[poekmuposaHue, coopyxeHue
U 3Kcrilyamauyusi cucmem
mpy60orpo8odHO20 mpaHcriopma

Designing, construction and operation
of pipeline transport system

2.8.5. Cmpoumenvcmeo u sxcniyamayus Heghme2azonposooos, 6a3 u XpaHuiuwy
(mexHuueckue Hayku)

VK 622.691.4:532.5
DOI: 10.31660/0445-0108-2024-5-104-116

MopeaupoBanue JUHAMHMKH AaBJIeHUs B ra3oNpoBojie ¢ NyTeBbIM 0T00pOM
N. ®. Yynpos, M. C. l'[apMymHa*, A. A. JIrotoeB

Yxmunckuii 2ocyoapcmeennviii mexnuueckutl yuueepcumen, 2. ¥Yxma, Poccus,
mparmuzina@ugtu.net

Annomayus MarucTpalibHble, IPOMBICIOBBIE M TOPOJCKUE Ta30HE()TENPOBOIBl JacTO paboTalOT B He-
CTaIlMOHAPHOM pexuMe. [IpuduHaMi HEeyCTOMYMBOCTH JABIICHHS, CKOPOCTH, PAacXoja Tra3a sSBILIOTCS
U3MEHEHHs PEKHMOB PabOThl HACOCHBIX CTAHILMM, BKIIOUCHHE M BBHIKIIOYECHHE arperaToB, IOMYTHBIH
0TOOp MM OJKAYKa U APYrue (paKkTOPbL.

MarucTpanbHble TPyOOIPOBOABI IPEICTABIIAIOT COO0H CIOXKHYIO HHXKEHEPHYIO cHcTeMy. Baxnelmit
(bakTop paboThl 3TOI cucTeMbl — 0e3aBapUitHOCTb. J{jisi 3TOro HEOOXOAMMO M3YYEHHE PEXUMOB JIBHIKE-
HHS TPaHCHOPTHPYEMOI Cpelibl, B YACTHOCTH, U3y4eHHE AMHAMUKU JaBJICHHS B IEPHOJ IIyCKa WM OCTa-
HOBKH, a TaKKe B CIy4ae oTOOpa B 3aJaHHBIX TOYKaX. Llenb TaHHOI CTAaThH 3aKIIOYAeTCs B MOCTPOCHHU
MaTeMaTHYeCKON MOJIENN U U3y4YeHUH JMHAMUKY JIaBJICHUs B Fa30IIPOBOJIE C TOYKOM 0TOOpa.

llIupokoe pa3BUTHE T€OPHs HECTALMOHAPHOTO ABIDKEHUS XKUAKOCTEH B KPYTIIBIX TPpyOax IOTydHIa
B pabotax U. A. YapHoro. B HUX paccMOTpeH 00JIbIION KOMIUIEKC WHXEHEPHBIX 3a]1a4 C y4ETOM BSI3KUX
CBOMCTB TpPaHCIOPTUPYEMOW Cpeabl M CONPOTUBJICHUS TPYObl B THIPABIMYECKOM INPHUOIMKEHUH.
B craTbe Ha ocHOBe uccnenoBanuii . A. YapHOro 0 ABMKEHUM peaybHOM KUAKOCTH B KPYTIIBIX TpyOax
COCTaBJICHO YPaBHEHHE B YaCTHBIX MPOU3BOAHBIX I'MIEPOOIMYECKOrO THUMA. YPaBHEHUE OIMCHIBAET
HECTALOHAPHOE JIaBJICHHE FOPU30HTAIBHOIO y4acTKa ra3onpoBoja ¢ Toukoi or6opa. Mcnonb3oBanue
UMIyIbCHON GyHKIMH Jlupaka mo3Bommio chopMyanpoBaTh 3ajady B BHIAE OJHOTO ypaBHeHHs. Ha
KOHIIaX 3aJJaHHOr0 y4acTKa 3ajaHbl JaBJICHHS, @ Ha4YaJIbHAsi CKOPOCTh CBsI3aHA C UMITYJILCHON (YHKIIU-
eif. C ucnosnb3oBaHHEM KOHEUHOr0 CHHYyc-TIpeoOpa3oBanus @ypbe ypaBHEHUE B YACTHBIX IIPOU3BOAHBIX
npeoOpa3oBaHO B OOBIKHOBEHHOE AuddepeHnuransHoe ypaBHEHHE W pelleHo. PenieHue ypaBHEHHS
IpecTaBisieT 00pa3 peleHust UCX0AHOH 3anaun. Popmyisl 00paTHOro Npeodpa3oBaHuUsl, OCHOBaHHbIE
Ha Teopuu pa1oB Dypbe, NO3BOJININ HEPEHTH K PELISHHIO IIOCTABICHHOM 3a/1auu.

INomyueHs! ABHBIC 3aBHCHMOCTHU JUIS IMHAMUKK HECTAI[MOHAPHOTrO NaBiieHHsA. KadecTBeHHBIH aHa-
13 (HOpMyJl CBHUAETENLCTBYET O BOJIHOBOM JBM)KEHHUHM Cpelbl B HayajbHbIA nepuox padorsl. Uepes
HeOOJIBIIOH MPOMEXYTOK BPEMEHH IIPOLIECC MEePeXOoJUT B CTAlHOHAPHBIM pexxuM. Bpems mepexoxHoro
HeproJa 3aBUCUT OT O0JbIIOro KonuuectBa (akropoB. [aBHbIMU (akTopaMu ciayxat Ko3(HUIHEHT
THAPABINYECKOr0 COMPOTHUBIIEHUS U CKOPOCTh TPAHCIIOPTUPYEMOH CPEJIbl.

PaccMoTpeH mpuMep AA TOPH30HTAIBHOTO y4acTKa IIPH M30TEPMHYECKOM TedeHUH. [Ipu mpuHs-
THIX YHCIJIOBBIX ITAPaMeTpax Iepexo] B CTAIHOHAPHOE COCTOSIHIE COCTAaBIIAET OKOIO 17 MUHYT OT Hada-
na nporecca. [IpuBeieHs! rpa MKy IMHAMHKHY JaBJIEHUS IIPU 0TOOpE B 331aHHOM TOUKe U 63 TAKOBOTO.

MaTtemaTHYecKre MOZENH IBIKEHHSA XKUIKOCTH U Ta3a MO TpyOaM MOTYT OBITh HCIIONIB30BAaHBI HH-
JKEHepaMH IIPU IPOSKTHPOBAHUH TPyOOIPOBOJIOB, a TAKKE MPHU PEIICHNUH 3324, BOSHUKAIOIIUX B IIepH-
o] UX 3KcIuTyatauu. K HUM OTHOCSTCS 3a7aud KOHTPOJIS COCTOSIHUSI TPYOOIIPOBOJHOW CHCTEMBI, OI-
THMH3aIUH pabOoThI, OLIEHKH aKKyMyIHpYIOIIeil ClIOCOOHOCTH U ApyTHeE.

Knrouesvie  cnosa: TpyOOIpoOBOJ, HECTAMOHAPHOE JABJICHHE, YPAaBHEHHE THUIEPOOIMYECKOro
THIIA, CHHYC-TIpeoOpa3oBaHue, KOIQGUIMEHT IMAPABINYECKOr0 COIIPOTHBIEHHUS, OTOOD

Jna yumuposanus: Uynpos, . @. MoxnenupoBanue TMHAMHUKH JaBJIEHHUs B ra30MPOBOJIE C MMyTEBbIM
or6opom / . ®@. Uympos, M. C. [Tapmy3una, A. A. Jlioroes. — DOI 10.31660/0445-0108-2024-5-104-
116 // 3BecTns BBIcIINX yaeOHBIX 3aBeneHuil. Hedts u ras. — 2024. — Ne 5. — C. 104-116.

Modelling pressure dynamics in a gas pipeline with an in-line sampling
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Abstract. Gas pipelines, whether main, field, or urban, often operate in non-stationary modes.
Changes in the operating modes of pumping stations, equipment start-up and shutdown, an in-line sam-
pling or pumping and various factors are causes of instability of pressure, velocity, gas flow rate. Main
pipelines are complex engineering systems with the pipeline itself being the main element. Fail-safety is
the major factor in the operation of this system. Ensuring operational safety requires studying the
movement regimes of the transported medium, particularly study of the dynamics of pressure during
start-up or shutdown and at specific extraction points. This article aims to build a mathematical model
and study the pressure dynamics in a gas pipeline with a sampling point. The theory of non-stationary
motion liquid in round pipes has been strongly developed in the works of I. A. Charnyj. These works
consider a large complex of engineering tasks taking into account viscous properties of the transported
medium and pipe resistance in the hydraulic approximation. In the article on the basis of I. A. Charnyj's
researches on the motion of real liquid in circular pipes the equation in partial derivatives of hyperbolic
type is compiled. The equation describes the unsteady pressure of a horizontal section of gas pipeline
with an extraction point. Using the Dirac delta function allows the formulation of the problem in the
form of a single equation. Pressures are set at the ends of a given section, and the initial velocity is relat-
ed to the Dirac delta function. By applying the finite Fourier sine transform, the partial differential equa-
tion is transformed into an ordinary differential equation and solved. Solution of equation is vision of a
solution to the initial task. Inverse transform formulas based on Fourier theory allowed us to proceed to
the solution of this task. Explicit dependences for the dynamics of unsteady pressure are obtained. The
qualitative analysis of the formulas indicates the wave motion of a medium during the initial phase of
operation, transitioning into a stationary mode after a brief period. The duration of the transition period
depends on factors such as the hydraulic resistance coefficient and the velocity of the transported medi-
um. Coefficient of hydraulic resistance and the velocity of the transported medium are the main factors.
An example is considered for a horizontal section under isothermal flow conditions. With assumed nu-
merical parameters, the transition to a stationary state occurs approximately 17 minutes after the process
begins, as illustrated in the graphs provided in the article. Engineers can use mathematical models of the
liquid and gas motion through pipes in the design of pipelines, as well as in solving tasks that arise dur-
ing their operation. These tasks include monitoring the condition of the pipeline system, optimizing the
operation, accumulation capacity estimates and others.

Keywords: pipeline, non-stationary pressure, hyperbolic type equation, sine transform, hydraulic
resistance coefficient, sampling
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Beenenue

HecranmonapHelie (HeyCTOHYMBEIE) MPOIECChl B He(TEra3omnpoBoaax xa-
PaKTEepU3YIOTCSI U3BMEHEHHEM IO KOOPJAWHATE U BPEMEHH JaBJICHUS, CKOPOCTH,
pacxojia, TeMIEpaTypsl TpaHCHOPTUPYEMOM cpenbl. Jpyrumu cioBamu, mepe-
YHUCIICHHBIC TTApaMETPHI SIBIISIIOTCA (QYHKIUSAME BpeMeHH. HecrarmonapHeie pe-
JKUMBI Yallleé BCEr0 CBA3aHBI C PA3NIUYHBIMU TEXHUYECKUMH OINEPALUIMU: MyCK
WU OCTAaHOBKA, BKJIIOYEHHE W OTKIIOUCHHE arperaroB, MU3MEHEHHUE peXUMa
HACOCHBIX CTaHIUH, a TaKkKe pekuMa pabOThI MOMYTHBIX COCPEIOTOYCHHBIX OT-
OOpPOB-TIOIKAYCK.

B ¢dynnamentanbhoit padote [1] . A. UapHbIii OTyYMII CUCTEMY YpaB-
HEHUM, KOTOPasi B HACTOSIIIEE BPEMSI CUUTACTCSI OCHOBHOM MaTeMaTHUYECKON MO-
JISNIBI0 IS HECTAllMOHAPHBIX THIPABIMYCCKUX PAaCcYCTOB B KPYIJBIX TPyOax.
J1Jis TOpU30HTAIBLHOTO YYacTKa TPyOOIPOBO/Ia TP H30TEPMHUSCKOM TCUCHUH H
B CJIy4ae JIO3BYKOBBIX CKOPOCTEH, KOT/Ia MOXHO NpeHeOpedYh N3MEHEHUEM CKO-
POCTHBIX HAllOpPOB, IMHEAPU30BaHHAS CUCTeMa uMeeT Bun [ 1]
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P X

+ 24
ox ot Q (1)
1P R
2ot ox
rae P=P(x,t) — nasnenue; t — Bpemsi; Q = pv — MaccoBasi CKOPOCTb;

) — TUIOTHOCTB; V — CKOPOCTh (YCpeAHEHHAS M0 CEYEHHUIO) TPAHCTIOPTUPYEMOM

AV

CPenbl; 2g = (8 J , 4 — k03D (UIHMEHT THUAPABINYECKOTO COMPOTHBIICHHUS,
p

o
O — CMOYCHHBIN MepuMeTp TpyOonpoBoaa (i1 KPYIIbIX TpyO MU HAIIOPHOM

R’ _R_d rne d — BHyTpeHHHil muamerp, R — paamyc)
27R 2 4~ ’ ’

C — CKOPOCTh PacIpOCTPaHEHHsI yIapHOU BOJHEI B YIIPYTOM TpyOomnporoze [2, 3]:

TCUCHUU O =

E,
c= [’)O ,
14 2 Eu
E 6

rae Ex, ETp — o0bemHbIe MOgYyM yIPYyrocTu cpensl U Tpyobsl; D — auamerp
TpyObl (BHEWIHUH); J — TONIIMHA CTEHOK TPYOBI; p — IUIOTHOCTH KUIKOCTH.

Ecma E,,, — o0, T0 ¢ = L — CKOPOCTb 3BYKa B KHJIKOCTH.
\/ P

O0beKT U MEeTObI UCCJIEI0BAHUSA
[TycTs Ha paccMmarpuBaeMOM ydacTke TpyOompoBoaa mmmHONH L B Touke
X € (0; L) MPOMCXOJUT OTOOP ¢ MaccoBoit ckopocThio G (kr/c). B aTom ciyuae

HEO0XOIMMO JIOTIOTHHUTH BTOPOE YpaBHEHHE CHCTEMbl — ypaBHEHHE HEpPa3phIB-
HoctH. [Ipu aTom cucrema (1) mpumeT BuA:

P _Q 0
1 oP GQ G

- 5_
c® ot ax (x=x,)

rae O(X) — ummynscHas Gyskuus Jupaka [4, 5, 6], S — IU10mans BHyTpeHHE-

ro cedeHus TpyoOnl. @ynkmmsa [upaka moka3plBaeT, 9To B TOUKe X = x| mpowuc-
XOJUT OTOOp E€AMHUIIBI TPAHCTIOPTHPYEMO CPEAbI B €AUHHILY BPEMEHH.
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[epefinem ot cuctemsl (2) K OXHOMY YPaBHEHHIO OTHOCHTENBHO JlaBlie-
Hus [7, 8]. st 3TOro BEIYMCIUM NMPOU3BOIHBIE (TI0 X AJISl IEPBOTO yPaBHEHUS U
1o t 751 BTOPOTO YpaBHEHHS CHUCTEMBI (2)).

2 2
7P 79 5,00

o ook ox 3)
18P #Q
¢’ ot oxot

y‘-II/ITI:IBaH, 4YTO CMCHUIAHHBIC IIPOU3BOAHBIC OJHOI'O IMOPsAAKa B obnacTu HETIPEPLIB-

dQ
HOCTH PaBHBI, ¥ TIO/ICTABUB "y~ 13 BTOPOTO YPABHEHHS CHCTEMBI (2), momyanm

2 2
6_52%6_5+2_?6_P+@5(X_X1). 4)
oXx° ¢ o ¢~ o S

[TocTaHoBKa KpaeBBIX YCIOBUH K 3amade (4).
3agada (4) — 3T0 runepbOIMIECcKOe HEOTHOPOIHOE YPABHEHHE BTOPOTO TTOPSIII-
Ka. [Jyist penieHns KOHKPETHOH 3a7aun He0OXO0MMO 33J1aTh KpaeBble ycioBus. B
KaueCTBE TPAaHUYHBIX YCJIIOBUH 3a]a/IMM JIaBJICHHS Ha KOHI[AX pacCMaTpHUBacMO-
ro y4acTka TpyOOonpoBo/ia, TO €CTh YCIOBUS IIEPBOTO Pojia

P(x,t)| , =P, =const, P(x,t)| =P =const. (5)

HauanbHble yCIIOBHS A0JKHBI OMUCHIBATH JABICHUEC M HAYAIBHBIA UMITYJIbC IPH
t=0. [Tycts

P(x,t)|_, =P, =const . (6)

HavanpHb1id UMITyIIbC (CKOPOCTH) TOJDKEH OBITH CBS3aH C BO3ICHCTBHEM HCTOY-
HHKa B Touke x1. JIJIg 3TOTO BOCIIONB3yeMCS BTOPBIM YpaBHEHHUEM CUCTEMBI (2)

1 0P oQ G
mpu t = 0: _C_ZEIZO = gtzo +§5(X —X) . Orcroza cemyer
oP ’G
— :—C—§(x—x1), ()
ot oo S
TaK Kak xR :M =0. Oto ciexyer u3 ycmoBus (6). [Ipu moctossHHOM
Xl  OX |

JIABJICHUH 110 BCEH AnmuHe TpyOompoBoaa ckopocts V = 0.
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Takum oOpa3oM, MOCTaBlIeHa 3a/la4a: HANTH peleHrne ypaBHeHus (4) npu
TpPaHUYHBIX YCIOBUSIX (5) M HavalbHBIX ycinoBusx (6)—(7). Cxema y4acTka Tpy-
OonpoBoaa c oTOOpoM B Touke X1 mprBeaeHa Ha pucyHke 1.

Puc. 1. Cxema mpy6onpoeoda c ombopom

HOCTaBJ’ICHHy}O 3agavy 6y,Z[CM pemaTth ¢ MOMOIIBKO KOHCYHOI'O npeo6pasoBaHI/I$1

2 nzX
-sin——

Dypbe ¢ AApOM NpeoOpa3OBaHUs L L.
dopMyIta psSMOTO ¥ 00PaTHOTO MTPeoOpa3OBaAHMIA:

- 2 L . nNzX
Pn(t)=Ej0 P(x,t)~sdex, o
P(x,t):iﬁn(t)-sin”il_x.

Bce unensl ypaBHeHus (4) YMHOKHM Ha SIPO TpeoOpa3oBaHUs ¥ UHTETPUPYEM
or 0 mo L.

_j_s n%d —_—J'—| @d 2azj'—sm@dx

2aG 2I§(x xl)sinnLLde.

Berauciaum HWHTETpaJibl.

L 52 2nz (P, —(~1)"P
L5 ox L L L

2) L2120 g nxy 107 [ jP(xt)sm”’EX ]:izd P(),
C

c’ Ly ot? L ¢ dt? dt’
@g P . X Ix_z? d IP(X tsin X :2_?dPn(t)_
0 L dt L c” dt

[Ipu BEIYMCIEHNH ABYX MOCIEIHUX UHTETPAJIOB IIPUMEHEHa TeopeMa
o nuddepeHpoBaHn HHTETpaa IO MapaMeTpy.
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2aG 2 ¢ nzX 4 4aG . nrx
4) === . 2 [ 5(x—x)sin dx = sin :
'[ (x=x) L LS L

HpI/I BBIYHCIICHUU IIOCIICAHETO0 MHTErpajia HCIIOJIb30BaHO CBOMCTBO HM-

b
MyI5CHON (QyHKIIUK [4]:J f(X)-0(x=%,)dx = f(X,), ecu X, € [a; b] :

B pesynmbrare HWHTErpanbHOTO MNpPeoOpa3oBaHHs TONYYUM OOBIKHOBEHHOE
mudpepeHnnaI HOE YpaBHEHHE:

d2P,(t) dP (t) (cnﬂjz— 2n7c?
2/ y2a-—" P(t)=(P,-(-)"P —. 9
dtZ + dt + L n() ( " ( ) K) Lz ( )
2
_dac”-G sin 7%
LS L

[Tpeobpasyem HayanbHbIe ycnoBus (6)—(7)

_ 2k . Nrx 2P,
Pn(O)ztho-sdeX— —(1-(-D)")- (10)
J— L 2
dR,(0) _2oP mdxz_zﬁp(x x,)sin 2% dx =
dt  Lyotl, L L
2
__2%G . x| (11)
sL L

cnrz
O0603HaYMM KO3PPUIHEHT (T) = 3}, a paByIO YACTh yPABHEHHS

2nzc®  4ac®-G . nzx
-(-D)"P, -sin =A.
(P-CD"R)=5 S A,
Torna (9) npumer Bux
d’R(t) dP(t)
dt’

BR- A, (12)

Pemaem 3amauy (12) npu ycemoBusx (10) m (11).
XapakTepucTHIeCKoe  ypaBHEHHWE JUIS  OJHOPOJHOTO  ypaBHEHUS:
r’+2a-r+p4°=0. Pemenne XapaKTePUCTUICCKOTO ypaBHEHUS

. 2 2
r,=-a+Ja’-pf=-a+wi, e W=8-a" u w=,pg-a’,

| — MHMMas CANHUIIA.
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Obmiee pemenue nuddepenuuansHoro ypasHeHus (12), yuuTeiBasi, 4To
MpaBasi 4acTh HE 3aBHUCHUT OT t, mpuMeT BUJ

Pa(t)=e™ (M, cos(wt) + N, sin(wt))+ﬂi. (13)

2
n
[ogunnus pemenue (13) nHauansabM yeaoBusM (10) u (11), Haiinem, uto

2R A
Mn_nﬂ(l (1)) 7

2 2
N = aM, 2c GSin nzx _ 2ak (1—(—1)”)— aA, 2c GSin nzx,

" w  wSL L nzw wpB?  wSL L (14)

O6pas3 pemenus HaiiaeH. Hammmrem permerne corimacHo Gopmyite odpamenus (8)

P(x,t)=e") (M, cos(wt)+N, sin(wt))-sinnLLXJr

n=1

. NTX 1" sin X
+£isml-—ﬂi(_) smT_
T =N /Al n
. NzmX, . NaX
4alG ¢ smT-smT )
s &~ n? '

Perenne (15) mas aHamu3a MOXKHO IMPEICTaBUTH B OoJiee ymoOHOH (op-
Me, €CJTM HaWTH CymMMy psaoB. M3BectHo [9], uTO

Zm:ﬂ—_ynpnos y<2r,
a kK 2

o (_1\k-1qj

[Ipeobpazyem 3Tu HOPMYITBI VIS HAIIETO CITydast

sin”—nx T——X
T 09 n V4 2 L
. X
» (-D"sin——
ZPKZ—L:_Eﬂ—Xz—PKLHpH—LSXSL.
= n T 2L L

C y4eToM 3THX CyMMHpoBaHuii pemrerue (15) Oyaer UMeTh BUI
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P(x,t)=e™> (M, cos(wt)+N, sin(wt))-sinnLLX+
n=1
sin 7% gin X
sppbh, A L L (16)
L S =3 n

[IpoBenem ananm3 momydeHHOro pemieHus (16). Yder B IOCTaBIICHHOH
1 d?’P
c? dr’
HUIO B TPYOOINPOBOJIC C YOBIBAIOIICH aMILTUTYAO0N e ™. Bpewms nepexopa k cra-
IIUOHAPHOMY COCTOSHHIO MPOMOPIIMOHATBHO KOA(D(GUIIUCHTY THAPABIHYECKOTO

3aJa4c (4) HWHCPHOHUOHHOI'O CJIaracMoro IMIPpUBOAUT K BOJIHOBOMY TCYC-

v
CONIPOTHBIICHUS U CKOPOCTH JBIKCHISI Ta3a, Tak Kak 2a = /I(S—j .

G C
P

[Ipu cranroHapHOM peXuMe (TEOPETUUIECKU TIPU t—00) JaBJICHHUE OTIpe-
JeTseTCS 3aBUCIMOCTBIO

. nzx, . NzX
P-P dalc& M S
X=—

H

P(x,t)=P, +
B =F, L s n

(17

2

Jus tpybonposona 6e3 orbopa (G = 0) HecTalIOHAPHOE JABJICHUE MOXK-
HO BBIYHCIIUTH

P(x,t)=P, + " [ Foxse (K, cos(wt) +J, sin(wt))-sinnil_x,
n=1

ZPO n 2 F)H _(_1)” PK
e K, :E(l—(—l) )—%
b, =2y gy 2UBCUR), (18)

nzw wnz

Ipu 6onpumx Bpemenax (18) TpancopmupyeTcs B IMHEHHYIO 3aBUCUMOCTb

P(x,t)=P, +@x. (19)

PesyabTarsl

B kadectBe mpmMmepa paccMOTPUM YYacTOK Ta30MpoOBOAa ITHAMETPOM
D = 1,22 m (Buyrpennuii auamerp d = 1,196 M) Mexay ABYMS HACOCHBIMH
CTaHITUSIMH, PACCTOSTHUE MEXAy KoTopbiMu 120 kM. /[aBmeHne Ha HaYaaIbLHOM
yuactke P, = 5,44 MIla, napnenue Ha koHeuHoM P, = 4,23 MIla. Koaddpunuent
ruapaBnrdeckoro conporusiaeHus A = 0,02. KoaphunmeHT oTKIOHSHHS peab-

Ne 5, 2024 HedTb M ras 111



HOTO ra3a OT ujcanbHOro mpumeM Z = 1. ["a3oBas mocTosHHAsS R=518H_>K,

KI‘ .
CKOpPOCTH 3ByKa ¢ = 427 m/c ipu T = 293 K [10].
Maccossrii pacxon [11, 12]
2 2 pe2
m =24 JB =P, (20)

4 AZRTL
B namem cinyyae
7-1,196 [(5,44° —4,23%)-10%-1,196
4 0,02-1-518-293-120000

M = =221 Kr/c.

[TnoTHOCTH oOmpenenseM JHHEHHBIM HHTEPIIONUPOBAHUEM HA 3aJIaHHOM
y4acTKe IPH IPHHSTHIX JABICHHSX HA KOHIAX y4acTka p = 33 kr/m® [10]. Cpex-
HsISl CKOPOCTB Ha 3TOM YYAaCTKE y — M _221_ 6,7 M/c.

p 33

Koa¢dpuuuent nuneapuzaumu

Av _0,02-6,7
a=—=—"—

=2 ~0,056~0,06( X |.
2d  2-1,196

¢

Taxum 00pa3zom, AJ1s1 YUCICHHBIX pacueToB 1o Gopmynam (16), (17), (18)
MOJYYHJIIH CIEAYIOIINE YUCIoBBIe napameTpsl: P, = 5,44 MIla, P, = 4,23 Mlla,
Py=4,23 MITa, L= 1,2:10°m, 2a = 0,06 1,
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Ot60p B TOUKE X1 = 5-10% M ¢ MaccoBbM pacxogoM G = 70 Kr/c HadHHACT-

¢S MTHOBEHHO B HaYaJIbHBIE MOMEHT BpeMeHHu (HadanbHOe yciosue (7)). I'pa-

(dugeckn 3TOT (DAKT OTpa)kaeTcss OONBITUMHU aMIUTUTYIaMH 3a HEOOJBIIOMN

HadaIbHBIA TIepuos paboTel. C TedeHHMEM BpPEMEHH aMIUIATyda KoJeOaHMi
OBICTPO YOBIBACT, YTO BUIHO M3 PUCYHKA 2.
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Puc. 2. JuHamuKka daeneHus 2a3a 8 HA4AAbHLILU Nepuod
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[TpumepHo uvepe3 17 MUHYT IpH 3aaHHBIX BBIIE MapameTpax MpOIecc
MEPEeXOoANUT B CTallMOHApHBIA pexuM. Ha pucyHke 3 mpexacrtaBiieHa AMHAMHKA
_ 4
nasiieHus 6e3 0Toopa u ¢ 0TO0POM B TOUKE X; = 5107 m.
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—
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Puc. 3. AUHGMUKG dasneHus 2a3a e CMAayuoHapHoOm pexcume
1) G=0 k2/c; 2) G = 70 K2/c 8 mouKe x; = 5-10° m

VYaudunupoBanHas MareMaTHdecKas MOJAENb TMHAMUKU HECTAllUOHAPHO-
T'O JABJICHUS B CIOXHBIX TPYOOIPOBOAHBIX CUCTEMaX C MCIOJIb30BaHHEM 0000-
meHHblX ¢yHkumi Jupaka u XeBucaiiza Oblla mpeasiokeHa mpogeccopoM
M. A. T'ycetinzane [5, 7]. [Ipu 3TOM mocTaBiIeHHBIE UM 33724l ObUIH PEIICHBI
0e3 yuera MHEPLUOHHOTO cJaraeMoro (BTOpOW MPOM3BOAHOI MO KOOpIMHATE),
TO €CTh pacCMaTpUBAIOTCS ypaBHEHUs mapabojuecKoro Tuma. Pemenus 3agay
OTPaHUYMBAIOTCA TMOJy4YeHHeM (OpMyN AWHAMHUKH JaBlICHHS, KOHKpPETHBIC
MPUMEPHI MTPU PETbHBIX MTapaMeTpax He paCCMaTPUBAIOTCHL.

Wzyuenne qMHAMUKH 1aBJICHUS C HCIIOJIb30BaHUEM MHEPIUOHHOTO cllara-
€MOTr'0 MO3BOJIMJIO AONOJIHUTENBHO ONPENeUTh TIEPHO/ BOJTHOBOTO TEUEHHS T10-
cJie Havasa paboThl TpyOOTIPOBOIA.

BriBoabI
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CTallMOHAPHOI'O JABJCHUS Ta3a Ha TOPU3OHTAJILHOM Yy4yacTKe TpyOompoBona
¢ oT0OpOoM B 3amaHHOHN Touke. JIJIsl onucaHus MaccoBOro 0TOOpa MCIONIb30BaHA
umnynbcHast QyHkuus Jupaka.
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CTallMOHAPHOCTU 3aBUCHUT OT HECKOJBbKUX (hakTOpoB. ' TaBHBIMM SABISIOTCSA KO-
3¢ GUIKEHT THAPaBIMYECKOTO CONPOTHBICHHUS U CKOPOCTh IIOTOKA.

3)  Pacuersl mokasamy, YTO HPH 3aJaHHBIX B IPHMEpe MapameTpax
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