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3D MODELING OF BIOLOGICAL WASTEWATER TREATMENT IN
AERATION TANK

Purpose. The main purpose of the article is to develop a 3D CFD model for modeling the process of biological
wastewater treatment in an aeration tank. Methodology. For mathematical modeling of the process of biological
wastewater treatment in the reactor, taking into account the flow hydrodynamics, geometric shape of the aeration
tank, convective-diffusion transfer of the substrate and activated sludge, a 3D CFD model was built. The model is
based on the three-dimensional equation of motion of an ideal liquid and the equation of mass conservation for the
substrate, activated sludge. The field of sewage flow rate in the aeration tank is calculated based on the velocity
potential equation. The process of biological transformation of the substrate is calculated on the basis of the Monod
model. The splitting scheme was used for numerical integration of the equations of convective-diffusion transfer of
activated sludge and substrate. The splitting is carried out in such a way to take into account the transfer of substrate
(activated sludge) in only one direction at each step of splitting. The calculation of the unknown value of the sub-
strate (activated sludge) concentration is carried out according to an explicit scheme. The Richardson method is used
to numerically integrate the three-dimensional equation for the velocity potential, and the unknown value of the ve-
locity potential is calculated by an explicit formula. Euler's method is used for numerical integration of equations
describing the process of substrate transformation and change in activated sludge concentration (Monod model).
Findings. The software implementation of the constructed 3D CFD model is carried out. A description of the struc-
ture of the developed software package is provided. The results of a computer experiment to study the process of
wastewater treatment in an aeration tank with additional elements are presented. Originality. A new multifactor
3D CFD model has been developed, which allows quick assessing the efficiency of biological treatment in an aera-
tion tank. Practical value. The constructed 3D CFD model can be used to analyze the efficiency of the aeration tank
under different operating conditions at the stage of sketch design of wastewater treatment systems.
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Introduction

To determine the efficiency of biological
wastewater treatment at the design stage of aera-
tion tanks, it is necessary to use special mathemati-
cal models [3, 4, 6]. Nowadays, balance, empirical
and analytical models are most often used to solve
this problem [1-5, 7-17]. But in some cases, these
models cannot provide a reliable result, because
they do not take into account primarily the geomet-
ric shape of the reactor and the process of hydro-
dynamics, as well as a number of other parameters.
In this regard, the problem of the development of
mathematical models that allow theoretical inves-
tigation of the process of biological wastewater
treatment in aeration tanks, taking into account the
most important factors is relevant [1, 2, 6-10].

Purpose

The work is aimed to develop a three-
dimensional CFD-model of the process of biologi-
cal wastewater treatment in aeration tanks. The
model must perform real-time calculation. In addi-
tion, the model should be acceptable for implemen-
tation on low- and medium-power computers.

Methodology

To model the biological wastewater treatment in
the aeration tank the following equations are used:
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where K, — extinction coefficient of activated
sludge; t — time; X(x,y,z,t) — concentration of
activated sludge in the bioreactor; S(x,y,z,t) —

substrate concentration in the bioreactor; u, , ,(t)

— empirical parameter; p., — parameter in the
Mono model; Y — empirical parameter; K, — pa-
rameter in the Mono model; u(x,y,z), v(X,Y,2),
w(X,y,z) — components of the water flow rate in
the bioreactor, in the direction of the axes x,y, z,
respectively; p,,p,,pn, —diffusion coefficients,
respectively, in the direction x,y,z; t —time.

Let us note that the diffusion coefficients
Ky My, 1, are different values, but in the scientific
literature there is a significant shortage of data on
their values. Therefore, in practice, the calculations
are carried out under the condition p, =p, =p,.
Determining these parameters experimentally is
a rather difficult task.

For practical use of equations of model (1) —
(4) it is necessary to calculate the non-uniform
flow velocity field in the reactor, i.e. to determine
the parameters u(x,y,z), v(X,Y,z), W(X,Y,z),
under the action of these parameters there is a con-
vective transfer of substrate and activated sludge in
the bioreactor. To calculate the non-uniform flow

velocity field in the bioreactor, we use the
3D equation for the velocity potential:

2 2 2
G
ox* oy oz

u=@, V:E, =E. (6)
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The boundary conditions for modeling equa-
tions are as follows:
— on the surfaces of the building, solid walls,

@zo, ﬁzo, %:0, where
on on on

n — outward normal to a surface;

upper surface:

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2020/224619

© M. M. Biliaiev, M. V. Lemesh, O. Y. Gunko, V. O. Zadoia,
P. B. Mashykhina, Z. M. Yakubovska, 2020


http://creativecommons.org/licenses/by/4.0/

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka ta nporpec Tpascnopty. Bicaux /IHinponeTpoBcskoro
HAIL[IOHAIIBHOTO YHIBEPCUTETY 3aIi3HHYHOr0 Tparcmopty, 2020, Ne 6 (90)

EKOJIOI'I TA IIPOMUCJIOBA BE3IIEKA

at the entrance

_V S=§,, X=

boundary:
oP
on
locity; S;

where V — flow ve-

|n’

in — known concentration;

in’

— atthe boundary of outflow of the building:

P=P0+const,aS 0, 6X =0.
on

on

CFD model. The method of solving the mass
transfer equations from system (1) — (2) will be
considered using the example only for the substrate
transfer equation. The equation for the transfer of
activated sludge has a similar form. The three-
dimensional equation for the substrate transfer
from the system (1) is split into a system of one-
dimensional equations as follows:
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Equations from system (7) describe the process
of substrate transfer in the directions of the X, y, z
axes.

The difference equations that make it possible
to solve the system of equations (7) are as follows:

— step 1 for the first equation:
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— step 2 the third equation:
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W
where w :T;

We solve the equation of activated sludge
transfer from system (2) according to a similar fi-
nite-difference scheme. After solving the transfer
equations for X and S, for each difference cell, we
solve equations (3) — (4) using the Euler method.
That is, we determine new values of the substrate
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and activated sludge concentration due to their bio-
logical interaction. Difference expressions have the
form:

S. j,kml:si,j,kn_dt Xi,j,knv
XI j knJrl = XI j kn dt'l'lin,j,kxl j.k
Kq Xirjj,k ;
i,jk max Sir']ij N KS '

Next, in a new time step, we repeat the calcula-
tion of the change in the concentration of substrate
and activated sludge in each difference cell due to
their movement, diffusion and biological interac-
tion.

To construct a local one-dimensional scheme
for solving equation (5), we perform the following
transformations. First, let us present this equation
as:

oP O0*P 0°P 0°P

—= + + , 14
ot ox*t oy? ozt (14)
where t — fictitious time.
Then, we split equation (14) as follows:
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The calculated dependencies (Richardson's
method) for determining the unknown value
P based on equation (15) have the form:
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The calculated dependencies for determining
the unknown value P based on equation (16) have
the form:
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The calculated dependencies for determining
the unknown value of P based on equation (17)
have the form:
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The calculation according to these dependen-
cies ends when the condition is met:
Pk —Plik| <&, (21)

where ¢ — small number; n — iteration number.
At the next stage we determine the flow veloci-

ty:
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AX ' Ay '
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FORTRAN was used to encode the difference
equations. The BIO-3K code has been created. To
use it, one needs to specify the following input da-
ta:

— concentration of the substrate entering the
bioreactor and its change over time;

— concentration and consumption of activated
sludge entering the bioreactor and its change over
time;

— dimensions of the bioreactor, its geometric
shape;

— values of Monod model parameters;

— wastewater consumption;

— values of diffusion coefficients.

W=
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BI0O-3K code includes the following subrou-
tines:

SLE3 — velocity potential calculation in the bi-
oreactor;

SLE3 - velocity field calculation in the biore-
actor,;

SLM33 — calculation of the substrate concen-
tration field in the bioreactor and its change over
time;

SL.LM33 — calculation of the concentration field
of activated sludge in the bioreactor and its change
over time;

SL.M33 — calculation of changes in the concen-
tration of substrate and activated sludge in the bio-
reactor according to the dependencies of the
Monod model;

SLEMS — print of the modeling results.

Result of this code is the concentration fields of
the substrate and activated sludge in the bioreactor
and the change of these fields over time.

Findings

The following are the results of solving the
problem of evaluating the efficiency of a biological
reactor for wastewater treatment based on the de-
veloped three-dimensional CFD model. The calcu-
lations are performed on the basis of the following
input data:

S,, =140 mg/l — the concentration of the sub-
strate (BODcomplete) €Ntering the structure;

dimensions of the bioreactor 15mx4mx4m:;

Q,(t)=1353 m®/day — wastewater consump-
tion;
p, =p, =2-10" m?/day ;

Xin =200 mg/l —concentration of activated
sludge entering the reactor;

HMmax =1.04;

K, =100 mg/l ;

K4 =0.055 1/day — coefficient that takes into

account the death of microorganisms;
Y =0.55.

Initial condition: S;, =140 mg/l ,
X;, =200 mg/l — concentration of substrate and

activated sludge in the reactor for the moment of
timet=0.

The following scenarios are considered:

— scenario 1: the reactor operates without addi-
tional elements inside the building;

— scenario 2: inside the reactor there are two
solid plates (calculation area is multiconnected);

— scenario 3: the reactor has three plates, but
they have a gap.

Initial condition: S,, =360 mg/l ,
Xin =200 mg/l . We study the process of substrate

destruction in the reactor over time according to
the Monod model and taking into account mass
transfer.

It should be noted that the calculation of spatial
flow in multiconnected domains is one of the most
complex problems of hydrodynamics.

Evaluation of the bioreactor performance is de-
termined by the substrate concentration at the reac-
tor outlet. Fig. 1-6 show the distribution of sub-
strate concentration in the bioreactor for all scenar-
i0s, where each number indicates the concentration
as a percentage of the maximum concentration in
the calculation area (the time shown in the figures
is dimensionless). The number 99 corresponds to
the maximum value of the concentration in per-
cent. These values are printed in the INTEGER
format, i.e. only the integer value of the real num-
ber is printed. For example, if at some point in the
reactor the concentration is 61.95 %, then the
number 61 is printed. Since the three-dimensional
problem is being solved, the concentration is
shown in different sections of the bioreactor, the
time is dimensionless.

Z

0 X

Fig. 1. Distribution of substrate concentration
in the bioreactor, cross sectiony =2 m, t=0.24
(scenario 1)
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4

0 X

Fig. 2. Distribution of substrate concentration in the
bioreactor, cross section z =2 m, t = 0.24 (scenario 1)

7

0 X

Fig. 3. Distribution of substrate concentration in the
bioreactor, cross sectiony =2 m, t = 0.40 (scenario 1)

V/

0 X

Fig. 4. Distribution of substrate concentration in the
bioreactor, cross sectiony =2 m, t = 0.40 (scenario 2)

The figures show that inside the reactor there is
a significantly uneven distribution of the substrate
concentration, i.e. the process of biological treat-
ment is uneven. The use of plates changes the con-
centration distribution in the structure, which af-
fects the performance of the reactor.

To analyze the performance of the reactor Ta-
ble 1 shows the substrate concentration at the out-
let for the time t = 0.40.

0 X

Fig. 5. Distribution of substrate concentration in the
bioreactor, cross section z=2 m, t = 0.40 (scenario 2)

L3

0 X

Fig. 6. Distribution of substrate concentration in the
bioreactor, cross section y =2 m, t = 0.40 (scenario 3)

Table 1
Average concentration of substrate
at the reactor outlet
Scenario 1 2 3
Concentration 147 mg/l | 128 mg/l | 118 mg/Il

Analysis of data from table 1 shows that the use
of plates makes it possible to increase the perfor-
mance of the biological reactor. That is, we have
the opportunity to control the process of
wastewater treatment in the bioreactor.

Originality and practical value

A three-dimensional CFD model has been de-
veloped to model the process of biological
wastewater treatment in an aeration tank. The po-
tential motion model was used to calculate the flow
velocity field in the aeration tank. The process of
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substrate and activated sludge transfer was deter-
mined based on the mass transfer equation. The
Monod model was used to calculate the biological
treatment process.

The constructed model can be used at the stage
of sketch design of structures for wastewater

Conclusions

The article considers an efficient CFD model
that allows you to quickly calculate the process of
biological wastewater treatment in the aeration
tank, in particular in the presence of additional

plates in the middle of the reactor. To solve the

treatment. problem, the fundamental equations of continuum
dynamics are used.
In the future, it is planned to develop a three-
dimensional CFD model based on the
Navier—Stokes equations.
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3D-MOJAEJIIOBAHHSA BIOJIOT'TYHOI'O OYUIIEHHS CTIYHUX BO/JI
B AEPOTEHKY

Meta. OCHOBHOIO METOIO CTaTTi € po3podka Tpusumipuoi CFD-momerni s MozenoBaHHs mporecy 0ioJoriu-
HOTO OYMIICHHS CTIYHMX BOJ B aepoTeHKy. MeToauka. [ljis1 MaTeMaTHYHOTO MOJICIIIOBaHHS Npoliecy 010JI0rYHOTO
OUMIIEHHS CTIYHUX BOJ y PEAKTOpi, 3 ypaxyBaHHSAM TiAPOJMHAMIKH MOTOKY, T€OMETPHUYHOI ()OPMHU aepoTEHKA,
KOHBEKTHBHO-TU(Y3IHHOTO TEPEeHOCY CyOCTpaTy Ta aKTHBHOTO MyIy, HoOymoBaHo TpuBuMipHy CFD-monens.
B ocHOBY Mopeni MOKIageHO TPUBHMIpPHE PIBHSAHHS PYXY i€abHOI PIAMHU Ta PIBHSAHHSA 30€pe)KEHHS MacH It
cyOcrpaty ¥ akTuBHOTO MYyJy. Ilose MIBHIKOCTI MOTOKY CTIYHHMX BOJ B a€pOTEHKY pO3paxoBaHO Ha 0a3i piBHSIHHSA
U TIOTEHIIIATY MBUIKOCTI. [Iporec 6i070Ti9HOTO MepeTBOpeHHs cyOCcTpaTy po3paxoBaHo Ha 0a3i Momer Monod.
JIyist unCeNbHOTO 1HTErpyBaHHs PiBHSIHb KOHBEKTHBHO-AM(Y31HHOrO MEPEHOCY aKTHBHOTO MYIy Ta cyOCTpary BH-
KOPHCTaHO CXeMY po3lIeruleHHs. Po3liensieHHs 31HCHeHO Tak, m00 Ha KOXXHOMY KpOIli BPaxOBYBaBCs IIEPEHOC
cybcTpaTy (aKTHBHOTO MYJly) JIMIIE B OJHOMY HanpsiMKy. Po3paxyHOK HEBiZIOMOT BEJIMYMHHU KOHIIEHTpalii cyocTpa-
Ty (aKTUBHOTO MYJly) BUKOHAHO 3a SIBHOIO cxeMoo. [1iJ] yac 4ucenbHOro iHTerpyBaHHs TPUBUMIPHOTO PIBHSHHS JUIs
MOTEHITialTy IIBUAKOCTI BUKOPHCTAHO MeTo ] Pidapcona, po3paxyHOK HEBIJOMOTO 3HAYSHHS MMOTEHIliaTy IIBUAKOC-
Ti 311HCHEHO 3a SBHOIO (hOPMyII0I0. J{JIsl YHCEebHOTO IHTETPYBaHHS PiBHSAHB, III0 ONMHUCYIOTH MpoLec TpaHchopmartii
cyOctpaTy Ta 3MiHY KOHLEHTpalii akTUBHOro Myiny (Monens Monod), Bukopucrano wMeron Eiinepa.
PesyabraTn. 3ailicHeHo nporpamHy peainizaiiro nodynosaHoi TpusuMipaoi CFD-moneni. Onucano cTpyKTypy po-
3pobneHoro makery nporpam. [logaHo pe3ynbTaTH NPOBEAEHOTO KOMITIOTEPHOTO €KCIIEPUMEHTY 3 JOCIHiIKEHHS
NIPOLIECY OYMIIECHHS CTIYHMX BOJI B a€POTEHKY 3 JOAATKOBUMHU eneMeHTamu. HaykoBa HoBu3Ha. Po3pobieHo HOBY
OararodakTopny TpuBuMipHy CFD-Monens, 1110 103BoJIs€ MIBUAKO OMIHUTH €()eKTUBHICTH 010JIOTIYHOTO OYHIICHHS
CTIYHMX BOJ B aepoTeHKy. IIpakTuyna 3Haunmicthb. [ToGynoBana CFD-Monens Moke OyTH BUKOpUCTaHa JUIsl aHa-
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73y e(eKTUBHOCTI pOOOTH aepPOTEHKY 3a PI3HHX yMOB CKCIUIyaTamii Ta Ha €Talli €CKi3HOTO MPOEKTYBAHHS CHCTEM
OYHILIEHHS CTIYHUX BOJ.

Knrouosi cnosa: ountieHHs BoaM; 010JIOTIYHE OYMIICHHS BOJIM;, MaTeMaTHYHE MOJEIIOBaHH:; aepPOTEHK; MOJIENb
Monod
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3D-MOJIEJJMPOBAHUE BUOJIOT MYECKON OUNCTKA CTOYHBIX
BO/I B ADPOTEHKE

Heas. OCHOBHOI LENBIO CTaTHH SABIACTCH pa3paboTka TpéxmepHoit CFD-Momenn 1t MOAETHPOBAHUS TIPOIIEC-
ca OMOJIOTHYECKOW OYHCTKH CTOYHBIX BOJ B adpoTeHKe. Meroauka. s MaTeMaTHUECKOTO MOJIEIUPOBAHHS MIPO-
1ecca OMONOTHYECKON OYMCTKM CTOYHBIX BOJ B PEAKTOpe, C y4eTOM THAPOJMHAMUKH IMOTOKA, T€OMETPHUYECKON
(OpMBI a3pOoTeHKa, KOHBEKTHBHO-AM((GY3MOHHOTO MepeHoca cyocTpaTa M aKTHBHOTO MJa, IIOCTPOCHA TpEXMepHast
CFD-mozenb. B ocHOBY MO/ieNn MOJIOKEHO TPEXMEPHOE YPaBHEHHUE JIBMXKEHHUS UICANIBHO JKUIIKOCTH M YpaBHEHHE
COXpaHEHMS Macchl UL cyOcTpaTa ¥ akTHBHOTO Hia. [Tojie cKopoCTH MOTOKa CTOYHBIX BOJ B a3POTEHKE PACCUUTAHO
Ha 6a3e ypaBHEHHs AJIs IOTEHIMaNa CKopocT. IIpomecc 61onornyeckoro mpeBparieHns cyocTpaTa pacCUuTaHoO Ha
6aze mozenn Monod. J[J1si YMCIEHHOTO MHTErPUPOBAHUSI YPAaBHEHUI KOHBEKTUBHO-IN((PY3UOHHOTO MepeHoca ak-
THBHOTO WJIa M CyOCTpaTa CIOJIh30BaHA CXEMa pacIielUIeHns. Paciieruienrne oCymecTBIeHO TaK, YTO0BI Ha KaKIOM
[Iary yY9uTHIBaJCS IMEPEHOC cyOcTpara (aKTHBHOTO HIIa) TOJNBKO B OJHOM HAaIlpaBleHUH. PacdeT HEM3BECTHOW BENH-
YHHBI KOHIICHTPANH cyOcTpaTa (aKTUBHOTO HJIa) OCYIIECTBIICH I10 SIBHOHM cxeme. J[Jis YiCIeHHOTO0 HHTETPUPOBAHUS
TPEXMEPHOT'O ypaBHEHUS IS TIOTCHIIHAIA CKOPOCTH HCIONB30BaH MeToJ] PryapicoHa, pacuer HEM3BECTHOTO 3HA-
YeHHsl TOTCHIIMANa CKOPOCTH OCYIIECTBJICH MO sSBHOW (opmyne. sl YUCIEHHOTO HWHTETPHUPOBAHUS ypaBHEHUH,
OTIHCHIBAOIINX TpoIlecc TpaHcopMarun cyOcTpaTa 1 M3MEHEHNE KOHIICHTPAIIMH aKTUBHOTO Mia (Moaens Monod),
HCTIONB30BaH Metox Oinepa. PesyabTaThl. OcyliecTBieHa MporpaMMHas peaan3anus MOCTPOSHHON TpEXMepHOit
CFD -mogenu. Onucana cTpyKTypa pa3paboTaHHOro makeTa nporpamm. IIpeacraBieHbl pe3yIbTaThl IPOBEACHHOTO
KOMIIBIOTEPHOTO 3KCIIEPUMEHTA 0 HCCIIEIOBAHMIO MPOIECCa OYUCTKHU CTOYHBIX BOJ B a3POTEHKE C JOTOJIHUTEIb-
HeIMH dyeMeHTamMu. HaydHasi HoBH3HA. Paspaborana HoBas MHorogakrtopHas tpéxmepnas CFD-monens,
MO3BOJISIIOIIAST  OBICTPO  OLEHHUTH A(PGEKTHBHOCTE OMOIOTHYECKON OYHCTKHM CTOYHBIX BOJX B a’pOTEHKE.
[pakruyeckas 3HaYUMOCTh. [locTpoerHas CFD-Moens MoKeT OBITh HCIIONIB30BaHA JIUIS aHAMN3a YPPEKTHBHO-
CTH PaboThl adPOTEHKA MPHU PA3INYHBIX YCIOBHUIX KCIUTyaTallMM M Ha dTalle SCKU3HOTO MPOEKTHPOBAHUS CUCTEM
OUYHCTKH CTOYHBIX BOJI.

Kniouegvie crosa: ouncTka BOJbl; OMOJIOrHYECcKasi OYMCTKA BOJBI, MAaTEMAaTHUECKOE MOJAEINPOBAHHUE; adPOTEHK;
mozens Monod
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