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cuemianpHicTIO 192 — ByniBHMIITBO Ta NMBUIbHA IHXKEHEPis. — YKpaiHChKUN
Jep KaBHUM YHIBEPCUTET HAyKH 1 TeXHOJOT1H, J(Hinpo, 2026.

JHuceprarito MIPUCBSYECHO po3po0ITi OaraToakTOpHUX,
mBuAKOpo3paxyHKoBuXx CFD (uucenbHux) monenei, 1o al0Th MOMXJIUBICTH
aHaI3yBaTU Ta MPOTHO3YBAaTH KUCHEBUN PEXKUM Ta €PEKTUBHICTH O10JIOTTYHOTO
OYHIIICHHS CTIYHUX BOJ] B a€POTEHKAX.

VYV nepmomy po3aijii auceprarlii mpoBeICHO aHAII3 HAyKOBHUX MyOJiKaIlii,
MPUCBAYEHUX IPOOIEMI O10JIOTTHHOTO OYUIIIEHHS CTIYHUX BOJ . Pe3ynbratu anaiizy
TOKa3aJjy, 0 TEOMETPisl aepallifHOI CUCTEMH B a€POTEHKAX € KIIFOUOBUM (DaKTOpOM
y 3a0€3MeUeHH] I1paBaidyHol €peKTUBHOCTI Ta CTa0LIBHOCTI O10JIOTTYHUX ITPOIIECIB.
PoGoTta aeparopiB € HalOUIbII €HEPrOBUTPATHUM MPOLECOM MPHU O10JOTTYHOMY
OYHIIEHH] CTIYHUX BOJ. ToMy po3poOKa METOIB, IO JTO3BOJSIOTh OOIPYHTYBATH
paifioHaJbHE pO3TallyBaHHSA aepaTopiB, € OCOOJMBO BAKIMBOIO 33JaYCHO.
[IpoBeneHHsT J1a0OPATOPHUX Ta EKCHEPUMEHTAIbHUX AOCHIIDKEHb JIs aHajizy
IPOLIECIB MAacONEPEHOCY aKTUBHOTO MyJy, CyOCTpary, pPO3UMHEHOTO0 KHCHIO B
aepoTeHKax  MOTpeOyIOTh  3HAYHOTO  4Yacy, KOIITOBHOTO  OOJaJHaHHA,
kBamdikoBaHuX (axiBIliB T 0OpOOKU pe3yibTaTiB BUMIpPIOBaHb. Tomy BKpai
BOKJIMBUM AaCIIEKTOM B 00JIaCTI MPOEKTYBAHHSA CHCTEM O10JIOTIYHOTO OYMIIECHHS
CTIYHUX BOJI € po3poOKa METOJIB MaTEMaTUYHOIO0 MOJCIIOBaHHS. J[Jig mpaKkTUKU
HEOOX1THI MaTEMaTUIH1 MOJIEJI, 110 JIAI0Th MOYKJIMBICTh BPaXyBaTH TiAPOAUHAMIKY
B OYHCHHX CITOpyJaX, TOMy BUKOPHCTaHHS KaMEepHUX (HYJIb-BUMIPHUX) MOJICIICH,
OJTHOBUMIPHUX MOJIeJIeH sl pO3paxyHKy CHOpPY ]l 010JI0TTYHOTO OYHUIIIEHHS CTIYHUX
BOJ HE € e(PeKTUBHUM. BaxTMBUM acreKToOM € pO3poOKa MaTeMaTHUYHUX MOJICIICH,
10 BPaXxOBYIOTh KOH(ITYpallil0 OYUCHUX criopya. HasgBHICTh TaKuX MaTeMaTUYHHUX

MoJieJIell Ja€ MPOEKTYBaJIbHUKAM THCTPYMEHT IS PIIICHHSA 3a]1a4 [0 €HePreTUYHOI
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onTUMI3aIli cUCTeM aepailii, IO, SK BIJJOMO, CKJIaJal0Th OCHOBHY YacTKy
eKCIUTyaTalliiHUX BHUTpaT. AHaNI3 JITEpaTypHUX JUKEpen TOoKaszaB, IO
BukopuctanHsa komepiiianx CFD (uucenpHuX) Mopenelr moTpeOye 3HAYHHX
pecypciB 00YHMCITIOBAIBHOT TEXHIKU, OaraTo 4yacy Ha IIPOBEACHHS 00YMCITIOBAIBHUX
eKCIIEPUMEHTIB Ta 3HAYHOI KIJTBKOCTI BXITHUX MapaMeTpiB, 10 HE € 3pYYHUM MJIs
IOJICHHOTO BUKOPUCTaHHS TaKWX MOJENEH Ha TPakTUIll. ToMy BaXIMBUM
NUTAaHHSAM  3ajJMIIaTbess  mpobiemMa  po3poOKM  MIBHJKOPO3PaXyHKOBHX
0araTopakTOpHUX YUCENbHUX MOJENEH Ui MIOACHHOTO BHKOPUCTAaHHS Ha
MIPaKTHIII.

Y napyromy po3miii gucepraiii po3MIIHYTO KOMIUIEKC MaTeMaTUYHUX
MoJieIel A BU3HAYCHHS KOHIICHTPAIITHUX OB aKTUBHOTO MYyIy, CyOcTpary,
PO3YMHEHOT0 KHUCHIO Ta TOBITPSIHUX Oyib0OaIlIoKk B aepoTeHKax. 3ampornoHOBaHa
KOMILUIEKCHA IBOBUMIpHA MOJIEJb JJ1sI aHAJI13y 010JI0TTYHOTO OUUIIEHHS CTIYHUX BO/T
B AaEpPOTEHKY; MOJIeNIb Ja€ MOXJIMBICTh MOJCIIOBATH Mpolec O10J0T1YHOTO
OUHUIIEHHSI CTIYHUX BOJ 3 ypaxyBaHHSM HEPIBHOMIPHOTO TIOJISI KOHIIEHTpAIlii
aKTUBHOTO MYy, CyOCTpaTy, pO3YMHEHOTO KHCHIO B CIOpPYAl; MOJIENb
«3aMHKAETHCS PIBHIHHAMHA Monod; oco0auBICTIO Mo1elT1 610JI0TTYHOTO OUHIICHHS
€ PO3paxyHOK MOIUIMPEHHS MOBITPSHUX OyJbOAIIOK B a€pOTEHKY BIJ aepaTtopa Ta
BpaxyBaHHs MEePexXoay KHCHIO Bl OyIbOallKu 10 CTIYHUX BOJ.

3anponoHOBaHO KOMILJIEKCHY TPUBUMIPHY MOJIEb JJIsl aHAITi3y O10JI0T14HOTO
OYHIIICHHS CTIYHUX BOJI B aEPOTEHKY; MOJIENb A€ MOXKJIHBICTH MOJICTIOBATH MTPOIIEC
O10JIOTIYHOTO OYMINEHHS CTIYHUX BOJ| 3 YpaxyBaHHSIM HEPIBHOMIPHOTO TIOJIS
KOHIIEHTpAIlli aKTUBHOT'O MYy, CyOCTpaTy, pO3YMHEHOT0 KUCHIO B CIIOPY/Ii; MOJIEIh
«3aMHKAETHCS» PIBHIHHAMU Monod; 0co0aMBICTIO MO1eJT1 610JI0TTYHOTO OUUIIICHHS
€ PO3paxyHOK TIOIIUPEHHS MOBITPSHUX OYyJIHOAIIOK B aGPOTEHKY BiJ aepaTopa Ta
BpaxyBaHHsS NEPEeXoay KHCHIO BiJl OyJNbOalku A0 CTIYHUX BOJ. 3alpONOHOBAHO
MaTeMaTUYHy MOJEIb «T€XHOT€HHOr0» 3a0pYy/IHEHHS a€pOTEHKY BHACIIJOK eMicii

Uy B CIOPYIY MpH poOOTi aepaTopy.
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Jns  pimeHHs 3a1adl  TIAPOJAMHAMIKM B a€pPOTEHKY  3alpOIIOHOBAHO
BUKOPUCTAHHA JBOX (YHJIAMEHTAJIbHUX PIBHAHb MEXaHIKU  CYLIJIBHOTO
CepeIoBHUIIA — MO IMMOTEHITIaTLHOTO PpyXy Ta piBHSAHB Efinepa.

3anponoHOBaHO MaTeMaTUYHY MOJENb JJis PIIIEHHS 3aJadi M0 BU3HAYEHHIO
palioHaJbHOTO MICIS PO3TAIlllyBaHHS aepatopa B aepoOTEHKY. MOAETounM
PIBHSIHHS € CIpsDKEHE piBHAHHA MacomepHocy (teopis I'. Mapuyka). PosrisnyTo
napaMeTpH, 110 TOTPiOH1 JJIs MPAKTUYHOTO BUKOPUCTAHHS MOJIENIe 010J0T14HOTO
OYHIIICHHS CTIYHHUX BOJI B a8POTEHKAX.

B tperbomy po3aini mucepraiiii po3riasHyTO po3poOky aBoBuMmipHux CFD
(unucenbHUX) MoOjJENeH i1 BU3HAYEHHS B ACPOTEHKY KOHIIEHTPALIHMX IOJIB
aKTUBHOTO MYy, CyOCTpaTy, pO3YMHEHOIO0 KHCHIO, MOBITPSIHUX Oynb0allok, 110
BUXOJATh 3 aepaTtopy; MOJEJl BpaXxOBYIOTbh KOHBEKTUBHUN NEPEHOC B a€pOTEHKY,
npouec augy3ii, TOOTO OCHOBHI TIPOJMHAMIYHI MapaMeTpH, 110 BIUIMBAIOTh Ha
(bopMyBaHHS KOHIEHTPALIIMHUX OB aEPOTEHKY.

Po3rissHyTO 00Y10BY TPUBUMIPHUX YMCEIBHUX MOJENIEH /JIsi BU3HAUCHHS B
aepOTEHKY KOHUEHTpPAL[IHHUX MOJIB aKTUBHOIO MYIy, CyOCTpary, pO3YMHEHOTrO
KHCHIO, TIOBITPSHUX OyIh0AaIloK, 10 BUXOAATH 3 aepaTopy; MOJIEIi BPaxOBYIOTh
KOHBEKTUBHUI TEPEHOC B AEpPOTEHKYy, mnpouec audy3ii, TOOTO OCHOBHI
riIpOAMHAMIYHI THapaMeTpd, W10 BIUIMBAIOTh Ha (OPMYBAaHHS MPOCTOPOBUX
KOHIICHTPAIlIHHUX TOJIIB aEPOTECHKY.

Po3rnssHyTo moOyA0BYy TPUBUMIPHOI YMCENbHOI MOJETI JIJIsl PIllICHHS 3ajadi
TiIPOAVMHAMIKA B ae€pOTEHKY; PO3PAXyHOK 3HAYCHHS TMOTCHIANTy IIBHUIKOCTI
3MIACHIOETBCS Ha 0a3l sSBHOT (QOpMyJH, LIO0 JOMYCKAa€ MPOCTY MPOTpaMHy
peaizaliio YuceIbHOI MOJIEIII.

Po3risnyTo moOy 0By ABOX JBOBUMIPHHUX YHCEJIBHUX MOJENEH Ui pillIeHHS
3a/1a4dl TIAPOJWHAMIKM B aepOTEHKY; Meplia MOJelib 0a3yeThCsd Ha UYHUCEIHHOMY
IHTErpyBaHHI PIBHSHHS 1JIs MOTEHUIANy MIBUAKOCTI, Apyra — HUISIXOM YHUCEIbHOTO
iHTerpyBaHHi piBHsIHL FEitnepa. OcoOnuBIiCTIO 000X YHCENbHUX MOJCICH €

BUKOPUCTAaHHS SBHUX (pOpMyJ IJisi BU3HAUEHHS HEBioMuX mnapamertpis. Lle nae
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MOXJIMBICTh 3A1MCHUTHA MPOCTY MPOTPaMHy peali3allil0 po3poOJICHUX YUCETbHUX
MOJIeIeH T1APOIUHAMIKH.

Po3rnsHyTo moOya0BY 4MCEIBHOI MOJENI AJs pillleHHs OaraTopakTopHOI
3a/layl O BH3HAYEHHIO MICIl palllOHAJIBHOTO pO3TallyBaHHS aeparopy B
ACPOTEHKY.

3niiCHEHO TPOrpaMHy peali3alilo po3pOOJICHUX YHCEIbHUX MOJENEH.
CTBOpeH1 KOJU SBJISIOTH COOOI0 THCTPYMEHT pPO3paxyHKY 3HAYCHHS MOTEHINATY
IIBUIKOCTI Ha 0a3i sIBHOT (popMyJIH, IO JAOIMYCKA€E MPOCTY MPOTPAMHY peaTi3allito
YUCEJIbHOI MOJeNi. 3/IiCHEHO Bepudikaiio po3poOICHUX YUCEIbHUX MOJIETIEH;
pe3yabpTaTi Bepudikallii maTBepAWIN aJeKBaTHICTh pO3POOIECHUX MOJIEICH.

B d4erBepromy po3auni gucepranii HaBENEHI PE3YJNbTaTH KOMILIEKCY
OOYHUCITIOBAILHUX EKCIEpUMEHTIB Ha 0a3i pos3podsnennx 2D Tta 3D CFD
(uncenpHuX) Mozeneil. HaBeneHi pe3ynbTaTi po3paxyHKy KOHIIEHTPALIMHHUX MOJIIB
PO3YMHEHOT0 KHCHIO, MOBITPSHUX OyibOAlIOK, aKTUBHOIO MYyJy, CyOCTpary B
aepoTeHKaX CKJIagHOi TreoMeTpuyHoi (opmu, mnpu pi3Hid KoHpiryparii
po3TamryBaHHs — aepatopiB. IIpeacrtaBieHi  pe3ynbTaTH  OOUYHCIIOBAIBLHOIO
EKCIIEPUMEHTY IO BHU3HAYEHHIO KOHIIEHTPAI[IWHOTO TOJS MUYy B a€pPOTEHKY IpH
«TEXHOTCHHOMY» 3a0pyJHEHHIO cepeqoBHINa Bia aeparopy. [lokazano mpukian
pilIeHHs 3a/7a4l 0 BU3HAYEHHIO PalllOHAIBHOTO MICISI PO3TAIlyBaHHS aepaTopy B
AaCpOTEHKY NUIIXOM BUKOPUCTAaHHS PO3POOJICHOT MojeNi Ha 0a3i CHpsKEHOTO
PIBHSHHSL.

Kiarw4oBi cioBa: o0poOka CTIUHMX BOJI, O10JIOTIYHI €JIEMEHTH, aepPOTCHK,
cyOcTpat, OynbOamiku MOBITPs, Mikpoduiopa, aepailis, SKICTh BOJH, MYJ, BIyB

MOBITPSI, MAaCOTIEPEHOC, T1IPOIUHAMIKA, KUCHEBUM PEXKUM.



ABSTRACT

Chirkov A. O. Improving Methods for Calculating Oxygen Conditions in
Wastewater Treatment Plants — Qualification scientific work on the rights of the
manuscript.

The dissertation on competition of a scientific degree of the doctor of
philosophy on a specialty 192 — Building Industry and Civil Engineering. —
Ukrainian State University of Science and Technologies, Dnipro, 2026.

This dissertation is devoted to the development of multifactorial, fast-
computing CFD (numerical) models that enable the analysis and prediction of the
aerobic conditions and efficiency of biological wastewater treatment in aeration
tanks.

The first chapter of the dissertation analyzes scientific publications devoted to
the problem of biological wastewater treatment. The results of the analysis showed
that the geometry of the aeration system in aerotanks is a key factor in ensuring
hydraulic efficiency and the stability of biological processes. The operation of
aerators is the most energy-intensive process in biological wastewater treatment.
Therefore, the development of methods to justify the rational arrangement of
aerators is a particularly important task. Conducting laboratory and experimental
studies to analyze mass transfer processes of activated sludge, substrate, and
dissolved oxygen in aerotanks requires significant time, expensive equipment, and
qualified specialists to process the measurement results. Therefore, the development
of mathematical modeling methods is a crucial aspect of designing biological
wastewater treatment systems. For practical applications, mathematical models are
needed that allow for the consideration of hydrodynamics within treatment facilities;
therefore, the use of chamber (zero-dimensional) models or one-dimensional models
for calculating biological wastewater treatment facilities is not effective. An
important aspect is the development of mathematical models that account for the
configuration of treatment facilities. The availability of such mathematical models
provides designers with a tool for solving problems related to the energy

optimization of aeration systems, which, as is well known, account for the majority
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of operating costs. A review of the literature has shown that the use of commercial
CFD (numerical) models requires significant computing resources, a great deal of
time for computational experiments, and a large number of input parameters, which
is not practical for the daily use of such models in practice. Therefore, the
development of fast-computing, multi-factor numerical models for daily practical
use remains a critical issue.

The second chapter of the dissertation examines a set of mathematical models
for determining the concentration fields of activated sludge, substrate, dissolved
oxygen, and air bubbles in aeration tanks. A comprehensive two-dimensional model
1s proposed for analyzing biological wastewater treatment in an aeration tank; the
model allows for simulating the biological wastewater treatment process while
accounting for the non-uniform concentration fields of activated sludge, substrate,
and dissolved oxygen within the structure; the model is "closed" by Monod
equations; a distinctive feature of the biological treatment model is the calculation
of the propagation of air bubbles in the aerotank from the aerator and the
consideration of oxygen transfer from the bubbles to the wastewater.

A comprehensive three-dimensional model is proposed for analyzing biological
wastewater treatment in an aeration tank; the model allows for the simulation of the
biological wastewater treatment process, taking into account the non-uniform
concentration fields of activated sludge, substrate, and dissolved oxygen within the
structure; The model is “closed” by Monod’s equations; a distinctive feature of the
biological treatment model is the calculation of the propagation of air bubbles in the
aeration tank from the aerator and the consideration of oxygen transfer from the
bubbles to the wastewater. A mathematical model of “technogenic” contamination
of the aeration tank due to dust emissions into the structure during aerator operation
is proposed.

To solve the hydrodynamic problem in an aeration tank, we propose using two
fundamental equations of continuum mechanics: the potential flow model and

Euler’s equations.
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A mathematical model is proposed for solving the problem of determining the
optimal location of the aerator in an aerotank. The governing equation is the
conjugate mass transfer equation (G. Marchuk’s theory). The parameters required
for the practical application of biological wastewater treatment models in aerotanks
are discussed.

The third chapter of the dissertation examines the development of two-
dimensional CFD (computational) models for determining concentration fields of
activated sludge, substrate, dissolved oxygen, and air bubbles emerging from the
aerator in an aeration tank; The models account for convective transport in the
aeration tank and the diffusion process, i.e., the main hydrodynamic parameters
influencing the formation of concentration fields in the aeration tank.

The construction of three-dimensional numerical models for determining
concentration fields of activated sludge, substrate, dissolved oxygen, and air bubbles
emerging from the aerator in an aerotank is considered; the models account for
convective transport in the aeration tank, the diffusion process, i.e., the main
hydrodynamic parameters influencing the formation of spatial concentration fields
in the aeration tank.

The construction of a three-dimensional numerical model for solving the
hydrodynamic problem in an aerotank is considered; the calculation of the velocity
potential is performed based on an explicit formula, which allows for a simple
software implementation of the numerical model.

The construction of two two-dimensional numerical models for solving the
hydrodynamic problem in an aerotank is considered; the first model is based on the
numerical integration of the velocity potential equation, the second—on the
numerical integration of Euler’s equations. A distinctive feature of both numerical
models is the use of explicit formulas to determine unknown parameters. This makes
it possible to implement the developed numerical hydrodynamic models in a

straightforward manner.
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The construction of a numerical model for solving a multifactorial problem
regarding the determination of the optimal location of an aerator in an aerotank is
considered.

The developed numerical models have been implemented in software. The
resulting code serves as a tool for calculating the velocity potential based on an
explicit formula, which allows for a straightforward software implementation of the
numerical model. The developed numerical models have been verified; the
verification results confirmed the adequacy of the developed models.

The fourth chapter of the dissertation presents the results of a series of
computational experiments based on the developed 2D and 3D CFD (numerical)
models. The results of calculations of concentration fields of dissolved oxygen, air
bubbles, active sludge, and substrate in aeration tanks with complex geometric
shapes are presented, for various configurations of aerator placement. The results of
a computational experiment to determine the dust concentration field in an aeration
tank under “technogenic” environmental pollution from the aerator are presented.
An example of solving the problem of determining the optimal location of the aerator
in the aeration tank using a developed model based on a coupled equation is shown.

Keywords: wastewater treatment, biogenic element, aerotank, substrate, air
bubble, microflora, aeration, water quality, sludge, air jet, mass transfer,

hydrodynamics, oxygen regime.
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