Tabx. 2. TemnepaTypa Mep3bIx TOpos Oblia 3agaHa paBHOM Munyc 4 °C.

[Ipu MomenupoBaHUM 3a/1aBaIUCh TEOMETPHUUECKHUE MapaMeTphl CKBaKUHBI, OM3KHE K TUIIHY-
HBIM KOHCTPYKIHSIM, IIPUMEHSIEMBIM IIpu OypeHuu. J(nameTp cKBaXMHBI OblI paBeH 296 MM, aua-
MeTp OypuiibHOU TPyObI paBeH d = 125 mM. ['myOuHa ckBakuHbI 3a7iaHa paBHoii L =400 M, 4T0 COOT-
BETCTBYET cpeaHel rmyouHe 3aneranus MMIIL.

Pacuet nmpoBOAMIICS B OCECHMMETPHYHOM MOCTaHOBKE. Paguyc pacyeTHoi obdnactu 100 M, riny-
ouna pacuetHoi oOmactu 600 M. [{ns pacueTa mcmonb30Baiack ceTka, cocrosmas u3 600000 saeek.
Cerka OblJ1a CrylieHa K CTeHKaM Oy pHIIbHOI TPyObl M CKBaKMHBL. MeTOMYECKUe pacyeThl MOKa3aH,
YTO TaKHe pa3Mepbl pacueTHOH 00JaCTH M JeTalIu3alMs CETKH HE BIMSIOT Ha Pe3yJIbTaThl MOJIECIIHN-
poBaHMUS.

Ha BXozie B cKBa)kKHMHY B Ka4eCTBE TPAaHHMYHOIO YCJIOBHS 33/1aBajIOCh MOCTOSIHHOE 3HAYEHNE pac-
xoma OypoBoro pactBopa, pasHoe 40 si/c. Temneparypa pactBopa 3aaaBanack pasHoi 15 °C. IIpoiias
110 OyprIIbHON TpyOe 10 KOHIIAa CKBAKHUHBI, Oy pOBO pacTBOpP pa3BOPAYNBAJICS M IOJHUMAJICS HABEPX
0 KOJIBLIEBOMY 3a30py. Ha BbIXo/e U3 ckBaKMHBI 3a/1aBaINCh ycioBHs HelimaHa.

MaxkcuMaibHas JINTENBHOCTD IIpolecca OypeHus B pacdere Obliia IpUHsTa paBHOH 5 cyT. [lpn
9TOM HCIOJIb30BAJIOCH MPUOJIKEHHE, YTO OypOBOW PacTBOP IOJABaJICs B CKBAXHHY IIOCTOSIHHO M
OypeHue He ocTaHaBINBaJIOCh. Harpes OypoBoro pacTBopa m3-3a TPEHHS O CTEHKH CKBa>KHUHBI U J10-

JIOTA HE YYUTHIBAJICA.

Tabnuua 2. CBoHCTBA MTOPOIBI

Table 2. Rock properties

p, kg/m? i, % k, W/(m-K) C,, Ji(kg'K)
2110 50 1.67 2720
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CaoiicTBa OypoBOro pacTBoOpa ObLIM 33aJaHbI UCXOS U3 DKCIIEPUMEHTAIBHBIX JTaHHBIX, IIPUBE-
JeHHBIX B Tabx. 1. [Tpun MogenupoBaHUM PEOSIOTHH UCTIONB30BAIACh CTEIICHHAS MOJEIb.

Ha puc. 2 moka3aHbl THIHYHBIC MPOPHIH CKOPOCTH B OypUIIbHON TPyOe M KOJIBLIEBOM 3a30pe¢,
a TaKXKe pacrpeserneHne 00beMHOHN 0 XKHUIKOH (a3bl 1 TeMnepaTypsl OypoBOTro pacTBopa M IpH-
JIETAloIMX K CKBAXHHE FOPHBIX Mopoa. BuaHo, 4To Temneparypa OypoBoro pacteopa B OypHIIbHOI
TpyO€ M KOJIBLIEBOM IPOCTPAHCTBE NMPAKTUIECKH OJHOPOIHA. MaKkCUMaslbHasl Pa3HOCTh TeMIepaTy-
pBI OypOBOTO pacTBOpa B IEHTPE TPYOBI M Y CTEHKU CKBaKMHBI He mpeBbimaeTt 2 °C.

Pacnipenenienue TeMiepaTypsl 10 paguycy # sl pa3HOH JUIMTEIBHOCTH Ipoliecca Oy peHust u30-
Opaxeno Ha puc. 3. Kak BUHO, Ha TPaHUIIE CTCHKH CKBAKUHBI M TOPOJIBI TEMIIEPATyPa UCTIBITHIBACT
pe3koe M3MeHeHHe. AHAIN3 pPe3ysIbTaToB IPU 33JaHHBIX NapamMeTpax MOKas3bIBAeT, YTO 3a HEAEII0
Oypenus pacxomoM OypoBoro pactsopa 40 ji/c paguyc 30HbI pacterienuss MMII cocraBiser npu-
mepHo 7 = 0.35 M.

Jlanee ObLIO HCCIIEIOBAHO BIMSIHUE COACPIKAHUS dTHIICHIIIMKOIIS B OypoBoM pacTBope. Ha puc. 4
MIPUBECHBI TPO(UIN CKOPOCTH B TpyOe M KOJIBLEBOM 3a30p€ MPH Pa3HBIX KOHIEHTPAIUIX 3THUIICH-
riukoisi. [IpoananusupoBano Binusinue nodaBku DI Ha dGopmy npodust ckopocTr. YCTaHOBJICHO,
4TO 1100aBJIEHUE STHIICHTIIMKOIS MIPH 3aJJaHHOM pacxoiie OypoBOro pacTBOpA B LIEJIOM HMPUBOIUT K
YIIUPEHUIO (BBITIOJIAKUBAHUIO) (hOpMBI MPOMUIST CKOPOCTH. DTO YUIMPEHHE CBS3aHO C yMEHbIIIe-
HUEM MOKa3aTessl CTENeHHOW MOJIENIH, KOTOPOE MPOUCXOAUT MPH YBEITUYEHUN KOHIIEHTPALUN 3TH-
JICHITIUKOISL. DTOT 3 dexT Hanboiee 3aMeTeH MPU KOHIEHTPALUIX dTUIeHTIuKos 50-65 mac. %.

Yumpenue npouiist CKOpOCTH OIaronprusTHO CKa3biBaeTCs Ha 3()(HEKTHBHOCTH BBIHOCA [IJIaMa TIPH

-4 00e+00 -1.00e+00 2.00e+00 5.00e+00 8.00e+00 1.10e+01 1 50e+01
o B Bl

Puc. 2. IIpoduns ckopoctu (a), pactpeaeneHine 00beMHOM 10511 )UKo (a3bl (0) M pacripeesieHne TeMIIepaTy pbl
(B) B CKBa)KMHE M OKOJIOCKBA)KMHHOM MPOCTpaHCTBe Ha IiryonHe 200 M yepe3 S cyT ¢ MOMEHTa Havasia OypeHus
17151 6230BOTO pacTBOpa

0.5 (m)

Fig. 2. Velocity profile (a), the volume fraction distribution of the fluid phase (6), temperature distribution (B) in
the well and near-well space for the base solution at a depth of 200 m in 5 days from the start of drilling
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Puc. 3. Pacnipenesnenue TeMnepaTypsl Mo paanycy Ha riayouHe 200 M OT BpeMEHH ¢ MOMEHTA Havaya OypeHus
06a30BOM pacTBOPOM

Fig. 3. Temperature distribution over the radius at a depth of 200 m from the start time of drilling using by base
solution

Puc. 4. Ilpodunu ckopocTu B OypHIIbHOM TpyOe (2) 1 B KOJIBIIEBOM 3a30pe (0)

Fig. 4. Velocity profiles in the pipe drill (a) and in the annulus (6)

OypeHuu: ueM 0oJiee OMHOPOIHBIN TPOPHIIB CKOPOCTH, TeM (D HEKTUBHEE OUMUCTKA CTBOJIA CKBAXKUHBI
OT TBCPAbIX YaCTHUII. OZ[HaKO IIpu 3TOM HCO6X0}II/IMO CJICAUTD 3a MOTEPSAMU AaBJICHUA IIPpU IIpOKauYnBa-
Huu OypoBoro pactBopa. [ToBbIlIeHHE BI3KOCTH OYpOBOro pacTBOpa MPUBOIUT K POCTY MOTEPhH JIaB-
JICHHSI. 3aBUCHMOCTb Tepernaja JaBjICHHs OT COACPKaHMS THIICHIJIMKOIISI TPUBeIeHa Ha puc. 5. Kak
BHJIHO, BIUIOTH J0 KOHIEHTpamuu 65 mac. % mo0aBKa STHICHTIUKOINS c1a00 BIHSICT HA BEIHYHHY
nepenazaa aaBieHus. [lpu koHIIeHTpanuu dTUiIeHTInKos 80 Mac. % mepenaj 1aBJIeHUS MOBBIIIAETCS
mpumepHo Ha 30 % 10 cpaBHEHHUIO ¢ 0A30BBIM PACTBOPOM.

Janee, ObUIO NMPOAHATU3UPOBAHO BIIMSHUE JOOABKM ATHIICHIJIIMKONIS Ha CKOPOCTH Ipolecca
pacreruieHust. C TOYKH 3pEHUS CHIDKEHUS CKOPOCTH IIpoIlecca pacTeIUICHUs B Iporecce OypeHus
BQXXHYIO POJIb UTPAET TEIUIONPOBOIHOCTh U TEIJIOEMKOCTh OypoBoro pactopa. CoriacHo JaHHbIM,
MPHUBEJCHHBIM B Ta0J. 1, ¢ yBEIMYEHHUEM MACCOBOIO COJIEPIKAHMSI ITUIICHTITUKOIS KOAPPUIIUEHT Te-
IJIOMPOBOIHOCTH U TEIJIOEMKOCTh PacTBOpa CYIIECTBEHHO CHIKarOTCs. CHukeHHe Kod(dduiueHTa

TEIIONPOBOJHOCTH OypoBOro pactBopa npu OypeHuu B ycinoBusix MMII sBiisiercst 01aronpusiTHBIM
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Puc. 5. [lorepu naBiieHUs B CKBAXKHMHE B 3aBUCUMOCTH OT MaCCOBOM KOHLIEHTPALUH dTUIICHTJIUKOJIS

Fig. 5. Well pressure drop depending on the mass concentration of ethylene glycol
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Puc. 6. 3aBucumocTh K03 HUIIHEHTA TEIIOOTAaYH OT CTEHOK CKBa)KHMHBI (2) U TEIIOBOH MOTOK, MOCTY HAIOLIHH
B CKBaXXHHY (0) OT BpeMEHHU C Hayajaa OypeHus

Fig. 6. The dependence of the heat transfer coefficient of the well walls (a) and the heat flow entering the well (6)
on the start time of drilling

(haxTOpOM JIJIsl YMEHBIICHUSI CKOPOCTH PACTEIJICHHUSI, TOCKOJIBKY B 3TOM CIly4ae YMEHBIIAETCS 3Ha-
yeHue Kod((PHUIMEHTa TEMIOOTAaYH OT PACTBOPA K CTEHKAM CKBaKMHBI. 3aBUCHMOCTb CPEIHETO T10
MJI0IIAAH 3HaYeHHs KOY(D(DUIMEeHTA TEIIOOTAAYU ¢ OT OYpOBOro PacTBOpa K CTEHKE CKBAXHHBI OT
COACPIKAaHUA DTUIICHTJTIUKOJIA IPHUBEICHA HAa pUC. 661. KaK BUJHO, ITPU YBEJIUYCHHUUN COACPKAHUA DTH-
JICHTJIUKOJISE B OypOBOM pacTBOpe KOA(GHUIIMEHT TEIIOOTIaYd MOHOTOHHO CHHUXKAETCS. DTO CHUXKE-
HHUE JOBOJIBHO CYIIECTBeHHOE. Tak, MpH KOHUEHTpAIuu dTHIeHrIuKons 80 mac. % xo3ddunmeHt
TEIUIOOT/IA4U MPAKTUYECKH B J[BA pa3a MEHbIIIE [0 CPABHEHHUIO ¢ 0a30BbIM pacTBOPOM. Takike MOXKHO
3aMCTHUTB, UTO KOS(b(i)I/ILII/ICHT TEIJI0O0TAAYH, 3a UCKIIIOUCHUEM IICPBBIX ITOJIYaca, MPpakKTU4YCCKHU HE ME-
usiercs. KoaduiueHT terooraaun npu TeueHun OypoBOro pacTBOpa B CKBaXKHMHE 0e3 ydera ero
PEOJIOTMH MOKHO OLIEHUTH 110 U3BeCTHON popmyne Nu = 1.55 - (Re - Pr - d / L)*®, rne Nu, Re, Pr —
gyucna Hyccenbra, Peitnonbaca u [lpanatis. HeTpyaHo moka3aTh, 4TO B 3TOM clydae KOIPPUIIUEHT
TEIUIOOT/Iauu NP (HUKCUPOBAHHOM 3HAUYEHHH pacxoiia OypoBOro pacTBopa OyleT MpOIHopIHOHAICH

— 0.33 0.67
kommiekey @ ~ €7 - ™. CornacHo TUM OUEHKaM M JIaHHbIM Tabi1. 1, pactBop ¢ 80 mac. % ou-
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JICHTJIMKOJIS 33 CUET CHMIKCHHUS TEIIONPOBOJHOCTH M TEINIOEMKOCTH OypPOBOI'O pacTBOpa IMO3BOJISIET
CHU3UTH KO3(PPHUIIMECHT TEIUIOOTIAuYN OT PacTBOpa K CTECHKE CKBaXKHUHEI MpuMepHO B 1.8 pasa. D10
XOpomo COTJIaCyeTCA C MOJYYEHHBIMHA HAMHU pAaCYETHBIMH JaHHBIMU.

CHmxeHre KOd(POUIIUCHTA TEIIO0TAAYH MPUBOIUT K TOMY, YTO 3HAUYCHUE TEeMIIepaTyphl Ha
CTEHKaX CKBa)XMHBI MOHM)KAETCsI, YTO MPUBOJUT K CHHIKEHHIO CKOPOCTH MPOLECCa PaCTEILICHHS.
Pacrmipenenenue TemnepaTyphl o paanycy Ha riyounse 200 M mpu pa3TuIHOM COACPIKAHIH ITHIICH-
TIIMKOJIsl B OYpOBOM pacTBOpE MOKa3aHo Ha puc. 7. CHHIKEHUE TeMIIEpaTy pbl HA CTEHKaX CKBa)KUHBI 32
CYeT yMEHBIICHHS KOA((PUIIMEHTA TEIII00TIAYH COCTaBIsICT 0K0JI0 3 °C 10 OTHOMICHUIO K 0a30BOMY
OypoBOMY pacTBOpY.

CHIKEHHE TEIIIOEMKOCTH OypPOBOTO pacTBOpPa, KOTOPOE MPOUCXOIUT MPH T0OABICHHH STHIICH-
TIIMKOJISI, TAKIKE SIBJISIETCS] OJIaronpusTHBIM (JaKTOPOM, IIOCKOJIbKY B 3TOM Cilydae IpPHU IPOYUX paB-
HBIX YCIIOBHSX CHI)KACTCS KOJUYCCTBO IMOCTYTAIOIIETO B CKBAXKHHY BMECTE C OyPOBBIM PacTBOPOM
KOJIMYECTBO Teria. ITo (pakT MPOUJLUIFOCTPUPOBAH HA PHC. 66, HA KOTOPOM IIPUBEICHA 3aBUCMOCTh
OT BPEMEHH TEILIOBOTO IMOTOKA IPH PA3IMYHOM COACPIKAHHUH ITIIICHTIIUKONSA B OypPOBOM pacTBOpE.
C YBCIINYCHUEM COACPIKAHUA ITUJICHTIIMKOJIA KOJIMYECTBO TCILJIA, IMMOCTYIMAIOIIET0 B CKBAXXUHY, CHHU-
xkaeTcsi. OCOOCHHO CHITBHO ATOT 3P (EKT MPOSBIISICTCS B TIEPBBIC CYTKH MOCIIC Hadaja ITUPKYIISIIHH.
ITo Mepe mporpeBa 0KoJIO CKBAXKMHHOTO IIPOCTPAHCTBA TEIIOBOM MOTOK MOHOTOHHO CHMKaeTcs. [Ipu
9TOM CHUXKAETCS U 9PPEKT OT T00aBKU STHICHTIUKOIS B OYPOBOI pacTBOp.

CHmXeHne KOS(b(i)I/II_II/IeHTa TCIJIOOTAAYN W KOJUYCCTBA TEILJIA, MOCTYNAOMIEI0 B CKBAXHHY,
npu 100aBICHUU B OYPOBOI pacTBOpP ATUIICHTIUKOIS COBOKYITHO MPHBOAUT K 3HAYHTEIEHOMY 3a-
MEJICHHIO CKOPOCTH mporecca pacterienuss MMIL. Ha puc. 8 mokazaHa 3aBUCUMOCTB OT BPEMEHHU
C Hayaja OUPKYISAIUU 00BbeMa PacTEIUIEHHOW BOKPYT CKBa)KHWHBI TIOPOJBI M CPEIHErO IO TIyOnHe
paauyca GppoHTa pacTericHUs (OT CTCHKH CKBa)KHMHBI). AHAJIU3 MOKa3bIBACT, YTO MPH YBEIUYCHUU
COJICPXKAHUS ITHIICHTIIUKOJS IPOUCXOIUT MOHOTOHHOE CHIDKEHHUE ATUX MmapameTpoB. [Ipu aToM Ham-
Oosiee CUITbHOE CHHIKEHHE HAaOII0/IaeTCsl B TIEPBBIE IBOE CYTOK C Havala UPKYJIISIUH.

Ha puc. 9a npuBeeH OTHECEHHBIN K PalnyCy pacTeIICHH 0a30BOro0 OypOBOTO pacTBOpa paIu-
yC pacTernesneHus Py pa3ingHoOM cojiepkanuu 1o0aBku. belio ycTraHoBiieHo, uTo podaBka 80 mac. %
STUIICHTIUKOIISA IIPUBOINT K CHHKCHIIO 00beMa pacTeIICHHOH MOPOIBI TPUMEPHO B 3 pasa, a pauny-

ca pacremnieHus — B 1.7 pa3. OTo npu yciaoBuu, 4to Oypenue yuactka ¢ MMII npoBoauiocs B Tede-

0.1 0.15 0.2 0.25 0.3
r,m

Puc. 7. Pacipenenerue TemnepaTypsl 10 paauycy Ha rryousne 200 M yepe3 CyTKH MMOCIIe Havyaia MUPKYIAIUN

Fig. 7. The temperature distribution along the radius at a depth of 200 m after a day from the start of circulation
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Puc. 8. 3aBUCHMOCTH pacTeIIEHHON OPOAHI (2) M pajinyca pacTerelIeHHs BOKPYT CKBaKHHBI (0) OT BpeMEHH ¢
Hayvasna OypeHus

Fig. 8. Dependence of the volume of permafrost thaw (a) and the thawing radius around the well (6) on the time
after the start of drilling
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Puc. 9. 3aBHCHMOCTB OTHOCHTENBHOTO paguyca pPacTeIICHHs OT BPEMEHM (a) M 3aBHCHMOCTH paaHuyca
pacTeruIeHus OT KOHIICHTPALNU STUIICHTIINKOIIA B pacTBope (0) uepe3 1 peHb mocie Hauanga OypeHust

Fig. 9. Dependence of the relative thawing radius on time (a) and on the concentration of ethylene glycol in solu-
tion (6) 1 day after the start of drilling

Hue cyToK. Eciiu nupkysnsinus 0ypoBOro pacTBopa oOCyuecTBIIsIIaCh A0JIbIIE, TO 3PPEKT oT 100aBKH
STHUJICHTITUKOJISI CHHIKASTCSI, HO BCE PABHO OCTAETCs IOBOJILHO CYIIECTBEHHBIM. B 3TOM city4yae 00bemM
pacTemieHHOH mopobl yMeHbIaeTes B 1.6 pasza, a cpegHuil paauyc pactenieHus — B 1.3 paza. O1o
[0Ka3aHo Ha puc. 96, Te 0Tpa)keHa 3aBUCUMOCTD PAIUyCa PACTEILICHHS OT KOHIEHTPAI[UH ITUJICH-

TJIMKOJIS 32 24 4 mociie Havalla UPKYISIIH.

3akjrouenne

Pa3paborana MaTemMaTH4eckas MOJENb COINPSKEHHOIO TEMJI000MEHA CKBa)KUHBI C y4eTOM (a-
30BBIX MEPEXOJIOB U IIUPKYJISLHMKA OypOBOro pacTBopa B Imporecce OypeHus. MaremaTuueckasi Mo-

ACJIb YYUTBIBACT pPCaJIbHbIC CBOIICTBA 6ypOBOFO pacTBOpa (BHSKOCTL, TCIJIONPOBOAHOCTD, pCOJ'IOFI/Iﬂ),
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(akTHyeckue napaMeTpbl mporecca OypeHus (pacxol] pacTBOpa U CKOPOCTb BpAIEHUs OypUIIbHOM
TpyOBI) U JIETKO aHalITHPYETCS K TECOMETPHH CKBaKIHBIL.

C nomornpio pazpaboTaHHONH MaTeMaTHYEeCKOM MOAETH MPOBEICHO MCCIIEAOBAHNE TPHUMEHEHUS
MTOJIMMEPHBIX PACTBOPOB HA OCHOBE CMECH JTHIICHIIIMKONB-BoAa ais Oypenus MMII. B pacuerax
OBLIM UCIIOIBb30BAHBI JAHHBIC JIA00OPATOPHBIX UCCIIEJOBAHUI CBOWCTB Oy POBBIX PACTBOPOB C ATHJICH-
rMKosieM. MaccoBasi KOHLIEHTpalust STUIIEHIIINKOIIS BapbupoBaiack oT 0 10 80 %. beuin usmepenst
peosiornyeckre M Teriopu3nuecKue XapakKTePUCTUKH PACCMOTPEHHBIX pacTBOpoB. IlokaszaHo, 4To
BBEJICHHE JTHUJICHIIIMKOIS MIPUBOJUT K 3HAYMTCIIFHOMY CHIKCHHIO KOd(h(UIIHEHTA TEILIOMPOBOIHO-
CTH U TEIJIOEMKOCTH PacTBOpa, 0€3 CYIIECTBEHHOrO yXY IIICHUS! PEOJOTNYECKHX XapaKTEPUCTHUK.

B pesynbraTe 9uCIeHHOT0 MOJACIIHPOBAHUS YCTAHOBIICHO, YTO OOABICHIE STUICHTIIHKOIS TIPH
3aJlaHHOM pacxojie OypOoBOro pacTBOpa BBI3bIBACT YIHIMpPEHHE (BbINOJIAXKUBaHKUE) (HOPMBI MTPODUILS
CKOpPOCTH, 4TO OJarompUsTHO CKa3bIBAaeTCs HAa 3(PPEKTUBHOCTH BBIHOCA MITama Ipu Oyperuu. [lpu
9TOM OBLIIO MOKA3aHO, YTO 100aBKa ATUIICHIIIMKOIIS CJ1a00 BIMSIET HA BEJIMYMHY Meperaia AaBJIeHHsI
B ckBaxxuHe. [Ipu xoHneHTpauuu >TuiaeHraukons 80 mac. % nepenaj JaBJIEHUs MMOBBIIIAETCS MPU-
MepHO Ha 30 % 1mo cpaBHEHUIO ¢ OA30BBIM PACTBOPOM.

Bru10 ycTaHOBIIGHO, YTO MPHU yBEIMYECHUU COMCPKAHUS STUIICHIIIMKONS B OYPOBOM pacTBOpE
K03((UIMEHT TEIUIOOTAAa4M OT PacTBOpa K CTEHKE CKBaXKMHbBI CYIECTBEHHO CHMKaeTcs. [Ipu koH-
LeHTpaluuy dTuieHrukos 80 Mac. % CHUKEHUE COCTABUIIO IPAKTHUYECKH [IBa pa3a 10 CPAaBHEHUIO
¢ 6a30BbIM pacTBOpOM. [Ipu 3TOM C yBeIMYEHHEM COJECPIKaHUS ITUICHTIIUKOJIS TPOUCXOIUT CYIIe-
CTBEHHOE CHUIKEHUE KOJIMYECTBA MOCTYNAIOIIETr0 B CKBAXKUHY TEILIa.

CHuxeHune ko3 (PULIHMEHTa TeIIOOTa4l U KOJIMYeCTBa TelJja, MOCTYAIOIIero B CKBAXKUHY
npu no0aBIeHUH B OypOBOH pacTBOP ITHUICHTIUKOJA, COBOKYITHO MPUBOAUT K 3HAUUTEIBHOMY
3aMeJJICHUIO CKOPOCTH mporecca pactemnenns MMII. Ananu3 pe3ynsTaToB MOAESTHPOBAHUS T10-
Ka3aj, 4TO MpPHU YBEIUUYEHUU COACPMKAHUS ITUJICHIIIMKOJ S HPOUCXOIUT MOHOTOHHOE CHUKEHUE
o0beMa U cpeJHero pajaunyca o0JacTH pacTeIIEHHON BOKPYT CKBaKMHBI OopoJibl. [Ipu aTom Hau-
Oollee cHIIbHOE CHUIKEHHE HAOIFOIaeTCs B IIEPBBIC CYTKH C Hadaya MUPKYJISIUHA. Bplio ycTaHOB-
JeHo, 4To no6aBka 80 mac. % STHUIICHIIIMKOJS MPUBOJUT K CHHIKCHHIO 00beMa pacTeIICHHO
MMOPOJBI IPUMEPHO B 3 pasa, a paamyca pacTelyieHus — B 1.7 pa3, mpu ycIOBUHU, 4TO OypeHHE
yuactka ¢ MMII npoBoauiock B TeUeHHE CyTOK. ECIM MUPKyIsnus OypoBOro pacTBOpa OCy-
MIECTBIISIIACH TOBIIE, TO 3P(HEKT OT T0OABKH ATHIICHTIIUKOJIS CHUIKACTCS, HO BCE PABHO OCTaeT-
Csl TOBOJIBHO CYILIECTBEHHBIM.

TaxuMm 06pa3oM, ¢ TTOMOMIBIO YUCICHHOTO MOJCIIHPOBAHUS ObLIa 000CHOBAaHA BO3MOXKHOCTH CY-
[IECTBEHHO YMEHBIINTH TerIoBoe Bo3aeiicTBue Ha MMII npu nx OypeHnH ¢ IOMOIIBI0 PAaCTBOPOB C
J00aBKOM ATUJICHTIIMKONS. YCTAaHOBJICHBI OCHOBHBIC 3aKOHOMEPHOCTH COIPSDKCHHBIX TEIJIOTHAPaB-
JUYECKUX TpoIeccoB rnpu oyperuun MMII ¢ yyeToM HUPKyYIISIUK pacTBOpa U pacTeruieHus. [lomyde-
HEI B paboTe MaHHBIE OyIyT MOJE3HBI IPH pa3paboTKe OyPOBBIX PACTBOPOB IS OypEHUS B YCIOBUS
MMII.

Baaronapnoctn / Acknowledgements

HccnenoBanue BBINOIHEHO NMpH (MHAHCOBOM moaaepskke Poccniickoro donna ¢pyHIaMeHTa hb-
HBIX uccienoBanuii, [IpasurenscrBa KpacHosipckoro kpas, KpacHosipckoro kpaeBoro ¢poHa HayKu B

pamkax Hay4qHoro npoekta Ne 18-48-242009 «MccnenoBanue COnpsiKeHHbIX TEMIO-THIPaBINYECKUX

— 124 —



Journal of Siberian Federal University. Engineering & Technologies 2020 13(1): 111-127

MPOIECCOB TP OyPEHUH CKBAXKHUH U pa3paboTKa pernentyp OypOBBIX PACTBOPOB JJIsi CHI)KCHHUS CKO-
POCTH Tpoliecca PACTEILICHHSI MHOTOJIETHEMEP3JIBIX TIOPOJI».

The study was supported by the Russian Foundation for Basic Research, the Government of
the Krasnoyarsk Territory, and the Krasnoyarsk Territory Science Foundation in terms of research
project No. 18-48-242009 “The study of coupled thermohydraulic processes during well drilling and

development of drilling fluid formulations for reducing the rate of permafrost thaw”.

Cnucok autepatypsl / References

[11 Kyapsmos b.b., SIxoBneB A.M. Bypenue cxeaxcun 8 mepsnvix nopooax, M.: Henpa, 1983.
286 ¢ [Kudryashov B.B., Yakovlev A.M. Borehole drilling in frozen rocks, Moscow, Nedra, 1983,
286 p. (in Russian)]

[2] 3sepes I'B., TapacoB A.}O. Pacuer u aHanu3 BO3AEHCTBUS MHOTOJIETHEMEP3IBIX IOPOJ
Ha KpemnjeHue ckBaXuHbl Ne 338 BaHKOPCKOT0 MECTOPOXKIEHHS B MEPUOA dKCITyaTauuu, Becm-
nux ITHUITY. Teonoeus. Heghmeeaszosoe u copnoe oeno, 2013, 8, 41-51 [Zverev G.V., Tarasov A.Yu.
Calculation and analysis of the influence of permafrost on well no. 338 fixing of Vankorskoe
field during operation, Vestnik PNIPU Geologiya Neftegazovoe i gornoe delo, 2013, 8, 41-51 (in
Russian)]

[3] Topenux f.b., Congatos II.B. O HapymeHuu npofoabHOM yCTOMYHMBOCTH KPEHMU IKC-
IUIyaTalMOHHBIX CKBA)XXHH MPU COXPAHEHHH OOKOBOW ONMOpBIHA OTTAMBAIOIIME MEP3JIbIE OPOJIbI,
Kpuocgepa 3emnu, 2016, 4, 93—-104 [Gorelik J.B., Soldatov P.V. Instability of casing in permafrost
production wells with a lateral support from thawing ice-rich soil, Kriosfera Zemli, 2016, 4, 84-92
(in Russian)]

[4] Mensenckuit PU. Cmpoumenscmeo u sxcnayamayusa neghme2as’osvlx CK8ANCUH 8 8eUHO-
Mmep3zavix nopoodax, M.: Henpa, 1987. 230 c. [Medvedskij R.I. Construction and operation of wells for
oil and gas in permafrost, Moscow, Nedra, 1983, 230 p. (in Russian)]

[5] TI'punenxo A.M., Auapees O.0., Manesanckuii B.J]. OcHOBHBIE HanpaByIeHHS PadOT 110 CO3-
JIAHHIO HAJISKHBIX KOHCTPYKIIMH ra30BbIX CKBAXKHH B KPHOJIUTO30HE, DKCHEPUMEHMATIbHbLE U Meope-
muyecKkue 83aumMo0elicCmsus CK8ANCUH ¢ MHO20AemHeMep3abiMu nopodamu: ¢o. Hayd. Tp. M.: BHUU-
ras, 1979, 7-13 [Gricenko A.L., Andreev O.F., Malevanskij V.D. The main directions of work on the
making of reliable design of gas wells in the permafrost, Experimental and theoretical interactions of
wells with permafrost: scientific proceedings, Moscow. VNIIgaz, 1979, 7-13 (in Russian)]

[6] SxoBmeB A.A., Typumbsina M.B., MormipaukoB E.B. AHanmm3 um o0ocHOBaHHE BBIOO-
pa OYUCTHBIX areHTOB M TEXHOJOIHS MX MPUMEHEHHS MPU OypeHHH CKBa)KUH B YCJIOBHSIX MHOIO-
JETHEMEP3IBIX TOpo, Becmuux Ilepmcko20 HAYUOHANLHO2O UCCIE008AMENLCKO2O NOTUMEXHUYe-
ckoeo ynusepcumema. Ieonocus. Hepmezazosoe u ecopnoe deno, 2014, 12, 22-32 [Yakovlev A.A.,
Turicyna M.V., Mogilnikov E.V., Analysis and justification of selecting cleaning agents and technology
of their application in permafrost well drilling, Vestnik Permskogo nacionalnogo issledovatelskogo
politekhnicheskogo universiteta. Geologiya. Neftegazovoe i gornoe delo, 2014, 12, 22-32 (in
Russian)]

[7] Mapamsun A.B., Ps3aHoB A.A. bypenue pazee0ounblx CK8ANCUH 8 PALIOHAX PACIPOCMPAHe-
Hust MHO2OAemHeMmep3abix nopoo, M.: Henpa, 1971. 148 c. [Maramzin A.V., Ryazanov A.A., Exploratory
drilling in areas of permafros, Moscow, Nedra, 1971, 148 p. (in Russian)]

— 125 —



Journal of Siberian Federal University. Engineering & Technologies 2020 13(1): 111-127

[8] Bacunwses H.U., Tananait LI, 3yoxos B.M., Kpacunes A.B., 3yoxos M.B. Jluksunarus
OCJIOKHEHUI M aBapuii npu OypeHUH ryOOKHX CKBaXKUH B JISIHUKAX, 3anucku [ oproco uncmuny-
ma, 2008, 178, 181-187 [Vasilev N.I., Talalaj P.G., Zubkov V.M., Krasilev A.V., Zubkov M.V., Accident
elimination during the deep wells drilling in glaciers, Zapiski Gornogo instituta, 2008, 178, 181-187
(in Russian)]

[9] Tunc S., Duman O. The effect of different molecular weight of poly(ethylene glycol) on the
electrokinetic and rheological properties of Na-bentonite suspensions, Colloids Surf., A., 2008, 317,
93-99.

[10] De Souza C.E.C., Nascimento R.S.V. Hydrophobically Modified Poly(Ethylene Glycol) as
Reactive Clays Inhibitor Additive in Water-Based Drilling Fluids, J. Appl. Polymer Sci., 2010, 117(2),
857-864.

[11] MunakoB A.B., Pymsx B.A., I'yzeit [I.B., [Ipssxkaukos M.U., JlobacoB A.C. M3mepenue
k03¢ dUIMEeHTa TEIUIONPOBOJHOCTH HAHOXKUIKOCTEH METOJOM HarpeBaeMou HHUTH, MHowcenepHo-
Qusuueckuui scypran, 2015, 88(1), 148—160 [Minakov AV, Rudyak VY., Guzei D.V., Pryazhnikov M.1.,
Lobasov A.S. Measurement of the thermal-conductivity coefficient of nanofluids by the hot-wire
method, J. Eng. Phys. Thermophys., 2015, 88 (1), 149-162 (in Russian)]

[12] Minakov A.V., Rudyak V.Ya., Pryazhnikov M.I. Rheological behavior of water and
ethylene glycol based nanofluids containing oxide nanoparticles, Colloids Surf., A, 2018, 554,
279-285.

[13] Filimonov M.Yu., Vaganova N.A. Simulation of thermal stabilization of soil around various
technical systems operating in permafrost, Appl. Math. Sci., 2013, 7(144), 7151-7160.

[14] Monosuukos, B.IO., Iipirankosa, 10.C. Paguyc pacrenieHus MHOTOJIETHEMEP3IIBIX MTOPOJT
IpU SKCIUTyaTauuu HeTSIHBIX CKBaXKUH B BocrouHoit Cubupu, Cmpoumenscmeo negpmsinvlx u ea-
308bIX cKadicun Ha cyuie u Ha mope, 2014, 1, 38-43 [Polovnikov V.Yu., Tsygankova Yu.S., Radius
of permafrost thawing while operating oil wells in the East Siberia, Stroitelstvo neftyanyh i gazovyh
skvazhin na sushe i na more, 2014, 1, 38-43 (in Russian)]

[15] Uckannmapo H.X., ArzamoB ®.A. PacdeTHBII alropuT™M TEIIOBOI'O B3aMMOJICHCTBUS HE-
(TSAHOW CKBaXXHHBI ¢ MHOTOJCTHEMEP3IbIMH Topomamu, Hegmsanas nposunyus, 2016, 1(5), 20-
32 [Iskandarov N.H., Agzamov F.A. Calculation algorithm of thermal interaction of oil well with
perennially frozen rocks, Oil province, 2016, 1(5), 20-32 (in Russian)]

[16] Filimonov M.Yu., Vaganova N.A. Prediction of changes in permafrost as a result technogenic
effects and climate, Academic J. Sci., 2014, 3(1), 121-128.

[17] TaBpunoB A.A., MunakoB A.B., [lektepeB A.A., Pyasx B.SI. UucneHHslil anroput™ s
MOJICJIUPOBAHHUST YCTAHOBUBILUXCS JTAMUHAPHBIX TEYECHHH HEHBIOTOHOBCKHX JKUJIKOCTEH B KOJbLIC-
BOM 3a30p€ C IKCIECHTPUCUTETOM, Buruucaumenvhvie mexuonozuu, 2012, 17(1), 4456 [Gavrilov A.A.,
Minakov AV., Dekterev A.A., Rudyak V.Y. A numerical algorithm for modeling steady laminar
flows of non-newtonian fluid in annulus with eccentricity, Comput. Technol., 2012, 17(1), 44-56 (in
Russian)]

[18] Gavrilov A.A., Rudyak V.Ya. Reynolds-averaged modeling of turbulent flows of power-law
fluid, J. Non-Newton. Fluid Mech., 2016, 227, 45-55.

[19] MunakoB A.B. UucieHHBIH anrOpUTM peIIeHus 3a7ad THAPOAMHAMHKHN C TOJBHKHBIMHU

I'paHUIIaMU U €10 TCCTUPOBAHUC, }Kypﬁaﬂ BLIYUCIUMENLHOU MAMEMAMUKU U MAMEMAMUYECKOLL ([)MS’M—

— 126 —



Journal of Siberian Federal University. Engineering & Technologies 2020 13(1): 111-127

xu, 2014, 54(10), 1618-1629 [Minakov A.V. Numerical algorithm for moving-boundary fluid dynamics
problems and its testing, Comput. Math. & Math. Phys., 2014, 54(10) 1560-1570 (in Russian)]

[20] Minakov A.V., Zhigarev V.A., Mikhienkova E.I., Neverov A.L., Buryukin F.A., Guzei D.V.
The effect of nanoparticles additives in the drilling fluid on pressure loss and cutting transport efficiency
in the vertical boreholes, J. Pet. Sci. Eng., 2018, 171, 1149-1158.



	J_TECH_C
	J_TECH_2020_1

