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Biomrarto — cropyna i OYMIEHHS TOCHOapChKO-TIO0YTOBHX,
BUPOOHUYMX CTIYHHX BOJ, 3a0pyJHEHOTO OBEPXHEBOTO CTOKY. Y Bi-
JIOMUX KOHCTPYKILiSX 0i0mIaTo BiIOYyBA€ThCS MOCTYIIOBA KOIBMATAIIiS
HIOPOBOT'O NMPOCTOPY (BiIIBTPYBATBHOI 3aCHIIKH Ta HIDKHBOTO APEHAKY
0iOTUTIBKOKO 1 MiHEpaJli30BaHUM OCaI0M, HAKOITMYEHHS MYJTy B IOHHII
YacTuHi criopyad. [ BigHOBIEHHS poOoTH Oioriato HeoOXigHa ix
HepioyHa 3yNMHKA Ha CKJIaHi 1 TPUBAJ PEMOHTHO-BITHOBIIOBIBHI
poboTH, OB A3aHi 3 MPOMHUBKOIO 1 pereHepamnicio (iTbTpyBaIbHOI 3a-
CHIIKH Ta JIpeHaxy. ToMy IporHo3yBaHHS poOOTH Oi0IUIaTO aKTyasb-
HO TNIPOBOJWUTH CaMe Ha €Talli NPOEKTYBAaHHS 3 METOI 3AIHCHEHHS
MPOTHO3HMX PO3paxyHKIB. J[oIiIbHINIE Ie pOOUTH came 3acobaMu Ma-
TEMaTHYHOTO Ta KOMIT FOTEPHOTO MOJCTIOBaHHs O€3 MPOBEICHHS Ha-
TYPHHUX eKCIIepHMeHTIB. B maHili poboTi aBTopamu moOy10BaHO MaTe-
MaTHYHy MOZeNb (QUIbTparlii 3 ypaxyBaHHSIM KoibMararii Ta cydosii B
crcreMi OlomuIaTo-(iIbTpa y IBOBIMIPHOMY BHIAAKY. B moOymoBaHiit
MaTeMaTH4HIl MoJieni BpaxoBaHO (i3n4Hi eeKTH IMHAMIYHOT 3MiHN
MOPHUCTOCTI Ta 3AICKHOCTI KoedillieHTa (inbTpallii Bif KOHIIEHTpAIil
3a0pyJHEHB, YOTO HEMAE Yy BIIOMHX aHanorax. HemiHiiHicTh moOymo0-
BaHOT MOJIeNi He J03BOJISIE TOBOPUTH TIPO AHAJITHYHI PO3B’S3KH Bif-
HOBI/THOT KpaiioBoi 3ajadvi. binbie Toro, SIKIIO B HOJAIBIIOMY PO3r-
JAaTH TPUBMMIPHY 3afady. MareMaTHiHe MOJIETIOBAHHS JI03BOJISIE
OLIHNTH e(eKT BIUIMBY POIJIIHYTHX (haKTOPIB, ajle HEe JO3BOJSIE 3HU-
3WTH TaKWil HeraTMBHUK BIUMB. ToMy JUtst 30epeXeHHs MPOTYyKTUBHO-
CcTi 06i0TIaTO aBTOPaMHU 3aMpOTIOHOBaHI IHYKEHEPHI PIlICHHS, 5K 3HH-
JKYIOTB BIUIMB KOJIbMATALIiifHO-Cy(hO3IHHMX NPOLECiB Ha e()eKTUBHICTh
poboTu Giomnaro-}inkTpa. A came: B MaTeMaTHYHIil MOJICITi aBTOpaMH
BPaXOBaHO HAsBHICTH JIOJATKOBOI CHCTEMH Iep(opoBaHHUX TPYO, sika
po3MiliieHa B TOBLII (iIBTPyBaIbHOT 3aCHITKH. YpaxyBaHHS BKa3aHHUX
(hakTOpiB JO3BOJISE MiBUIIUTH aCKBATHICTH MATEMATHYHOI MOJIETI
IUTSL TOCIHIDKYBaHUX (i3MYIHHUX TIporieciB. UKCIIOBI po3B’sI3KH 3amadi
3HaliIeHO METOJIOM CKIHYCHHHX eJleMEHTiB. IIpOBECHHS YHCEbHUX
eKCIIEPYMEHTIB IUIAHYEThCSl Y OE3KOIITOBHOMY MPOTPAMHOMY Cepesio-
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Beryn. B ocranHi pokn 6iomaTo HaOyBalOTh 3HAYHOTO MTOIIHUPEHHS
i BHUKOPUCTOBYETHCS JUI1 OYMINEHHS Ta JOOYHILECHHS TIOCIONApCHKO-
MOOYTOBUX, BHPOOHUINX CTIYHHUX BOJ, TOBEPXHEBOTO CTOKY y Pi3HHUX Kpa-
inax ceity [8, 9]. lle MOSCHIOETHCS THM, 110 BOHH MPAKTUYHO HE TOTpe-
OYIOTh BUTpAT €NIEKTPOCHEPTii Ta XiMIYHUX PEareHTiB, 3HAYHOTO EKCILTya-
TaIiifHOr0 00CITyTOBYBaHH i 320€3MeUyI0Th HEOOXIAHY AKICTh OUUIICHHS
BOJM BIJ IIUPOKOTO CIIEKTPY 3a0pYJHIOIOYMX PEYOBHH OPraHiYHOTO Ta
MiHepanbHOTrO Xapaktepy [1-3].

OnHak y BIIOMHX KOHCTPYKLISIX 0iomiiaTo BiAOYBaeThCsS MOCTYNOBA
KOJIbMaTallisl TIOPOBOTO MPOCTOPY (PIIBTPYBAIBHOI 3aCHIIKK Ta HUKHBOTO
JpeHaxy OI1OIUTIBKOIO 1 MiHEpali30BaHUM OCa/JOM, HAKONHMYEHHS MYyNy B
JIOHHI YacCTHHI CIOPY[, 3HM)KCHHS HaJXOKEHHS KHCHIO O KOPEHEBOI
CHCTEMH POCIIVH, 110 MOXXE IPH3BOIUTH A0 3HIKEHHS e(EKTUBHOCTI PoO-
00TH cropya, MeNTH3allii ocaay i BTOPHHHOTO 3a0pynHeHHs Boau. Ocob-
JINBO HETaTHMBHHM € I0JaYya Ha Taki 0l0IUIaTo BOAM 3 IIABHUIIEHHM BMiC-
TOM 3aBHCJIMX YACTHHOK, [0 3HAYHO MiJCHIIFOE HETaTHBHI HPOLECH, SKi
MPOTIKAIOTH Y TOBIII (PiTBTPYBAIBHOI 3aCHITKH.

AHaJii3 JiTepaTypHHMX JKepes Ta MOCTaHOBKA AociimxenHs. [lo
CyTi, TOTPIOHO AOCIIIKYBAaTH MPOIEC MIrparlii HepO3YNHEHNX YaCTHHOK B
MOPUCTHX cepenoBuiax. Ha BaxIMBOCTI mporecy Mirparii TBepaux Jac-
THHOK B TIOPHCTUX CEPEOBHINAX HATOJIOUIYEThCA B poOoTi [15], ockimbku
pa3oM 3 HUMH MOXYTh MITPYyBaTH i BipyCH, acOIiilOBaHi 3 I[IMH YaCTHH-
KaMHi. MaTeMaTn4Hy MOJIEJb MEPEHOCY CyCIeH3ii B IOPUCTHUX CepelloBHU-
max no0yJ0BaHO Ta 3aCTOCOBaHO 11 10 mporeciB cyho3ii B podori [16]. B
po6oTi [4] BUKOpUCTAHO MOJENb NepeHeceHHs (cucTeMa audepeHiiaib-
HUX PIBHSIHB IIEPLIOT0 NOPSAKY) Ta qudy3iitHy MOzesb, KOJIU OTPUMYEMO
BUPOKCHE PIBHSIHHS mapabosiunoro tumy. B poboti [16] mocmimkeHo
MepeHeCeHHs] HAHOYAaCTHHOK 3aji3a B MOPHUCTHX CEPelOBHINAX 1 1X BHKO-
pHCTaHHS Ul OYHMILEHHS 3a0pYAHEHOro IPYHTY Ta IPYHTOBHX BOA. Pe-
3yIbTaTH JIAOOPATOPHHUX AOCII/DKEHb II0 KOJbMATallii Ta NMEpeHEeCeHHIO
YACTHHOK B TIOPUCTOMY CEpPEIOBHIINI HaBeeHi B poOoTi [7].

B nesxunx i3 BHIIE3raJjaHnX HayKOBHX poOoTax moOymoBaHO MaTeMa-
TUYHY MOJAeNb (impTparniiiHo-KompbMaTamiitaux mporeciB. OcHOBHa yBara
TaM TNpHJiJIeHa [IpolecaM MepPEeHEeCeHHs] HAHOYaCTHHOK Ta KIHETHKH KOJIb-
MaTanidHux nporeciB. OqHAK, B MPOIECci KOJbMaTallii BilOyBa€eTbCs TU-
HaMiyHa 3MiHa IOPHUCTOCTI MMOPUCTOTO CEPEJOBHUINA, IO, B CBOIO YEPTy,
BIUIMBa€e Ha KoedimieHT ¢inmpTpamii i, OIOCEpeaKOBaHO, HA BECh IMPOIIEC
¢dinpTpamii. YpaxyBaHHS BKa3aHUX eQeKTiB Ta MOau(iKaIlis BiAIOBITHOTO
piBHSIHHS (inbTparii 3a1liCHEHO aBTOpamMu y pobori [12].

VY po6orti [13] aBTopamu po3po6IIeHO KOHIENTYaIbHI MiAX0AH Ta Ma-
TEMaTHYHy MOJENb Ui MOTEHIIHHOI eHeprii OpraHiYHUX PEYOBHH IPHU
OIIIHIII TIPUPOTHUX CHCTEM, KA JO3BOJISIE OOUUCIIUTH 3arajibHy KiTbKiCTh
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nepBUHHOI OiomMach B 00'eMi Boau ab0 MOBEpXHEBUX KBAaAPaTHUX OIWHU-
ax. B po6oti [5] BmockoHanmeHo MaTeMaTHYHY MOJIEINb IPOoIIecy aepoOHO1
OUYNCTKH CTiYHHX BOA. BiH BpaxoBye B3aeMofito OakTepiii, a Takox opra-
HIYHUX Ta Oi0JIOTIYHO HEOKHCITIOIOYNX PEYOBHH B YMOBaX Iu(y3iHHUX Ta
MacooOMiHHHX 30ypeHb. A B po0orTi [14] aBTOpM BHKOpHCTAIN €IEKTPO-
KOAryJIsmis [UId OYUIIEHHS PI3HIX IPOMHUCIOBUX CTIYHHUX BOJI.

VY pob6orax [10, 11] aBTopamu AOCTIIKEHO METO 010-TIOBLIBHOT Mi-
maHoi (irbTpanii A7 yCyHEHHsI MOMYTHIHHS, OpraHIYHUX 3a0pyIHEHb,
OakTepiii Ta amiayHoOro asory y QinbTpyBasbHiM Bogi. Lls TexHomoris
OYMIICHHS BOJAU € AaKTYyaJbHOI, OCKUIBKM XapaKTepPH3YEThCS HU3bKUM
CIIO)KMBAHHSIM €HEprii, IPOCTOI0 eKCIUTyaTalli€l0 Ta BUCOKOIO IIBUJIKICTIO
BUJAJICHHS 3a0py/IHEHb.

Buknan ocHoBHEX pe3yiasTaTiB. B sikocTi MonenbHOT 3a1a4i posr-
nsinaBcs Giomaro-(iabTp JOBXKHHOK 50 METpiB Ta BHCOTOIO 2 METpH i3
eOEHUCTOI 3aCHIIKOI0 KpymHicTio ¢pakuiii 20 MMm. 3a0pynHeHa Boja
TIOJAETHCSL Uepe3 BEPXHIO APEHAXHY CUCTeMy 13 nepopoBaHUX TPYO i
3a0MpaeThCsl B HIDKHIM YaCTHHI 3aCHIIKM 33 JOIOMOTOI0 NephopoBaHOro
JIPEHAXY, PO3MIIIICHOT0 Ha JHI 0i0IaTo.
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Puc. 1. [lonepeunuii nepepiz obnacmi po3g a3ky 3adaui

3 pobotu [12] maremaTuyHa Mozesb GigbTpallil 3 ypaxyBaHHIM KO-
JBMaTaIii MiCTUTh HACTYIHI PiBHSIHHSA
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§=a~c—ﬂ~S,XeQ, 3)
ot
u=-k;(c,s,0)Vh, X e Q. 4
MarematraHa Mozens (1)—(4) no3Bostiiia MiBUILUTH a/IeKBaTHICTH pe-
3yJBTATIB JUISl IOCIIJDKYBaHUX (DI3MYHUX IPOLIECIB, OJHAK HE J03BOJISIE 3HU-
3UTH HETAaTWBHUI BIUIMB KOJbMaTamii i Imokaszaya HeoOXiJHICTh po3poOKH
IKeHepHUX DIlIeHb I 3HIDKCHHS BIUIMBY KOJBMATallitHO-Cy(O3iitHIX
TmporieciB Ha mporiecu ¢inbrparii. Lle BuMaratnme, B CBOIO Uepry, ypaxyBaH-
HS IMX IEKCHEPHUX pilleHb B MaTeMaTH4Hiif mMozenmi. Came ToMy B HaHii
po0OTi aBTOpaMH 3aIpPOIIOHOBAHO JOIOBHUTH CHCTEMY OiomuiaTo-(iisTpa
JIOTATKOBOIO CHCTEMOIO TIepOpOBaHKX TPYO, sIKa PO3MIIlIeHa B TOBIII (PiIbT-
pyBanbHOI 3acunku. Ha nonatkoBiii cuctemi nephopoBaHuX TPYO 3a1ar0Thest
YMOBH BHKa4yBaHHS BOJIH, ajiec 3 MEHIIIOK iHTeHCHBHICTIO. L[5 Boma moBTOp-
HO IO/IA€THCS Ha BEpXHIO cucteMy rnepdopoBanux tpy0. Takum urHOM, (inb-
TpyBaJibHa BOJia MIPOXOANUTH OYUCTKY B JIBa CTAIIA.
[ToyarkoBi ymoBH:

c(x,y,0)=GC,, (X)ea,
S(X,Y:O):Sou (X)Gg_)
I'pannyni ymoBHU

h(X,t)|XEr1YrA =y.

Ha mexax T', Ta I'; HOTIK 3aJIe5KMTh BiJl BIICTaHi 10 NPaBOro Kparo:

_ Ymin (X_ X2) T Omax (X_ Xl)

.. = :
Xell
: X=X X; =X
= X
queF3 w q|)<el"2’
Je W — Koe]ilieHT, § — MOTiK PiAMHU HA OJUHULIO JOBXHHH, X =0,

max + I's:['g — MEXi HEIPOHUKHOCTI.

X, =1, C(x’t)|><er1,r4 =C
Tyt o(X,t) — mopHCTICTh TPYHTY, SIKa € 3MiHHOIO B 4Yaci 3a paxy-

HOK 3MIiHM KOHIIGHTpAIii KOJIbMAaTYyIOUMX YacTHHOK; S(X,t) — macoBa

. KT .
KOHILIEHTpAaList ([s] = —SJ KOJIbMATYIOUHX YaCTHHOK (Maca YaCTHUHOK, SIKi
M

acoIifioBaHi 31 CKEJIETOM IPYHTY 1 BifHEceHi 0 oanHMLI 00’eMy); € —

. . KT
KOHIIEHTpALlis CycneHsii, ska Qinprpyerhes ([¢]=—-, Maca 3aBucImX

3 >
M
YacTHHOK B OJIMHUIII 00’€My MOPOBOI PiJIMHK); p, — TYCTUHA MaTepiany

KOJIbMAaTYHOUMX YaCTUHOK; P, = p,(C) — ryctuna moposoi piaunu (cy-
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cmeH3ii), SKa 3aJeXHUTh BiJ KOHIEHTpANii 3aBHCIMX YaCTHHOK C
ki, = kp, (c,0) — koediuient QinpTpanii, AKuH 3a71€XUTh BiJl KOHUEHTpA-
uii cycnensii Ta nopucTocTi; h — Hanip B nopoBii pinuni; D, — koedi-
Li€HT Jaucrepcii YacTMHOK B MOpPOBid cycmensii; u=-k,(c,s,o)Vh —
MIBUAKICTH (inbTpanii mopoBoi cycnensii; & — Koe(illieHT IBUIKOCTI
TPWIANIAHHS YaCTUHOK; f3 — K0e(ili€HT MBHUIKOCTI BiJPUBY YaCTHHOK.

Juis BigmrykaHHS HAOIIKEHOTO PO3B’SA3KY MOCTAaBIICHOI KpaiioBoi 3a-
Jladi BUKOPUCTAHO METOJ CKiHYeHHUX eyeMeHTiB (MCE).

Crnabke QopmymroBaHHS KpaloBOI 3amadi HOJSITaE B HACTYITHOMY.
Jomuoxxumo piBasiHHS (1) Ha MpoOHY QyHKIII0

VI(X) e H, ={v1(X) V(X)) eWzl(Q)},vl(X)|r e =0,
iHTETpyeMO 1o obmacti Q , 3actocoByeMo (opmyny OcCTporpaiachKoro-
I'aycca i oTpumaemo
py oc Pp 0s
”(khppVthl)dQ+”(a—p-—-vl)dQ—”(—p-—-vl)dQ:O.

o it oc ot o Ps Ot

JIoMHOXWMO piBHSAHHA (2) Ta MOYATKOBY YMOBY U KOHIICHTpAii
cycreH3ii Ha TpoOHy (YyHKIIiO

v2(X) € Hy ={v2(X) v2(X) eWzl(Q)},VZ(X)|r =0,

iHTETpyeMO 10 obmacti Q , 3actocoByeMo (opmyny OcCTporpaachKoro-
I'aycca i oTpumaemo

g(DCVCVVZ)dQ—g(u(l—pr%)~Vc~v2)dQ+g(%-VZ)dQ -
i-1

= ” (G(l_i%).ci;.vz)dgl

o Pp OC dt
”c(x,y,O)-vZ(X)dQ = ”Co v2(X)dQ,
Q Q

u=-k,Vh,

s'=(a-c =g dt+s'

Jis BimmrykaHHs HAOJIMIKEHOTO Yy3arajdbHEHOTO PO3B’SI3KY OTpHUMa-
HOI 3a/1a4i NOTPIOHO 3aCTOCOBYBAaTH JAMCKpPETH3allilo B 4aci (Juisi OibIn
JerabHOi iHpopMartii qus. [12]).

BucnoBku. [ToOy710BaHO BAOCKOHAJIEHY MaTeMaTUIHY MOJEIb MPO-
necy ¢inpTpanii cycnensii B Gioruato-}inbTpi, sika, Ha BiAMIHY Bij Bio-
MHUX aHAaJOTiB, BPaXOBY€ HENIHIHHY 3aJeKHICTh KoedimieHTa (impTparmii
BiJl KOHIIEHTpaLii KOJbMAaTYIOUNX YaCTHHOK Ta JWHAMIYHY 3MiHY IOpHC-
TOCTi B mporeci GinpTpyBaHHA. Takok mpeacTaBieHa MaTeMaTHYHA MO-
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JIeNTb BPaxOBY€e HAsBHICTH JOAATKOBOI CHCTEMHU HeppOpOBaHUX TPYO, sika
po3MmimieHa B TOBII (idbTPYBaIbHOI 3aCHIIKH. YpaxyBaHHS BKazaHUX (a-
KTOPIB JI03BOJISIE TIJIBUIUTH a/JEKBAaTHICTb MaTEMaTW4HOI MOJENi s
JOCTIKYBaHUX (i3WIHMX TporieciB. YHCIOBI po3B’sI3KH BiIIIOBIAHOT He-
JHIHHOT KpaifoBOT 3a/1aui 3HaAEHO METOJJOM CKIHUEHHHX €JIEMEHTIB.
[Nomanpii HANMPSMKH TOCIHIKEHb aBTOPiB OyIyTh CTOCYBaTHCA MOOY-
JIOBH [IOCIDKyBaHOI 00J7acTi Ta TPOBEACHHS YHCIOBHX EKCIICPUMEHTIB
PO3B’sI3Ky OTPUMaHOi KpaioBOi 3a/1a4i i HOPIBHIHHS OTPHMAHHX PE3yJIbTaTiB
3 HATypHUMH €KCIIEpUMEHTaMH. J[JIsi IpOBEeHHs YMCIIOBHX GKCIIEPHUMEHTIB
TUTAHY€THCSI BUKOPUCTATH OE3KOMITOBHE TIPOTrpaMHe cepenoBuiie FreeFem++.
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MATHEMATICAL MODELING OF WATER
PURIFICATION IN BIOPLATO-FILTER

Bioplato — a facility for the treatment of domestic, industrial wastewater,
contaminated surface runoff. In the known structures of the bioplato there is a
gradual colmatation of the pore space of the filter backfill and the bottom
drainage with biofilm and mineralized sediment, the accumulation of silt in the
lower part of the structure. To restore the operation of the bioplato, it is neces-
sary to periodically stop them for complex and long-term repair and restoration
works related to flushing and regeneration of the filter backfill and drainage.
Therefore, it is important to forecast the operation of the bioplato at the design
stage in order to make predictive calculations. It is better to do it by means of
mathematical and computer modeling without conducting field experiments. In
this paper, the authors constructed a mathematical model of filtration taking in-
to account colmatation and suffusion in the bioplato-filter system in the two-
dimensional case. The constructed mathematical model takes into account the
physical effects of the dynamic change of porosity and the dependence of the
filtration coefficient on the concentration of contaminants, which is not in the
known analogues. The nonlinearity of the constructed model does not allow us
to speak about the analytical solutions of the corresponding boundary value
problem. Moreover, if we consider the three-dimensional problem in the future.
Mathematical modeling allows to estimate the effect of the considered factors,
but does not allow to reduce such negative influence. Therefore, to preserve the
productivity of the bioplato, the authors proposed engineering solutions that re-
duce the impact of colmatation-suffusion processes on the efficiency of the bi-
oplato-filter. Namely: in the mathematical model, the authors take into account
the presence of an additional system of perforated pipes, which is located in the
thickness of the filter backfill. Taking into account these factors allows to in-
crease the adequacy of the mathematical model for the studied physical pro-
cesses. Numerical solutions of the problem are found by the finite element
method. Numerical experiments are planned to do in the free software envi-
ronment FreeFem++.

Key words: bioplato-filter, filtration problem, colmatation, suffusion,
finite element method, perforated pipe system.
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