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AHHOTALUMNA

BeepeHue. [Npu npoekTmpoBaHnn TpyOGONpPOBOAHBLIX NEPEXOA0B Pa3fIMYHOIO Ha3HAYEeHUS peLLeHNne MHOTUX NHXEHep-
HbIX 3a/4a4 CBA3aHO C pacyeToOM pacnpeneneHns CKOpocTel N OLEHKOM Co3aaBaeMbIX MU rMapPaBnMyecknx conpoTms-
neHui. NMockonbky TEOPETUHECKMM MYTEM OLEHUTb BENUYNHY KO3 PULMEHTOB rMAPOANHAMNYECKOTO COMPOTUBIEHUS
1 NOABLEMHOWN CUSbl 3aTPYAHUTENBHO, 0ObIYHO NpuberaloT K aKCnepuMeHTanbHbIM nccnegoBaHuam. Tpybonposogd no
OTHOLLIEHMIO K MOTOKY MOXET pacrnonaratbCsi Mo-pa3HoMy, Takke Ha npakTuke Tpybonposoapbl 3arnybnsoT B AHO BO-
portoka. B dumanyeckux akcneprmeHTax 4acto MOAENMPYeTCH YacTUYHO 3arnybneHHbIn TpybonpoBoa nyTem yceye-
HMsA 3arnybrneHHoro yyacTka TpybonpoBoaa. Takasi cxeMa 3KCrepuMeHTanbHOM yCTaHoBKM Gonblue NoaxoauT Ans
TpybonpoBoaa, pacrnonoXeHHOro B HenpoHuLaemom aHe. B AeicTBUTENbHOCTY NoABEPXXEHHOe 3po3nun AHO GbiBaeT
rnopucToe n NpoHuULLaemoe.

MaTtepuanbl n meToabl. YMcneHHO nccrnefoBaHbl 'MAPOANHAMUYECKUE CUTbl, AECTBYIOLLME Ha TPyOONpoBOA C He-
paBHOMepHbIM 3arnybneHvem ¢ obenx CTOpPOH, Ha NpoHWL@emMoM AHe. [Ans MogenvpoBaHWUs TeYEHUS B XKUOKOCTU
NPUMEHSIOTCS ABYMepHble ypaBHeHus HaBbe — CTokca, ycpeaHeHHble no PenHonbAcy ¢ k—e mogenbto TypbyneHT-
HocTu. [NpeanonaraeTcs, YTO NPOCa4YMBaOLLMIACS MOTOK HA NPOHULL@EMOM [HE NoAYMHAETCS 3akoHy [lapcu, ypaBHe-
Hue Jlannaca peluaeTcs Ana pacyeTa NOPOBOro AaBreHUs B NMPeAnoioXXeHNN N30TPONMHOro U OOHOPOAHOrO AHa.
PaccmaTtpuBatoTca CTpykTypa NoToka 1 pacnpeaeneHue gasneHvs Bokpyr Tpybonposoaa. [Ans yscneHHoro mogenu-
pOBaHMSA MCMonb3oBaH nporpammHbiv kommnnekc (MK) ANSYS Fluent.

Pe3ynbraTbl. YCTaHOBMNEHO, YTO CTPYKTYpa Te4YeHWNs BOKPYr TpybonpoBoda acMMMETpUYHa 13-3a pasHuLbl YPOBHEN
OHa ¢ AByx cTopoH Tpybonposoga. B MK ANSYS Fluent 6bin cmogenvpoBaH npouecc pasmbiBa NeCYaHOro AHa B 30He
pasmelleHns Tpybonposoga. BbINOMHEHO cpaBHeHVEe pesynbTaToB pacyeTa Npu pasnuyHbIX pacxodax. BeiseneHo, 4To
CylLecTByeT o4eBUAHasi pasHuLa Mexay rmapoauHamMuyeckvmMmn curamu, UChbITbiIBaeMbiMU TPyOONPOBOAOM, U3-3a
aCMMMETPUYHON CTPYKTYpbl MOTOKa BOKPYr Tpybonposoaa.

BbiBoAbI. BbisiBNeHbl MMKOBbIE 3HAYEHUS BHELLHUX CUM U MOABLEMHOW CUIbl, YMEHbLUAKLLENCS Mo Mepe yBenmyeHus
3Ha4eHVs 3arnybnexHuna B AHO, 3a Tpy6onposodoMm e,/D. MakcumanbHas NorpelHoCTb Cusl COMNpPOTUBIIEHUSA U NOAb-
€MHOW Curbl, BblYMCNEHHAs ¢ ucnornb3oBaHneM psaa Pypbe LecToro nopsigka, cocraenset okono 4 %.

KIMKOYEBBIE CINOBA: uicneHHoe mogenunpoBaHue, obTekaHue TpybonpoBoga, NpoHMLaemMoe gHO, HepaBHOMED-
Hoe 3arnybneHne Tpybonposoaa, NoaBoAHbIN Tpybonposoa
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ABSTRACT

Introduction. When designing pipeline crossings for various purposes, the solution of many engineering problems is as-
sociated with the calculation of velocity distribution and estimation of hydraulic resistance created by them. Since it is very
difficult to estimate the value of hydrodynamic resistance coefficients and lifting force by theoretical means, experimental
studies are usually resorted to. Pipelines can be positioned in different ways in relation to the flow, and in practice pipelines
are also buried in the bottom of the watercourse. In physical experiments, a partially buried pipeline is often modelled by
truncating the buried section of the pipeline. This experimental setup is more suitable for a pipeline located in an imperme-
able bottom. In reality, erosion-prone bottoms are often porous and permeable.
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Materials and methods. Hydrodynamic forces acting on a pipeline with uneven depth on both sides, on a permeable
bottom, are numerically studied. Two-dimensional Navier — Stokes equations averaged over Reynolds with k—e turbu-
lence model are used to simulate fluid flow. The seepage flow at the permeable bottom is assumed to obey Darcy’s
law, the Laplace equation is solved to calculate the pore pressure assuming an isotropic and homogeneous bottom.
The flow structure and pressure distribution around the pipeline are considered. The ANSYS Fluent software package
is used for numerical modelling.

Results. It was found that the flow structure around the pipeline is asymmetric due to the difference in bottom levels on
the two sides of the pipeline. The process of scouring of the sandy bottom in the area of the pipeline location was modelled
in ANSYS Fluent. Comparison of calculation results at different flow rates was made. It was found that there is an obvious
difference between the hydrodynamic forces experienced by the pipeline due to the asymmetric flow structure around
the pipeline.

Conclusions. Peak values of external forces and lift force decreasing as the value of depth into the bottom behind
the pipeline increases (e,/D). The maximum error of the drag and lift forces calculated using sixth order Fourier series
is about 4 %.
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BBEJEHUE

OrneHKa yCTOHYMBOCTH TPYOOTIPOBOIHBIX TIepe-
XOJ/IOB Y€pe3 BOAOEMbI He0OX0AMa IS BBITIOITHEHUS
TpeOOBaHUH IKCIUTyaTallMy TPyOOIIPOBOIOB U MIPOJI-
JICHUSI CPOKa UX CIIykObl. MccnenoBanue CymecTBy-
IOIIUX TPYOOTIPOBOIOB MOKA3bIBACT, UTO OOJNbIIas
HX YacTh MPOJIOJKEHA Pa3HBIMU criocobamu. CTeneHb
3anTyOJIeHHs 9acTO BapbUPYETCs 110 MapuIpyTy Tpy-
0ompoBoIa, a TaKXKe MO 00e CTOPOHBI TPYOOIIPOBOIA.
ITornmaHue rUAPOINHAMUYECKUX CHII HA YACTHYHO
3arTyOJICHHBIX TPYOOMPOBOIaX BaXKHO JJISI OI[CHKHU
YCTOMYHMBOCTH TPYOOINPOBOJIOB, PACTIOJIOKEHHBIX
Ha JHE BojoToka [1-5].

B nHacrosiiiee BpeMst IpOBEACHbI NCCIISIOBAHUS
TUAPOIMHAMUYECKHUX CHJI, IEUCTBYIONINX Ha TPyOO-
MIPOBOJI, BEI3BAaHHBIX BOJIHAMHU U TCUCHUSAMH [6-21].
B pabote [22] BbINIONIHEHA CEPHsT UCIIBITAHUI 110 U3-
YYEHUIO THIPOJIMHAMHYECKOTO BO3/ICHCTBHS Ha 3a-
LIUIICHHBIX TPYOOIPOBOAAX, B3aNMOACHCTBYIOIINX
C BOAHBIM MOTOKOM. D(PEKT YKPBITHS JOCTUTAII-
Csl YaCTUYHBIM 3aniyOiieHueM TpyOorpoBoaa Wiu
YKJIaJKOH TpyOOnpoBOAa B OTKPBITYIO TPAHIICIO.
YcTaHOBIIEHO, YTO TUAPOAMHAMUYECKUE CUIIbL, 1€H-
CTBYIOIIIME HA YaCTUYHO 3ariyOJIeHHBIH TPyOOIpo-
BOJI, 3HAYUTEIBHO YMEHBIIAIOTCS C YBEJIUYCHHEM
3anryoneHus B 1Ho. Hampumep, ans tpydornposona
¢ 3antyonenuem 40 % ko3 GUIIeHTH COMPOTHBIIE-
HUSI M MHepUMH ObLIU CHIDKEHBI Ha 60 %, a koaddu-
ACHT NOJABbEMHOM cuiibl — Ha 30 %.

B ¢usndecknx 3KkcmepuMeHTax 4acTO MOJEIH-
pyeTcsl YaCTHYHO 3ariTyOJeHHBIN TPyOOIPOBO ITyTEM
ycedeHHs ero 3ariayOiieHHoro ywactka. Hampumep,
B Tpyze [22] onmcaHa MOAeTs TPyOOIpoBoIa, KOTOpast
Obuta momernieHa Ha 3,0 MM BBIIIIE TBEPAOTO IIOCKOTO
JIHA, a CepeiMHa 3a30pa 3arepMeTU3UpoBaHa IS U3-
MEpeHUsl THAPOANHAMUYECKHX CHJI Ha YaCTHYHO 3a-
rTyOIIeHHOM TpyOormpoBojae. Takast WCIIBITaTeIbHAS
ycTaHOBKa 00JIbIIIe MTOJXOIUT JUisl TPyOOIPOBO/Ia, 3aJ10-
JKEHHOTO B HEIIPOHUIIAEMOM JIHE, a HE B ITPOHMIIAEMOM.
B nelicTBHTENBHOCTH CIEAYET YYUTBIBATH, YTO JTHO
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nopucToe u nponunaemoe. [lopoBoe nasnenue, cosna-
BaeMoe (pHIIBTPAIIMOHHBIM OTOKOM, OKa3bIBAET CYIIle-
CTBEHHOE TMIPOJIMHAMHUECKOE BO3JICHCTBUE HA TPYOO-
npoBo. H. AH u coaBT. [23] urcIeHHO CMOIETUPOBAIH
TUIPOJMHAMUYECKOE BO3/eHCTBHE Ha TPyOOIpOBO,
YaCTHYHO 3arTyOJIEHHBIH B INIOCKOE ITPOHUIIAEMOE JIHO,
B YCJIOBUSIX KOMOMHHPOBAHHOTO KOJIEOATEIbHOTO IOTO-
Ka M CTal[HIOHAPHOTO TEUCHHSI.

HccnenoBanue rHIpOAMHAMHYECKUX CHII, ACH-
CTBYIOIIMX Ha TPyOOIPOBOJ, pacCMaTpHBaJIOCh IIyTeM
00beAMHEHHST MOJICITUPOBAHUS (PMIIBTPAIIMOHHOTO T10-
TOKa C MOZICIIMPOBAHUEM TEUEHHsI HaJl JIHOM. bbuio 00-
HAPY>KCHO, YTO TUIPOJTUHAMUYCCKUE CHIIBI YMEHBIIIA-
I0TCSI C yBEJIMUCHHEM NIIyOHHBI 3ayieranust. CHUKeHHE
K02 QUIMEHTOB IHPOANHAMHYECKOTO COIIPOTHUBIICHHUS
Y TIOIbEMHOM CHIIBI OKa3bIBACTCS JIMHEHHBIM C YBEIH-
YeHHUEM DyOuHbI 3aneranus [24]. Takke onpeneneHo,
YTO NPOHUIIAEMOE JTHO OKa3bIBAET 3HAUUTEIBHOE BIIUS-
HHE Ha TOPU30HTAJIBHYIO CHITY, B TO BPEMSI KaK BIIMsSHHE
Ha MObEMHYIO CUIIy HE3HAUUTENbHO [25].

HUccnenoBanusi, MPOBEICHHBIC B OTHOIICHUU THU-
JPOJIMHAMUYECKUX CHJI Ha YaCTUYHO 3ariyOJIeHHOM
TpyOONPOBOJIE, OCHOBAHBI UCKIIIOYUTEIBHO HA MPEa-
TIOJIOKEHHUH, YTO YPOBHHM JTHA 110 00€ CTOPOHBI TpyOO-
MPOBO/Ia OIMHAKOBBIE. DKCIIEPUMEHTAIILHBIN PEe3yJIbTaT
Y.M. Chiew [26] noka3zai, 4to nmpouiu JHa ¢ ABYX
CTOPOH YaCTHYHO 3aniTyOJICHHOTO TPYOOIIPOBO/a MOTYT
3HAYUTEIBHO Pa3IMyaThcs M3-3a MECTHOTO pa3MbIBa
1 neperoca HaHocoB. OIHAKO I'MPOANHAMUKA YaCTHY-
HO 3anTy0JIeHHOrO TPyOOIpOBOa C HEPOBHOM 3aChII-
KOHM ¢ 00eMX CTOPOH M3y4YeHa HEJ0CTaTOYHO.

B nanHO# paboTe YHCIEHHO UCCIEIYIOTCS TH-
JPOJMHAMHUYECKUE CHIIBI, JICHCTBYIONINE HAa YaCTUYHO
3anTyOJICHHBIN TPyOOMPOBO/T C HEPABHOMEPHBIM 3ariTy-
OneHueM 1o 00e cTopoHs! TpydompoBoaa. Ha puc. 1 mo-
Ka3aHa cxema TpyOoIpoBo/ia, YaCTUYHO 3arTyOIEHHOTO
B HEPOBHOE JHO. [yOnHa 3arntyOneHus TpyoonpoBoa
C ZIByX CTOPOH OMNPEJIETAETCS KaK €, ¥ €, COOTBETCTBEH-
Ho (puc. 1).

YuciieHHOE MOJISITUPOBAHKE [TPOBOIUIIOCH B IIPO-
rpammaOM Komrmiekce (ITK) ANSYS Fluent mpu pas-
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AY

Puc. 1. Cxema pacnooKeHus 4aCTHYHO 3arTyOIeHHOTO TPY-
GompoBona

JIMYHBIX 3HaYeHUAX yucel Pelinonsaca: Re =2,2 - 10°;
Re=3,2-10% Re=4 - 10°, nByx 3Hauenusx e /D = 0,02
u 0,5 n naru 3nagenusx e,/D = 0,1; 0,3; 0,5; 0,8 n 0,98.
[Ipu 3TOM HCCIENOBAaHBI CTPYKTYPHI TEUCHHUS, PacIpe-
JICJICHUE TaBJICHUS U CHIIOBBIC BO3ICHCTBHSI HA TPYyOO-
MIPOBOJI.

MATEPHUAJIBI U METO/JbI

IIpu npoBeneHNM MOACIMPOBAHUS OBLIO MPHU-
HSITO PacIoJIOXKEHHUE CUCTEMBbl KOOPJUHAT B I[EHTpE
TpyOOIIpOBO/Ia, KaK 1MokazaHo Ha puc. 1. [Tonoxenne
TOYKH Ha IOBEPXHOCTH TPYOOIPOBOAA OIPEACIISICT-
Csl YIJIOM 0, KOTOPBIM HaYMHAETCsl C HYJIEBOM TOUKHU
110 ocu X M BpaIiaeTcst IpOTUB YaCOBOM CTpeku [22].

st MmonenupoBaHust TypOYJIEHTHOCTH HCIIOJb-
30BaHa CTaHAApTHas k—& Mozaens [27], ocHOBaHHAs
Ha YpaBHEHUSIX MEPEHOCAa KWHETUYECKOW dHEPTUu

TypOYJICHTHOCTH kK M CKOPOCTH €€ JUCCHIALNH €.
Pacuernas o6sacTh AUCKPEAUTHPYETCSI CTPYKTY-
PUPOBAHHBIMU 4-y3J0BBIMH YETHIPEXYTOJIbHBIMU
DIIEMEHTAMH, KaK TO0Ka3aHo Ha puc. 2 (e,/D = 0,5
u e/D = 0,3). OO1iee KOIMYECTBO y3JI0B pacyer-
Hou ceTku (puc. 2) paBHo 27 018. Cerka BBICOKOH
IIJIOTHOCTH HCIIOJIB3YETCsI BOKPYT TBEPABIX I'PaHUIL
00TekaeMOll TOBEPXHOCTH TPyOOTpoBoIa I o0e-
CIICYEHMSI TOYHOCTH HPOTHO3UPOBAHUS TEUECHMUS
B MIOTPaHUYHOM cJjioe [28].

OTKpBbITasl 4aCTh IIOBEPXHOCTH TPYOBI pa3douTa
Ha 200 y3710B, a MUHUMAaJIBHEI pa3Mep dJIEMEHTa
B PaJuaIbHOM HAIPABIECHUH PSIZIOM C TIOBEPXHOCTHIO
TpyOonpoBozaa cocrasisier 0,0001D. 3artydneHHas
4acTh MOBEPXHOCTH TPyObI pazoura Ha 100 snemen-
TOB. MoaenupoBaHue BBIIOIHSIIOCH ST KaXK10T0
ciydast 3arnyOnenus u uucna Peitnonbaca. I[pumep
CETKHU IPHUBEJEH Ha puC. 2.

[pennonaraercsi, 4To GUIBTPALIHS KHKOCTH B TIO-
pHcCTOii cpene nomunHsercs 3akony Jlapcu. YpaBHeHue
Jlanmaca pemraeTcst MeTOZOM KOHEUHBIX 3JIEMEHTOB JUTs
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Puc. 3. Ctpykrypa tedenus: a — e /D = 0,02; e)/D = 0,1; Re = 3,2 - 10°; b — e /D = 0,02; e,/D = 0,5; Re = 3,2 -

¢c—e/D=0,02¢/D=098 Re=32" 10°
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Puc. 3. Ctpyxrypa teuenus: a — e /D = 0,02; e,/D = 0,1; Re = 3,2 - 10°; b — e/D = 0,02; e,/D = 0,5; Re = 3,2 - 10%;
c—e/D=0,02;e/D=0,98; Re = 3,2 - 10°(oxoH4anue)

OIIpeIeNICHNsI TOPOBOTO JABJIECHUS B IPYHTE. YpaBHEHHUE Ha kaxoM mare pac4eTHOro BPEMEHH I10JIE Te-
Jlaraca uMeer BHIL: YEeHHs HaJl THOM CHaudajla pacCUNTBHIBAIOCH IIyTEM pe-
IICHHS IBYMEPHBIX yPaBHEHUH IBIKCHUS BS3KOH XK1~
koctu HaBre — CToKca, ocpeiHeHHbIX 110 PeliHombacy.
BsaumogeiictBue (a3 yuuThiBaeTCs Yepe3 oolee JaB-
neHue u kod3pdunueHTs MexpasHoro oomena. ['eo-

Op Op_

=0.
ox* oy’
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Puc. 4. Pacnipesiesienne 1aBlieHust 1 CKOPOCTH MOTOKa 3army6JieHHoro Tpybonposoa npu: a — e,/D=0,1; Re =3,2 - 10% b —
e/D=0,5Re=32"10%c—e/D=098 Re=3,2"10°

L
oot Kt Erargy

110001
992002
o
771602
661002
551002
441002
3I3e02
220002
1.100-02
69¢-10

7.
[m*2s°2]

b

Puc. 5. Pacnipenenenue TypGynentHoctn npu: a — e,/D = 0,1; Re = 3,2 - 10% b — e,/D = 0,5; Re = 3,2 - 10% ¢ —
e/D=098;Re=3.2-10°
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Puc. 5. Pacnipenenenue TypOynentHocTn npu: a — e,/D = 0,1; Re = 3,2 - 10% b — e/D = 0,5; Re = 3,2 - 10% ¢ —
e,/D=0,98; Re = 3,2 - 10° (oxonuanue)

Taou. 1. KoadduimeHTsl THaApoInHAMUYECKOTO COPOTHBIICHUS U TIOIBEMHOW CHJIBI, TOJYYCHHBIC B PE3YJIbTATE YUCICHHOTO
mozenuposanus B [IK ANSYS Fluent

s HTOLCTSO: Tou 13 BRimycK 4 (50)

3HaueHue Re=22"-10° Re=3,2-10° Re=4-10°
e/D C, C, C, C, C, C,
0,1 0,57 0,7371 0,367 0,5576 0,3069 0,33596
0,5 0,07 0,00324 0,052 0,00246 0,04464 0,00148
0,98 0,01 0,00081 0,008 0,00082 0,00558 0,00074

Tabu. 2. KoapuimeHTs! ruipoAnHaMHYECKOTO COIPOTUBIICHNUS U MOABEMHOM CHIIBI 1O paboTe [22]

3HayeHue Re=22-10° Re=32"-10° Re=4-10°
e,/D c, C, C, C, C, C,
0,1 0,62 0,91 0,39 0,68 0,33 0,454
0,5 0,08 0,004 0,055 0,003 0,048 0,002
0,98 0,01 0,001 0,008 0,001 0,006 0,001

MeTpUYecKast MOAEIb U pacueTHas CeTKa MOCTPOCHBI
B ANSYS Workbench ¢ mcnonb3oBanueM mMomynen
Design Modeler u Meshing.

T'uaponnHamMuyeckue Cuiibl, JEHCTBYIOIIME HA Ya-
CTHYHO 3arTyOJIeHHBIH TPyOOIPOBOA, PaCCUUTHIBAIOT-
Csl yTeM MHTETPUPOBAHMS PACTIPEICICHUS JaBICHUS
10 IOBEPXHOCTH TPyOOIPOBO/A 1 HAIIPSHKEHHS C/IBUTA
Ha OTKPBITOH 9acTH MOBEPXHOCTH. B pabote [23] moka-
3aHO, YTO BEJIMYMHA CKOPOCTH (HIBTPALMOHHOTO MTOTO-
Ka Ha HECKOJIBKO TTOPSIIKOB HIJKE, YeM Y KoJleOaTeIbHOTO
TEYEHHs! HaJl THOM, [T0ITOMY BIUSIHHEM TIPOCaYNBAIOIIIE-
TOCS ITOTOKA Ha TPyOOIIPOBOJ IIPEHEOPETAIOT.

[Ipu MoaenupoBaHUM MPHUHSTO, YTO pacdyeTHas
001acTh TPEACTaBIACT COOOH MPSIMOYTONBHBIA KaHAI
JUIMHHOM 7 M, Tiryouno# 0,12 M 1 mmpunoii 0,5 m. L{u-
TuHApUYecKui TpyOomposon (muamerpom 0,025 cm)
pacronoxeH Ha rnecuanom jaue. Ha puc. 3 u3o0pakeHsl
KOHTYPBI 3aBUXPEHHOCTH TeueHus npu Re = 3,2 - 10%;
e/D =0,02ue/D=0,1;0,5un 0,98 coorseTcTBeH-
HO [22]. [TomoxwuTenpHbIC BUXPHU (BPAIIAIOIIHECs TIPO-
THB YaCOBOW CTPEJIKH) MOKa3aHbI CIIJIOUTHON JTMHUEH,
OTpHUIaTeIbHbIE BUXPH (BpaIlaONINecs] 0 YaCOBON
CTpeJKe) — MyHKTUPHOI TUHUEH.

OueBHuHA ACUMMETPHUS CTPYKTYp TEUCHUS IpHU
pa3IMYHON CTENCHH 3ariayOsieHus TpyOompoBona.
B nanpHelmeM npu yBeIHMUCHUH TITyOWHBI 3army0ie-
HUSI BUXPHU, TEHEPUPYEMbIE C PaBOM CTOPOHBI TPYOO-
MIPOBOJIA, CTAHOBSTCS MEHBIIIE.
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PE3YJIBTATbHBI HCCIEJOBAHMUA

Yucnennoe monenupoBanue peanuszoBano B 1K
ANSYS Fluent Ha 0CHOBE OCPEIHEHHBIX 10 PeiHOIb-
ncy ypaBHenuit HaBwe — Crokca. MccnenoBanue ruipo-
JUHAMUYECKUX CHJI, IEHCTBYIOIINX HA TPYOOIIPOBOI,
paccMaTpuBaIOCh HOCPEACTBOM O0bEANHEHUS MOJIEIIH-
pOBaHUs GUIBTPALMOHHOTO ITOTOKA C MOJIEITMPOBAHUEM
TeueHus HaJ JHoM [21].

B pe3ynbrare pacueToB MOTy4€HO paclpeneieHe
JIaBJICHHUS U CKOPOCTH BOKPYT MOABOJHOTO TPyOOMpo-
BOJHOTO Tiepexona. Pacrpenenenue qaBueHust U CKO-
POCTH HEPaBHOMEPHO 3ariyOJIeHHOro TpyOoIpoBoaa
B IPOHMLIAEMOM JIHE [TOKa3aHo Ha puc. 4, 5.

Kak BUIHO M3 MpenCcTaBICHHOTO IpaduIecKoro
MarepHaia, pactpeaeseHus] CKOPOCTH TEUEHHUs 110 Mepe
yBEJIMUCHHS 3arTyOIeHus] TpyOOnpoBoIa, BUXPH, pac-
ToJIaraolrecs ¢ JIEBOW CTOPOHBI TPYOOIPOBO/a, CTa-
HOBATCS MeHbIIe. Takke B pe3yabTaTe MPOBEICHHbBIX
uccnenosanuid B [IK ANSY'S Fluent nmonmy4ens! 3Haue-
HUS KO3(POUIMEHTOB MOABEMHON cHiIbl C, M THAPONH-
Hamuueckoro conporuienus C, (Tab. 1). Pesysnbrarsl
pacdeToB OBUTH COTIOCTABIICHBI CO 3HAUCHUSMH aHAJIO-
TUYHBIX KOX(PPHUIINEHTOB, BHIOITHEHHBIX B. SIkob6ce-
HOM [22] (Tabm. 2).

Pe3ynbraTsl YNCICHHOTO MOJAEIUPOBAHUS TIOA-
TBEPAMIN, YTO HAaMMEHbIINE 3HaYeHUs Koadduimenra
TUAPOAMHAMHYECKOTO COMPOTHBICHUS M MObEMHOM
CHJIBI TIOJTYYEHBI JJIsi TPyOONpoBoJa ¢ HauOOJbIINM
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TPy60MpPoOBOA B MPOHULIAEMOM AHE

3antyOnenneM. YucieHHbIe pe3yibTaTbl CPaBHEHHUS KO-
3G PUIICHTOB THAPOIMHAMAYECKOTO COTIPOTHUBIICHHS,
TIOJTyYCHHBIE C YIETOM BO3AEHCTBHS (DHIBTPAIIMOHHOTO
MIOTOKA, XOPOIIIO COTIACYFOTCS ¢ JAHHBIME paboThI [22],
OJIHAKO 3HAUCHUsI KOI(PPHIMEHTA OIBEMHON CHITBI pac-
XOJISITCS C TAHHBIMH, YKa3aHHBIMHE B Tpy/e [22], Beanyu-
Ha pacxoxnennii focturaet 21 %. JlanHoe pacxoxaeHne
MOYKHO OOBSICHUTB Y4eTOM (DHIIBTPAIIIH TPYHTA.

SAKJITIOUEHUE U OBCYXJIEHUE

HcenenoBanne ruipoJMHaMUYECKOTO BO3ICHCTBHS
BOJHOTO MOTOKAa Ha TPyOONIpPOBOJ paccMaTpUBAIOCh
nyTeM OOBbeJANHEHUS MOJECIMPOBAHHS (DUIBTPALUOH-
HOTO MOTOKa ¢ MOJEIMPOBAaHUEM TEYCHUS HaJl JTHOM.
bouto oOHapykeHO, 4TO BEIWYMHA THAPOJUHAMUYE-
CKOH CHJIBI yMEHBIIACTCS C YBEJIIMUCHHUEM 3arTyOleHHs
TpyborpoBosa. CHUKeHHE 3HaUeHUH KOA(PPHULUEHTOB
THAPOAMHAMHUYECKOTO CONPOTHBICHUS U MOJbEMHOM

CHJIbI OKA3bIBACTCS JIMHEHHO 3aBHCSIIIMM OT BEIUUYHHBI
3antyOneHus TpyOsl. Tarxke OmpeieneHo, 4To y4eT Bo3-
JICHCTBUS (PHIIBTPALIMOHHOTO ITOTOKA OKAa3bIBACT 3HAUH-
TEThHOE BIUSHIE HAa BETHYUHY THAPOIMHAMUAYICCKOTO
COTIPOTUBJIEHHUSI, B TO BpeMsl KaK BJIMSIHHE HA 3HAUYCHUE
MTOABEMHOM CHITBI HE3HAYUTENBFHO. Pe3ynbTaTsl unciieH-
HOTO MOJIEJIMPOBAHUS MOATBEPAUIIN, YTO HAUMEHBIIINE
3HAYCHHS KOA(PPHUIIMCHTA THAPOAUNHAMUIECKOTO COIPO-
TUBIICHUS U ITObEMHON CHIIBI TIOJTYYCHBI IS TPYOOIIPO-
BOJIa C HAUOOJIBIIIAM 3arTyOJIeHHeM. YHCICHHBIC Pe3yiih-
TaThl CpaBHEHUS KOA(P(QUIIHEHTOB THIPOANHAMUIECKOTO
COTPOTHUBIICHUS XOPOIIO COTIACYIOTCS C OKCIIEPUMEH-
TaJdbHBIMHA JaHHBIMU B. fIkoOceHa, omHaKo 3HAYEHMS
MOJBEMHOM CHJIBbI, MOJYYEHHbIE MPU YUCIEHHOM MOJIe-
JIUPOBAHUH, PACXOAITCS C JAHHBIMH, MPUBEIECHHBIMU
B padore [22], B mpexenax 21 %. DTo MOXKET CBUACTEITh-
CTBOBaTh O TOM, YTO (PUIITpALMS IPYHTA B (PU3HIECKUX
SKCTIEPUMEHTAX UMEET CYIIECTBEHHOE 3HAUCHHUE.
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INTRODUCTION

Assessment of the stability of pipeline crossings
of water bodies is often necessary to fulfil the require-
ments of pipeline operation and to extend the service
life of the pipelines. A survey of existing pipelines
shows that most of them are laid in a variety of ways.
The degree of burial often varies along the pipeline
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route as well as on both sides of the pipeline. Under-
standing the hydrodynamic forces on partially buried
pipelines is important for assessing the stability of pipe-
lines located at the bottom of a watercourse [1-5].

The hydrodynamic forces acting on the pipeline
caused by waves and currents were studied [6-21].
In [22], a series of tests were carried out to study the hy-
drodynamic effects on sheltered pipelines interacting
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Fig. 1. Diagram of a partially buried pipeline

with water flow. The sheltering effect was achieved by
partial burial of the pipeline or by laying the pipeline
in an open trench. It was found that the hydrodynamic
forces acting on a partially buried pipeline decreased
significantly with increasing burial into the bottom. For
example, for a pipeline with a burial depth of 40 %,
the drag and inertia coefficients were reduced by 60 %
and the lift coefficient by 30 %.

In physical experiments, a partially buried pipe-
line is often modelled by truncating the buried section
of the pipeline. For example, in [22], a pipeline model
was placed 3.0 mm above a solid flat bottom and the mid-
dle of the gap was sealed to measure the hydrodynamic
forces on the partially buried pipeline. This test setup is
more suitable for a pipeline buried in an impermeable
bottom rather than a permeable bottom. In reality, it has
to be considered that the bottom is porous and permeable.
The pore pressure generated by the seepage flow has
a significant hydrodynamic effect on the pipeline [23].
The hydrodynamic effects on a pipeline partially buried
in a flat permeable bottom under combined oscillatory

flow and steady-state flow conditions were numerically
modelled. The study of the hydrodynamic forces act-
ing on the pipeline was considered by combining seep-
age flow modelling with over-bottom flow modelling. It
was found that the hydrodynamic forces decrease with
increasing depth. The decrease in hydrodynamic drag
coefficients and lift force is found to be linear with in-
creasing depth [24]. It was also found that the permeable
bottom has a significant effect on the horizontal force,
while the effect on the lift force is negligible [25].

The studies carried out so far on the hydrodynam-
ic forces on a partially buried pipeline have been based
solely on the assumption that the bottom levels on both
sides of the pipeline are the same. The experimental result
of Chiu [26] showed that the bottom profiles on the two
sides of a partially buried pipeline can differ significant-
ly due to local scour and sediment transport. However,
the hydrodynamics of a partially buried pipeline with un-
even backfill on both sides is not sufficiently studied.

In this paper, the hydrodynamic forces acting
on a partially buried pipeline with non-uniform burial
on both sides of the pipeline are numerically inves-
tigated. Fig. 1 shows a schematic of a pipeline par-

Fig. 3. Flow structure (e /D = 0.02; e,/D = 0.1; Re = 3.2 - 10)°
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Fig. 5. Flow structure (e /D = 0.02; e,/D = 0.98; Re = 3.2 - 10)°

tially buried in an uneven bottom. The depth of burial
of the pipeline on both sides is defined as e, and e, re-
spectively (Fig. 1).

Numerical modelling was carried out in the ANSY'S
Fluent software package at different values of Reynolds
numbers: Re=2.2-10% Re=3.2-105%Re=4"-10° two
values of e /D =0.02 and 0.5 and five values of e,/D = 0.1;
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0.3; 0.5; 0.8 and 0.98. The flow structures, pressure dis-
tributions and force effects on the pipeline are studied.

MATERIALS AND METHODS

When carrying out the simulation, the location
of the coordinate system in the centre of the pipeline
was assumed as shown in Fig. 1. The position of a point
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on the surface of the pipeline is determined by the angle
o, which starts from the zero point on the X axis and
rotates anti-clockwise [22].

The standard k—& model [27], based on the equa-
tions of turbulence kinetic energy transfer & and dissipa-
tion rate €, is used for turbulence modelling. The com-
putational domain is discredited by structured 4-node
quadrilateral elements as shown in Fig. 2 (e /D = 0.5 and
e,/D = 0.3). The total number of nodes of the computa-
tional mesh shown in Fig. 2 is 27,018. The high density
mesh is used around the solid boundaries of the stream-
lined surface of the pipeline to ensure the accuracy
of flow prediction in the boundary layer [28].

The open part of the pipe surface is divided into
200 nodes, and the minimum element size in the radial
direction near the pipe surface is 0.0001D. The buried part
of the pipe surface is divided into 100 elements. Modelling
was performed for each case of burial and Reynolds num-
ber. An example of the mesh is shown in Fig. 2.

It is assumed that fluid filtration in porous medium
obeys Darcy’s law. The Laplace equation is solved by
finite element method to determine the pore pressure in
the ground. The Laplace equation has the form:

2 2
a—p + 8_p =0.
ox2 8)}2

At each time step, the flow field above the bottom
was first calculated by solving the two-dimensional Na-
vier-Stokes equations of motion of a viscous fluid aver-
aged over Reynolds. Phase interaction is accounted for
through total pressure and interphase exchange coeffi-
cients. The geometrical model and computational mesh
are built in ANSYS Workbench using Design Modeler
and Meshing modules.

The hydrodynamic forces acting on a partially
buried pipeline are calculated by integrating the pres-
sure distribution over the pipeline surface and the shear
stress on the open part of the surface. In [23] it is shown
that the velocity of the seepage flow is several orders
of magnitude lower than that of the oscillatory flow
above the bottom, so the influence of the seepage flow
on the pipeline is neglected.

In modelling, it is assumed that the design domain
is a rectangular channel 7 m long, 0.12 m deep and
0.5 m wide. The cylindrical pipeline (diameter 0.025
cm) is located on the sandy bottom. Fig. 3-5 show
the contours of the flow vorticity at Re = 3.2 - 107

Fig. 6. Pressure and flow velocity distribution of buried pipeline at e,/D = 0.1; Re =3.2 - 10°

b
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Fig. 7. Turbulence distribution at e,/D = 0.1; Re =3.2 - 10°

Fig. 8. Pressure and flow velocity distribution of buried pipeline at e,/D = 0.5; Re =3.2 - 10°
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Fig. 9. Turbulence distribution at e,/D = 0.5; Re =3.2 - 10°

Fig. 10. Pressure and flow velocity distribution of buried pipeline at e,/D = 0.98; Re =3.2 - 10°
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Fig. 11. Turbulence distribution at e,/D = 0.98, Re =3.2 - 10°

e,/D =0.02 and e,/D = 0.1; 0.5 and 0.98, respective-
ly [22]. Positive vortices (rotating anti-clockwise) are
shown with a solid line and negative vortices (rotating
clockwise) with a dashed line.

The asymmetry of flow structures at different
degrees of pipeline burial is evident. In the future, as
the depth of burial increases, the vortices generated
on the right side of the pipeline become smaller.

RESEARCH RESULTS

Numerical modelling was implemented in ANSY'S
Fluent software package on the basis of Navier-Stokes
equations averaged over Reynolds. The study of hy-
drodynamic forces acting on the pipeline was consid-
ered by combining the modelling of filtration flow with
the modelling of flow over the bottom [21].

As aresult of the calculations, pressure and veloci-
ty distributions around the underwater pipeline crossing
were obtained. The pressure and velocity distributions
of an unevenly buried pipeline in a permeable bottom
are shown in Fig. 6-11.

As can be seen from the presented graphical material,
the flow velocity distribution as the pipeline deepening in-
creases, the vortices located on the left side of the pipeline
become smaller. In addition, as a result of the conducted
research in the ANSYS Fluent software package, the val-
ues of the lift force coefficients C, and hydrodynamic re-
sistance C, were obtained (Table 1). The calculation re-
sults were compared with the values of similar coefficients
performed by Jacobson [22] (Table 2).

The results of numerical modelling confirmed that
the lowest values of the coefficient of hydrodynamic re-
sistance and lifting force are obtained for the pipeline

Table 1. Coefficients of hydrodynamic drag and lift force obtained as a result of numerical modelling in ANSY'S Fluent soft-

ware package

Value Re=22-10° Re=32-10° Re=4-10°

e/D c, c, c, c, c, c
0.1 0.57 0.7371 0.367 0.5576 0.3069 0.33596
0.5 0.07 0.00324 0.052 0.00246 0.04464 0.00148
0.98 0.01 0.00081 0.008 0.00082 0.00558 0.00074
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Table 2. Coefficients of hydrodynamic resistance and lifting force according to [22]

Value Re=22-10° Re=32-10° Re=4"-10°

e,/D C, C, C, C, C, C,
0.1 0.62 091 0.39 0.68 0.33 0.454
0.5 0.08 0.004 0.055 0.003 0.048 0.002
0.98 0.01 0.001 0.008 0.001 0.006 0.001

with the highest burial. Numerical results of comparison
of the hydrodynamic resistance coefficients, obtained tak-
ing into account the effect of filtration flow, are in good
agreement with the data [22], but the values of the lifting
force coefficient, diverge from the data [22], the value
of the discrepancy reaches 21 %. This discrepancy can be
explained by taking into account soil filtration.

CONCLUSION AND DISCUSSION

The study of the hydrodynamic effect of water flow
on the pipeline was considered by combining seepage flow
modelling with over-bottom flow modelling. It was found
that the hydrodynamic force decreases with increasing
pipeline burial. The decrease in the values of hydrody-

namic drag coefficients and lift force is found to be linearly
dependent on the pipe burial. It is also obtained that taking
into account the effect of filtration flow has a significant ef-
fect on the value of hydrodynamic resistance, while the ef-
fect on the value of lifting force is insignificant. The results
of numerical modelling confirmed that the lowest values
of hydrodynamic resistance coefficient and lifting force
are obtained for the pipeline with the highest pipe burial.
The numerical results comparing the hydrodynamic drag
coefficients are in good agreement with the experimental
data of Jacobsen, but the values of lift force obtained by
numerical modelling diverge from the data of [22] within
21 %. This may indicate that ground filtration in physical
experiments affects significantly.
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