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Poszensaoaemoca npoyec ouuwyennsn mazicmpanbHux 2a3onpoeooie ovu-
CHUMU NOPUIHAMU MAHICEMHO20 MUNY 8I0 PIOUHHUX CKYNUYEHb, W0 YMBEOpIO-
I0MbCsL Ni0 4ac Mpancnopmy6anHs npupoonozo 2aszy. Ocobaugy ysacy npu-
OieHO BUBUEHHIO 2I0POOUHAMIYHUX NPOYECi8, SKI BUHUKAIOMb Ni0 Yac nepe-
MiujeHHs NOPWIHS 8 2a30NPOBO0I, 3AN0BHEHOMY PIOUHOIO 3 He HbIOMOHIBCH-
KUMU 81ACMUBOCMAMU. Y poOOMI 00CTIONHCEHO 83AEMOOII0 PIOUHHO2O CKYN-
YeHHA 3 MBEPOUM MINOM (OYUCHUM NOPUIHEM), WO PYXAEMbCA 3 NOCMIIHOIO
WBUOKICMIO, Ma NPOAHANI308AHO 6NIUE (PI3UKO-MEXAHIYHUX B1ACMUBOCMEl
PiOuHU HA egheKMUBHICMb OUUWEeHHST MPYOONPOBOOY.

Ha ocnosi ananimuunux 0ocniodxceHb Ompumano 3aKOHOMIPHOCMI po-
3N00INY MHIUHUX WEUOKOoCmell No NIoWi NonepeuHo2o nepepizy mpyoonpo-
800y Ma Y30084C 00BIHCUHU PYXOMO20 PIOUHHO20 cKynueHus. [lobyoosano
MAKONC 3ANeHCHOCII PO3NOOITY MUCKY 8 cepedosuyi piokoi ga3zu, aKi 8i00-
opasicaroms xapakmep 63a€MOO0Ii NOMOKY 3 VWIIbHIOOYUMU elleMeHmamu
OUUCHO20 npucmporo. Buznaueno, wjo depopmayis Mandicem o4ucHo20 Nopui-
HSL CYMMEBO 8NIUBAE HA PO3NOOLL MUCKY MA WEUOKOCMI, CAPUAIYY BUHUK-
HeHMI0 nepemoKie pioKoi ¢hazu uepez pyxomy mexcy 6 3anopuiHeduii npocmip.

Ompumani pezyromamu 0aiu 3moey no6yoysamu noeHy KapmuHy 2io-
POOUHAMIYHUX NpOYeci8, AKI CYNPOBOONCYIOMb PYX OYUCHO20 NOPWIHA Mda
8NIUBAIOMb HA eQeKMUBHICb OYUWEHHS MAICMPAlbHO20 2a30NPOB00Y.
Ycemanoeneno, wo nasaenicmo He HbIOMOHIBCLKUX 61ACMUBOCEN PIOUHHUX
CKYN4eHb Npu3eoo0ums 00 iCMomuoz20 30i1bulenHs 00 €Mi8 nepemoxis uepes
nopuiets, Wo 3HUNCYE eghekmusHicmo npoyecy sudaneHus piokoi ¢asu. Jlo-
CNLIOJHCEHHS BUKOHAHO OJisl 080X BUNAOKIE — GUMICHEHHS 800U MA He HbIOMO-
HIBCbKOI pIOUHU 3 PIHUMU PeoNo2iuHUMU Xapakxmepucmuxamu. Pesyromamu
MOOeN0BAHHS NOKA3AIU CYMMEBY 3ANeHCHICMb 2i0POOUHAMIYHUX napamen-
pis 6i0 8 s3x0ocmi ma cmynens HeliHIUHOCMI meyil, Wo HeoOXIOHO 8Paxosy-
gamu npu NIAHYB8AHHI MEXHOLO2IYHUX ONepayitl 3 OUULEeHHs MA2ICMPATbHUX
2a30npoBoodie i po3poONeHHI KOHCMPYKYIL OYUCHUX NOPUIHIE NiO8UuyeHol
ehekmusHocmi.

Knrwouoei cnoea. HenvlomoHniécoka piouna, Ppi6HAHHA DpPYXY 1
Hepo3pUBHOCMi, po3nooil WEUOKOCmell, nepemoKu 4epe3 pyxomy epaHu-
Y10, OYUCHUL NOPULEHD.
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Beryn

[Iporiec BUTICHEHHS PiAMHU TBEPAUM TUIOM B TPYOOIPOBOJI OMHCY-
€TBCS  CKIIQJHOI0 CHUCTEMOIO pIBHSHB, III0 BPaxoOBYIOTh PO3MOILI
IMIBUJIKOCTEH y 00JacTi piakoi da3u, IpyKHY B3a€MOJII0 PIIMHUA 1 TBEPIOTO
TiJIa, a TaKOX Jeopmalliro eIeMeHTIB YIIUIbHIOBadiB. ToMy XapakTep mpo-
1ecy 6arato B YoMy BH3HAYAETHCS (HI3UYHUMHU BIACTUBOCTSAMHU PIIUHU, IO
BHUTICHSETBCA [ 1].

AHaTI3 Cy4YacHUX 3aKOPAOHHUX i BITYM3HAHUX JOCTIIKEHb
Ta myOJaikaunii

AHaui3 cTany BHYTPIIIHBOI TOPOKHUHU ra30MPOBOAY MOKa3aB, 1o (i-
3UYHI BIACTUBOCTI PIIKUX CKYIMYEHb 3MIHIOIOTHCS B HIMPOKHUX MEXax, MpH-
YOMY Ha MOYAaTKOBUX AUISHKAX PiIUHA MOXE MaTH SIBHO BHPAXXEHI HE HbBIO-
TOHIBCHKI BIacTUBOCTI. HeBpaxyBaHHS BIIaCTUBOCTEH PiIMHU MOKE MPUBEC-
TH 10 BiIXWJICHHS PEXHMY YHINEHHS BiJl ONTHMAJIBHOTO, IO B CBOIO YEpry
MPHUBEJIC 10 3HUKEHHS ePEKTUBHOCTI YnIeHHs [2-5].

BucBit/ieHHs1 HeBUPillIeHNX PaHillle YACTHH 3arajJibHOI NpodJeMu

CknaaHICTh TIIPOIUHAMIYHUX MPOIIECIB, a TAKOXK MPOIECIB B3a€MOIIT
piAMHY 1 TBEPAOTO Tija, HE 1a€ MOXKIUBOCTI CTBOPUTH MOJIENb, L0 J03BOJISE
BECTH PO3PAXYHKH OUHMIIECHHS Tra3onpoBOAay. Y 3B'3Ky 3 UM HEOOXiTHO
KOPUCTYBAaTHUCS EMIIPUYHUMH 1 HaMiBEMITIPUYHUMHE 3aleKHOCTSIMHU. [IpoTe,
Il 3aJICKHOCTI MOBUHHI BPaxOBYBAaTH BIIXHMJICHHSA (PI3UUHUX BIACTHBOCTEU
piAMHU Bil HEHBIOTOHIBCHKHMX. B iHIIOMY BHIAAKy MOJETb HEaJEKBATHO
BiJ0OpaXkae XapakKTEPUCTUKH MOJIEIbOBAHOTO mporiecy [6].

TakuM 9rHOM, 711 MiABHUIIEHHS €()EKTUBHOCTI OYMIIECHHS MOPOKHUHU
ra3omnpoBOJIIB 3 BIAKIQJCHHAMH HEHBIOTOHIBCBKMX PITUH  HEOOXI1THO
MIPOBECTH KOMIUIEKC OCIIPKEeHb, 0 BKJIIOYAIOYW B aHAJI3 BIUIMBY BIac-
TUBOCTEH PiJIMHU HA TPOIEC 11 BUTICHEHHS.

Merta Ta 3aBAaHHS J0CTiTKeHb

MeTo10 JOCTIKEHHS SIBJISETHCS JOCTIPKEHHS 3aKOHOMIPHOCTEH BUTI-
CHEHHSI 3 TPYOONPOBOAY OYKMCHUM IOPIIHEM PiAMHU 3 HEHBIOTOHIBCHKHMHU
BIIACTUBOCTSIMU JUTSI MiBUIIICHHS €()eKTUBHOCTI OUUCTKH.

Jocaigxenns

[Ipu BuTiCHEHHI pigkoi ¢a3m TBEPAUM TIIOM 3 TOPOKHUHU
ra3onpoBOJly CIOCTEPITAEThCSA IMIJBHINCHHS THCKY B MPHUCTIHKOBHX
obnacTsax piakoi ¢as3u, BUKIWKAHE BIIMIHHICTIO (OPM €MIOp IIBHUIAKOCTEH
TBEpAOTO TuMa 1 pigua. B 3B's3Ky UM Ba)XXJIWBUM [UTAHHIM
TAPOAMHAMIKY BUIITOBXYBAHOI PIIMHM € BU3HAYCHHS XapaKTEPy PO3MOALTY
MIBUJIKOCTEH PIUHM TO Tepepidy moToky. CTaiioHapHUN TUIMH B'A3KUX He-
CTHCKYBaHHX PiJIUH OMKUCYETHCS HACTYITHOK CUCTEMOIO PiBHSHB [6, 7]

v~Vv=—£Vp+qu, @
Yo,
Vv =0,
ae V — BEKTOp IIBUAKOCTI PpIAMHM 3 TPOEKIISIMH 10 Hampsmax

oproroHanbHux kKoopaunarax U, V, W; p — Tuck; p — ryctuna; v — KiHema-
TUYHA B’s13KicTh; V — onepatop Jlamaca.
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Beaxkaroun mo U, V, W Ha koHTypi L piBHI HY/II0, OEPKUMO PIBHSHHS
HEPO3PUBHOCTI y BUTJISIL

fuds =s-u, )
S
AHAJIOTIYHUM YHHOM 3 BEKTOPHOTO PiBHSIHHS PYXY OJICPKUMO:
d Sép roU
——jUd&w————u@——dL:Q. ?)
dx g p OX oh

TakuMm unHOM, 33/a4a PO PyX BUIITOBXYBAHOI PIAUHU 3BOAUTHCS O
IHTETpyBaHHs CHUCTEeMH piBHSAHb (2) 1 (3) 3 HACTyMHMMH TPAaHUYHUMHU
YMOBaMHU:

- Ha JiBiit Mexi piguHHOI pooku (x=0)

U(0,r)=U, =const

-Ha KOHTYpI TpyOH

uix,n==~0
-Ha MEXI s/1pa 1 IPUTrPAHUIHOTO LIapy
ouU (x,r
0| _,
ar r=R '

s kpyrioi Tpyou giamerpom D = 2R B mMIIiHAPUYHUX KOOpIUHATAX
cucreMa piBHAHB (2) 1 (3) 3 BKa3aHUMH IpaHUYHI YMOBH 3aIUIIYThCS Y BH-
s [8]

d ¢r R oP oU
— Uzrdr+———u-R—r:R=0 (4)
dx 7o 2p OX or :
R
2_[Urdr=Uo-R2, (5)
Ul, =0, (6)
ouU
or Ir=ra =0, (7)
PiBHSIHHSI cTaHY HEHBIOTOHIBCHKOI PITUHU TIPEICTABISETCSY BUTIISIL
o V[
<" Tloy| ex (8)
A€ 7, — JOTHYHI HalpyXXeHHd; X, ¥ — IUIOCKI KOOpAWHATH; O — Mipa

KOHCHHCTEHTHOCTI (CTPYKTypHa B’SI3KICTh); N — CTYIIHb HEHBIOTOHIBCHKOIT
MOBEAIHKHU (TIOKa3HUK TUKCOTPOITHOCTI).

[To3Hau¥MO TOBIIMHY NPUTPAHUYHOIO ILIapy O, 1 NpHMeEMO, M0
IIBUJIKICTh B SIIpi MOTOKY TMOCTiiHa 1o nepeturny U=U(x), a mBHIKICTH B 10
IPaHUYHOMY LIapi PO3MO/IiIEHA 3T1THO 13 3aKOHOM [9]
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n+1

_ (v
V—Ul(x)l[ 5} . (9)

I
3B's130k Mk U 1 X MOKHA oiepKaTH 3 PIBHSHHS 30€peKEHHS KITbKOCTI
PYXY, SIKHi CTOCOBHO JIaHOT'O BUMAJIKY 3aIUILETHCS Y BUTIISAIL

d N R2oP 2aR( oV
S (R=4) U1+2:[(R—r)Vdr+—— |3

) =0. (10)
p ox p r-0

[Ticas iHTerpyBaHHS 1 HECKIAJHUX IEPETBPOPEHb OJEPKUMO
PO3BSI30K Y BUTIISIL

_2(2:n+1)(Bn+1)
KZ+@n+1)(n+1)

Ha pyxomiii mexi TBepmoro Tina i pizkoi ¢aszu npu (x = 0) mBuakocTi
po3noauieHi mo mepepisy motoky piBHomipHo (U = 1). Posrmsamaroun 111
YMOBH SIK TPaHUYHI OJIEPKHUMO

_ [@n+1)@En+1)] Tf(K)dK 12)
2@n+2)[4n+D]" 5 '

(11)

(Bn+1-K)""[ (9n+7)K*=3(n+1)@n+ DK W’ - |
[K+@n+D)(n+1)°" ] '

Jlnst po3moiTy TUCKY 1O JOBXHHI PIAMHHOI MPOOKH Tepesl OUNCHUM
MOPIITHEM, OJICP)KUMO PIBHSIHHS
d( P—P ) 4(Gn+1-K)@2n+1)(3n+1)
&[o,spugj_ (K-n-1)(3n+2)

d J(On+7)K?-2(n+)(Bn+)K +3(n+1)°(3n +1)
dx [K?+@n+1)(n+1)]? :

f.(K) =

(13)

Po3B’s30k (13) mae Bursia

P,—P  4(3n+1) n K?+(@Bn+1)(n+1) y__2n In(K_n_1]+
050U  3n+2 |(2n+1)? | 2(3n+1)(2n+1) 2n+l \ 2n

(3n+1)[(10n +9n+1)K + (n+1)(6n +9n+2)]
[K +(3n+1)(n+1)]
_2n(4n+3)K+(n+1)(36n +68n° +41n+7)
2(n+1)(2n+1)[ K* +@n+1)(n+1) |

5n* +5n+1 n(6n’ +6n+1)
Tn+D@En+DEn+) (n+1)(2n +1) W
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3n+1

K
—arctg :
J@Bn+1)(n+1) n+1

3anexxnocti (12) 1 (14) no3BosstoTh MOOYAYBaTH XapakTep pPO3MOILTY
MIBUJIKOCTEH TO Tepepidy TpyOH y pa3i BUINTOBXYBAaHHS HBIOTOHIBCBHKOI Pi-
JIVHU.

x | arctg (14)

Ul U/l
i I N ait
15 _ N a 15 02
04 a4
| [ | 06
10 —_t — —f — — 10 4
X X a8
054 — — — = — = — == a8 |
05 = /R =09
.'"/f? = 09 | |
B I
a aoz 0os 006 008 «x/0Re g 5.:32 5.:'34 006 008 X/ﬂ e

a) — BoJia; 0) — HCHBIOTOHIBCHKa pianHa (N=0,7: '% =0,5).

Puc. 1. Po3noain mBuakocTei 1o mepepizy moToky

[Ipy>)xHa nist pimWHHOI TPOOKH, IO BHINTOBXYETHCS TIOPIITHEM 3
TpyOONpOBOAY, 3 €JIEMEHTaMH YIIUIbHIOBA4iB OUYMCHOTO IPUCTPOIO,
MIPUBOIUTH 70 MIABUIIICHHS TUCKY B pinkii (asi i nedopmartii ynrinpHeHb. B
pe3ynbTaTi Takoi B3aEMOJii B MpPU CTIHHOMY IIAapi YTBOPIOIOTHCS LIUIMHH,
yepes, sKi piIuHa MPOTIKAE B 32 MOPIITHEBUI TIPOCTIP.

Xapakrep aedopmartiii i BeTM4KMHA MEPETIKaHb PIAMHHU, Yepe3 PyXOMY
TBEpPly TPAHUIIO BU3HAYAETHCS HEPIBHOMIPHICTIO PO3MOJIIY THCKY IO TIe-
pPEeTHHY MOTOKY B PIAMHHIM 00JIACTi, 10 B CBOIO YePry BUKJIMKAETHCS Bif-
MIHHICTIO y ¢opMax 3MIOp MIBUAKOCTEH TBepaoro Tina 1 pinkoi ¢a3u. He-
PIBHOMIPHICTD PO3MOALTY HIBUAKOCTEH 1O Nepepi3y MOTOKY BHILTOBXYBAHOI
pIIMHU BHU3HAYAETHCS PIBHSAHHAM (12), ske BKItOYae (i3uyHI BIACTUBOCTI
pinuam. [Ipu BimoMoMy po3moniii MIBUAKOCTEH 1O mepeTuHy motoky U (X,
I') XxapakTep pO3MOJILTy TUCKY 11O TIEPETUHY BU3HAYAETHCS 13 3aJI€KHOCTI [7].

AP(x,r) 20, 1_£ U (x,r) (15)
E SH+d| 5 U, |
ne E — Mmomynb npyKHOCTI piAuHU.

OpnepxaHe pIBHSHHS CIUIBHO 3 PIBHAHHAM Jedopmariii MaHXeT
OYHCHOTO MPHUCTPOIO TO3BOJISIOTh BU3HAYUTU 00'€EM MEPETOKIB PiTUHU Yepe3
PyXOMY TPaHUIIIO 10 JOBXKHUHI TpyOompoBoxy L.

SIK110 B piBHSHHS PO3MOALTY MIBUAKOCTEH B piakiit oOnacti (12) npu-
WHATH N=1, a CTPYKTypHY B'SA3KICTh 0. PIBHY B'SI3KOCT1 |L HBIOTOHIBCBHKOI pi-
JIMHH, TO BKa3aHEe PIBHSHHS MOXE CIY>)KUTH OCHOBOIO JIJISI PO3PaxyHKY pe-
YKUMY BUIIITOBXYBaHHSI HbIOTOHIBCHKOT PIIMHU 3 TPYOOIIPOBOTY.
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BukopucToByroun omMcaHWil BUIIEe alropuTM, Oyna moOynoBaHa 3a-
JIEXKHICTh, 00'eMy nepeTikanb W BiJl BUAKOCTI PyXy OUYUCHOTO MPHUCTPOIO
U,. Pesynpratu y Burnsai rpagikis npuBeneHi Ha puc. 2.

[HIIMM YWHHUKOM, IO CHpHSE€ YTBOPEHHIO TMEpPEeTiKaHb DIiIUHH B
3aIMOPIIHEBUIN MPOCTIP € T1IPaBIiYHUAN yrap, 10 BUHUKAE Y MOMEHT 3yCTpi-
Yl OYHMCHOTO TOPIIHS 1 MPOOKH PIIKUX CKYMYeHb. BenuuuHa migBUIIICHHS
TUCKY B HACJIIOK TiAPaBIIYHOTO yIapy OYUCHOTO MOPIIHS 1 MPOOKHU PiIUHU
B TpyOompoBoAi Moxke OyTu 3HaijeHa 3 piBHSHHSA JKyKOBCBKOTO, IIIO
J03BOJIUTH OLIHUTH BEJIMYMHY MEPETOKIB PIAMHU Yepe3 PyXOMYy T'PAHHULIIO
BHACIIIJIOK TiApOyaapy.

OG'em neperikanp W, BHACIIIOK TiIPaBIIYHOTO yaapy HOPIIHS 1 TPOOKH
PIIKMX CKyMUYeHb 13 30UIBIICHHSIM IIBUIKOCTI PYXY OYHMCHOTO MPHCTPOIO
3poctae. Lle moOpe y3romkyerscst 3 piBHSHHAM JKYKOBCHKOTO Uil TiJpaB-
JIYHOTO y/apy. 3araibHul 00'€eM TepeTiKaHb PIAVMHUA B 3alOPIIHEBUI MPOCTIP
Moxe Oyt mpeactaBiaeHuid y Bursiai cymu oo'emiB Wi 1 Wa. 3anexHicTb 3a-
TaJIbHOTO 00'€My TMepeTiKaHb BiJl IIBUAKOCTI PyXy OUYHMCHOTO MIPUCTPOIO MPHUBE-
neHa Ha puc. 2. Ll 3anexHIiCTh Mae MiHIMyM SIKOMY BIZIOBIIAa€ ONTUMAbHA
MIBU/IKICTh PYXy OYMCHOTO TPHCTPOIO. 3iCTABICHHS KPUBUX ISl HBIOTO-
HIBCHKO{ 1 HEHBIOTOHIBCHKOI PIIMHU TIOKA3ye, 10 ONTUMAIbHI IIBHIKOCTI PyXy
OYMCHOTO MPHUCTPOIO B 000X BUIMAIKAX ICTOTHO BIAPI3HIIOTHCA.

| |
| |
_ ; | X
g a5 10 15
1 — cymapHi neperoku (Boaa); 2 — cyMapHi epeToku (HEHbIOTOHIBChKA pilnuHa)
Puc. 2. Bu3HaueHHs oNITUMaIbHOI HIBUAKOCTI OUUCHOTO MPUCTPOIO

AHaIi3 pe3ynbTaTiB JOCTIKEHD MTOKA3Ye, 10 3aJISKHO BiJl PEOJIOTTYHHIX
BIIACTHBOCTEH HEHBIOTOHIBCHKOI PIAMHU, 3HAYCHHS ONITUMAJIBHOI IIBUIKOCT1
TIOPIITHS MOXE BIAXWIATUCS BiJl 3HAUYEHHS, OJICPKAHOTO JIJI1 HBIOTOHIBCHKO1
piguH Ha Benmuuuny 10 40 %.

BucHoBkH

Ha ocHOBI MaTeMaTHYHOTO MOJIEITIOBAHHSI TIPOLIECY BUTUCHEHHS PIIMHH 3

ra30IMpPOBOIY OUYMCHHUM TOPIITHEM OTPHUMAHO 3AJICKHOCTI XapakTepy PO3MOALTY
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MIBUAKOCTEH PyXy PIIMHH 1 THCKY O Tepepisy TpyOW 1 B3JOBX PiIMHHOTO
CKYITYEHHS, SIKI MOKa3ylOTh CYTTE€BHI BIUIMB BJIACTUBOCTEH BHINTOBXYBAHOI
PIIMHU XapakTep 1 BEJMYMHY IIEPETOKIB Yepe3 pyXxoMy TpaHUINo, IO
HEOOXI1THO BPaxOBYBaTH IPH TUTAHYBaHHI OUHIIICHHS Ta30MPOBO/IIB.
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The paper examines the process of cleaning main gas pipelines using
sealing-type cleaning pistons designed to remove liquid accumulations that
form during natural gas transportation. Special attention is paid to the study
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of hydrodynamic processes occurring during the movement of the piston in-
side a pipeline filled with a fluid exhibiting non-Newtonian properties. The
interaction between the liquid accumulation and the solid body (cleaning
piston) moving at a constant velocity is analyzed, with consideration of the
influence of the fluid’s physical and mechanical properties on the cleaning
efficiency of the pipeline.

Based on analytical research, the regularities of the distribution of lin-
ear velocities across the pipeline cross-section and along the length of the
moving liquid accumulation were obtained. The corresponding pressure dis-
tribution in the liquid phase was also determined, reflecting the interaction
between the flow and the sealing elements of the cleaning device. It was es-
tablished that deformation of the sealing elements of the piston significantly
affects the pressure and velocity distribution, leading to liquid phase leakage
through the moving boundary into the space behind the piston.

The obtained results made it possible to develop a detailed picture of
the hydrodynamic processes accompanying the motion of the cleaning piston
and affecting the overall efficiency of pipeline cleaning. It was found that the
presence of non-Newtonian properties in the liquid accumulations results in
a significant increase in the volume of leakage through the piston, thereby
reducing the effectiveness of liquid removal. The study was carried out for
two cases — the displacement of water and of a non-Newtonian fluid with
different rheological characteristics. The modeling results demonstrated a
strong dependence of hydrodynamic parameters on viscosity and the degree
of nonlinearity of flow behavior, which must be taken into account when
planning technological operations for cleaning main gas pipelines and de-
veloping advanced designs of cleaning pistons with improved efficiency.

Keywords: non-newtonian fluid, equations of motion and continuity,
velocity distribution, flows through the moving boundary, cleaning piston.
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