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IMPOBJIEMA 'PAHNYHBIX YCJIOBUN AJIsI VPABHEHUI MEJIKOW BO/JIbI'

Ob6cy:xmaercss mpobJieMa, BHIOOPA TPAHUYHBIX YCIOBUI B CIIydae YHCJIEHHOTO WHTErPUPOBAHUS yPABHEHUMA
MEJIKOM BOIBI Ha CYIIECTBEHHO HEOJHOPOIHOM pejbede MecTHOCTH. [Ipyu MOAEINpPOBaHUYM HECTAIIMOHAPHBIX
TEUEHWI MOBEPXHOCTHBIX BOI WMEETCs JIUHAMUYECKAs MPAHUIA, PA3IeIIoas X KUIKOCTh U cyXoe aHO. s
387109 C€30HHBIX MOWMEHHBIX 3aTOILIEHMH, JTUBHEBBIX MABOJKOB, BBIXOJOB BOJIH IyHAMM Ha OEper CATyamus
OCJIO’KHSIETCSI BOSHUKHOBEHUEM JI0- U CBEPXKPUTHYECKUX PEXKUMOB TEICHWI. AHAIN3 UCIOMB30BAHUS PA3IAY-
HBIX CITOCODOB 3aJaHUs YCJIOBUHN i1 (DUBMUECKUX BEJIUYUH TIPU JOCTUKEHUU YKUIKOCTH TPAHUIIBI PACIETHON
00JIaCTH TIOKA3BIBAET MPEUMYIIECTBA, TIPU UCIOJb30BAHUN YCIOBUN THUIA «BOMOMAI> MPU HAJUYUN CUJIBHBIX
HEOJIHOPOJTHOCTE! pebeda 3eMHOIM MOoBepXHOCTH. [Ipy HaIWYMyM BOIOMA 2 Ha TPAHUIE PACYETHON O0IacTH
M HEOJHOPOIHOCTH Pesbeda B OKPECTHOCTH TPAHUIBI MOYKET BO3HUKATH YYaCTOK, HA KOTOPOM (hOPMUPYET-
cst 06J1aCTh KPUTUIECKOTO TEYEHUsI ¢ 0OPA30BAHNEM T'MIPABINIECKOTO CKAIKA, YTO CYIIECTBEHHO OCIab/ser
BJIMSTHAE BOJIONAIA HA CTPYKTYPY MOTOKA BBEPX IO TEYEHMUIO.

Karuesvie caosa: MOIEJIb MEJIKOI BOABI, 9UCJIEHHBIE CXEMbI, TPAHUYIHbBIC YCJIOBUA, HEOOHOPOJAHOE THO.
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BBeneHnue

Pemenne mmpokoro Kpyra 3ajad JUHAMUKHA TTIOBEPXHOCTHBIX BOJ JIJIsI CAMBIX PA3IMYHBIX MTPH-
JIOXKEHUIT OCHOBBIBAETCS Ha MOJean Meakoit Boapl (ypasuenusix Cen-Benana) [1] u ee momudu-
Kanugax [2-7|, BKIO9asg MHOTOCIOWHBIE Mojeau (8], ubo ¢ yueroM BepTUKAJBHON CTPYKTYDBI Ha
NPUMUTHBHBIX ypaBHeHusiX [9], ¢ yuerom aucrnepcnoHHbIX 3(DMEKTOB B Pa3IMYHBIX TPUOINKEHN-
ax [1,10,11]. Vkaxkem Ha HalpaBjieHWsl, CBSI3aHHBIE C MOJIEJIUPOBAHUEM DPYCIOBBIX 00HEKTOB — BO-
noxpanuani [12] u peunbix cucrem [13-16], KpymHbIX 03ep, J0XK/eBbIX 10TOKOB [17], nunamuku
IUTOTHBIX MEJTKO3ePHUCTHIX reodm3maecKnx moTokos |18, sorm mynamn [19].

HpI/I HaJIMYNW TBEPABIX I'PAHUI] MBI UMeeM BO3MOXKHOCTH KOPPEKTHOT'O OIMMCaHWA KMUJIKOCTH, KaK
JI7IST SUIEPOBBIX YMC/IEHHBIX CXeM, TaK U B CIydae JIarpaHzkKeBa IMOIX0/1a, IPUMEHs s, HAIPUMep, Me-
TO; MOAMMUIMPOBAHHBIX BUPTYaIbHbIX I'paHudHbx dactui [20]. B ciayvae ozep mam mopeit, ecsin
BOJIHBIN O0BEKT IOJIHOCTBIO HAXOAUTCS B Mpejeaax pacueTHOi ceTKu, MpobsieMa MPpaHuIHBIX YCI0-
BUIi 110 CYyTH OTCYTCTBYET, CJIM IPUMEHSITh aJIlOPUTMbI «JIBUKEHHsI 110 cyxomy JHy» [21]. B ciyuae
IPOTA?>KEHHBIX CUCTEM (BOI[OXpa.HI/I.HI/IH_[ n peK) TPaKTUYECKN BCErJa MMEIOTCA I'DaHUIlbI, 9€pe3 KOTO-
pble BOJa MOCTYIAET B PACYETHYIO 0OJACTb M YXOIUT U3 Hee, YTO TpebyeT aKKypaTHON MOCTaHOB-
KI rpaHngHbIxX yeaosuil [22,23]. HaubGosee CI0KHBIM OKa3bIBAETCS PEIKKUM, TIPH KOTOPOM TDaHUIA
«KHUJIKOCTb—CYXO0€ JIHO» JIOCTUTAET TPAHUIBI pacdeTHOl objaactu. Takas CUTyalldss WMeETCs MpH
YUCJIEHHOM MCCJ/JIeJOBAHUN JUHAMHWKHN IMTOBEPXHOCTHBIX CTOKOB BOJBI, BOSHUKAIOIINX ITPU 3aTOIJICHUN
TEePPUTOPUH, JBUKEHUN MEJKOIMCIEPCHBIX MOTOKOB BelecTsa |18], 0coOGeHHO Ha CJIOKHOM TOPHOM
penbede [24], HanpumMep B ciaydae IPOPhIBA MOPEHHO-MOAIPY/HBIX IPUJIEJIHUKOBBIX U JIEJHUKOBbIX
03epHBIX cucTeM [25], n3-3a 102K1eBBIX 0caakoB [26]. Cxommas mpobiiema BOSHUKAET MPU UCIIOIH30Ba-
HUU yPaBHEHWIT MEJIKON BOJBI JI/Isi MOJenpoBanus guHamMuku armocdepst [27]. Tpu npoxoxpennn
BEIECTBA Yepe3 TPAHUILY IIOMUMO YUCIEHHON YCTORUIMBOCTH pacdeTa BayKHBIM ABJISIETCS BBITIOTHEHIE
3aKOHOB COXPAHEHHUsI ¥ TI0CTPOEHNE HeOTparkalomux ycaosuit [28].

Xoporto u3BecTHa TpobeMa OMUCAHUs HECTAIIMOHAPHON JIMHUK ype3a BOJbI, CBI3aHHASA C HE0O-
XOJIMMOCTBIO HAXOJUTD PeIlieHre B 00JACTH C MOJBUKHOI rpanurieil (Hampumep, [4,6] mia pa3mmaHbix

!PaGora Beimommerna mpu dbuHamcoBoit Mommepxke PODU n Anvummmcrpamnum Bosrorpaackoit obmacTn (rpaHTh
16-07-01037, 15-02-06204, 15-45-02655-p moBO/IKBE _a).
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Puc. 1. l'eomerpus 3agaun: TOTOK KUIKOCTU CTEKAET IO HAKJIOHHON HEOTHOPOIHOM MOBepXHOCTH. B Touke x = a
nHO Teprut ckadok Abg, co3maBasi yCIOBUS IS BOAOIAIA

Mogeseit Menkoit okl [29]). B umciienHBbIX 1104X0MaX P €e peleHnn UCIHOJIb3YIOTC Pa3/IndHble
merozsl [30,31]. B ciyuae mocrarouno riaakoii (pyHkumu gHA b(X,y) MOXKHO YCHEITHO HWCIOIb30-
Barh peryiasipusanuio [32]. Ucnonb3osanne MoanduinpoBaHHOIO 3aKOHA COXPAHEHUsI TIOJHOIO MM-
MyJIbCA C YyIeTOM 00pa30BaHusA JOKAIBHBIX TypPOYJIEeHTHO-BUXPEBBIX CTPYKTYP B IIOBEPXHOCTHOM CJIO€
BOJIbI T103BOJISIET TOJIyYUTh YJIOBJIETBOPUTEIBHOE COIVIACHE C SKCIIEPUMEeHTaIbHBIMY JaHHbIMU [33].
[Toy49eHHbIe PE3YILTATHl AHAJIATHIECCKOTO UCCIETOBAHNS PENIeHMI NCIIONb30BaHbl /I Pa3pabOTKH
HOBBIX AIMMTPOKCUMAIUi KPAeBbIX YCJIOBUIl Ha, MOABUKHON JuHUN ypesa. OJHAKO, YIUTHIBAs HEPery-
JIIPHBIN XapaKTep U3MeHeHuH peaabHoro faua b(x,y) Ha pa3JIudHbX Macmrabax, Brmodas L/ H ~ 1
(1/L = |Vb|/b, H — rurybuna »KUKOCTH ), BO3HUKAET HEOOXOANMOCTH CTPOUTH 0OJIEE CIIOXKHbIE aJIro-
PHUTMBI, CHEIUAIBHO MPEIHAZHAYEHHBIE s MOJEJIUPOBAHNS JUHAMIYECKON MPAHUIBI «KUJIKOCTH—
cyxoe JHO» [34].

Botenmm curyanmu, Tpebyiomme akKypaTHON MOCTAHOBKM TPAHMYHBIX YCJIOBHUil: 1) KUJIKOCTH
CBOGOJIHO MPOXOJUT Uepe3 TPAHUILY B JOKPUTUIECKOM PeKuMe; 2) BOIM3U CBOOOIHON MPAHUIIBI UMe-
IOTCSl y9aCTKK CUJIBHO HEOTHOPOJHOTO pesbeda; 3) BOBHUKAET TMOTOK KUJIKOCTH BHYTDPH PACYETHOI
ob1acTi; 4) TPOUCXOAAT CYIIECTBEHHO HECTAIMOHAPHBIE MPOIECChl BOJIN3U IDAHUIILL.

enpro mammoit pabOTHI ABJSIETCS WCCJIEIOBAHNE BJIWIHUS PA3INYHBIX TPAHUIHBIX yCJIOBHUI B
YUCIEHHON MOJEIN MEJIKOI BOJBI Ha CTPYKTYPY PYCJIOBOTO IIOTOKA.

§ 1. OcHOBHBIE ypaBHEHUS U I'eOMETPHUs 3aaa4YN

PaccMOTpuM OJHOMEPHYIO MOJIe/Ib Ha, OCHOBE CHCTEeMbl YPaBHEHHI MEJIKO BOJBI C y9eTOM CHJIbI
npuoHHOr0 Tperus [29,36,37]:

OH Oq

o T 0 (L.1)
dq | O(qu) n A
ot ox g ox H2 ulul, (1.2)

rae H — rommuna cjiost Kuakoct, ¢ = Hu — pacxof kujgkoctu, u = q/H — ckopocTh moroka,
g = 9.81m/c? — yckopenne cBoGomHOro MasjeHnd, 7 = H + b — ypoBeHb CBOGOIHOI ITOBEPXHO-
cru Boapl, b(z) — dynkmust ana, A = 2gni, /H 4/3 _ BenmumHA rMAPABIMYECKOTO COMPOTHBICHNS,
BaBUCAIIAS OT Kodpdunmenta Tpernsa mo Manuuury nys. B KagecTBe 6a30BOTO 3HAUEHUS TPUMEM
ny = 0.02¢c/ M3 xapaxrepHoe mis pycaa Boarm B MexkeHb [35-37]. MBI orpanuumMcst paccMoT-
perreM 1D-Momenn mpu MOCTOSHHBIX 3HAYEHHUAX ILJIOMIAIN MOTIEPETHOTO CedeHns A W CMOYEHHOTO
nepumerpa P. Yuer zasucumocreii A(z), P(x) tpebyer 0606mmenHoii dpopmbr 3ammcn st A [23)].
Ha pucynke 1 mzobparkena reomerpusi 6a30Boit mojenun. QyHKIUIO pejbeda JTHa TpejacTaBuM
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/ \ o
0= T r>
xp — Ly T xp + Ly
Cubic spline —-—- Parabola — — Triangle

Puc. 2. IIpoduan JIOKATBHBIX CUMMETPUIHBIX HEOITHOPOIHOCTEH THA

B BUJIE
b(x) = —tan(a) x + b(z), (1.3)

rae a ~ tan(a) = (b(0) — b(a))/a — cpeaunii yros HaksaoHa pesnbeda JHA, TPUBOASIIMNA K BO3-
HUKHOBEHUIO PYCJIOBOIO TEUEHUS B 33JAHHOM HAMpaBjeHuu. [[Jig TUIPOJOrMIecKuX MPUIOKEHHU,
CBSI32HHBIX C PABHUHHBIMU DEYHBIMU CUCTEMAMHU U TIOBEPXHOCTHBIME CTOKAMH, B KAUECTBE THUITAY-
HbIX 3HaveHuit Boibepem a = 50km u tan(a) = 0.1m/km. Bsimsu rpanun B 3onax 0 < = < 241
W Tgp < < @ CIUTAM JIHO TUIOCKMM C YIIOM HAK/IOHA (v, & MEXKIy TOYKAMHU Tqy M Ty PASMECTHM
pa3IMYHbIe JIOKATbHBIE HEOTHOPOAHOCTH aHa b(r), 3a7aBasg WX B BHJE aHAJIUTHIECKUX (DyHKIM:
KyOUYIeCcKOro CrjaiiHa

B 1-672(1—-7), 0<7T<0.5;
b(z) =by ¢ 2(1—7)3, 05 <7< 1; (1.4)
0, 1 <7
mapaboTUIECKOr0 U TPEYToJHHOr0 mpoduieit
~ 1-%zF 0<T<1;
b — b 9 ~X ~ 9 1
@=tf o 152 (15)
e T = |z — xp|/Ly, xp — 1mos0KeHne 1eHTPa PoduIst JOKAJIbHOM HEOJMHOPOIHOCTH JHA, Lp —

nostymupuna npoduss; mpu k = 2 B (1.5) mveem mapabosmdeckuii npodunb, a k = 1 coorser-
crByer Tpeyroabaomy npodusio (puc. 2). Habopom nokanbubix Heoguopogunoctei uga (1.4), (1.5)
C PA3/INYHBIMU 3HAYEHUAMU MAPaMETPOB Iy, bg U L, MOXKHO MOJEJUPOBATH JOCTATOUYHO CJIOXKHBIN
HEOIHOPOIHBIN pebed THA.

§ 2. YucJsieHHBIN METO/] U IPAHUYHBIE YCJIOBUS
Hng narerpuposanus ypasaenuii (1.1) u (1.2) Bocmosb3yeMcst TarpanzKeBo-3iIepoBoiil duceH-

Hoii cxemoit CSPH-TVD [34,37,38]. Tannas uncieHnas cxema siBjisieTcsi XOpoIo cOaaaHCHPOBaHHOIA,
KOHCEPBATUBHOI, MO3BOJISIET CKBO3HBIM 00OPAa30M pAaCCUUTHIBATH AUHAMUKY BOJBI HA HEOTHOPOIHOM
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penbede mdHA, COMEPKAIIEM U3IOMBI U CKAUKW, & TaKyKe MOIEIUPOBATH THIPOJIUHAMUYIECKIE Teue-
HUsI Ha PEAJIMCTHIHOM HEPEry/IsIPHOM pesibede TPU HAJIUMIUK B PACYETHON 00/IaCTH HECTAIMOHAPHBIX
TPAHUIL «KUJIKOCTH—CYyXO€ JTHO» U BOJIOIAJIOB.

Yucnennoe perrenne OygeM CTPOUTH HA MPOCTPAHCTBEHHO-BpeMeHHOi cerke z; = (i — 0.5)h
(i=—-1,N+2)uty1 =ty + 7y (n =0,tmax), rie h = a/N — npocrpancreennbiii mar, N —
KOJIMYECTBO sII€eK B PACUYEeTHO 00JIACTH, T, — BPEMEHHON ITar WHTErPUPOBAHUS, OMPEIeITeMblil
u3 ycaosust ycroitunBoctn CSPH-TVD—cxemsr [34,37]. Beswuunbr H, g, u, BXojsiiye B ypaBHEHMsI
(1.1) u (1.2), mpu YUCIEHHOM WHTETPUPOBAHUY OTPEIESIOTCS B Y3J1aX MTPOCTPAHCTBEHHO-BPEMEHHOi
cerkn H', ¢;' u?.
MpoKcUMAaIwu, To sueiiku ¢ uuagexkcamu ¢ = —1,0, N +1, N + 2 oTHOCATCH K «(PUKTUBHBIMY STUEHKAM
U JIJIsl OTIpeJIeIeHrsT 3HaYeHnit BetnanH H, ¢, u B 9TUX s9eiikax HeoOXOINMO 33aTh JTOTOJTHUTE/b-
HBbIE YCJOBUS Ha, TPAHUI@AX pacueTHOil objactu. M3 Tpex Besuuunn H, ¢, u TOJBKO JBE SBJISIOTCS
HE3aBUCUMBIMH.

Ha sreBoii rpanmie x = 0 Haka0HHOIN moBepxHOCTH b(7) OyaeM 3aaBaTh KOHTPOJUPYEMBIH BTOK

BozbI ¢ pacxonoM ¢(z = 0,t) = Q(t):

[Mockoneky CSPH-TVD—meron ocHOBaH Ha MATUTOYETHON MPOCTPAHCTBEHHON all-

qgfj = Q(tn)a Hgfj = QH?fj - H;Lj’ J=0,1. (21)

Yepes mpaByio rPaHuIly PACIETHON CeTKU T = @ CJIeJlyeT KOPPEKTHO 33aBaTh MPOIECC TPOXOK ICHUST
MOTOKAa BOJBI, YTOOBI YCJIOBUA Ha TPAHUIE B HAMMEHDBIIEH CTEIeHN BJIMIA Ha PelIeHre B OCHOBHOM
YACTH pacueTHO obsacTu. PaccMOoTpuM pasiudHble TPAHWYHBIE YCJIOBUS W UCCIEAyeM, KaK OHHU
BJIMSIIOT HA Xapakrep redenus u(x,t), H(z,t).

CBobOoHBIE TPAHUYHBIE YCIJIOBUA

SHaveHnsT MapaMeTpoB MOTOKA B (DPUKTUBHBIX sSUYEKaX MOTYT OBITH OIpPeesIeHbI MOCPEICTBOM
KYCOYHO-TIOCTOSTHHOM ampOKCUMAITIT

WJIN KyCOYHO-JIMHEHHON aIIIPOKCUMALIUNA

n _ n n n —_ n n —
Hy 1y =2Hy ;- Hy 145 Unjiqj = 2uny; —uy_145 J=0,1 (2.3)

B coornomennsx (2.2) u (2.3) Bmecto H niam u MOKHO TakKe HCIOTH30BATH AMIIPOKCUMAIIIIO BEJIH-
9uHBI pacxona ¢ = Hu.

I'panwunsie yeaosus (2.2) u (2.3) MOXKHO MCIOJIB30BATH TOJBKO TIPU CBEPXKPUTUIECKOM DEKH-
Me Tederns ¢ auciaom Ppyna Fr = u/y/gH > 1. [Ipu mokpurmaeckom pexume Tedenus Fr < 1
JaHHBIE YCJIOBUA MOTYT OKa3bIBAaTh CUJIBHOE BJIUAHNE HAa CTPYKTYPY HECTAIITMOHAPHOT'O MMOTOKA N3-3a
MHTEHCUBHOTO OTPaKEHUS BOJH OT TPAHUILI PACUETHON OOJACTH, & B CAydae HAJIWUAS Ha TPAHUIE
JIOKAJILHBIX HEOHOPOJHOCTEl (OTKJIOHEHWs! OT IMJIOCKOTO HAKJIOHHOTO MPOMU/IS) CTAHOBATCS HHC-
JIEHHO HEYCTONIMBBIMU.

ﬂﬂﬂ O6eCHe‘{eHI/IH ycTOﬁqHBOCTH TPaHUYIHBIX YCHOBI/Iﬁ " yMEHBbUICHUA BJINAHUA T'DAHUI] Ha AN-
HAMWKY MOTOKa B caydae F'r < 1 mpumensiior maBapuantbl Pumana [22,23,30,39-41]. Ilpun Takom
MOJIXOJIe OJIHA W3 BenauH H Wav u 331aeTcsi, a Apyras ONpee/isieTcs u3 YCJIOBUs TTOCTOSTHCTBA, WH-
BapuanTos Pumana u & 21/gH cieBa u cnpasa oT rpaHumpl. 1lycTs, nanpumep, 3aadenne H B dbuk-
TUBHBIX SUEHKAX 3aAH0, TOTIA JJIT U UMEeM

Wiy = Wy 22V (VHRy = [ HRny) . 5=00 (24

Anajornano, eciu 3aaH0 U, TO Ajs H BbInoIHSETCS

H? _ n iu%'i‘j_u%-f—l'f'j ? i—0.1 2.5
N+14+j = LA/ N+ 2.5 ) J=u 1 (2.5)
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Buak «+» B coorHomeHusax (2.4) m (2.5) COOTBETCTByeT BLITEKAIOIIEMY IMOTOKY, & 3HAK «—» —
BTEKAIOIIEMY.

OcuoBHas mpobemMa NCIOTB30BaHNS TPAHUIHBIX ycaoBnit (2.4) u (2.5) cBsa3ana ¢ 3ajaHueM OJ-
HOIl 3 BeawyanH H WM w HA OCHOBE JONOJHUTEIBHBIX COOTHOIIEHMI, 3aBUCSAINNX OT KOHKDETHO
ITOCTAHOBKH 3324, CTPYKTYPbhI TeUeHud U peibeda MecTHOCTH. PaccMOTpUM HEKOTOPBIE BAPUAHTHI
onpe/esienns BenanHbl H B GUKTUBHBIX sgdeiikax s yciaoBus (2.4):

HY 15 = Hyyj + bnvgj — byyigj — tan(ay)h, J=0,1, (2.6)

rae «; — CBODOAHEIN HmapaMeTp, XapaKTepHU3yIONuili yroja HaK/IOHa YPOBHS BOJBI 7) Ha HpPaBOit
IPAHHIe PACICTHON 00/acTH. 3HAYEHHE (v, 3aBUCAT OT Hpoduid peabeda JHA B OKPECTHOCTH
CPAHUIBI U BBIOMpAETCS TaKUM 00pazoM, 4TODBI 00ECIeYnTh YCTONYUBOCTH T'PAHUYHBIX YCJIOBUIA
7 MUHUMW3WPOBATH BAWSHUE TPAHUIIBI Ha YUCIeHHOE permenne. Tak, HampuMmep, s TJI0CKOTO THA,
bn+j — bnyi4+; = tan(a)h (cm. puc. 1) MOXKHO HPUHATH (v = a. B sTom ciydae yciosue (2.5) 6y-
JI€T COOTBETCTBOBATH YCJIOBUIO i H B COOTHOIEHNN (2.2). Tlpn HaMunyM Ha TPAHUIE JIOKATHHBIX
HEOJIHOPOIHOCTel JTHA b(x) A/ PYC/I0BOIO TeUeHHs HeOOXOAMMO BBIOUPATH (i) > (.

JpyruM nmosxosom, CocoOHBIM 00ECTIeUnTh YCTONUNBOCTE TPAHUIHBIX yCaoBuii (2.4)—(2.6), as-
Jstercst MoanduKaIns peabeda IHa B OKPECTHOCTH TPAHUIIHI

bN+14j = by — tan(a)h,  j=0,1,

e & — CBOOOIHBIH mapaMeTp, XapaK Tepnu3yOmuil yroJl HAKJI0Ha IHA HA TPABO# MPAHUIE PACUETHON
obnactu. Takoit momxo TpebyeT CUIbHBIX U3MEHEHUH pesibeda Jjid IBYMEpHBIX TeUeHUil BOIM3U
TPaHWUI,.

Ipannunsie yeaosus (2.3) GymeM HA3BIBATH YCJIOBUSIME THUTA I, a ¢ IpHMEHEHHeM WHBAPHAHTOB
Pumana — ycioBusivmm tuna I

FpaHI/I‘-IHbIe YCJ/10BUd TUIIA <«IIOTJIOIIIEHUEe»

Haubosiee mpocTbiM TpaHUYHBIM yCJIOBUEM, O0OECIEUUBAIONIUM YCTONYIUBBIN PACUET U MCKJIFOYA-
FOIIUM TTPOHUKHOBEHUE YKUJIKOCTH B PACUETHYIO 00J1aCTh Yepe3 MPaBYI0 TPAHUILY, ABJISIETCSI YCIOBHUE
TUHA <IIOTJIOMIEHNES ©

Hy,;=0, ;=0 j=12 (2.7)

['panndnble ycaoBust Tuma «ioriomennes (2.7) COOTBETCTBYIOT HAJIMYUIO BOJONAIA B TOYKE T = @
(cm. puc. 1). Ecan Bommosnnsercs ycnosue Hy 4 < Ab,, TO TeueHme B 00JIACTH T > G HE OKA3BIBAET
BJANAHWA HA PEIIECHUE 0 BOIOTAIA.

Hwuxe paccMoTpuM BOIIPOC 0 TPUMEHUMOCTH U BJUSHUU HA TUHAMUKY T€UCHUS TPAHUIHBIX YCJI0-
Buit Tuma «morsomiernes (tum III). B npexensrom ciyvae o, — 7/2 momydaem mepexof K yCIOBIIO
(2.7) ¢ yaerom H > 0.

§ 3. Biusinue rpaHUYHBIX YCJIOBUII HA CTAI[MOHAPHBINA TTOTOK
TouHoe pelrieHue

[Tpu crammonapuom tedennu OH /0t = 0q/0t = 0 ypapuenuns (1.1) u (1.2) npuHEMAOT BHI

Z—z =0 wmm ¢ = const, (3.1)
d [(u? A

i =_ . 2
T ( 5 +g77> 5 ulul (3:2)

BameTnM, 4TO BeaMUMHA U’ /2 4+ gn B (3.2) sBisiercsi moCTOsSIHHOM MHTerpaJsia BepHysm u 110/, jeii-
CTBHEM CHUJI IPUJIOHHOIO TPEHUS U3MEHACTCH BIOJIb JIMHAN TOKA M3-33 JUCCHANAINU SHEPIAH MOTOKA.



406 T. A. JIpaxonosa, C.C. Xpamos, A.B. Xomepckos
MEXAHUKA 2016. T.26. Beim. 3

C yuerom (1.3), (3.1) u BbIpazkenus: st KOIDMUIMEHTA THIPABINIECKOTO COMPOTUBICHUS A
ypasuenue (3.2) MOXKeT ObITh MPEJCTABIECHO B BUJIE

dH —@Han(a) 1— (H,/H)"Y/?

dx
) 3.3
dx 1—Fr? (33)
¢2n2 3/10
rne H, = (ﬁ) , Fr — ancno ®pyna (Fr = u/y/gH). [Ipu cranpoHapHOM TedeHnu Ha
an(a
IUTOCKOM HAaKJIOHHOM JIHe C v = const u nj; = const pemrenuem ypasuenus (3.3) asiasgerca H(x) =

q q1/10 tang/QO(a)
Vo g

[omgaepkrenm, uTo ypasHenne (3.3) MOKHO HCTOMb30BATD JTsT MOCTPOGHMST CTAIMOHAPHBIX DeTIie-
HU TOJIBKO JUTs TVIQAKUX (DYyHKIW b U B OTCYyTCTBUU KPUTHUYIECKUX TOUeK F'r = 1.

Huxe orpanmunvces paccmorpenuem pemrennii (3.3) Fr > 1, 6o Fr < 1.

Pemenve ypasuennst (3.3) s CTaAIMOHAPHOrO MOTOKA, Oy/E€M HA3bIBATH TOYHBIMHU, & COOTBET-
crBytomee perrenne cucreMbl ypasuennii (1.1), (1.2) ma ocmose CSPH-TVD wmeroma mig ycramo-
BUBINErOCs Tedenus (B npegene t — o0) — 9uCaeHHbIM. JIJIst MOSyYeHnst yCTAHOBUBIIETOCS Tede-
HUS TIPUA IUCJIEHHOM MOJEIMPOBAHUU JOCTATOYHO 3aJaTh Ha JIEBOW TPAHUIE MOCTOSHHBIA MPUTOK
xugkoctn Q = const B (2.1). B kauecrBe 6a30BbIX mapamMeTpoB B UMCJIEHHONH MOJEIN IPUMEM

= H, = const. I B sTom ciayuae mra unciaa Ppyna nmeem Fr, =

Q = 20 m?/c, N = 8000. Hawamsuwie ycaosus st cucrembl ypasuenmit (1.1), (1.2) Gyzem 3a-
JaBATh B BUJE MPOCTPAHCTBEHHO-OTHOPOIHBIX pactpesenennii H(z,t = 0) = H,, q(x,t = 0) = Q.
Tevenust OymeM Ha3bIBATH YCTAHOBMBIIMMUCS (CTAIMOHAPHBIMM) Ha BPEMeHaX t > ts IPU BBITOJI-
HEHNU max; |HZ"+1/HZ” — 1| < 10719 uro mocTuraerca B wmcaennoit Momemw mpu tg 2 100 w ama
BBIOpPAHHBIX 3HAUeHU () U a.

Ha pucynke 3 m306pazKeHbl TOUHBIE M YHCIEHHBIE PEIIEHHs JJIsi CTAIMOHAPHOTO MOTOKA BOJIBI
Ha HEOAHOPOJAHOM JTHE ITPU PA3JIMIHBIX PDEZXKUMaAX TCHCHMNA. OTHOCI/ITQHBHOQ OTKJIOHEHUE YUCJIEHHOT'O
perierust o1 TouHoro ua uaTepsase (0;2000) B caydae TOKPUTHIECKOTO TeUeHUs (CM. PHC. 3, a) HE
npesbimaer 0.1 % mis rpanmanbix yenosuit Tuna I, a guas rparmaasix yeaosnit tuma I1T morpermmmocts
cymecrBerno Bo3pacraer 10 10% -+ 30%. B ciaydae cBepxkpurmaeckoro reuenus (cm. puc. 3,b)
OTHOCUTE/IbHAS [IOMPEIIHOCTh B paccMarpubaemoii objacru He npesbimaer 0.01 % g oboux Tuios
rparmanbx yeaoswit. C yBemmaennem N MOTPENTHOCTH yMeHbIMAeTcs: mporopiuonanbao 1/N2, aro
CBUJIETEIHCTBYET O KBAJIPATHIHON CXOIUMOCTH YHUCIEHHOTO MeToza [34]. OrMernm, 910 dnc/IeHHbIe
penienuda Ijid YCTaHOBUBIIUXCA TedeHni Ha IIJIOCKOM JHe CO CBO60'B;H])IMI/I TPaHUYIHBIMU YCJIOBUAMMN
(2.2),(2.3), (2.4) u (2.6) TOXK/IECTBEHHO COBIIAIAIOT C TOIHBLIMH B IIPEEIaX TOTHOCTH MO/ETHPOBAHNS
10715 (st 8 GaidiToBBIX wHCeN).

§ 4. IImockoe nHO

PaccmoTpuM TedeHme ¢ MOCTOSTHHBIM YKJIOHOM JHA BO BCeli pacueTHoii obmactu o = —db/dx =
= const > 0. CpaBHUM peIleHusT IPHU UCIOJb30BAHUN PA3IUIHBIX I'PAHUYHBIX yCJI0BHil. ['pammd-
HBIE YCJIOBHS TPU UCIOJIL30BAHUM WHBApUaHTOB Pumana (2.4) w nmmeiinoit annpoxcumanun (2.3)
COBIIAJIAIOT IS BCeil pacuerHoit obactu (puc. 4, a).

Jlns riagkoro nHa BIMSIHME TPAHWYHOTO yCJIOBHS THIA TTOrIomenus (2.7) mpocrupaercs Ha Jie-
CSTKU KUJIOMETPOB BBIIIE IO TeUeHuio (cM. puc. 4, a). Ilpu yaajenun or mpaBoii TpaHUIlbl PA3HOCTD
n —pID) yyenpiraeTces: JOCTATOYHO Me/IEHHO, 1 JIazKe Ha, PACCTOSHIE 20 KM Pas3/IMdie COCTABIISLET
okosio 1 merpa (~ 10%).

Bapsuposanne yria ykiona « B npegenax or 0.04m/km (caygaii peku O6b) 10 4Mm/xkMm (city-
qaii pekun Tepek) u koaddunnenta mepoxoparocru B npemenax ny = 0+ 0.1 coxpaHsier TaHHBII
pe3yJIbTar.
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Puc. 3. Pacripenenenws rrybwnbt H(x) mas Tpex Momeneil B CIydae JOKaTbHON HEOTHOPOTHOCTH mHA (CM. pHc. 2)
¢ mapamerpamu xp = 2500 M, Ly = 1500 M, bg = 7 M myist Ky6waeckoro crjtaiina (1.4):
ymana 1 — rparmanoe ycnosue Tuna 111; mawna 2 — tuna I; smama 3 — tounoe pemenwme (3.3);
(a) caywait moxkputmaeckoro tederus; (b) Caydail CBEPXKPUTAYECKOTO TEUEHUS
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Puc. 4. Pactipenenenus yposueit Bomp 77(x) n ancna @pyma Fr(z) (cruomaas MMHAS — TPAHUTHOE yCIOBHAE
tuna I, mrpuxoBas smaMs — rpaamanoe ycrosue tuna 1): (a) rmagkoe muOo; (b) BOZHUKHOBEHHE 00/IACTH CO
CBEPXKPUTUYECKUM IIOTOKOM Ha HEOJHOPOJHOCTH; (C) JOKPUTHUECKUI MOTOK IIPU HAJIUYNAU OJHOM HEOJHOPOIHOCTH;
(d) moxpuTHYeCKMIi IOTOK IIPYU HAJIMYUN CUCTEMBI HEOJHOPOIHOCTEN IHA
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§5. JlHO C JIOKAJIBHBIMU HEOJHOPOHOCTIMU

Heomropomuoctn aua Gyzem pacnosiarats B obmactu 1/2 < z/a < 1, a HA OZHOPOJHOM IHE
0 < z/a < 1/2 6yaem paccunThIBATH OTHOCHTEILHYIO HHTErPAIbHYIO DA3HUILY MEXK/Iy PerteHusiMu

2/a/2 |77(I)_77(III)|
0

- o0 dx . (5.1)

£ =

PaccmoTpum BauMsiHME OJMHOYHBIX TpensiTCTBHA (puc. 4, b, ¢) M CA0XKHBIX HEOJTHOPOIHOCTE
naa (puc. 4,d) Ha CTalMOHAPHBIE DEIeHWs C UCIOIB30BAHUEM DPA3TUYHBIX MPAHUIHBIX YCJIOBHI,
OTPaHUYUBIINCH JOCTATOYHO prHHOMa.CH_ITa.6HbIMI/I HEOAHOPOJHOCTAMMU C OTHOCUTEJILHON BBICOTOM
bo/H ~ 0.1 + 0.7 u ropusonTaabHOii mkamoi Ly ~ (10 + 400)H > H. HeomHOPOIHOCTH [THA MOYKET
Cy]]_[eCTBeHHO NU3MEHATH CprKTypy IIOTOKQ BBIIIIE 11O TEYEHUIO. HOﬂBHeHHe 30HBI CBEPXKPUTHUICCKOTO
reuernsa Fr > 1 ¥ ruapaBJIdIecKOro CKadKa KAYECTBEHHO M3MEHSIOT CUTYAIWIO BBIIIE II0 TEYCHHIO
(puc. 4, ¢), rae pemenns 7! 11) () m nd () npakruueckn copnazgaor. CymecrByer Habop napamver-
POB, XapaKTepU3yOMIX JOKATLHBIE HEOTHOPOIHOCTH [IHA, 00ECIeUnBAIONIe BOSHUKHOBEHNE CBEPX-
kputndeckoit 30ub1 (Fr > 1). Bo Bcex ciiydasix HUXKe TI0 TEUEHUIO OT 30HBI HEOTHOPOJHOCTH JTHA

— n(HI)| sesmka (cM. obmacts © = 40-50 kM Ha puc. 4, b, ¢). A BbIIIE MO TEYEHUIO OT

(11T

pPa3HOCTH ‘77([)
9TUX HEOJHOPOIHOCTEN BeJIMINHA ‘77([ ) —n )| YMEHBIIACTCS U B CIy4dae JOKPUTUIECKOTO TEUEHUS
(puc. 4, b, d). TIpuuem Gostee CAOKHBII XapaKTep HEOJIHOPOJHOTrO pesbeda CymecTBeHHO ocaabaser
BJIMSIHIE TPAHUYHBIX YCJIOBUil BbIme mo tedenuio (puc. 4,d). Puc. 4,d HADISIIHO TEMOHCTPUDYET
YMEHBbIICHUE BJINAHUA TMOTJIOIIAIOIMINX I'PAHNIHBIX YCJTOBI/Iﬁ IPpU HaJIMYNN HECKOJIBKUX HEOJHOPOIHO-
creit gHA gaxke 6e3 GOPMUPOBAHUST CBEPXKPUTUIECKOTO PEKITMA.

Paccmorpum Bimstaue mapamerpoB by u Ly, XapakTepu3yomnX HEOHOPOIHOCTD PA3INIHOTO BU-
na, Ha Beqnunny € (5.1). Ha pucynke 5 nmokazanst 3apucumMoctu £(Ly), €(by) g Tpex XxapaKTepHBbIX
dbopm Bozmymienuit qaa B Buge (1.4) u (1.5) (cm. puc. 2). s BeiOpaHHbIX 3HAYeHHiT pacyeTHOl
obmact a = 50 kv u BesmanHbr croka @ = 20M%/c (H ~ 10m) ma rragkom jgre mveem € = 0.05
(cm. puc. 3, a u npesnen by — 0 ma puc. 5). Ilpu yBenudenun by nMeeM yMEHBIIEHNE PACXOXKJICHUSI
Mex Iy permenusivu. [Ipudem npu ompeseneHHbIXx by POPMUPYIOTCS KPUTHIECKUE TEUEHUE, COIPO-
BOKJIAIOIIEE PE3KNM yMeHbIeHneM € (cM. ob1actb by ~ 5 M B caygae Ly = 1500 m). DroT pesyabrar
ciabo 3aBucut or dopmbl Heomnopomuoctu. [Ipu Gosbiux ammmTymax by pacxokjaeHue MeKIy
peIIeHnsIMI HAXOJUTCs B mpejetax < 107° + 1074,

Peasbubrit penbed 1HA CyIIECTBEHHO OTJIMIAETCS OT MOJIE/JIHHOTO Ha puc. 4, d. B kagecTse peain-
HOTO pesibedha JTHA BhIOEpEeM B IIIATHKUIOMETPOBBIN yuacTok pycia Bosru Boim3u Ceersioro dpa
(mpumepno 50 kM HUKe moTHHBL Bosmkckoit 'YC), KOTOPHIH paciooKumM BHYTPH PAaCcIeTHOi 00J1a-
ctu. Ha puc. 6 npuBejieHbl pe3yabTaThl pacdeToB. Mbl BUIUM OUYEeHb XOPOIIIee COBIIAJICHUE DEIeHmit
IPU UCHOJb30BAHUN JIMHEHHON ANIIPOKCAMAIW Ha IPDAHUIE W YCJAOBUHM B BHJE BOAOIIQNA YIKe IIPHA
r < 45 kM, mpuuem rpanngabie yciaoBus [II garor 30my kpurmyueckoro tedenus BOm3nm x =~ 45 KM,
a IPAHUYHBbIE YCA0BUSA | COXpAHSIOT JOKPUTHIECKUN PEXKUM HA BCEl PACIETHOH 006/1acTH.

3akJiroueHue

[Tpu gucaerHOM MOIEIMPOBAHNY TOBEPXHOCTHOTO MTOTOKA, MEIKOW BOBI B CJIy9ae CJI0KHOTO HEO/I-
HOPOJIHOTO peJibedba JIHA MCHOJb30BaHNE TPAHUYHBIX YCJIOBUN THIA MOTIOIMIEHUs (BOIOMAJ) TAeT
BIIOJTHE aJIEKBATHbBIE PE3YJIBTATHI [T IMUPOKOTO Kpyra 3aja4. Hamuuane neoguopoaocTeii qua (or-
MeJIH, KOCBI, IMbI) KAIECTBEHHO MEHSET XapaKTep TeYeHHs 110 CPABHEHUIO C MIOCKUM JTHOM. Pa3mepsr
obJ1acTi, HA KOTOPYIO OKA3bIBAIOT BJUSHUE T'PAHUIHBIE YCIOBUsI, CYIIECTBEHHO YMEHBITAIOTCS BbIIIE
0 TeueHuio. BbIOOp TOro WM WHOTO TPAHUYHOTO YCJAOBUS BJIUSAET HA CTPYKTYPY TEUEHUs TOJIBKO
B HEITOCPE/ICTBEHHON OJIM30CTH OT TPAHUIBI U PA3HUIA MEXK/Ty PEIIeHUsIMUA CTAHOBUTCST UCUE3AOIIE
MaJjIoi BbImIe M0 TedeHuio. llo-Buammomy, npuanHa cBa3aHa C 3(POEKTUBHBIM OTPAKEHUEM BOJIHBI
pa3pekeHus u3-33a JACTUIHBIX OTparKeHuit or JoObIX HeojHopomHocTeil aua. Ha 3T0 ykaswiBaer
TO, YTO BJMSIHUE HEOJAHOPOIHOCTH pesibeda b(r) Ha CTPYKTYPY TedeHWs! B BHUJE sIMbl OKa3bIBA€TCSI
MeHbIIe, ueM B (hpopMe MOJHATHUS JHA Pycaa. Ecan Ha HEeOJHOPOIHOCTH BO3HUKAET CBEPXKPUTUUE-
CKUIT TIOTOK C THAPABIMIECKUM CKAIKOM, TO 3TO B HAUOOJIBINEH CTemeHn 0CIab/IsdeT BIUTHUE CAMOit
TPAHUIB] HA CTPYKTYPY MMOTOKA BBIIIE IO TEYEHUIO.
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Puc. 5. Biusgaue mapamMeTpoB HEOTHOPOIHOCTH [HA HA ODIIYIO CTPYKTYPY TeYeHHs; TOUedHAs JIMHUS COOTBETCTBYET
TEYEHUIO HA IUIOCKOM [HE, & KPYKKAaMU 0003HAMEHO NOKPUTHIECKOE TEUICHHE [ TPeyroabHOro npoduns ¢ by = 3:
(a) 3aBucumocts €(Ly); (b) 3aBucumocts &(bg) mnst dukcuposantoro L, = 1500 m
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Puc. 6. Pactipenenenus yposreit Bomp 77(x) n uncna @pyma Fr(z) (cruonmHas MMHAS — TPAHUTHOE yCIOBHAE
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Peanbable pycia xapakTepu3yrOTCa OOIBIITUM KOJUIECTBOM HEOIHOPOIHOCTEH penbeda JTHA HA
CaAMbBIX PA3/JIMYHBIX MACIITabaxX, 9TO MO3BOJIAET WCIIOJIb30BATH 00JI€e MPOCThIE TPDAHUIHBIE YCIOBUST
B BHJIE IMOIVIOMIEHUsI (THUIA BOIOMAL), 0DECIednBasi MOrPEHOCTh Jjydrine 1% yKe HA paccTosHUN
HECKOJIbKO KUJIOMETPOB OT IPAHUIIEI. B ciiyuae IByMEpHBIX TeUeHU JTOMOJTHUTETHHBIMU (DAKTOPAMEI
HEOHOPOJHOCTH SIBJISTFOTCI W3MEHEHUs IMUPUHBI U (DOPMBI TIOIEPETHOr0 TPOoMu/Ist Pycia, N3rudbl u
MTOBOPOTHI, BILIOTH J0 MEAHIPUPOBAHUS PYCad. DTU OCOOEHHOCTU BHOCSIT JOMOJHUTEIbHBIN BKJIAJ
B OCJ1a0JI€HNE BJIMSTHUS TDAHUIIHI.
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The problem of choice of boundary conditions is discussed for the case of numerical integration of the shallow
water equations on a substantially irregular relief. While modeling unsteady surface water flows there is a
dynamic boundary that partitions liquid and dry bottom. The situation is complicated by the emergence
of sub- and supercritical flow regimes for the problems of seasonal floodplain flooding, flash floods, tsunami
landfalls. Analysis of the use of various methods of setting conditions for the physical quantities of liquid at
the settlement of the boundary shows the advantages of using the waterfall type conditions in the presence
of strong heterogeneities of landforms. When there is a waterfall on the border of computational domain and
heterogeneity of the relief in the vicinity of the boundary, a portion may occur which is formed by the region
of critical flow with the formation of a hydraulic jump, which greatly weakens the effect of the waterfall on
the flow pattern upstream.
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