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MOAEJIb NMPOLIECY BUTIKAHHA I'A3Y 13 NMNIA3EMHOI0 rA30NnPoOBOAY HA
OCHOBI TA3OAUMHAMIYHOI APOCEJIbHOI CTPYKTYPH

@. /. Mamiko, I. @. Mamiko

Hayionanvnuii ynisepcumem “Jlvgiecoka nonimexuixka”, eyn. C. banoepu, 12, m. Jlvsis, 79013,
men. (032) 258-25-16

Ilpeocmasneno mamemamuyny Mmooenb npoyecy GUMIKAHHA 2a3y (3 NIO3EMHO20 2d30MpPO600Y, WO
OMpuUMAana 3a805KuU NOEOHAHHIO MEOPIi ONUCy OPOCETbHUX CMPYKMYP, 3AKOHY PYXY 2ad3ié Y Nopucmux
cepedosuwax (3akony [lapci) ma Ha OCHO8I pe3yibmamie eKCHepUMEHMAIbHUX — OO0CAIONHCEHb
2a30NPOHUKHOCII TPYHMY, BUKOHAHUX asmopamu. Moodenv 0036014€ 8UHAUUMU NIOWY SUMIKAHHA 2a3Y 3
VPAXYBAHHAM HEOOHOPIOHOCMI CMPYKMYpU IPYHMY SK HO GUCOMI CMOSNA IPYHMY, maxk i no niowi
BUMIKAHHS, 00380J5€ GU3HAYUMU 3HAYEHHS MUCKIE Y 8Y3108UX MOUKAX 83008MHC 2A30NPOBOJY, 3HAYEHHS
sumpamu 2a3y y KOOJICHIU mouyi niowi 6UMIKAHH MA CYMAPHY GUMPAMY GUMOKY 2a3) i3 Ni03emMH020
2a3onpogody no 6cii niowi eumixkanua. Moodenb nponoHyemvcs O0si 8UHAYEHHS 00 €M) BUMOKY 2a3y
niouac AiKei0ayii NOUWKOONCEHb 2a30NPOBO0IE8 MA MOXNCE CAYICUMU OCHOBOIO OISl PO3POOKU MEmMOOUKU
BUBHAYEHHS 00 €My 2a3y, BMPAUEHO20 Yepe3 NOUKOOINCEHHA NIO3eMHUX 2A30NPOBO0IE.

Kouosi crnoea: npupoouuil 2asz, 06’em 6umoky, RIO3eMHUI 2a30MPOGI0, MOOelb GUMOKY, OpOCelbHA
CMPYKMypa, 2a30NPOHUKHICING TPYHINY, NOUIKOONCEHHS.

Ilpedcmasnena mamemamuieckas Mooeib HPoOYecca UCmedeHus 2aza u3 no03eMHO20 2a30npo8ood, Ha
OCHOBE COBMECTHO20 NPUMEHEHUST MEOPUU ONUCAHUSL OPOCCETIbHbIX CIMPYKMYP, 3AKOHA 08UIICEHUSL 24308 8
nopucmuix cpedax (3axoua Jlapcu) u Ha OCHO8e Pe3YAbMAMO8 IKCHEPUMEHMANbHBIX UCCAe008AHULL
2a30NPOHUYAEMOCIU  2PYHMA, BbINOJIHEHHbIX aémopamu. Modenb noszeonsiem onpedenums NIOWAOL
ucmeueHust 2a3a ¢ y4emom HeOOHOPOOHOCMU CIPYKMYPbl NOYEbL KAK NO Gblcome cmoaba epynma, max u
no RIOWAOU UCMEYEeHUsl, NO360sem Onpedelumsb 3HAYeHUs. OAGICHUNl 6 Y3I08bIX MOYKAX 600b
2a30np0600oa, 3HAYEHUS PACX00d 2a3d 6 KAdCOOU MOYKe NAOWAOU UCHEYeHUs U CYMMAPHbLIL pacxoo
VMEUKU 2a3a U3 Nnoo3eMHO20 2a30nposoda no 6cell naowaou ucmeuenus. Modenv npeonaznauwena 0ns
onpeoeiieHusi 00vemMa YmMeuKu 2aza 60 6peMs AUKGUOAUUU NOBPENCOEHUll 2a30MPOBO008 U MONCEm
CAYACUMDb  OCHOBOU 0Nl paAspabomxu Memoouxu onpeoeieHuss o00vema 2asd, NOMEPAHHO20 U3-3d
HOBPEHCOCHUL NOO3EMHBIX 2A30NPOBOO0S.

Knrouegvle cnosa: npupoomwviti 2az, o00vem Ymeyku, HOO3EMHBLL 2A30NPOBO0, MOO0elb UCHeYeHUs,
OpoCCenvbHas CmpyKkmypa, 2a3onpoHuyaemMoCcms 2PYHmMa, HO8PeENCOeHUe.

A mathematical model of gas leakage from underground pipeline is presented. It is obtained due to a
combination of the theory of description of throttle structures, the law of gas motion in porous media
(Darcy law) and experimental studies of soil gas permeability carried out by the authors. The model allows
determining an area of gas leakage taking into account the heterogeneity of soil structure both through the
height of the soil column and in the leakage area. It also allows determining the pressure at nodal points
along the pipeline, the value of gas flowrate at each point of the leakage area and the total flowrate of gas
leakage from the underground pipeline across the leakage area. The model is proposed to determine the
volume of gas leakage during the elimination of pipelines damages. It could be used as a base for
development of methodology for determining the volume of gas lost because of the damages of
underground pipelines.

Key words: natural gas, volume of leakage, underground pipeline, leakage model, throttle structure, gas
permeability of soil, damage.

I"azopo3noainbHi Mepexi KO)KHOI ~ BHACNIJIOK SIKUX JIOAATKOBO BTPAuYa€eThcs TIa3 i
ra3onocTadyalbHOi OpraHizamii CKIaJaroTbcsd 13  BHHHUKAIOTh NOHAJHOPMATUBHI BTPATH, IO BEAYTh
COTEHb  KUIOMETpPiB  TpyOOIpPOBOIIB  PIi3HOrO 10 30WTKiB ra30pO3MOAUILHUX OpraHizariil.

crocoOy npokiananus (Mmia3eMHOro, Ha3eMHOT0). B
nporeci eKcIulyaTamii Tra30po3MOAIIBHUX MEpEex
BUHUKAIOTh TIOIIKO/PKEHHS ra3omnpoBO/IiB,

B Mexax HaceleHMX IYHKTIB IepeBakaroTh
Mi3eMHI Ta30MpPOBOMN, SKUMH Ta3 IONAETHCS [0
KIHIEBUX cnoXuBadiB. [IOMIKOOKEHHS MiA3eMHUX
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ra3onpoBOJIiB BHHUKAIOTH SIK BHACTIJOK MEXaHIYHOT
Aii Ha HUX (BUKOHaHHsi OyiBEIbHHX pOOIT,
NPUPOAHI 3MIIICHHS WIAPIB IPYHTY TOLIO), TaK I

BHACITIIOK i TEXHOTCHHHUX (haxropis
(KOHCTPYKTHBHHX, BHUPOOHWYHX, TEXHOJOTIYHHX,
eKcnnyaTauiﬁHHX tomo) [1]. Ilommpenum

NPUKIALOM Al TEXHOTCHHHX (DAaKTOPIB € KOPO3ilHi
TMOIIKO/KCHHS  ITiI3eMHHX Fa3OHp0BOI[1B Bonu
CIPUYMHEHI [0 eKCIUTyaTalliiHUuX YHHHHKIB
— BHACJIJIOK XIMIYHOTO BIUIUBY IPYHTY, IPYHTOBHUX
BOJ Ta ):[ieIo TEXHOJIOTIYHNX YMHHHUKIB, ITOB'SI3aHNX
13 HEJoMIKaMH TEXHONOII NpPH MPHTOTYBaHHI 1

HAHECEHH] 130JISALIIHOrO TOKPHUTT, I IrOTOBI
IPYHTOBOI IJICHITKH Ia30MPOBO/IIB.
IIpn BUSBIEHHI TONIKOMKEHb IIiI3EMHOTO

ra3ornpoBoJly BUHHKA€E HEOOXITHICTh OLIIHUTH 00’ €M
BUTOKY Ta3y depe3 IIi mMOmKopkeHHs. OiiHka
00’eMy BHTOKY 4YacTO IIOBHMHHA 6yTI/I BUKOHAaHA
MICIISE TOTO, SK ITA3EMHHI ra3onp0B1z[ PO3KpUTHI
Ta Bigomi reOMETPUYHI XapaKTePUCTUKU
ITOIITKO/IKEHbE.

Bimomi mpunamHi MeTomu BU3HAYCHHS 00’ €My
BUTOKY Tra3y i3 Ta30MpoBOIB, 30KpeMa METOJ 3
BUKOPUCTAHHSIM  MOOUIBHOIO  BUTPATOMipHOTO
koMIutekcy [2]. OmHak Taki MeToAM NepeadadyaroTh
ix TmaHoBe 3acTocyBaHHS. B okpemux Bumaakax (3a
YMOBH BHUSBJICHHS BHUTOKIB HPHUPOIHOIO Ta3y B
TEXHOJIOTIYHUX  KOJOJM35AX, IiJBanax) BHUTOKHU
TKBiAYIOTH 0€3 BHU3HA4YeHHS O00’€My BHUTOKY 3
BUKOPHCTAaHHSAM BIAMOBIAHUX MNpuiafiB. B iHImmx
BUTIAJKaX TaKi METOIM 3aCTOCYBAaTH HEMOXKIUBO
BHAC/IIIOK  TOro, 10 PO3MOJUIBHI  MEpexi
TEXHOJIOTIYHO HE TOTOBI 4O Iboro. Toal HEOOX1THO
Oyno 6 3acTOCYBaTH PO3pPaXyHKOBY METOJHKY, SIKa
0 no3Bonmia OOYUCTUTH 00’€M BUTOKY 332 YMOBH,
0 TEeOMETPHYHI XapaKTePUCTUKH TIOUIKOKEHb
BigoMi.

VY pirounx HOPMATUBHUX TOKyMeHTax [3, 4] He
3aMpONOHOBAHO METOJMKH BH3HAUCHHS 00’ eMy
ra3y, BTpPa4€HOr0  BHACTIJIOK  MOIIKOIKEHb
ra3omnpoBOIIB, B TOMY YHCII ¥ Mi[3¢MHUX.

MerTtoro IOCIHIDKEHHS € po3podKa
MaTeMaTH4YHOI MOJENI Mpolecy BUTIKaHHA Tasy i3
Mi3€MHOT0 Ta30IPOBOTY, SKa B MEPCIICKTUBI MOXKE
CTaTH OCHOBOK) METOJUKH PpO3PAaXyHKY 00 eMy
BUTOKY Tra3y uYepe3 IOIIKOKCHHS ITi[36MHOTO
ra3omnpoBO/TY.

PosrnsHeMo MaTeMaTH4HY MOJICb BUTIKaHHS
razy i3 migzemHoro rasompoBopay. llIBuakicTs
GbimpTpyBaHHS Tazy UL dYepe3 IPYHT MOXKHA
BU3HAUUTH 32 3akoHoM Jlapci, skuii s
130TPOITHUX TiIPCHKUX TOPiJl 3aIHCYIOTh y TaKOMY
BUNIAIl [5]:

Uz—ggradp, (D
u

ne C — xoe(ilieHT NPOHUKHOCTI MOPHCTOrO
CcepeloBHIa, M'; W — KOCQIIIEHT JUHAMIYHOL
B’s13K0CTi Tasy, Ila-c; grad p — rpagieHT THUCKY Ha
noBxHHI Qinbrpanii, [Ta/m.

Ha ocnogi 3akony [lapci oTpuMyIOTh piBHSHHS
JUIs BA3HAYCHHSI BUTPATH Ta3y uepe3 3pa3oK IPYHTY
13 BiJIOMOIO IUIOIIEIO MOMEPEUHOTr0 mnepepisy [6]:

C-F-AP
Q—W, ()

ne O — o0’ €MHa BUTpaTa rasy, M e F — IO
dinpTpamii, M%; AP — mepemaj THCKY Ha JOBIKHHI
¢inpTpanii Al, Ila; Al — n$oBXHMHA UUIAXY
¢inpTparii, M.

3acrocyBaHHsl piBHsAHHS [lapci MoxnuBe mpu
YMOBI, IO BiJOMHUI KOe(illi€eHT ra3onpOHUKHOCTI
IPYHTY. ABTOpaMH 3alpONOHOBaHA METOAMKA
BHU3HAUCHHS Ta30MPOHUKHOCTI IpyHTY [7], sKa
JI03BOJIIE  BU3HAYUTU Ta30MPOHUKHICTH CHUIIKUX
MOPiA Ta EKCIIEPUMEHTANBHUM LUIIXOM BH3HAYUTU
3HAYCHHS KOe(Qil[ieHTa Ta30MPOHUKHOCTI  JIJIS
3pa3KiB MOPiJ, SKi 3aCTOCOBYIOTbCA IJISI 3ACHIIKU
ra3onpoBOJIiB — TIiCKy, TJHHH, TpaBifo Ta iX
cymimei [7].

OpHak HaBiTh 32 YMOBH, IO BiJIOME 3HAYCHHS
KoeilieHTa ra3onpoOHUKHOCTI IPYHTY, BHU3HAYUTU
BUTpATy Ta3zy dYepe3 TOMIKOKEHHS IiI3eMHOT0
ra30npoBOJy Ha OCHOBI 3aKOHY [lapci HEMOXKITUBO.
Ilpu BuTIKaHHI i3 TA3¢MHOTO ra3onpoBONY ra3
MOLIUPIOETBECS. HE TIJBKH 9epe3  CTOBI IPYHTY
Oe3mocepeHbO HAJ OTBOPOM, a M Uepe3 HpHIIeri
mapu. ToOTo, Imioma NOMIKOKEHb Ta30MpOBOLY
HE JOPIBHIOE IUIONII MOIIMPEHHS razy B IPYHTI,
TOMy 0e3IoCcepe/IHbO 3acTocyBaTu piBHAHHS Jlapci
HE BJIAETHCSI.

Jlnsi BU3HAYEHHs IUIOLII TMOIIMPEHHS raszy Ta
3arajibHOi ~ BUTpPAaTH  BWTIKaHHS Ta3y  yepes
MOLIKO/HKEHHS MiA3€MHOTO Ta30IPOBOY aBTOpPaMu
po3pobsieHa  MaTeMaTHYHA MOJENb, Yy  SKIid
BUTIKAaHHA Ta3y 4epe3 OKpeMuil (ereMeHTapHHi)
CTOBI TPYHTY PO3IIAJAETHCS SIK BUTIKaHHS 4epe3
Jpocenb, BUTpaTa Ta3y depe3 SIKUH BU3HAYAETHCS
3akoHOM Jlapci. Y BHmNaiKy, SKIIO CTOBI IPYHTY
HaJl MOLIKODKCHUM Ia30IPOBOJIOM CKIIAJA€ETHCS 13
mapis pi3HHX nopizn, BiH POSIIIAETHC  SIK

CKHa)Z[eHI/II/I napocenb  (MOCHiZOBHE 3’ €aHAHHS
JPOCEITiB 13 Pi3HUMHI HpOHI/IKHOCTHMI/I)
Hns 0araTeox BUIIAKIB MIPOKJIATaHHS

ra3onpoBOJIB CTOBI IPYHTY HaJl HHMH Mae
JIBOIIAPOBY CTPYKTYpY (IiCOK, TMIMHA), & B yMOBax
MiCBKOi 3a0y/IOBU Ta MPOKJIAJaHHS BIOBX JOPIT —
TpuapoBy (Iicok, TINIMHA, Tpasiil). Posrmsaemo
BUMIAJIOK, KOJIM CTOBII TPYHTY HaJ Ta30MpPOBOIOM
Ma€ TPUIIAPOBY CTPYKTYpPY (puc. 1): HIKHIN map —
MiCOK, BUCOTOIO Mapy Hjz; cepenHiil map — riuHa,
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BUCOTOI MIapy Hrj; BepxHid map — mebGiHHO—
rpaBi€Ba 3aCUIKa, BUCOTOIO Wapy Hp.
PE
A X
R
H:‘P IF
. 'm 4 -
H H oy B Ry
I I S
Ay I
T J

: ; )

Pucynok 1 — Cxema apoce/ibHOI MoJeJii cTOBNA
IPYHTY HA/l NOIIKO/KeHHAM I'a30IIPOBOAY

Hexail enemeHTapHa moma MOIIKOJIXKEHHS
razonpoBoxy craHosuth F. Tomi BuTpata rasy
yepes map Mmicky (Apocesb) IUIOMICI0 mepepizy F,
SIKHI 3HaXOIUTHCS HAJl MPOOOTHOIO, CTAHOBHUTH

C, F
Qn—H—H H (P-F). 3

BHTpaTa rasy 4epes map IJIMHH Ta 1eGiHHO—
IpaBi€BOi 3aCHUIKH, BiIMIOBITHO, Oy/Ie TaKOIO:

C F
QFﬂ = Hrﬂ 'E’(Pm _P()z)a 4)
I
C F
Orp = - — (R, - F). ®)
Hpy op

B piBasansax (3)+(5) On Orn Orp — 00’emHa
BUTpaTa rasy, WO MPOXOIUTH YEpe3 BIANOBIIHUIL
wap IpyHTy (MICOK, TIUHY i rpasiit); Hy, Hry, Hrp—
BUCOTa BignosigHoro mapy rpyary; Cp, Crg Crp —
KoeiLieHTH Ta30MpOHMKHOCTI BiAMOBIAHOTO MIApY
IpyHTY; F'— cyMapHa 1iolia OTBOpY BUTOKY Trasy; L
— Koe(ilieHT AMHAMIYHOI B’S3KOCTI MPUPOIHOTO
rasy; P — THCK Ta3y y IEHTpI BUTOKY, SIKWH
NPUAMAaOTh PIBHUM TUCKY T'a3y y ra3onpoBoni; P —
OGapoMeTpuuHMii TUCK; Py;, Py, — TUCKH Ta3y Ha
MEXI1 BIAMOBIAHMX MIapiB IpyHTy (puc. 1).

BBaxaroun, mo audysii razy depe3 CTiHKH
CJIEMEHTAPHOT0 mutigapa (cToBna IPYHTY), SKHi
JOCHTIDKY€ETBCS, HEMAa€, OTPUMYEMO PiBHICTb
BUTpaT

On=Orn=Orpr= 0. (6)

Butpara Q 4epes TpH HOCIIZOBHI LIapu MOXe
OyTH BU3HAUCHA TAKO PIBHIHHAM

C F
Q—E'E'(P—Pg), (7

ne C — mykaHuidl KoeQili€eHT Ta30MpPOHMKHOCTI
TPUILIAPOBOTO CTOBIIA IPYHTY; H — 3araipHa BHCOTA
croBna rpyutry, H = Hy + Hpy; + Hpp.

I3 puc. 1 BuaHo, moO 3 ypaxyBaHHSIM (6)
TPUIIIAPOBUI CTOBIT IPYHTY MOYKHA TIPE/ICTABHUTH 32
aHAJIOTi€I0 JI0 EIEeKTPUYHUX KT  TMOCTIHHOTO
CTPpyMy, SK IIISHKY i3 HOCHi}IOBHHM 3’€IHAHHSM
TpbOX OnopiB. THCKU BIAIrParOTh POJIb MOTCHILIAIB
Y BIIMOBIZHKX TOYKAX, a BUTpaTa ) — pOlb CTPyMy
yepes Tpu mnocnigoBHi omopu. Tomi i3 (3)+(5)
MOXHa OTPUMATH TaKi BUpPa3W I BHU3HAYCHHS
OTIOpY KO’KHOTO OKPEMOTO Iapy IPYHTY:

Ay m g Hy B
"—c F> ™" c, F’
7 v/
H
p=. L ®)
c, F

Ockinbku 3MiHa B’SI3KOCTI ra3y IO BHCOTI
CTOBIIA IPYHTY € HE3HAYHOIO, TO MOXKHA MPUUHATU
il mocriitHoro. Tomi 3a mpaBUIIOM 3HAXOKEHHS

3araJbHOTO  OMOpPY  IOCIiZOBHOIO 3 €JHAHHS
OTPHMYEMO HACTYIHY 3a/IeKHICTh:
H_H, Hy, H,
C C Crﬂ CFP
H H H
a60 C=H/| L4417 )
Cﬂ Crﬂ CFP

Kopuctyrounch eIeKTpUYHUMHU aHANOTisIMH, 13
BupasiB (8) BurumBae, mo BigHomieHHs WC €
IMTOMUM OIOPOM IPyHTY, abo HaBmaku C/u — ue
MUTOMA TIPOBiAHICTE (IIPOHUKHICTH TPYHTY).

Bupaz (9) MoxHa OTpUMaTH TaKoX, He
KOPHCTYIOUHCh  CJICKTPUYHMMH  aHAJIOTIsAMH, a
CIIOCOOOM TOCHIZOBHOTO BUKIIIOUEHHSI THCKIB Py,
Py, 13 piBasHb (3)+(5).

MarematnyHa MOJENh BUTIKaHHSA Tazy i3
i 136 MHOTO ra3ompoBOLYy noOyJi0BaHa aBTOpaMH
Ha OCHOBI JIPOCENBHOI CTPYKTYPH, 300paeHOi Ha
puc. 2. Y I[pOCGHLHlPI MOJIENI MPOILIECY BUTIKAHHS
TPHUIIAPOBHI CTOBI IPYHTYy Hax OTBOPOM Y
ra30MPOBO/Ii PO3TIAAAETHCS K O1ip Rj, TOOTO

R, = Hu/(CF), (10)

ne C — Koe(ilieHT Tra30MpPOHMKHOCTI CTOBIA

IPYHTY, OTpUMaHui 3a hopmMyJioro (9).
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CroBmu  IpyHTy, SIKIi OPWIIralTh 10
[EHTPaJbHOTO CTOBMA (CTOBIA HAJ OTBOPOM Y
ra3onpoBoOfi), TaK camMO PO3MIIAJAIOTHCS SIK OMOPU
Ry. Topu3oHTaNIBGHUI IHap TIPYHTY MK JIBOMa
CYCIAHIMH  BEPTUKaJIbHUMH  JpOCEeIsIMH Ry
po3rIAaTh AK omip Ry (puc. 2 i puc. 3), sKuid

BU3HAYAIOTh 3a 3HAYECHHAM koeilieHTa
MPOHUKHOCTI TOTO  CEPeJOBWINA, 4epe3 sKe
MPOTIKa€ Tra3 y TOPU3OHTAILHOMY  HAIPSIMI.

30erMa, PO3rIsAat0Iu HpOTiKaHHH razy B3JOBX

rasomnpoBOJy — 3a 3HAYCHHsAM KoedilieHTa
NPOHMUKHOCTI HICKY:
AL
R =—. 2 (11)
c, F

TakuM 4YMHOM, BBa)KalO4M, IO BEPTUKAJIbHA
CTPYKTypa IPYHTY B3JOBX Ta30MpoBOAy €
HE3MIHHOIO TPHINAPOBOI, OTPHUMYEMO CTPYKTYPY
MOJieJIi, 300pakeHy Ha puc. 2.

s Ttoro, mo06 MaTEeMaTHYHO OIKCATH L0
CTPYKTYPY, 3aCTOCYEMO METOJ, SKHiA BiJOMUH B
EIeKTPOTEXHIIl TiJ] HA3BOI0 METOA ‘‘KOHTYPHHUX

Qo'Ro :P_P§7
O (Ry+R.)+0Q, R +0; Ry +...+

i+1

O R +0, 2R +...+40, (R, +iR. ) +

iRy 4.+

O R +0, 2R +..+0, - (m DR + 0, '(Ro +n1Rr):P_Pf'

CTpyMiB”. Y naHOMy BHUIaJKy KO0 MOKHA Ha3BaTH
METOAOM “KOHTYPHUX BHUTpar . 3a ITUM METOIOM
KOHTYypHa BUTpaTa B KOKHOMY OKPEMOMY KOHTYpi
PO3TIAIAETECS HE3aJEKHO BiJl BUTpAT B IHIINX
koHTypax. CymapHi BUTpaTH y OKpEeMHX IiISHKaX
KOHTYpiB ~ 3HaXOAMMO CYMyBaHHSM  3HA4€Hb
KOHTYpHHUX BUTpaT. PiBHSAHHS OanaHcy MOTEHIlIaliB
(THCKIB) y KOXHOMY KOHTYpi OynyeTbcs s
“KOHTYpHOI BHTpaTH 3 YpaxXyBaHHSM BTpPaT THUCKY,
IO BIAMOBIAAOTh BUTpATaM IHIIUX KOHTYpIiB Ha
CHUTBHUX JIISTHKaX BUOPAHOT'O KOHTYPY.

Hanpukmnan, piBHAHHS OanaHCy THCKIB UIS
MEPIIOro KOHTYPY, SKMH MOKa3aHWH Ha puc. 2, Mae
TaKWUU BUTJIS:

0 (RO +RF)+Q2 ‘R +05 Ry +...

.40, ,-R-+0, ‘R =P-P, (12)

OnwucaBiiM TaKUM YHHOM KOXKEH i3 KOHTYDIB,

Ql-RF+Q2-(RO+2RF)+Q3.2RF+...+QWI_1-2RF+QM 2R, =P-P,
0 -R,+Q2-2R,+Q3-(R0+3Rr)+...+QnH 3R +Q, 3R, =P-P,

OTPUMYEMO  HACTYIIHY  CHCTEMYy  JIIHIHHUX
anreOpaiyHuX PiBHSHE!
-1 Ry +Qn, ‘R =P-F,
(13)

n]—l‘iRF+Qn] ZRF :P_I)67

)

C; 5
Qu Ql Q2 in
‘ R, " R, :% R £
4 i 2 )

Pucynok 2 — CTpyKkTypHa cxeMa Mo/eJi BUTOKY a3y B310BK ra30lpoBoLy
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Otpumana cucrema piBHAHB (13) mo3BOJISE
BU3HAUUTH 3HAUCHHS BHUTpAT Tazy 4epe3 CTOBI
IPYHTY HaJ Ta30IpPOBOAOM IpH BiLAami BiJ LEHTPY
BUTOKY 3 KpokoM AL. HeoOxifHa KijbKiCTh PiBHSHB
BU3HAYAETHCS ITEpalliiHUM LUIAIXOM Yy Hpoueci
PO3paxyHKy, BUXOASYH 13 aHANI3y 3HAYCHb BUTPATH
Ta THCKY Ha MEBHIM BiJIaji Bi IEHTPY BUTOKY.

VY Bunanky, Ko 0 CTPyKTypa IPyHTY HAaBKOJIO
LIEHTPY BUTOKY Oyja OMHOPIIHOK IO BCHOMY
paniycy BUTOKY, MOXHa Oyjo O BH3HAa4MTH 00’€M
BUTOKY Ha OCHOBI 3HaueHb BUTpar Q;, O, ... , O,
orpuManux i3 (13), Ta 3HaYeHb KiIBIEBUX ILION]
BUTOKY, IO BIAMOBIAAIOTH PO3MIIICHHIO KOXKHOTO

Opocenst  BIJHOCHO LEeHTpa BUTOKY. OpHak
BEPTUKANbHA CTPYKTypa IPYHTY € TPHIIAPOBOIO
(micok — rnmMHA — TpaBii) B3MOBXK TpaHmel i

3MIHIOETBHCS HA OJHOIIAPOBY (TJIMHA) IIPYU BUXO/I 32
Mexi TpaHmei. ToMy Mojens BHTOKY B IDIONIWHI,
NepHNeHIUKYJSIpHIE 10  oci  rasompoBofy,
BiZIpi3Hs€TBCs BiM Mozeni (13) BUTOKY B IIIOMIMHI
B3JIOBK OC1 ra30MpOBOLY.

.40, -(mR.+R;,)=P-F,

3anporoHOBaHa CTPYKTypa MOJENI BHTOKY B
TUTOIIWHI, TIEPIICHIUKYISIPHIA IO Oci ra3onpoBoy,
300paxkeHa Ha puc. 3.

3riiHoO 13 300paXKEHOI0 CTPYKTYPOK KOHTYpHU
BUTIKaHHS B 1-TO 1O m-Hii 3HAXOAATHCSA B MEXKax
TpaHmiei (WITpUXOBa JiHIA Ha puUC. 3), KOHTYpH
BUTIKAHHA Big m-0ro II0 71, — 1032 MeEXaMH

TpaHIIei. Ry, R,
BU3HaudaoThest 3a (opmynamu (9), (10). Omopu
Ry, R, BH3HAUAIOTHCS TNPOHHKHICTIO TJIHHH.
Tomy

BixmosigHo oTIopHu

AL p
,RF1: T

R, =
01 Crﬂ F

Nl (14)
Cry F
ne H — 3arampHa BucoTa croBma IpyHTy; Cry —
KOe(IIIEHT ra30MPOHUKHOCT] CTOBIMA IJIMHHU.
Cucrema piBHSIHB, siKa MOOY/TOBaHA 332 METOJIOM
KOHTYPHHX BUTPAT IS MOTIEPEYHOI IUTOMUHHU, MAE
TaKUU BUTJIS:

O-(Ry+R-)+Q,-Ro+Q; - Rp+..40,5 R +0,, R =P-P,
QR +0,-(Ry+2R)+ 0y - 2R +..40,, - 2R +0,,- 2R, = PP,

O R +0, 2R, +0,-3R, +..+Q, (R, +mR.)+Q,., -mR. +..+Q,, -mR. =P—P,
O Rr+0, 2R +..4+0, -mR-+0,, (Rm +mRy +RF1)+Qm+2 '(mRr +RF1)+

(15)

O -R-+0, 2R +..+0, -mR-+0,., '(MRF +RF1)+Qm+2 '(mRr +RF1)+
Oy '(MRF +(”2_1_m)'Rr1)+an (Rm +mR +(”2_m)'Rr1)=P_P6'

Pucynok 3 — CTpykTypHa cxemMa MojeJli BUTOKY ra3y B IUIOIIMHI NepHeHINKYJIAPHiH oci
ra3onpoBoay
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MaremaTryHa MOJIENb TPOIECY BUTIKAHHS razy
13 MiJI3€MHOTO Tra30IpoOBOIY, fKa IMOOyJOBaHA Ha
ocHOBi cucteMm piBHaHb (13) 1 (15), no3Bomse
BU3HAUMTH 3HA4YeHHS BUTpaTr O, O, , On; O
BCii Tuiomli BUTIKaHHA rasy, BpaxOBYIOUH
HEOJTHOPIAHICTE  CTPYKTYpH IPYyHTy. Mogenb
JI03BOJISIE TAKOXK BU3HAYUTU TUCKU Pj, P, ..., P,y
BY3JIOBUX TOYKax B3JIOBX Ta30MpOBOAY Ha HOro
30BHIIIHIN OBepXHi (puc. 2 1 puc. 3) Ta BUKOHATH

NpUBEACHHS BUTPaTH y KOXHIA Toumi 7o

CTaHJAPTHHUX YMOB 32 BiJIOMOIO 3aJIeKHICTIO:
g,k (16)

< RTK,

ne P., T, — THuck i TeMnepaTypa B CTaHAAPTHUX

ymoBax (P, = 101325 Ila, 7, = 293,15 K); P, —

3HAYCHHA THCKY y J- il By37OBil TOHI i-01

nomnepeyHoi  miomuHu; K,  —  KoedimieHT

CTUCIMBOCTI Ta3y OOYMCIEHWH s TUCKy P; 3a
metozamu [8]; O; — 3HauU€HHs BUTPATH B POOOYMX
yMOBax y j-ii BY3JOBiM TO4YIl i-0i IMOMEpPEYHOI
TUTOIIMHH.

CymapHa BUTpaTa BUTOKY rasy i3 MiJ3eMHOTO
ra3onpoBOJy 3HAXOAUTHCA SAK CymMa BUTpAT,
MIPHUBEJICHUX JI0 CTAHAAPTHUX YMOB TIO BCIH TUTOII
BHUTIKAHHS.

Po3pobnena MaTeMaTHyHa MOJIEIb 3aCTOCOBaHA
aBTOpaMu JUIS BU3HAYEHHS IUIOMII BHTOKY Ta
CyMapHOro 00’€My BHUTOKY Ta3y i3 ra3ompoBOIY
HHU3BKOTO THCKy. [l BHKOHaHHS pPO3PaxyHKY
MPUUHATO BUXI1JIHI JaHi, 1110 OTPUMaHi aBTOpaMU 3a
pe3ynpTaTaMu OOCTEKEHHS pPEabHOI'O BHITAIKY
MOIIKO/DKEHHST JTUISIHKH Ta30MPOBOAY HH3BKOTO
THUCKY:

1) abconmroTHUI THUCK ra3y y Tras3ompoBofi, i3
SIKOr0 BUTIKae ra3 craHoBuTh P=(10000 MM.Boa.CT.
+ 150 MM.BO1.CT.) 9,80665 = 99537,5 Ila;

TPULIAPOBY CTPYKTYpYy: HIKHIM Imap — TiCOK,
Bucora mapy Hy;=0,1 M; cepenmuiii map — riuHa,
Bucota mapy Hr=0,3 m; BepxHiil map — mebiHHO-
rpaBieBa 3acurika, Bucotra 1mapy Hpyp=0,9m.
3aranbpHa BUCOTA CTOBMNA IPyHTY H=1,3 M;

3) cepenni 3HAYEHHS koedimieHTa
ra30lpPOHMKHOCTI OTPUMaHi EKCIePHMCHTAIbHIM
nuaxoM [7] st 3pas3kiB mopin, Bl,[[16paHI/IX Hag

MOMKO/PKCHUM Tra30IIpOBOAOM: IJIS HlCKy — CH =
=2,0607-10"°M% s rmamn — G,=2,6470-10" M

JUIS TIe0iHHO-TPaBi€BO 3aCHUIIKH — CH,=1,1567><

x10"m>. Koedimient ra3onpoOHUKHOCTI
TpHuJapOBoro CTOBIA IPYHTY, SIKUH BU3HAYECHHUH 3a
dopmymoro (9), C=1,0691-10"" m*;

4) cymapHa IuIOlIa OTBODIB BHTOKY rasy Ha
TpyGonposozax pisxa 0,009321 M°. Take 3HAYCHHS
IUIONII OTPUMAaHE SIK CyMa TUTOII 48-MU KOPO3iHHUX
MOIIKO/DKEHb, BUABICHUX Ha IIISHIN CTaJILHOIO
111 I3MHOT'0 Ta301IPOBOJTY AOBKHHOIO 3 M.

Ha ocHoBI BI/IXIZ[HI/IX JTaHUX C(bopMOBaHo
cucremu piBHAHB (13) 1 (16) Ta po3B’s3aHO iX i3
3aCTOCYBaHHSM  MaTPUYHUX  OMEparopiB y
nporpaMHoMy cepenosuiii Matlab. Takum unHOM
BHU3HAYEHO, 1110 MPUBEACHA 10 CTAHJAPTHUX YMOB i3
MiA3€MHOTO Ta30MPOBONY HU3BKOTO THCKY CyMapHa
BUTpaTa rasy o BCIi IUIOIII BHTOKY JIOpIiBHIOE
12,46 ™/ron, a aHamsoBaHa IJIoa BHUTOKY
CTaHOBHTH 76,806 M.

Ockinbku cucremu piBagHb (13) Ta (15)
JIO3BOJISIIOTE  BUOpaTH JOCTaTHBO MallUd KPOK
JMUCKpeTH3alii Mo IUIony BUTIKaHHA AL, TO
MoXMOKa JWCKpeTH3allii € HEe3HaYyHOl, a, OTKe,
NOXHOKa BU3HAYCHHS CyMapHOI BUTpAaTH Tasy QL
BU3HAYAETbCS [OXMOKAMM apryMEHTIB PiBHSHHS
(2). [loxubOku BU3HAYCHHS CKJIAIOBUX PiBHAHHSA (2)
JUIL TIPENICTABICHOTO BHUIIE PEANLHOTO BHIIAAKY
MOLIKO/DKEHHS. AUISTHKM Ta30IPOBOAY HHU3BKOIO

2) cToBN TPyHTY HajJ Ta30IpOBOJAOM MAa€  THCKY HaBeseHi y Tabu. 1.
Ta6amnus 1 — [oxuOku BU3HAYEHHS apryMeHTIB piBHAHHA (1)
No 3Ha4YeHHS MaKCH-
s/ HazBa mapametpy MAaJbHO{ BiTHOCHOT Crioci6 BU3HAUCHHS TOXUOKH
moxuoku, %
. . O6uucieHo Ha OCHOBI MOXHUOOK
KoediuieHT ra30mpoHUKHOCTI
1 3,7 ekcriepuMeHTanbHuX 3HaueHb Cp, Cryg, Crp

CTOBIA TPYHTY

3 [7]

2 CymapHa 11o11a monIKoKeHb

3a pe3ynbpTaTaMy BUMIpIOBaHb

5,0 TEOMETPUYHUX XaPAKTEPUCTUK
ra3onpoBoxy
MIOIIKO/IKECHb
3 THCK y ra30mpoBoT 5.0 3a macnopTHOIO XapaKTEPUCTH-KOIO
perynsaropa tucky I'PII
4 Bs13KicTh IPUPOJHOTO Tazy 6,7 3a naaumu [8]

5 Bucora croBna rpyHTY 0,5

3a pe3ynpTaTaMu BUMIpIOBaHHS
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Tak sk  BH3HA4eHHS  O00’€My  BHTOKY
BUKOHYETHCSl JUI TIEBHOTO Tepiofy Hacy, Ha
OpOTA31 AKOTO TUCK ra3zy MOXeE 3MIHIOBATHCh B
MeKax MOXUOKK HOTO PeryitoBaHHs, TO HaBE/ICHE Y
Tabn. 1 3HaYeHHs MOXUOKKU BU3HAYECHHS THCKY rasy
OTpUMaHe SK [AaclopTHE 3HA4YCHHS MOXHOKU
peryJsTOpa THUCKY.

IIpuiimaroun 7m0 yBaru, IO HapaMeTpH,
nepepaxoBaHi y Ta0y. 1, € HEKOpEJIbOBaHUMH, a
NOXHOKHU TX BU3HAYCHHS € BUIIAJKOBUMH, 3arajibHy
IpaHUYHY ITOXUOKY pO3paxyHKY CyMapHOi BUTpaTH
rasy (. BU3HAUYEHO UUIIXOM TI'E€OMETPUYHOIO
CYMYyBaHHSl CKJIQJOBHX 3rigHO JaHMX Tabm. 1.
3aranbHa rpaHIYHA MOXUOKA PO3PaxXyHKY CyMapHOT
BUTpaTH Ta3y ()., BH3HAUYC€HA 3a 3HAYCHHIMU
CKJIQJIOBUX IOXMOOK, HaBeACHUX Yy Tabm |1,
nopisHtoe 10,4 %.

BUCHOBKHU

Po3pobnena maremaTwdHa MOJENH TIPOIECY
BUTIKaHHS Ta3y 13 MiJ3€MHOTO Tra30lpOBOIY, sKa
BpPaxOBY€ HEOJHOPIJHICTh CTPYKTYpH IPYHTY IIO
BUCOTI CTOBHA IPYHTY HaJ Ta30NpOBOIOM Ta IIO
IUTOII BUTIKAHHS 1 JO3BOJISIE BU3HAYUTH 3HAYCHHS
BUTpPATH razy y KOXHIM TOYLi IJIOLII BUTIKaHHA,
3HAYCHHS THCKIB Y BY3JIOBHX TOYKax B3/IOBXK
ra3omnpoBOJy Ha MOTro 3OBHIIIHINA TOBEpXHI Ta
CyMapHy BHUTpPaTy BHTOKY Tra3y 13 IiJI3eMHOTO
ra3oInpoBOJLy, PUBEJEHY 10 CTAHJAPTHUX YMOB.

Po3pobnena MaTemaTMuHa MOAETL  MOXKE
CIIy’)KUTH OCHOBOIO JUIS PO3POOKH  METOIUKH
BU3HAUYEHHI 00’€My Ta3y, BTpau€HOro dYepe3
MOIIKO/DKEHHSI  MiJI3EMHUX  Ta3olpoBOJB Y
ra3opo3NoIiIbHUX MEpeKax.
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