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NCCIIEJOBAHUE DOPPEKTUBHOCTHU PABOTBI BEPTUKAJIBHOI'O
OTCTOMHUKA HA BA3E 3D CFD MOJEJIN

Pazpaborana 3D CFD moaens 1t pacuera BEpTUKAIBHOTO OTCTOMHKKA. MOJIeIh OCHOBBIBACTCSA
Ha YHCJICHHOM WHTETPUPOBAHUH YpaBHEHUS KOHBEKTHBHO-IM((Y3HOHHOTO MEpPEeHOCa NMPUMECH U
MO/IEJTH IOTEHINATIBHOTO TeUeHHs. [[puBOAATCS pe3ynbTaThl BEIYACIHTEIEHOTO SKCIICPUMEHTA.

Pospo6neno 3D CFDMogens st po3paxyHKy BEPTHKAIBHOTO BiACTIHUKA. Mojenb 0azyeThes
Ha YUCEIbHOMY IHTEIpyBaHH1 PIBHSAHHS KOHBEKTUBHO-IU(]Y31HOTO MEPEHOCY JOMIIIKHU Ta MOJENI
MOTEHIiabHOT Teuii. HaBeneHo pe3ybTaTi YUCEeTbHOTO eKCIICPUMEHTY.

3D CFD model developed to calculate the vertical settlers. The model is based on numerical
simulations of convection-diffusion transport of impurities and the potential flow model/ The re-
sults of numerical experiments.

BBenenne. KananuzaimoHHble OTCTOWHUKH (TIEPBUYHBIC, BTOPUYHBIC) SBISFOTCS
OJTHUM W3 BaXHEUIIMX DJICMEHTOB B CHCTEME OYMCTKU CTOYHBIX BOI. JlaHHBIE coopy-
KEHUs OIPEICISAIOT, B 3HAYUTEIBHOU CTerneHH, d((EKTUBHOCTD (DYHKIIMOHUPOBAHHSI
KOMITJIEKCa OYHCTHBIX COOpY)KEHHUH B 1enoM. Kpome 3Toro, HeoOXoauMO y4YHTHIBATS,
YTO TMOCJE€ BTOPHYHBIX OTCTOWHHKOB CTOYHBIC BOJIBI, COJIEPIKAIIUE OTPEIEICHHYIO J0-
JII0 B3BEIICHHBIX BEILECTB, cOpachiBaloTcs B BojgoeM. lloaTomy obecrnieueHue sddek-
TUBHON OYMCTKH BOJIBI HA BTOPUYHBIX OTCTOWHHKAX SIBIISICTCS BKHEHIIUM CPEICTBOM
3aIIUTHI IOBEPXHOCTHBIX BOJ OT 3arpsI3HCHUS B3BEILICHHBIMH BEIIECTBAMHU.

[Tpu pa3paboTKe CUCTeM OYMCTKU BOBI JJISI MAJIBIX MPEINPHUITHIA B HACTOSIIEE
BpeMsl IIMPOKO MPUMEHSIOTCS BEpTUKAIbHbIE OTCTOMHUKHN OtrieHKa 3¢ deKTHBHOCTH
paboThl ATUX OTCTOMHHUKOB Ha CTaJMH MPOSKTUPOBAHUSA KOMIUJIEKCAa OYUCTHBIX CO-
OpY’KEHUH — CIIOXKHasi ¥ OTBETCTBeHHas 3a1a4a. OniepaTUBHOE pellleHre dTOH 3a71a4Hu,
KOTJla PacCMaTPHUBAIOTCS Pa3IUYHbIC BAPHAHTHI OTCTOWHUKOB, BAPbUPYETCS UX KOH-
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CTPYKLIHS, TA0APUTHI U T.II., BOBMOXKHO PACUETHBIM IIyTEM - HA OCHOBE METOJ1a MaTe-
MaTU4eckoro MojenupoBanusa. K HacrosiuieMy BpeMeHHU, OOJBIIMHCTBO MPUKIIATHBIX
METOJ/IOB pacyeTa BEPTHKAJIbHBIX OTCTOMHHMKOB Oa3upyeTcss Ha NMPUMEHEHUH OJHO-
MEpHBIX KHHEMATUYECKUX MOJIEJIeH TpaHCIopTa 3arps3HUTeNs B orcToiHuKax|3,4,9]
WIM Ha IPUMEHEHUHU HYJb-MepHBIX (0anaHcoBbIX) Monenel [1]. DT Mmogenu He mo-
3BOJISIIOT YUUTBIBATH THPABIMUECKUI PEKUM pabOThl OTCTOMHUKA U €r0 TreOMEeTpH-
yeckyto Gopmy. Hanbonee coBepiieHHbIM MHCTPYMEHTOM MaT€MaTHYE€CKOro MOje-
JUPOBaHUS pabOThl OTCTOMHMKA SBIsI0TCA MHOrOMepHble CFD wmonenu. B nacTos-
miee BpeMs, B YkpauHe, mHoromepnoie CFD monenu nansi pacuera OTCTOMHUKOB,
MMEIOIIUX CIOXKHYIO TeOMeTprUecKyto popmy — He pazpabaTsiBatoTcs. B 3T0il cBs-
34, aKTyaJlbHOW MpoOjeMoil sBiseTcss pa3padoTka 3P(HEKTUBHBIX METOJ0B pacdera
BEPTUKAJIBHBIX OTCTOMHUKOB , OCHOBaHHbIX Ha npuMmeHeHun CFD mopeneit u mo-
3BOJISIIOLMX ONEPATUBHO, C MaJIbIMU (DUHAHCOBBIMM 3aTpAaTaMH, PACCUUTHIBATH JIaH-
HBIE COOPYKEHHS], C YYETOM UX KOHCTPYKTHUBHBIX OCOOEHHOCTEI.

L]envro nanHoi paboThl aBisieTcs pazpadorka 3D CFD monenu maccornepeHo-
ca B BEPTUKAIbHOM OTCTOWMHHUKE, MO3BOJSIONICH YUUTHIBATH IPHU MOACIUPOBAHUU
reoOMeTpUYECKyIo (hopMy OTCTOMHHKA.

MaremaTnueckasi MoJeJb TPAHCNOPTA 3arpsisHUTENd. /[[na pacuera
TpPaHCIIOPTa 3arpA3HUTENA B BEPTHUKAJIbHOM OTCTOMHHKE HcToyib3yeTcss 3D ypaBHe-
HUE IepeHoca npumect [5,7]

oC ouC ovC d(w—w)C
+ + +

+kC =
ot oOx oy 0z
o\ ) o\ ey ) T e\ M e )

rae C — KOHIICHTpAIUS 3arpsI3HUTEIISI B BOJIC; U, V, W— KOMITIOHEHTHI BEKTOpa CKOPO-
CTH TE€YEHMS; u,,u,, . — KOdPPuumentsr quddysun; t-Bpems; w, — CKOPOCTh OCEMa-

HUS 3arps3HUTEN ; k -.KOd(PUIMEHT, YUUTHIBAIOIIUN MPOIECCHl OMOXMMHUYECKOTO
OKHUCJICHUSI B OTCTOMHUKE.

Kpaesvie ycnosus onsa ypasnenus nepernoca.

Ha TBepapIX HEMPOHUIIAEMBIX TPAHUIIAX PEATTM3YETCS TPAHUYHOE YCIIOBUE BUA

oC
=0
on
>
IJIe #1 — €AUHUYHBIN BEKTOP BHEIIHEH HOPMaJIM K TBEPIOU MOBEPXHOCTH.
Ha TBepapIX TOPU30HTAIBHBIX MIOBEPXHOCTSIX OTCTOMHUKA B YHCICHHON MOje-
JM peanu3yeTcsl TPaHUYHOE YCIOBUE «BBIMIAJICHUS» 3arpsA3HUTENS U3 MOTOKA CO CKO-
pocThio W, . Ha BXoaHO# rpanuile (TpaHuIla BXOJa MOTOKA CTOYHBIX BOJI B OTCTOM-
HUK) CTaBUTCS YCIIOBHUE :

epanuya = CE
rae C, - U3BECTHOE 3HaUCHUE KOHLEHTPALUU 3arpsI3HATEIIA.

Ha BbIxoaHO# TpaHuile pacyeTHONW OOJACTH, B YMCICHHOW MOJENH CTABUTCS
«UUKINYECKOE» (MATKOE) TPAHUYHOE YCIIOBUE BUAA
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ci+1, jk)=cq(, j k),
rae i+1, J k —HoMep pa3HOCTHOM sUEHKH Ha BBIXOJ/I€ U3 OTCTOMHUKA.
B nauanbHbIli MOMEHT BpemeHu nonaraercss C=(0 B pacueTHo#l obyactu. 3aaa-
Yya paclpOCTpaHEHMs 3arpsA3HUTENsE B OTCTOMHHMKE pEIIaeTcsl Ha YCTaHOBJICHHE pe-
HICHUS.

Mopeab rugpoaMHaMUKuU. (s pemieHuss TUapoJMHAMUYECKON 3a7aud - Ompe-
JIJICHHSI TI0JISI CKOPOCTH B OTCTOMHUKE, UCTonb3yeTcss 3D Mojenb NOTeHIHAIbHOTO
TeyeHus. B aToM ciydae Mozenupyroliee ypaBHEHHE UMEET BUI [6 ]

ﬁp+ﬁp+ﬁp_
o’ oyt oz

0 )

rae P - moreHuuan CKOPOCTH.
Jlist ypaBHeHus (2) cTaBsATCA CIEAYIOIINUE TPaHUYHbIE ycloBus [6]:

. oP
- Ha TBCPABIX CTCHKAX OTCTOMHUKA, IICPETOPOAKAX BHYTPH HCTO: 6_ =0,Ta€ n
n

- €IMHUYHBIA BEKTOP BHEIIHEW HOPMAJI K TBEPAOU T'PaHULE;

- Ha BXOI[HOﬁ rpanune (O6HaCTL BTCKAaHHUsA CTOYHBIX BOJ B OTCTOﬁHHK)
oP

" =V ,rae V, - "3BECTHOC 3HAYCHUEC CKOPOCTH BTCKAHUS,;
n

-Ha BBIXOJHOW TpaHuUlle pacyeTHOM 06sacTu (00JaCTh BBIXO/Ia OCBETIIEHHBIX
BOJI U3 OTCTOMHMKA) P = P*(x = const, y)+ const. (ycinosue Jlupuxie)

ITocne pacuera mosst NOTEHLMANA CKOPOCTH OCYIIECTBIISETCS pacyeT KOMIIO-
HEHT BEKTOpa CKOPOCTHU MOTOKA CTOYHBIX BOJ Ha 0a3e 3aBUCUMOCTEH [6]

oP oP oP
U=—,Vv="-, W=—.

ox oy 0z

YucineHHoe pelieHue ypaBHeHMH MoaeIu. YHUCIEHHBIN pacyeT peannu3yercs
Ha TNPSAMOYIOJIBHOW pPa3HOCTHOM CETKe. 3HAUEHUE KOHLICHTPALUMU 3arpsA3HUTENS U
MIOTEHIMAJIa CKOPOCTU PACCUMTHIBAETCS B LIEHTPAaX PA3HOCTHBIX SYEEK, 4 3HAUCHHE
KOMITOHEHT BEKTOpa CKOPOCTH — Ha IpaHsAX KOHTPOJBHBIX 00BEMOB (siueek). Dopmu-
pOBaHHE reoMeTprUIecKoil (POpMbI OTCTOMHMKA HA MPSIMOYTOJbHON Pa3HOCTHOU CeT-
K€, OCYIIECTBIISIETCA C MOMOIIBIO METOJla MapkupoBanus [2,5]. Takoil moaxoxn ngaer
BO3MOXHOCTh T0JIb30BaTENI0 OBICTPO (OPMHUPOBATH JIFOOYIO reOMETpUUYEcKyo (Ghop-
My OTCTOMHMKa, 0€3 KaKuX TMOO HajlaraeMbIX Ha Hee OrpaHUYEHUN.

JI1s1 4MCIIEHHOTrO MHTETrPUPOBAHUsl YPABHEHUS MEPEHOCA 3arpsi3HUTEINS B OT-
CTOMHUKE NPUMEHSETCS MONEPEMEHHO — TPEYrOJIbHAs HESIBHAS PA3HOCTHAs CXeMa
pacuierienus [2,5]. Jns yucieHHoro MHTErpupoBaHus ypaBHEHUS (2) UCTIONIb3yeTCs
Meton JInbmana [8].

IIpakTnueckas peaausauusa moneau. Ha ocnoBe mnoctpoennoir 3D CFD
MOJIeNId pa3paboTaH cnenuanu3upoBaHHbid Koj «Settler-3Dy». JIns nporpammupoBa-
HuA ucnoiib3oBancsi FORTRAN.

[locTpoeHHass yucleHHass MOJENb ObUIa MCIOJIb30BaHA ISl MOJEIUPOBAHUS
IIPOLIECCAa MACCONEPEHOCA B BEPTUKAIBHOM OTCTOMHHUKE C MEPErOPOAKON MU IUIACTH-
HOM, KOTOpas pacroiaraercs nepej neperopoakoit (puc.l) . Beprukanbhas nepero-
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poJiKa TeperopakuBacT OTCTOWHHK IO BCEH MIUPHHE, TUTACTHHA — JIMIID YaCTHYHO.
To ecTh, MOTOK CTOYHBIX BOJA OOTEKAET IUIACTHHY CO BCEX CTOPOH, a MEPETOPOAKY —
TOJIbKO CHU3Y (puc. 1.). []env pacyeTa - MpUMEHEHHE TIOCTPOCHHON TPEXMEPHOH YHC-
JICHHOM MOJIETH IS OIICHKU 3(P(EKTUBHOCTH OYUCTKH BOJBI B OTCTOMHUKE paccMmar-
puBaeMOi KOHCTpYKIHH. [Ipy MomenIMpoBaHWU MOJaraeTcs, YTo CKOPOCTh OCakIe-
HUS 3arpsA3HUATENS B OTCTOMHUKE 3aBUCHUT OT KOHIICHTPAIIUW 3arpsI3HUTENIS M 3Ta 3a-
BUCHUMOCTB BbIpaxaeTcs Mojienbio Thomas & Vesilind [10]

v, =ke"

[Ipy mnpoBeneHUU BBIUYMCIUTEIBHOTO JKCIEpUMEHTa Tonaraercs k=0,8,
n=0,35.

BeruncnuTenbHbIA 3KCIIEPUMEHT MPOBOJUIICSA MPH TaKUX MapaMeTpax: JIMHa
OoTCTOMHMKA — 6 M; mupuHa — 4,2 M; TIyouHa - 5,8 M; CKOPOCTh TIOTOKAa Ha BXOJIC B
oTcToiHUK 12 M/4; koappunuent auddy3un Mo BceM KOOPIUHATHBIM HaIPaBJICHU-
M — 3 M*/4; K03 PUIMEHT GHOXMMHYECKOTO OKHCIeHNs o =0; BHICOTA TIEPEropoaKHI
— 2,9 m; BbICOTA IJIACTUHBI 2,3 M; MIMpHUHA TU1acTUHBI 2 M. KoHIIEeHTpalus 3arpsi3Hu-
TeJIs BO BXOJAIIEM B OTCTOIHHUK MOTOKE paBHa 3000 r/m.

G555

Puc. 1. Cxema BEpTUKaIBHOTO OTCTOMHHKA C NMEPETOPOAKON U INTACTUHOU

Ha puc. 2 npencraBiieHO paclpefeieHue 3HAYeHHUs] KOHIEHTPAlUK 3arpsis-
HUTENSE B OTCTOMHHKE (BHJI cOOKYy). B 3TOM cedyeHuu MoOKa3aHO, T/i€ MPOUCXOIUT
BXOJl ¥ BBIXOJI CTOYHBIX BOJ U3 OTCTOMHHMKA. 3HAYEHHWE KOHLEHTPALlUU HA PUCYHKE
MPEICTABICEHO B O€3pa3MEepHOM BUJIE: KAX0€ YUCIO — 3TO BEJIMUYMHA KOHIICHTPALIUU
B MPOIIEHTaX OT BEJIMYMHBI BXOJIHOW KOHIIEHTpauuu. I[ledaTs yncen ocyiiecTBiIseTCs
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1o gopmaty «yenoe uucnoy, T.e. IpoOHas 4acTh YMCJIA HE BBIIAETCS HA Me4yaThb. JTO
3HAYMT, YTO €CJIM, HAI[PUMEpP, B KAKOW-TO pAaCUETHOM TOYKE 3HAYEHUE KOHIEHTpa-
AN COCTaBISIET «75.86%» OT KOHLEHTPAllMM HA BXOJE B OTCTOMHMK, TO Ha I€YaTh
OyZeT BbIBeIEHO 4HCIO «75». TakoW BBIBOJ pe3y/ibTaTOB HA IMe4YaTh MPUHAT AJIA
MPOBEIEHUs OBICTPOTO UX aHAIK3A.
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Puc. 2. Pacnpenenenne KOHUECHTPAIIUU 3arPsI3HUTENS B BEPTUKAIBHOM
OTCTOMHHKE C MEePEeropoKON U IJIACTUHOM (ceueHue y =1,8 M, KOHIIEHTpaIus
BHYTPH OTCTOMHHUKA - B IPOIIEHTaX OT BEJIMYMHBI BXOTHOW KOHIIEHTPAIIUHN )

N3 puc. 2 xopomo BUIHO, YTO HAIMYME IUIACTUHBI B MTOTOKE MPUBOJIUT K HE-
paBHOMEPHOMY pACIpPENEICHUI0 KOHIECHTPALMU 3arpsA3HUTENS BOJIM3M €€: Tak Hajl
IJJACTUHOM KOHLIEHTPALMS COCTAaBJSET BEIIMUUHY nopsiaka 67%, a moJ niIacTUHON —
nopsiaka 74%. V3 gaHHOTO pUCYHKa BUJHO , UTO KOHLEHTPALMM 3arpsA3HUTENS Ha
BBIXOJI€ U3 COOPY>KEHHUs COCTABIIAET Mopsaaka 67 % OT BXOJAlIed KOHLEHTpauuu (B
abcomoTHbIX yuciax — 2041 r/n.). Ho B Apyroi yacTu BBIXOJHOT'O CEYEHUS 3Ta Be-
JU4MHA cocTaBisgeT - 2058 r/mn, T.e BenuuuHy nopsaka 68%. TakoB adpdext ounctku
B JJAHHOM COOPYXEHUU IPHU BHIOpaHHBIX apamMeTpax.

B 3akimroueHue OTMETHM, 4YTO JJI1 pacdeTa OJHOTO BapHaHTa 3aJadu IOoTpe-
0oBasioch 1| MUH. KOMIIBIOTEPHOTO BpeMeHU. Takue MUHUMAaJbHbIE 3aTpaThl BPEMEHU
Ha MPOBEJECHUE BBIUYMCIUTENBHOIO AKCIIEPUMEHTA SIBISIOTCS BaXKHBIM OOCTOSITEIBCT-
BOM IIpU MPOBEJAECHNUH CEPUIHBIX PACYETOB HA MPAKTHUKE.

BeiBoabl. B pabore paccmorpeHo npuMeHeHne nocTpoeHHo 3D uncneHHoi
MOJEININ Ul UCCIEAOBAHMS IIPOLIECCa MACCONEPEHOCA B BEPTUKAIBHOM OTCTOMHHUKE
CJIO)KHOH reoMeTpudeckoi gopmsel. PazpaboTaHHast MOZENb 1aeT BO3MOKHOCTbD OIle-
paTUBHO paccuuTaTh 3PPEKT OUMCTKU BOJABI B OTCTOMHUKE. JlanbHeilliee Hampasie-
HUE JaHHOW paboThl CleyeT MPOBOJUTh B HAMPABICHUU Pa3pabOTKH MOJENH MPo-
1[ecca MacconepeHoca B OTCTOMHUKAaX Ha 0a3e MOJIEIHN OTPBHIBHBIX BUXPEBBIX TEUECHUN
UJ€aJTbHOMN KUIKOCTH.
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MOJEJUPOBAHUE PAEOTHI YCTPOMCTBA JIJISI BBIITYCKA
IMAXTHBIX BOJ B MOPE

Ha 6a3e pa3paboTaHHO 4nCIEHHOW MOJEIH BBIIIOJHEH pacyeT yCTpOoHCTBa AJisl cOpoca MIaXTHBIX
BOJ B Mope. Mojenb OCHOBBIBACTCSl Ha YUCICHHOM HHTETPHPOBAHWU YPaBHEHHS KOHBEKTUBHO-
i dy3noHHOTO TTepeHoca MPUMECH B MOJIETH TOTEHIMAIBHOTO TeueHHs. [IpruBoasTcs pe3yabTaTsl
BBIUHMCITUTEIEHOTO KCIIEPUMEHTA.

Ha 0a31 po3po6iieHo1 yrcenbHOT MOJIeNli BUKOHAHO PO3PAXYHOK MPUCTPOIO AJIsi CKUAY IIaXTHUX
BOJI B akBaTopito Mopsi. Mozens 0a3yeThCsi Ha YUCEIbHOMY IHTETpYBaHHI PIBHSIHHS KOHBEKTUBHO-
Tu(y31MHOTO TEPEeHOCY JOMIIIKM Ta MOJeNl MOTEHIIHHOTO pyxXy. HaBomarbcs pesynbTaTn
00YMCITIOBAJIBHOTO €KCIIEPUMEHTY.

The numerical model was developed to calculate the gadget for waste mine waters discharge into
the sea. The model is based on the numerical integration of the K-gradient transport model and the
model of the potential flow. The results of numerical experiment are presented.

BBe}]eHI/Ie. B HACTOAIICC BPEMA KaK OIWH M3 BAPHUAHTOB PCHICHUA HpO6JICMBI
YTAIM3alIUU IAXTHBIX BOJ KpHBOpO}KCKOF (6] paﬁOHa (HOI[SCMHBIC BOJBbI, C6paCBIBaCMBIe

206



